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ABSTRACT

Development of analysis methods for orthotropic adherend bonded lap joints which account for material non- .
Linearities at room temperature was the primary objective of the research reported herein. The use of these methods in
predicting mechanical behavior, ultimate loads, and failure modes was the goal. In order to accomplish this, new analyt-
1cal procedures were developed and successfully checked with discrete element techniques for single, double, and step
lap adhesively bonded attachment configurations. Experimental verification of these nonlinear analyses was accomplished
by the fabrication and evaluation of a variety of simple joint specimens under static monotonically increasing load.

Fuilure loads and medes were used as the primary substantiation characteristics but the mechanical behavior of a small
number of these simple joint specimens was observed at intermediate loadings and found to compare favorably with the
analytically predicted behavior. Larger, more complex bonded joints were designed, fabricated, and evaluated under
statle monatonically incicasiig loads at room emperature utilizing th se methods. Uttimate toad, tailure mode, and
detailed strain behavior at any intermediate load were accurately predicted with the new analyses, as substantiated by
experimental observations. These techniques were put into a computerized design/analysis program for structural
application use and the program was used to generate bonded joint design allowable curves.
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SECTION |

INTRODUCTION

This research programi had three objectives as defined in Exhibit “A” of the Statement of Work of Contract
F33615-69-C-1641. The first one was to develop new static structural analysis methods for bonded joints wlich
account for the adhesive and composite (or metal) adherend nonlincar behavior under stress. Prediction of static
failure in all principal modes was to be the goal of the analytical techniques developed under this first objective. :‘
Objective number two was to develop a method of determining “effective” adhesive properties for use in the analyt-
ical methods since true properties data are seldom available and not generally obtained from simple tests. In the :
third objective, useful static design curves were to be developed based on the new analysis techniques. The accom-
plishment of these objectives was the primary goal of the research, 1eported herein.

The “how, what, and why” results obtained in accomplishing these objectives make up the contents of this
report. Work and results in completing the requirements of the first objective are given in Section {I -Theoretical
Methods Development, 111--Discrete Element Analysis (Development), and IV Comparison of Theoretical and
Discrete Element Results. In Section V-—Experimental Design, literature data were surveyed, analyzed, and used in
test program development on adherend materials and bonded joints. Manufacturing and quality control of the
com posite materials is covered in Section VI- Laminate Processing, whereas Section VI Laminate and Titanium
Adherend Test Results, reports the experimental characterization values obtained. Lap shear assembly manutacture
and postbond fabnization are covered in Section VI Bonded Joint Processing, while the experimental data obtuined
in the program are reported in Section IX  Bonded Joint Test Results. With the completion of the work reported in
the previous Sections it was possible to satisiy the second objective as covered in Section X Theoretical/Experi-
mental Behavior Comparisons and “Effective” Properties. Satisfaction of the first two objectives made possible the
accomplishment of the third objective reported in Section X1 Bonded Joint Design Curves. Section X  Results,
Conclusions, and Reconimendations, covess the meaning and impact oi the research effort with suggestions tor related.
pertinent future study of bonded joint structures.

Afiter the List of References, the Appendices, except Appendix A, present the detailed information utilized in
the program and are included for the reader’s perusal if more data are needed.

In summury. the three objectives outlined above have been satisfied and the method developed can be used in
R. T, static nontinear design/analysis of adhesive bonded single, double, and step lap joints. With the publication of
this report. computer programs based on this analytical method are available through the Air Force Flight Dynamics
Laboratory, Wright-Patterson AFB, Ohio.




SECTION I

THEORETICAL METHODS DEVELOPMENT

. GENFRAL

This section contains the mathematical development of nonlinear analysis methods* for bonded single, double,
and step Lap joints subjected to static loads at RT. These three joints are shown in Figure 1, along with the coordi-
mate systems, dimensions, and applied loads which will be utitized in the following developments. The joints are
assumed o be sutticiently wide in the = direction (perpendicular to the planc of the paper) such that the material
under load is inastate of plane strain:i.c.. the normal strain ¢, and the shear strains vy, and .. are assumed to be
seron Ingeneral, the adherends may be cither orthotropic (laminates ) or isotropic, and may have different thicknesses
which are constant for each adherend. The adhesive is assumed to be isotropic and of a constant thickness which is
much smaller than the adherend thickness. The adherends are assumed to be flat plates in bending:i.c., normal
stresses through the thicknesses (o) are neglected. Interlaminat shear is neglected. Laminates are assumed to be

symmetrical about their middle surface. Further

Tv . assumptions involving material behavior and
o) . assumptions peculiar to each joint will be discussed
1 i as they occeur,
. i Q
P -— ‘J» @ —1 1 P  aec) ]
'll/ 2 1.2, SINGLE LAP JOINT
e - X / |
: i [1.2.a. Equilibrium Equations
e ]
fa) Single Lap The differential equations of equilibrium
T\. § governing the behavior of a segment of a bonded
i = single Fap joint can be developed from the free
0 ® _— bodies in Frgure 2, (The joint is assumed to have
2‘ | aunit width in the z direction.) Summing forces
" in the v and » directions and moments in the x-v
b o o= i a a
@ ! 4 plane for adherends 1 and 2 gives
o
N Y A\
© ' T=0 =T =0 (1a)
Ly dv
= x
E di, dl,
(b) Double Lap - 4= () - 0= 0 ( ]b)
dv dv
Iy Py al e S
Voo Sty i Gt pal
T | i et dar ) 1 dar, I
= = 47— =0 — -, —7==0
e dx 2 dv 2
P i ————r | ! N
@ (1c)
Sl where o and 7 aie the normal stress and shear stress
i B in the adhesive, respectively, which are assumed
constant through the thickness of the adhesive, and
FIGURE 1. DIMENSIONS AND N Vioand My are the stress resultants for adherend
COORDINATE SYSTEM i. Subtracting Equations (1a) gives:
g wt
ki *The differential equations governing the behavior of a scarf joint are presented in Appendix A. No solution was ob- '
& taned. llowever,
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Mtiddle Surface ]
of Adherend | Vi vy = — o' 2
BN _ r=—¢ (2)
(R |
Adherend 1 Ny \J '_J: T E = E / N; + dN| |
.-,..-.' where
Vi T  — — .
T . ¢ =N| _N2 (3)
, [ R—1 !
Adhesive ‘ /////{ ZZZ} and the prime denotes differentiation with
’ - I S respect tox. Adding Equations (1b) and solving
v, " GUALESESeap for o yields ‘
MZ/rZZiZfZI\MZ.dMZ
e read — — o 1 d
Adherend 2 N \j = / Nz + dN; ()=—-—-(V, + V) (4)
I 2 = %= © 2.dx
v, tdv, |
dx - or, by substitution of (1¢), and (1a),
‘f;i a} Force Free Body |
f;;: 0= 01: (S)
i 2
\ei:? Yy vy
a U D ,
o tiye TS a oD 050 where
o t EERTE L “
il e Ao o8B oa66
& = i o~ 1 )
i | W o 0 =M, +My + — (N, = Ny) (6)
43 e sERiee istis " 4
4:: T o T = .4
b t22 = = ‘ Equilibrium of the overall joint, as deduced
) t—tesiz=z2> - from Figure la. requires that
‘.‘;»‘&{-;? lyl' v2
b)Y Displacements
Ny +N.~P=0 (7)
FIGURE 2. FORCES AND DISPLACEMENTS FOR
AN ELEMENT OF INFINITESIMAL LENGTH and. by summing moments about the centerline
g
OF A SINGLLE LAP BONDED JOINT of the adhesive,
~\/l 1y x\‘: IR ]—( 7\' I (>
My My + == - mapl— - -y Z =g (8)
2 2 o 7 4 4
By Lquation (7). this can be wiitten as
coey 1
My =My —@\v— -]+ —-(N, —N;)=0 () |
\" 2/ 2 :
where @ is taken as
P
Q=— (10)
a
and
—_ ’] + ’2
7o (1)
2

and P is the joint foad per unit width of joint. The quantity 7 has been neglected with respect to ¢; (the adherend

thicknesses). Note that the “¢” dimension is the distance between points of zero moment.




The vatables 0 and 0 will be taken as the primary unknown functions. By solving Equations (3), (6),(7), (9).
and Crarsimultaneously, the stress resultants are tound in terms of ¢ and € as:

1
Ny == (P+0)

F
[

[§*)

~

S

u
Lt —

=

i
x|
-y

The adhesive stresses 7 and o are also determined from ¢ and 0 by Equations (2) and {5).
11.2.h. Compatibility Lquations

Another set ol equations, namely the compatibility equations, must be brought into play. The shear strain 5
and normal strain ¢ which are assumed constant through the adhesive are given by

ﬁl —.1_12
YsE————
!

Vy ‘*‘V:
@B =

t

where i, and ir» are the v displacements of the epper adherend lower face and the lower adherend npper face,
respectively (Fig, 2b).

(14

The quantities «; and v, are the axial and lateral displacements of the midplane of adherend i, respectively, as shown

in Figure 2b. The middle surface normat strain ¢; and curvature X; in the adherends are given by
!
Cp =l
(rs)
2 "
where 7 refers 1o adherend number.
E
4
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I1.2.¢. Constitutive Equations

Constitutive equations must now be introduced to relate material deformations to stresses. The bonded joints

are composed of both isotropic and orthotropic materials: isotropic and/or orthotropic adherends and an isotropic
adhesive,

1.2.e1) Tsotropic Adherend

The adherends are assumed to be in a state of plane stress in the x-z plane (Fig. 1),i.e., 0, = 7y =72 = 0.
(The additional assumption of plane strain in the x-y plane, i.c.,¢; = vy, = 7,: = 0 will be introduced later.) Two
basic theories of plasticity are available for the description of the nonlinear hehavior of isotropic materials deforma-
tion (total strain) theory and flow (increment: | strain) theory. Deflormation theory is independent of the loading
path whereas flow theory depends upon the 1hading path. Deformation theory will be assumed here. For an iso-
tropic material in plane stress, the deformation theory of plasticity states that the relationship between stresses and
strains in the inelastic regime is(H*

€y ) [ » 0 ! -1/2 0 0y
V([ . ) |
o5 o ‘rl - '_ 2 .
wj 0 0 21 +v) 0 0 3 &\

where €, ¢..y,- are the plane stress strains; 0. 0., 7 are the plane stiesses in the x-z plane of Figure 11 £, v, are
clastic constants: o, the equivalent stress, st h

e
=t -~
-

I

<

<

+

al !

¥

—~

(&)

=

=]

5

0=(vy + 0} —oy0. + 372,) 2 {17)

and €, is the corresponding equivalent plastic strain, Deformation theory assumes that ¢, for the plane stress case
can be obtuined from the uniaxial stress-strain curve at a stress level 0. (The o vs Ep curve iy identical to the oy vsey,
curve for uniaxial stress.) Since the plastic strain is the ditference between the total strain and the elastic component,
one has

] ;
€p=¢ I—_ (IN)

— . . - Al . . .
where € is equivalent total strain at a stress level g. If the Rumhcrg-()sgnmi(-) approximation to the stress-strain
curve is used. the relationship between o and € can be expressed by:

_ 0 3o, soN\"
R L (19)
E 7 FE \o,

where g, and » are material constants selected such that Equation (19) fits the nonlinear portion of the uniaxial
stress-strain curve. (See Discrete Element Analysis, Section 111.)

By combining Equations (16) and (18), one obtains

Ex I —Vp 0] s-:J1L
[

£ p = r ) ! 0 i, (20}
R

Y] 0 0 N1 -kwy) 2‘1*

*aised numbers in parentheses refer to entries in the List of References,




n which £, the secant modulus, is

0
E.\‘ =— (2 1 )
€
and v, the plastic Poisson’s ratio, is
| E
Vp=-—[]——s(]—2v):| (22)
2 £
Inversion of Equation (20) yields the stresses in terms of strain as
Oy 1 Vp 0 7] (e
I
=—yp | 0 €
p z 2
(1 —vp) (23)
“ — Vp )
Txz 0 0 N Yxz
e < — P
in which, now, the equivalent stress 0 is found from the uniaxial stress-strain curve at an equivalent strain of
I 3 172
€= (~[———2—)|E| “wp FUp)Er e+ (dvy — 1 —p) exeE, + ;(l —v,) 73(:J (24)
—v
p

which applies to the plane stress case in the x-z plane. The additional assumption of zero strain in the = direction cun
now be conveniently introduced (e, =v,, = 0) so that Equations (23) and (24) specialize to

L,
0, = ———¢,
\ (l ——VIZJ) AY
Fy (25)
0, =V, —— €,
Pa—vh) "
T.\':zo

and

(1 —vp, +v2)"?
PP (26)

€.\
-

m|

It will be convenient, for later developments, to separate the stress into two components - the stresses which weuld
be present if the strains were totally elastic and the stresses which raust be subtracted from thes. stresses to account

for plasticity,ie.,

g
(1 —v’)ex g

Ox

27)
vE ¢

7,:_ 5 6_.—0
(=)

g

where the fictitious stresses 0y, and 0 p, herein termed plastic stresscs, are given by:

e S———————— =




E E, E

Oxp = |7 o ey =——— |1 — e
Pl - =v) | (1=p?) *
(28)
vk vk vE : vy
Oy = |— T | €, = — —-nle
Tola-y a-) T Taoa VT e
in which:
I — w2
p= Bl =v) (29)
E(1 —v})

In the analysis of the adherend, the rel
face strains is desired. In (he customary fash
the adherend as:

ationship between the stress resultant in the x direction and middle sur-
ion, one defines the stress-resultant normal force in the x direction of

}
12
N= S oy dy (30)
12
and the stress resultant moment as
12
M= fa.dy (31)
12
where 7 is the adherend thickness. Employing the assumption that plane sections remain plane, one has
€e=e+ X (32)

where ¢ is the middle surface normal strain and X is the middle surface curvature.

Foran isotropic plate, one employs Equations (7). (30). (3] )

cand (32) to arrive at the following plate consti-
tutive equations:

N= Ae — ./\’yp

M=DY - Mp,
where
Et
(1=v*)
Et3
12(1 —p?)

and the plastic stress resultants are:

12

Np= f Oyp dy
—tf2
t2

My, = foxpy dy
—1/2
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Faor purposes of numerical integration, the isotropic plate thickness will be divided into nine equal layers so that the
plastic stress resultants can be written as

9
t
Np—;)‘ Eo’;,,
k=1
(36)
p 9
k k
M, =— OxpV
p xp.
Yk=1

where & refers to the layer number and yk is the distance to the center of the layer . om the middie surface. Intro-
ducing the strain-displacement relationships of Equation (15), Equation (33) can be written as

]

N; +N,'p
u; = -

i
(37)
M; + My,
D

vy =
where the subscript i has been added to denote . dherend number.

I1.2.¢.(2) Orthotropic Adherend

An appropriate modification of the deformation theory of plasticity for orthrtropic materials which hus been
suggested by Reference (1}is a generalization of Equation (16)as

(3. S Sia 0 Qy aj 2 0 oy
2 ) w
€; = S]Q Sz: 0 |+ — &2 [LER 4] R (3%)
g / \
Yer 0 0 S(,(, 0 0 -}aluh it

where the subscripts Cand 7. correspond to the principal material directions. The Caxis is along the tibers und the
r-axis is perpendicular to the fibers in the plane of a typical lamina (see Fig. 3). The quantities Sy, . Sy2. 5, . and
Se o are elastic constants in the principal material directions:

Sll = l/lf‘q

w
~
|

== wolEe = —vpelky
(39)

S22 = l/[‘:l
See = Gy

where F¢, £y and Gy, are the elastic orthotropic moduli and ve, is the orthotropic Poisson’s ratio. The equivalem
stress corresponding to Equation (38) is:

0=(a;, 08 + 0,207 + 20,2000, + 30473,)" (40)

The quantities a;; are, in general, variables dependent upon the state of stress. Their values will be discussed shortly.
ftis apparent that, for isotropic materials (isotropic strain-hardening), one has &y} =2 = @66 = 1 and oy, =—1/2:
1.c.. the ajj are constant, and €, is determined from a single uniaxial stress-strain curve. This will not be the case for

orthotrapic materials.
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Note :;:::':‘n(:(: :Courdm.llc The values of &)y, @12, %22, @6, and &, are 1
oy . YV(‘;)’ determined such that Equations (38) and (40) are
satisfied for the conditions of uniaxial (normal and
shear) stress in the principal directions. Suppose
that the orthotropic material is characterized by
Normal to the four uniaxial curves shown in Figure 3, which
Fiber Direction  yre gbtained by uniaxial tests of . typical lamina.
i.e., uniaxial normal stress .ests in the £ and ¢ direc-
tions and a pure shear stress test in the ¢-plane.
Each rurve is to be approximated by a Ramberg-
Osgood law, so that, for the uniaxial tests, one has

|

o

4 ~@ Uniaxial Stress oy
“ 3 U iy
=800 Sy o0(— (414)
7 Ugy
CIOLITIAT Ey, ng. o1 Tiage My "0
: : 3 o \"Y
1, il C[:S;g(]g» t _SI’ZUOQ! R (4”))
i (—D 7 (}r,“
Uniaxial Stress o,
3 U, II[
G =8220,+ = S3004,( - (41¢)
7 Uog
Epi f ¥y
‘. In-Plane Sheur 7, !
FIGURE 3. MATERIAL COORDINATES ¢, 7. v AND ' 3 o\ [
STRESS-STRAIN CURVES FROM UNIAXIAL Y =S Tt SeaTour| (41d)
TO\ Yt

STRESS TESTS IN PRINCIPAL DIRECTIONS

where the ns.mgp . and 0g's,and 74, are material constants selected such that Equations (41a). (41b) (41e) and
(41d) fit the curves in Figure 3. The elastic constants are the same as those given in Equation (38),

For a uitaxial test in the ¢ direction, Equations (38) and (40) give the strain in the U direction as

_ 0
ce=SnhoctVo 6y 1 o= s (+2)

Vai,

By com_purison with Equation (4 1a), it is apparent that both &, and Z-‘_,, cannot be determined uniquely: ie., either
@y Or Cp is arbitrary. Itis convenient to select

oy =1 (43)

so that. from (41a)and (42),

3 5\ "
GI;="7‘SIIUOQ g; (44)

In other words, we have 4:fined the uniaxial stress-strain curve in the ¢ direction [Eq. (41a)] to be the equivalent
stresssstrain curve,
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Using the remaining three equations (41b, ¢, d) in a similar manner, one finds [note that Ep is now defined by

Equation (44))

n n
_SI'ZOOQI ) QI U()Q Q
Qg = | -
St10p0 Yoy Y
2
. —\n nel T
S2200, 0 ! Un\'\ lag (46)
Iy = o - ’
Si100¢ \Yor ]
- myg ny o
I Seatovr [ 0 ffoge )" meg ol
Qg6 = . -~ =
u

511000 \Tou _

Replacing ¢, by

Ep:z Siho (47}
in Lguation (38). and letting ay be unity i Equation (40), gives
\f\ / S Sy Y ”\/
G =Sy o S22 0 0y (48)
/7\/ 0 0 Seni ] T
and
0=(0{ +a,:07 + 20,000, + 30,6757 (44
where the orthotropic secant compliance el>ments are given by:
€
Sty
o
Siag =S oSy - Si) )
{30

S22y =82 FaaaS1iy  Siy)

Seoy =560 T 3060 (Syis = Si1)

which corresponds to Equation (20} for isotropic materials, Fora given stress state o¢., 0, 7, and given material
constants, Equations (42). (46).(48), and (49) completely define the state of strain. However, the definition is not
explicit since Equations (45), (46), and (49) represent {ive nonlinear equations in the five unknowns 0, €. oy 3, ¢,

.

and ag ¢ -




Inversion of Equation (48) yields the stresses in terms of the strains as

O¢ Qi Q125 0 €q
)U, = le_s‘ Q22s 0 € Gn
Tor 0 0 Qo5 Yer
where the secant stiffness elements Lijs. are given by

Qi =S224/(S, 19922 _S?u)

Qiag= ~S12/(5, 199225 ‘szs)

(52)
Q225 =51 14/(5, 195225 — S'212\-)
Qoes = ]/Sﬁﬁx
The equivalent strain, obtained by combining Equations (50), (49) and (51), is found as:
€=(By¢d +B2q6f +26126C61+3Bﬁ(\78/)”2 (53)
in which
Bii=(Qh + @220, + 20020, 15Qrag)STy
Bra=101150125 + 02204240, 2. T 1201130225 + 072 0)] 5% =

Bar =071 + an 2032 + 2a,,0, 5022557 1
Beo = a, (.Q(:- I ,s'S% iy

Separating the stresses into two components, »s for ic,cropic materials in Equation (27), gives

’SU\( Oy Q2 0 s€c< sovp(

O =00, 22 0 f Je N\ — )Ulp . (55)
)7\'1 S 0 0 Qos )701\ Tk/pS

in which the elastic stiffness clements Qjj are as given in Equation (52) without the subscript s, ie.. in terms of the
elastic compliance elements in Lquation (39), and

Ogp Oy — Qg Qr2 Qg 0 €y

/ S (
)Ulp(' =1 Qi Q2 (2 — Qg 0 € (56)
Terp 0 0 Qo6 —Qsoy 701S

When dealing with orthotropic materials, it is necessary to transform stresses and strains from the
nate system to the principal material directions (€-¢) and vice versa (see Fig, 3)
systemeare given in terms of the stresses in the C-f coordinate system by

X-Z coordij-
. The stresses in the y-= coordinate




T s¢ —sc ¢t —s T
whetre
s=siny
(58)
¢ =cos Y

and ¥ is shown in Figure 3. Similarly, the <trains in the ¢-f plane, due to strains in the x direction, are (note, by the
plane strain assumption in the x-p plane, €; = vy, =0)

€¢ &

€ > =€y o 8 (59)

2—205'

In a manner similar to that used for isotropic adherends, Equations (55}, (30), (31), and (32} and the transfor-
mation Equation (57) are used to obtain the consditutive equations for a laminated plate composed of difterent
layers of an orthotropic material, Assuming syn'metry of the faminated adherend plate about its midplane. one
again arrives at Equation (33) for the plate constitutive equations, except in this case the constants 4 and 1) are
defined as:

Yer

A’=:£: ok A
k

(00}
L r U
D=3, 0k KoKy +- J
k 12
where /% is the thickness ol layer &,
élfl =1Q0 ¢+ 2Q02 + 20668 + 0225 1 o

and s and ¢ are defined in Equation (58). In Equation (60), the sum on & is «aken over all the layers in the laminate.
The plastic stress resultants for the laminate are found as

Np =E°§"p’k
k
(62)

My = D0k, ikyk
k

11.2.¢.(3) Isotropic Adhesive

The adhesive is ssumed to be an isotropic material and the constitutive equations of Reference (1) are utilized.

The relations tor the three-dimensional stress state will now be specialized for the adhesive. The normal stress in the
v direction is neglected, oy = 0. Since the joint is assumed to be in a state of plane strain in the x-y »lane, one has
7= =vp- = 0. Hence, the equations of Reference (1) apply to the adhesive in the following form

12
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S €y | ~Vp 0 0y
1
6: ( == —Vp l 0 OZ (63)
) I"Y
Txy 0 0 21 +wp) ) Uxy
where now
0= (0} + 0} — 0,0, +31%,)"" (64)

is the equivalent stress. £ and v, are defined by Equations (21) and (22) respectively. Inversion of Equation (63)
and introduction of the other zero strain for the plane strain assumption, €, = 0, gives

g
Op =~———€,
vply
g, =—EL *2 ¢ (65)
(1 =vp)
Iy
Txv = Yxv
B B 7P
Now the equivalent stress ¢ is found from the uniaxial stress strain curve at an equivalent strain of
172
"= l 2.2 3 2.2
€= ———— {1 —vp tupley +— (1 —vp) 73y (60)
(1 —vp) 4

Separating the elastic and inelastic portions of the stress, as was done for the adherends. one finds the total stresses

ke

(1—v%)

(67
TGy~ 1)
in which the subscripts on the adhesive stresses and strains have been removed, i.e., 0 has replaced o,.. 7 replaced
Tyys € replaced €y, and 7y replaced yy .. The plastic stresses are given by
I B

(1—v7) (I_Vp)

(6"
. E,
Tp = |G ————— v
! 21 +wp)
Introducing the compatibility equations for the adhesive [Equation (13)], the stress-displacement relationship for
the adhesive is

&

; G
T=—[—(ul—1(2)+T(t|vl—!2vz)—rp (69a)

8

o= “(vi tv2) =0 (69b)

(1—v*)

The constitutive equations for the adhesive and adherends are now complete.

13
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240 Governing Differential Equation

The equilibrium, compatibility, and constitutive equations are combined to develop the governing differential
equations for the single lap joint, In particular, by substituting Equations (2), (5), and (37) into (69) and employ-
my (12) gives

0" +p,0 —pyd=q, +q3

(70)
ff’”"/’:»’f’+/’40 k! +(/:1
where
5 -
I) =5 “-A) . o
Y o\ b,
/ <It, 14
D2 = (o=t = o )
a0 - v\, D,
Gf 1 ! i %
pr=—{-—+—+—+——
(\A, A, 4D, 4D,
(,‘( Lo L >
Yy = — ==
T3\n, b, (71)
PET 1 ¢ M M,
o= b B (s
ar(l = )Y\, D, 2wl - vH\D, D,
(2 = 30[,
PGl 0 T/ n\/c GIaN, 2Ny, My, 1M
grv=— |- -+_< LIS I (L B I Foh Y A SR LAY L 1)
Ay Ay 2\D, D\ 2 | A, A, D, N,
qa = '27/)

Equations (70) represent the governing differential equations tor the single lap joint. Tt will be noted thut they ure
nonlinear equations since the plastic quantities Ny, . Mgy, 0 and 75 are nonlinear functions of the displacements.
However, as the equations are written. the portions on the feft are linear differential equations with constant coefti-
clents (p; are constants). Tne portions on the right {¢;) which contain the plastic portions are nonlinear. Equa-
tions (70) are. thus, in proper form for an iterative solution to be discussed in Section 11.5, 1t is apparent that the
equations become uncoupled il both adherends are identical; e, p, =py = 0.

From Figure la, the boundary conditions for the single lap joint are developed by requiring that the stress
resultants in the upper adherend must be zero at x =0 and the stress resuttants in the lower adherend be zero at
X =

Ny =My=V, =0 . x=0
(72)
Ny=My=V,=0 al x=c¢

By substituting Equations (£2) into (72), one arrives at the boundary conditions in terms of ¢ and 0 us
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0()——_ 0('__
a a

These boundary conditions, along with Equations (70) and the constitutive equations of Section 11.2.¢, are the gov-
eraing eguations for the bonded single lap joint,

11.3. DOUBLE LAP JOINT

The free body in Figure 4 is used to develop the governing equations for the bonded double lap joint. Since
the joint is assumed to be symmetrical about the midplane of adherend 2, the moment M, and shear ", vanish
everywhere. Equating the total forces and

moments on adherends | and 2 to zero gives
V) +dV)

My V) e T M) +dM, the equilibrium equations as
Adherend 1 Ny /\ } E 7: 5: E E Z: E% :'A Nj +dN)
z == 2 °°> u‘//
= = = dv
+ 1T T T =
— — —r=0
T l' d\.
f (744)
¥ L | ) r
Adhcsive 7 ‘ V//:/fzf//i//‘//{ /'7 d_jl.z +27=0 S
v 2
} ] dv
o ) dr,
- = __ z J to page = == (g} & 0 (
R dv , (74b)
Adherend 2 N2 — ——— G S
TS o0 o0 t Mo+ dne F2=0
TrriooiE | |
— . — —J
. oo
’ v - ’ (74¢)
Adhesive 71 ' %% :/,W;/ /:/// lv 1”1 = O s
: } M1 + dM1 where the notation is as defined previously in
—___—-—___'—__—'—_: 0 accordance with Figures 1 and 4. Subtracting
) Adherend 1 N, / | EI e /x Ny + aNy Equations (74a) and solving for 7 yields
i \ =R
D Viy+dv, 1
o« =0 (75)

where
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the notmal stiess is given by the first of Equations (74b) as

dVv,
0=—
dx
otantroducing Equations (74a) and (74¢),
0 = 0”
2
where
’1 N,
0=2 /‘/II +— Nl I
4 2
Equilibrium of the overall joint requires that (see Fig. Ib) s
N,
,\ll + T - I) = 0

(717)

(78)

(79)

'0)

Solving for the stress resultants from Equations (74¢). (76), (79), and (80) gives the stress resultants in terms of the

unknown functions ¢ and 0 as

!
Ny == (P+g)

(81)

One now proceeds to introduce the compatibility and constitutive equations, (69) and (37). in a manner almost
identical to that followed for the single lap joint. Noting that, by symmetry, the lateral displacement of Adherend 2

is zero, one finds the governing differential equations to be;

07" +py0-prd=q, +q5

1

0" Py +pal =gy gy

where now the quantities p; and g; are defined by

I I,
) ="_"—T,—_— | e —
ST 21 — 2D,
Gl s 2 1 G,
I e e Pa =
o=\ T4 ap, T,
M,
Rt g. =—20
TR P
PG | z G 2N1p 2/\'2,; flﬁ'l|p>
gy =—|——— ) +- — ~
¢ \A, A, t\ A4, A, D,

(82}

da = _ZT/)




e 1eader will note the obvious sismilarity between these equations and those for the single lap joints. In fact, by
replacing V' with V2 /2,45 with 4,/2, and /D, with zero, and dropping the x — ¢/2 term (letting ¢ = 0, which
accounts for the shear Q) in Equations (71), one arrives at Equation (83). Similarly, one may deduce Equations (81)
from (12).

The boundary conditions for the double lap are also only slightly different from those for the single lap. Equa-
tions (72) also apply to the double lap, but the equations M, = ¥, = 0 at x = ¢ are redundant since this has already
been used as a symmetry condition. Hence, two additional equations are required at x =c. By symmetry of the
joint about the vertical centerline in Figure 1, the shear V', must be zero at x =¢. It is now assumed that M, is also
zero atx =c¢. The boundary conditions then become, by Equations (81),

g0 =—P #c =P (84)
0g=—1t 0 =1

2 2
0p=0 0, =0

The solution of the nonlinear Equation (82) with the boundary conditions (84) and the constitutive equations will
be discussed in Section 11.5.

I1.4. STEP LAP JOINT

Figure 1c shows schematically a step lap bonded joint under an axial tension, . The total number of horizon-
tal sections or “treads” is R, the number of risers being R + 1. The notation remains the same as for the single and
double lap, except that it now becomes necessary, at times, to identify the particular step under consideration by a
subscript r. For example, ¢, is the thickness of the upper adherend (adherend 1 in Fig. l¢) at the rth tread. The
subscript r will be omitted unless it is necessary for clarity.

The derivation of the governing differential equations for the step lap follows the development for the single
lap very closely. Using the free body in Figure 2, the shear stress and normal stress in the adhesive are found as in
Equations (2) and (5) to be

T=E¢ (83)
where
d=N, —N, (86)
and
- ! 011
0—5 (87)
where
,l _12
0=M, +M, + N, —N,y) (88)

Lquilibrium of the overall joint, as found from Figure Ic, requires that

N] +N2 —P=O (89)

17

e




-

A0

TR TR

R

A

gt

R

-
e

st

-
St "

B
=3

&
s

% fotie b
L

R IR TL YTRWER R e e

AP T T TR N AT

and

t P
My —M, +:(Nl _N”_Z(’] —12)=0

(90)

The adherend stress resultants are found in terms of the unknown functions ¢ and 0 by solving Equations (86), (88),
{89), and (90) simultaneously:

N _l 1 P i v 0'
1—‘2‘(P+¢) /W—E 0+z([|—12)—'3'¢ 1—5

, (91
C R 2 , 0
A:-E(P'—(b) A’IQ"“E O"Z(fl“,2)+_2¢ 2—'2-

The constitutive and compatibility conditions, (69)and (37)*, are now introduced in a manner similar to that
used for the single lap. The governing differential equation is found to be

0" +p0—pd=q, +q1

(92)
¢" = pad+pal=q; +qs
in which, except for g, and g3, the p; and g; are identical to those listed for the single lap; i.e..
E 1 1
R
/(] '_Vz) D; Dg
E 11y
) - ————— — s e
P20 -y \p, D,
G{1 1 i 13
pr=—{ —+—+—+—
t\4, A, 4D, 4D,
~ G [t 1y
P75\, D, (93)

PE (ri—n\ [ 1 ] (M My
g, = — — e || =
[I I(I_Vz) 4 Dl ’)2 [(I—V2) Dl D2

(]2*"'20!;
PG [ 1=t 6ot G v 2N 1M taMy,
(IJ=_ o 1 2 __l_+_2 + o lp_ 2p_ 1 Ip+ 2 2p
1|4, 4, 8 )\p, D, (a4, 4, D, D,
q4__27p

*By use of Equation (37). it has been tacitly assumed that the adherends are symmetrical at each step. This may not
be the typical case for the real problem but, considering the other assumptions involved in this analysis, it will be
assumed that the stretch/bending coupling induced by asymmetry can be neglected.
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The reader is reminded that Equation (92) applies only for one tread of the step lap, and that, in fact, each quantity
should have a subscript r to refer it to the rth tread.

When Equation (92) has been written and its general solution found for each ¢! the R treads, the individual
solutions must be connected by a set of continuity conditions at each riser. The general solution of Equations (92)
for each tread has six arbitrary constants or a total of 6R constants if there are R step.. Thus, we need six continuity
conditions at each intermediate riser, giving 6(R — 1) equations. With three boundary conditions at each end riser,
there are 6R equations.

The continuity and boundary conditions will now be derived by the use of Figure 5 which shows a segment of
the joint at riser number r. The length of the segment, §, goes to zero in the limit. The continuity conditions for the

v
(Vidra1 Ig Wik
- uy)
M) II-" | 1 M. {uy )y
N - =
( 1){_l (LY Y, TP S hie
l - Njp
h
l ly )r-l
| h/e
(vedead Y
l p I~ T
V.
, 2r
e I
b w0 5 —= 0
—_— .
s th o A LI
{a) Forceaon Upper Adherendat r' Riser {b) Displacements at r 1801

FIGURE S. FORCES AND DISPLACEMENTS OF rth RISER

stress resultants are obtained by satisfying equilibrium of the free body of the upper adherend in Figure Sa. Assum-
ing that no force is transmitted by the adhesive in the riser, one has

{ (1)
(My)ry — My, +N1r[—;£“—]‘;:J=O (94a)
(Nijpot =Ny =0 (94b)
Vida —Vyip=0 (94¢)

where now the subscripts r and r — 1 are required to refer to  particular tread. According to Figure I, the quanti-
ties for tread r — | are evaluated at x,.; = b,., and for tread r at x, = 0.

From Figure 5b, continuity of the lateral displacements and rotations requires that
(Vi =viy (vadr-y = var {95a)
(Vi1 = vy, (v2)ra =Var (95b)

Continuity of longitudinal displacements is satisfied if

’ !
Uy =y )y + :(Vl)r—l

~

(95¢)

h o,
Uy = (g Ypy — 5 (v2)r




ey o - e o

whete

h=typ =t )1 = () —tay

By subtracting Equations /95c¢), we obtain

h ,
Uyp = Uap =y )y —(Ua )y + E [(vi)rr +(va)ra ] (96)

Now. from Equation (69a), one finds i

{ 1 , ,
Ulr—llzr:E(Tr+Tpr)_3(f1err_f2rV2r) (97)

and, similarly, for tread r — 1. Introducing Equation (97) for treads r and r — 1 into Equation (96) and using
Equation (95b) gives

~ v

' ' (,]I ! '
Tt Tpr iy tva ) =T Hpha [(vi)ry +(v2)py ] (98)
o P '

2
By Equation (69b), this becomes

Gh(1 —=v*)y , | Gh(1 —v*) )
7_(0r topr =T Y Yt/ (71 + (Op )r-i | (99)

7, + Tpr =

which represents the continuity equation for longitudinal displacements, The continuity equation for lateral dis-
placements is obtained by adding Equations (95a) to obtain:

(vidr-r T (Vo) Svip tvay (100)

which, by Equation (69b), becomes

Oy +(0p)ry = 0p t 0py (101)
Similarly. the equation for continuity of rotations becomes
opy H(0p)y =0y + 0y, (102)

Equations (94a), (94b), (94c¢), (99), (101), and (102) are the six required continuity conditions to be employed
at each riser. By introducing Equations (85), (87), and (91) and the definitions of ¢; in Equations (93). these conti-

nuity conditions become, respectively,

h . h
Gt =, =0, ——
0" 1 5 ¢" 1 r 5 ¢r

Gr1 = O i

0;_1 =0,'« .

, Gh(1 —v*) . , Gh(i—v¥y , (103 ?
O = (qa)yy t T (071 "(fh)r—ll =dr—qar _T [0, —qa,] l

0y-1 —\J2)r1 =07 —qay

!

07y —(q2)r1 =0," —qar




where again the subscript r — 1 refers to a quantity for tread r — 1 evaluated at x,-, = b,_y, and the subscript r to a

quantity for tread r evaluated at x, = zero.

The boundary conditions at the two end risers,» = | and r =R + 1, are obtained from equilibrium considera-

tions, At the first riser, one has

Nyy=My, =V =0 (104)
and, at the R + | riser,
oo s Nap =My =Vip = 0 (105)
S
o3 g
s:g In terms of ¢ and 0, the boundary conditions become, respectively,
i ) _
:,_f;i + =0 XR =br
.'th"'
)rﬁ ¢ =—P ¢p =P
o p p (106)
ey, =
V’, 01"2(’21"3111) 0R=Z(’1R'“3’2R)
8 0y =0 0r =0
bk
iy where the second sub-cript again refers to the tread number. The solution of the nonlinear Equations {92} with the

compatibility Equanions (163), boundary conditiens (106), and constitutive equations for the step lap joint will be

we discussed in Section 1.5,

I1.5. SOLUTION TO DIFFERENTIAL EQUATIONS

[1.5.a. General Procedure
The differential equations governing the behavior of single lap (70), double lap (82). and step iap (92) bonded

joints are all of the same general form:

0" +p 0 —pro=q +q°
(107)

== 13

0" —p30+ps0 =qs +q;

where the p; are constants and the g; are functions of the applied load P, the plastic stress resultants in the adherends
and the plastic stresses in the adhesive. The quantities p; and ¢; are given in Sections [1.2, I1.3 and 114 for each of

the respective joints. It is apparent that this set of equations is actually two nonlinear coupled differential equations
since the ¢; are nonlinear functions of the stress resultants and stresses and, hence, of ¢ and 0. The general approach

will be to solve this set of nonlinear equations by iteration. Equation (107) is written as

0" +p 07 —pyol =qi™ +(gy) !
(108)

@Y —p3¢! +pa07 =q5" +(qi) !

where j refers to the current iteration. The portions on the left-hand side of the equations are linear differential equa-
tions with constant coefficients for which a solution can be found. Thus, supposing at iteration j we have the ¢; from
the previous iteration (j — 1), then the functions 8 and ¢ for the current iteration j are obtained by solving




I quations (108) subject to the boundary (and continuity for the step lap) conditions. Symbolically, this may be
wntten as

07=0'(qf* . x)
o (109)
o/ =¢/(q) " x)
With these functions of 0 und @, the adhesive stresses and adherend stress resultants may be obtaind by equations
presented in Section 11.2,11.3, or [1.4, ¢.g., Equations (2), (5), and (12):
Ti

T(¢))

o (Ii(()/)

S (110)
N=N©7 o x)

Mi=MI©O7 8 x)

where i refers to the adherend number. Using these new values of the stresses and the previous values of the plastic

stresses (contained i (lzl‘ "). the pertinent strains can be computed by the constitutive equations of Section 11.2, e.g..
Equation (20). These strains arc then employed to compute new values of the plastic stress, e.g.. by Equation (28),
and, hence, new values of ¢;:

gt =gl ol NEMELP.x) .

This completes iteration j. The solution process now returns to Equation (109) to begin iterationj + 1. lteration
continues until there is an insignificant change in the plastic stresses. This solution will be discussed in more detail

in the remainder of this section.

I1.5.b. Homogeneous Solution
The homogeneous equation corresponding to Equations (107) is

0" +p,0  pap=0
(112)

¢ pro+pi0 =0

The superscript /s have been eliminated here as well as in the following developments since they are not needed for
clarity. The reader should remember, however, that the solution is not in closed form and that an iterative proce-
dure is imvolved. Following the standard procedure for the solution of linear difterential equations with constant

coelficients. one assumes a solution of the form
o=Cre?"
(13
0= C2 (’p'\.

Substituting Equations (113)into (112) and setting the determinate of the coefficients C; and C, equal to zero, one
finds the characteristic equation for p to be

P —p3M? +p C—pips tpapa =0 (114)

where




B

ik

o

i
B

Fquation (114) has one real, positive root, I';, which can be found numerically. (Note that for equal adherends in
the single lap. p, =p, =0, and the real, positive root is give ~ by I'; =p;3.)*

I, = real, positive root of Equation (114) (116}
Then the other two roots are the complex conjugates:
Py, M =8 20k, (17

where

T - Sy L e e, e

(118) 3

1/2

pips —papa [T —pa\?
$r = 5

r,
i=vV/=1

The complete set of six roots for p can now be written using Equations (115) and (117) as

Py =A
P2 =N
py=a+if
19y
ps=-—a i
ps =a-—-if
pe = atif
where
A=/T

112

ps by PiP3 —P2Da

o= ———+ \’——————
4 4 41 (120)

ry Pa (plpa—ngi
4 4 4r

1

172

\
|
l

*Ec‘luation (114) will have one real root and two complex conjugate roots if

27 pipk +4p} +4p3(pips —Papa) T 0103 (8P 13 — 36 papa) >0

This will generally be true since pyp3 > papa.
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The homogeneous solution to Equation (112) can, thus, be written in matrix notation as

o={r}" o) ;
(121)

0= {1 " {C)

in which

(M w

¢ AX y

¥ cos fix

{fx)} = (122)
e*¥ sin fx

e

e Y cos fx

ax

\_¢ sin fx_J

and the arbitrary consiants are

FCI 1 w (Cy W
Cia P
Cya Cay
¢y} = UG = (123)
Cha Cha
Cis Cys
L(“ 6 J __(‘: 6 J

Only six of the twelve constants C,; and €, are arbitrary : the other six are determined by substitution mto kqua-
tion (112). Alter some lengthy algebraic manipulations, one obtains:

g =111 ¢}

4

where {C} isanother vector of arbitrary constants and
i 0 0 0 0 07

0 | 0 0 0 0




8| 0 0 0 0 00
0 8y 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 | 0
.0 0 0 0 0 1.
in which
5 =2
py +A*
—(? —p2 —
5, - (a” —B° —p;3)pa (126)
(¢ —B* —p3)* +4a’p?
5. = —2afp,
D@ = )+ 46
Substituting Equations (124) into Equation (121) gives the homogeneous solution as
¢ = {f}T (T] {C}
(127)
6= {71721 {C)
It will be convenient, for computation purposes, to determine the derivatives of {f} T as
I T={n" ‘ (128)
where _
A 0 0 0 0 0
0 —A 0 0 N 0
0 0 o3 i 0 0
[d] = (129)
0 0 —p % 0 0
0 0 0 0 —a i
10 0 0 0 —p —a |

The reader will note that, for the spzcial case of equal adherends in the single lap, one has
Special Case—Equal Adherends in a Single Lap
P2 =ps =0
Ty =ps

A =Vps




and, hence, the homogeneous differential cquations uncouple.

I1.5.¢. General Solution

The general solution (homogeneous plus particular) to Equations (107) will be obtained by the method of vari-
ation of parameters.® According to this method, one supposes that the arbitrary constants {('} in the homogenous

solution [Equation (127)] are functions of xi.e.,

o= {f)} Tm | {ceoy

0= {7 (1) {Ceo)

(130)

Successive differentiations of Equations (130) are made and conditions employed on these derivatives to ensure satis-

faction of the differential Equations (107):
o =y T el + )T )
Condition 1 {f}7 [T,]1 {C"} =44
0= ) (e + T T )
Condition 2: { f}T [T.]1C") =0
o= m )+ LY T Y+
Condition 3: {j"}T TV {C} =g,
0" =4y ) Ay + ) T Tl ()
Condition4: {1} T [Ty] {C') =¢,
0" = () TITL A + (Y T IT (C)
Condition 5 {s"} T [75] {C"} =0
0= T L T )+t

Condition 6: {j"”}T [T2] {C"} =q,

hesummary. the six conditions on {C’> are
()] {C'w)) = {qlx))

26

(131




whete

(@)

{q(x)} = (133)
q2

\9:_J

and [A(x)] is the o X 6 matrix

(b ar Y
{ry" 1|
T
lh(x)] = B (134)
{r M|
{ry i)

7 Ty

Solving for {C(.\')} from Equation (132) gives

X
(C} = {Co} + S 100 {g0n)) dy (135)
0

where  Co is a vector of arbitrary constants and y is a variable of integration. (It is a consequence of this applica-
tion of the method of variation of parameters that it is not necessary to evaluate derivatives ol ¢, and ¢4 .) Thus,
the complete general solution is given by Equations (130) and (135):

6= (T ({Co )+ S 1] {0} av)
0
(136)

0= {0} T2 ({0} + S 1ol {a0) Yar)
0

The reader can satisty himself that Equation (136) indeed satisfies Equation (107) by substitution and use of the
conditions (131).
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1S d0 Boundary Conditions for Single, Double, and Step Lap Joints

According to the developments of Section 11.2, 11.3, and [1.4, the boundary conditions are specified as

x=0
¢ =¢o
0 =0,
0'=0,

where ¢g. 0. etc., are specitied values of ¢ and 0 at the boundaries. Substituting these conditions into Equa-

tions (130) and solving for the arbitrary constants {Co}

-

Co=tn | (o) ¢

w

in which

X =¢C
¢ =
0 =0,
0'=0,

gives:

C
Oy ) S 1 {gh dv
0
E ¢ -1
{f T AT o Ih) 7 {q) dy
0

.
LTI S ) e b

0

and [H] is the 6 X 6 matrix

’

)

(137)

(138)

(139)
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FOVENIAY!
A0} T (12]

{
{
{r'©) 7 7T:]
[H] =
{
{
{

(140)

ey r
fie)} T (1,

ey’ mJ

By substituting Equation (138) into (136), one obtains the particular solution of Equations (107). By defining the
matrix |F] by

[FOO = [h(x)] (1] (141)
this solution can be written as
¢ 1 0 0 0 0 0
- Fel (oo} + {8,00)) (142)
0 0 | 0 0 0 0
where
 x 3
f ¢y (v)dy
0
X
J 000y dy

0

X

S Os(n)dy
0

X
f Q4 (_l') d.l’
v

Ry
S QOs(v)dv
v

S Q6 &y

e P

and the quantities Q;(v) are elements of the vector {Q(y)} :

{00} =1Fo) " {a0))




he integrals in {O,,(.\')} will be evaluated numerically by a standard 1BM integration subroutine. The adhesive
shear and normal stresses are obtained as derivatives of ¢ and 8, e.g., Equations (2) and (5). Using the conditions in
baquation (131), the complete solution can be summarized as

' q)\ 00
0 0
27 qa
= |F(x)] ({¢0} + {¢,,(x)}) + (145)
0' 0
,'{
20 q,
LMJ U'u

The application of these equations to the solution of the joint problems will be discussed in Section [1.5.e.

11.5.d.(1) Single Lap Joint

Equatior: (145) applies directly to the single lap joint with the quantities p; and g; appropriately defined as in
Section I1.2.a. From Equation (73), the vector {¢o} is given by:

S
1 o1
il
1
a
{¢o} =pP (146)
1
I er
25 °
r
. o«

[1.5.d.(2) Double Lap Joint

For the double lap joint, Equation (145) is used in conjunction with the boundary condition vector

1)

T

[

2




S J(D Step Lap Joint

For the step lap joint, Equation (145) applies to each of the R treads. The continuity conditions {Equa-
tion (103)] which are to be applied at each intermediate riser, r, can be written by employing Equation (145) as:

Rr s 1UFr 1 r-0O) [{80) -1 + {8pr-1)} 1] = [SH) 1F(O)] [{90} r + {8p(0)} /] g
where 3
— -
I 0 0 o0 O 0
h
- 1 0 0 0 0
2
N 4,2
Reil=lo o | o o MU=
2
0 0 0 1 0 0
0o 0 0 0 I 0
Lo 0 0 0 O I
- (149)
r a
| O 0 0 0 0
h
—3 | 0 0 0 0 [
_ —-hG(1 —v?
1S9=l g o 1 o o —UT¥)
7
0 o 0 I 0 0
0 0O 0 0 I 0
0 0O 0 0 0 1
L _

This provides a set of 6(R — 1) equations for determining the six elements in the R vectors {¢o} r. The additional
six equations are obtained from the boundary conditions in Equation (106) which specity ¢,0. and 0" at the end
risers.

11.5.e. Iteration Procedure

The iteration procedure which will be used to solve the system of nonlinear equations was outlined briefly in
Section 11.5.a. A more detailed description is given here. The computer program which performs the calculations
is organized along these lines. The process given on the following page refers specifically to the single lap solution.
The double lap solution is almost identical. Comments regarding the step lap solution are enclosed in parenthesis.




CAY Tnput patameters
(1Y Geometry (Steps).

() Loads.

(3) Material constants.
{4)  Laminate layup.
(BY  Compute appropriate constants:
(1) Adherend stiffnesses [Eq. (60)] .
(2)  Differential equation constants p;[Eq. (71)].
(3)  Characteristic roots [Eq. (119)]. ~§
(4)  Coupling coefficients [Eq. (126)].
(This is done f(or each tread of the step lap.)

~ < a0 .-q g 0 o -1 . .
(C)  Subdivide the joint into a number of stations and set up the [F(x)] and [F(x)] = matrix at each station:

) Setup {flx)} at cach station [Eq. (122)].

(
(2)  Compute the derivatives at each station [Eq. (128)].
(3)  Set up [i{x)] at each station |Eq. (134)].
(4) Setup [/] [Eq.(140)] and invert.
(S)  Obtain |F(x)] at each station [Eq. (141)].
(6)  Invert [F(x)] at each station.
(This is done for each tread of the step lap.)

(D} Set up the boundary condition vector [Eq. (146)]:

(For the step lap. set up the continuity condition matrix at each of the intermediate risers [Eq. (148)]. Invert
the coefficient matrix. Introduce the boundary conditions [Eq. (106)].)

(E)  Initialize all iteration quantities—plastic stresses, plastic stress resultants, equivalent plastic strain, §;; coeffi-
cients, and Vp.

(F)  Compute the particular integrals in the differential equation solution:

(1) Compute the g; at each station [Eq.(71)].

(2y  Find the vecior {Q} at each station [Eq. (144)].
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() By numerical integration, obtain the particular integrals {q)p} [Eq. (143)]. Tius integration is per-
formed by the QSF subroutine which is based on Simpson’s rule together with Newton’s 3/8 rule (sce
listiig To1 details). Tiuncation ciion is ol uided 1, whicie & is the distance between stations.

(This is done for each tread of the step lap.)

Compute the adhesive stressés and alherer 1 stress resultants [Egs. (145)and (12)]:

(For the step lap, insert the computed {d)p} » into the continuity conditions [Eq. (148)]. By matrix mu]tipli-

cedigre, albyin tie unden sy ologmerite i thie & b ourJaru @ om difd il {)“ 4 ote tlval Mg o LRl
- & lnlen s ¥ 7 e N bourdary < omdidion R LR

matrix was inverted in Step (D).)

Find new values of the plastic stresses and stress result - ts at each station:

Adhesive Plastic Stresses

(1) Obtain the adhesive strains using the previous plastic stresses [Eq. (20)].
(2)  Compute the equivalent strain using the previous v, [Eq. (26)].

(3) Using the constant strain method!)| determine the equivalent stress [Eq. (17)] and, hence, the new £
and v, |[Egs. (21)and (22)].

(4) Determine the new plastic stresses [Eq. (28)].

(5} Compute the iteration error as

ket
(,zMHXM
a

, 0#0

Adherend Plastic Stress Resultants

(1) Obtain the strain in each layer using the previous plastic stress resultants [Egs. (32)and (33)]. For an
orthotropic adherend, transform the strain to the principal material directions [Eq. (59)].

(2) Compute the equivalent strain using the previous 8;; [Eq. (53)].

(3)  Using the constant strain method, determine the equivalent stress [Eq. (40)] and, hence, now o
[Eq. (46)].

(4) Determine the secant compliance Sjjs and stiffness Qj;s elements {Eqgs. (50) and (52)].
(5) Compute the stresses in this layer [Eq. (51)].
(6) Compute new values for 8;; [Eq. (54)].

(7) Find the plastic stresses [Eq. (56)]. For orthotropic materials, transform plastic stresses to the joint
plane [Eq. (57)].
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(8)  Compute the iteration error as

c’ﬂ\iaxM , Np¢0

(9)  Determine the plastic stress resultants [Eq. (62)].

If the maximuni error is greater than prescribed, return to Step (F) and continue iteration.
is complete and the current stresses are the final values for the prescribed load.
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SECTION |1}

DISCRETE ELEMENT ANALYSIS (DEVELOPMENT)

111.1. GENERAL
To solve the nonlinear composite joint problem by the discrete element method, several assumptions are made:

(1) The joint is assumed to be in a state of plane strain in the x-y plane (see Fig. 1). This assumption, or that
of plane stiess, is a practical necessity if any real problem is to be worked with a reasonable computer cost.
A three-dimensional analysis is theoretically possible but the number of nodal points increases so rapidly
that external storage devices, with a significant increase in cost, would have to be used with the digital com-
puter. 1t is felt that the plane strain assumption more closely approximates the conditions along the cen-
terline of the joint than the plane stress assumption,

(2)  The adhesive is assumed to be an isotropic material which obeys the Von Mises yield condition and the
associated flow rule. The composite material is assumed to be orthotropic with transverse isotropy, i.e.,
isotropic jn a plane perpendicular to the fibers. Superposition of plastic strains is assumed valid so that,
for example, the plastic strain in the ¢ direction resulting from a -tress in the € direction is independent
of the other stress levels.

(3) Deformation theory of plasticity is assumed valid.
I11.2. CONSTITUTIVE EQUATIONS
111.2.a. Isotropic Material, Plane Strain

The adhesive material is considered to be an isotropic material in a state of plane strain in the x-y plane. Stres-
ses and strains in the adhesive are represented by

\’0.\'> T= {0x Oy 02 Txz Tzp  Tyy)
(150)

{€x} T= lex € 7Yxy)

where x — v is the longitudinal cross-section plane of the joint so that €, =7y, = yy- =0 for plane strain. One can
write the total strains lex} as the sum of the elastic and plastic strains. i.e..

fex) = e} o+ {Ex) (151)

It will be noted that, in order to write (151), €, the strain perpendicular to the longitudinal cross-section plane of
the joint, must be included. Thus,

T
e

(152)

= {€xe) €ye €ze  Yxze Yzye TYxye)

fex)
and, similarly, for {ey} ;‘ Therefore, though the total strains vanish
€2 =Vxz =Yzy =0
{or plane strain, this does not imply that the elastic and plastic strains, separately, vanish
€z¢ = Yxze = Yzye =0

NOT TRUE
€2p = Yxzp = Yzyp © 0
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For the isotropic material, since there is ne shear coupling, it happens that the elastic and plastic shear strains are
cero, although ;. and €, are, in general, not zero. For the orthotropic material which has shear coupling, the elas-
i and plastic shear strains will not, in general, be zero.

By Hooke’s law, the stresses can be found as

{Ox} =[C] {ex} , (154)
in which
[~ )
1-p v v 0 0 0
1-v v 0 0 0
1-p 0 0 0
E
[C]=(l+v)(l—2u) (1 —2v)
S 0 0
2
(1 —2)
Symmetric - 0
2
(1 —2p)
o
L. -

where £ and v are the elastic modulus and Poisson’s ratio, respectively. The material is az,umed to obey the Von Mises
yield condition. By the deformation theory of plasticity,

{ex‘}p:[S]p {0.\'} (155)
in which
—~ ] ]
I - - 0 0 0]
2 2
]
- 1 -3 0 0 0
€ 2
[S]p = _f)
0
] 0 0 0
3 0 0
Symmetric 3 0
L 3]
where
( 1/2

1
= 5-2_ [(0x — 07)* + (0, —0y)* +(0y —0x)*] +3[r%z + 77y 73y \

is the effective stress and e-,, is the effective

glastic strain which may be found from th2 material stress-strain curve in
uniaxial stress. 1f the Ramberg-Osgood law )

is used to approximate the stress-strain curve, one has

300 5 0
+ — (156)

0
€= — i
E  7E \oo
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wn which

ug = secant yield stress (stress at which the secant modulus = 0.7F)
| <l7>
oa | —
£ 7
Oo
log (—-—)
(]

n = shape factor=1 +

where
0y = stress at secant modulus at 0.85F

According to the constant strain methodm, the effective plastic strain E,, for a given total effective strain ¢ can be
found from Equation (156 if it is rewritten as ’

]
| - —
78 N\ 1

The above expressions could be simplified slightly by eliminating the elastic and plastic shearing sirains vy, and vz,
since this is an isotropic material. However, in order to “.zep the development parallel to the orthotropic case, they
are included.

111.2.b. Orthotropic Material, Plane Strain Noter Right-Hand Coosdinate
Syestem lor
xt1), ct2), vy}, and
), el )

-——

One ply {or lamina) of the adherend composite
material, Figure 6, is assumed to be orthotropic. The
principal material directions are ¢-r-y where €is paral-
lel 1o the fiber direction. Stress and strains in the
principal material directions are

- ~E e b T B LN
{00} T={U\ Op Oy Ty Ty Tyg}
(158)

! IR
)= .

{eec} "= {ee & & vu Yy Yol i P

The compusite is assumed to be isotropic in the -y

plane. o | ‘ /

Separuiting the total strain into its elastic and . . T /
plastic components, one can write

(e = {ee), + {ed}, (159)
Using Hooke’s law, one obtains the stiesses as

{oe} = €] {ee}, (160)

FIGURE 6. ORTHOTROPIC LAMINA COORDINATES
2,1,y AND STRESS-STRAIN CURVES FROM UNI-
AXIAL TEST IN PRINCIPAL DIRECTIONS
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All the £} values are lamina elastic constants (some negative) which are obtained as the initial slope of the ith curve
in Figure 6.

According to assumption (2) in Section 111.1, it is assumed that the plastic strains can be found by superposi-
tion, e.g.:

€up = Cegp u €eyp + €p
where g, is the longitudinal plastic strain corresponding to the stress o, as found from the simple uniaxial test. Let
the stress-strain relations from uniaxial tests of a typical lamina be as given in Figure 6. Each of the seven curves car

be approximated by a Ramberg-Osgood relation of the fo:m

o 30g; [ o\
e=—+ ot [ — (161)

Ep TE; \og
where € and ¢ are the appropriate stress and strain for each curve, £ is the initial st hpe of the curve, a4; and n; are

the quantities corresponding to those given in Equation (15€¢) and 7 refers to the curve number as given in Figure 6.
The plastic strains can now be written as*

M09y [0y "'*001("‘)"'\
4 — o2
£y \ooy £y \vos
o \™ +a°. o, e ' Oos [ 0y L1
Ooz E4 \Ooa Ly \ vgs
SR EANNYEAR
Es \oos 4 \Ooa (16-))

€n %
p .
[Z. Jo

ép ;'

~3

Teip

005 [Try\ -
Teyp “-{—
£4 \0os,

Tyep
o

*The plasticity theory used here for orthotropic materials is different than that employed in the theorztical metho.!ls.
The **best” theory has not yet been established by experiments. As the results from the two theories show (see tic
foilowing section), the difference is insignificant.
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The transtormation relating the plane strain strains in the x-y plane to the strains in the principal material direc-
lons - can be written as

{ea} =1T) {ex} (163)

where e} and ey} are given in Equations (158) and (150), respectively, and [T7] is a 6 X 3 matrix:

cos? Y 0 0 ]
sin2y 0 0
0 | 0
(7] =
—2siny cos ¥ 0 0
0 0 —sin
L 0 0 cos Y|

in which ¢ is the angle of fiber orientation as shown in Figure 6.
111.3. ELEMENT STIFFNESS MATRIX AND PLASTIC FORCES

After the constitutive equations have been defined in the above manner, the solution of the discrete element
problem follows very closely the procedure outlined for ELPLAN“”, a computer program for the inelastic analysis
of plane stress problems. A typical finite element is taken to be a triangle in the longitudinal cross-section plane of
the joint (x-y plane) with a unit thickness, Figure 7. The following expressions are obtained for the element c!iffness
matrix [k] and the plastic nodal ferces {f,} for the compos-
ite material:

¥

o (k] =41B17|T17(C) (7] [B] (164)
{fp} = D] {eq} (165)
(0] =4(817(T17|C) (166)

in which [T} is given in Equation (163), [C] in Equation (160),

{eq} , in Equation (162) and 4 is the element area in the x-y
plane. The matrix [B; relates the element strains to the nodal
displacements {X} & e,

lexh = [B] {X} (167)

The stresses in a composite element in the principal material
directions are

{oo) = (C1ITVIB] (X}~ (e} ,) (168)

The above expressions apply also to the isotropic adhesive
¥ material although they can be slightly simplified. For program-
FIGURE 7. PLANE STRAIN DISCRETE ming purposes, it is convenient to use the same algorithm for

ELEMENT USED FOR NONLINEAR
JOINT ANALYSIS

the isotropic and orthotropic materials. n this regard, Equa-
tions (164), (165}, (166), (167), and (168) are valid for the
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adhesive it v is taken equal to zero in [T]. Then [C] is found in Equation (154), and Equation (155) is
used for the plastic strains.

The solution of the discrete element problem proceeds, according to deformation theory, in the following

manner:

(1)

(2)

(4)

(5)

(6)

Formulate the structural stiffness matrix [K] by assembling the element stiffness matiices in (164) and
the applied nodal load matrix {F} as specified by the loading.

Perform an elastic analysis with the current values of {Fp} to obtain the nodal displacements {X} :
{F} + <Fp> = [K] {X>
For the initial iteration, {F,,} = (0> .

Culculate the stresses via Equation (168) with the current values of {eo) p° {ee} p= 0 for the first
iteration,

Calculate the new plastic strains via Equation (162) for the compuosite or (155), (156), and (157) for the
adhesive.

Consider the new plastic strains as initial strains and compute new values of the element plastic forces
{f,,} by Equation (165). Assemble the element plastic forces into the structural plastic forces {I~’,,} .

If the maximum change in plastic strain from the previous iteration is sufficiently small, the solution is
complete. If not, return to Step 2,

This process was incorporated into ELPLAN. The application of the resulting program is discussed in a later

section,
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L SECTION IV

COMPARISON OF THEORETICAL AND DISCRETE ELEMENT RESULTS

IV.1. JOINT CONFIGURATIONS AND MATERIAL PROPERTIES

‘ In order to compare the theoretical and discrete clement analysis methods, the three particular joint config- ]
urations shown in Figure 8, i.., single lap, double lap, and step lap, were analyzed by both methods. The
Narmco §505 Boron/Epoxy System was taken as the adherend and AF-126-2 as the adhesive. The adherend was a

r et TABLE 1. J
2.75 . 0.75 , 1
| | Q MATERIAL CONSTANTS FOR RAMBERG-
® [0/90/0]g AI—' v 0SGOOD APPROXIMATION
L Ll Ll y A4
re i [o/90/815 ® Adhesive (AF-126-2)
Q .
(:) :"m i G (ksi) 7o (ksi) n
0. 75
A Tvsy 175 332 | 2.084
@ ror90r0) I
,,,,, rrrr Adherend (Narmco 5505)

o ————  [(0/90),01 ® Curve (i) of Figure 6 F; (ksi) 0g; (ks1) n;
L— S . 1 o vseg 29,600 3127 4.463
1) 10/90/0), ¢
© 5 2 ogvse, (e,) 130000 | 2855 | 5129

(b} Double Lap
ns 3 0,(0y) vs € 130000 | 2855 | 5129

0.5
| I 4 0,(0,) vs€, (€y) 2,750 Y191 | 2.541

Q@ tora0rdig v
P J0/90/081g @ 5 0,(0y)vse, (€) -8.87C 10.52 1 3.350

(e} Step Lap 6 Tor (Tey) Vs Yer (10y) 933 795 | 2901

FIGURE 8. JOINT CONFIGURATIONS FOR T Ty V8 Yyy 191 68.44 | 2.031
COMPARISON OF ANALYSIS METHODS

five-ply laminate (nominal ply thickness 0.0032 in.) witl, 9°,90°,0°,90°, 0° orientations, except for the inner
laminate of the double lap which had nine plies with 0/90 orientations. In each case. the joint length, ¢, was 0.75
in.. and the total length. a, was 6.25 inches. The adhesive thickness was 0.005 inch.

The material properties used in the Ramberg-Osgood approximation [Eq. (156)] of the adhesive shear stress-
strain curve are shown in Table L. Poisson’s ratio of the adhesive was taken as 0.3. The material constants for ]
the characterization of a typical lamina of an adherend are also given in Table . They represent the Ramberg-Osgood
constunts in Equation (161) for the uniaxial stress-strain curves in Figure 6. The stress-strain curve for AF-126-2 was
not asailable at the time of the comparison, but those values shown in Table I were thought 1o be ;1ppr0prizne.(5) |
More recent work shows that the shear modulus is about 80 ksi‘® instead of the 175 ksi value shown in Table | and
used in the analysis. Since consistent material properties were used in both analysis methods, the results of the
comparison study will remain valid, however. Stress-strain curves for the Narmco 5505 were ubtained from Refer- i
ence 7. Curves 5 and 7 for lamina characterization in a plane perpendicular to the fibers were not available. These
curves were assumed to be identical to those of the transvers:z unidirectional lamina. Many of the curves for the
lamina were quite linear to failure, and, thus, do not reach the stress g4 which corresponds to a secant modulus of
(.7L:. In these cases. the value of 04 and i were determined such that the Ramberg-Osgood approximation passed

4]
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through two points on the upper nonlinear portion of the stress-strain curves. For an isotropic material, the
salution for nand o, is

Fe'— o a'
n= — —— —
ke —o

I
0p =|— (Ee" —o" Yo'y "|1 -
3

R ' t . (X3 r . N . . . .
where (07, e ) and (0™, ¢”') are two points on nonlinear portion of the stress-strain curve.

IV.2. JOINT ANALYSIS

1V.2.a. Discrete Element Analysis

The three joints shown in Figure 8 were analyzed by the discrete element computer program discussed in
Section Itl. The finite element idealization of the single, double, and step lap joint are shown in Figures 9, 10, and
11, respectively. Joint boundary conditions .re illustrated schematically in these figures. Materizl properties listed
in Table | were used.

Results from the discrete element analysis for the shear and normal stress in the adhesive are presented as
circled points in Figures 12, 13, and 14 for the single, double, and step lap joints, respectively. The discrete ele-
ment program evaluates the stresses at the centroid of each triangular element. Hence, the stresses a-e evaluated J
at 1/3 and 2/3 thickness levels in the adhesive. {n order to compare results with the theoretical method, these
stresses were averaged to obtain the stress at midthickness. The discrete element program did not converge to the
specified error tolerance of 0.01 within 20 iterations for step lap joint loads greater than 1000 Ib/inch. This was
caused by large plastic laminate strains developing in the stress concentration area at the juncture of a tread and a
riser. (Note the change in the stress scale for the step lap joint as compared to that of the single and double lap
joints.)

IV.2.b. Theoretical Analysis

The theoretical analysis technique outined in Section Il and programmed for the CDC 6400 computer was
also used to analyze the joints in Figure 8. In addition to the geometric quantities, the adhesive material constants
and the adherend material constants for Curves 1, 2,4, and 6 from Table | were input into the program. These four
curves for the adherend correspond to the fom curves in Figure 3 and the four Equations (41a, b, ¢, and ). For the
numerical integration involved in this solution, the single lap and double lap were subdivided into 20 equal segments
(21 stations) along the joint. Each tread of the step lap was subdivided into 30 equal segments. The results of the
theoretical unalysis are presented as the curves in Figures 12, 13, and 14 for the three joints.

IV.2.¢. Discussion

Despite the different assumptions involved in the {inite element method and the analytical method, ie..
plastic strain superpesiton for the finite element method versus deformati 1 theory for the analytical method
and three dimernsional stresses in the fini'e element method versus negligib e shear deformation in the adherends
for the analytical method, the comparison of the results in Figure, 1™ and 13 is quite good for the adhesive
shear stress in the single and double lap joint. The difference in the (wo methods for the step lap joint adhesive
shear (Fig. 14) is probably due to both of the following two causes:

e  Shear deformation is neglected in the adherends for the theoretical method. For the step, the ! ]
adhesive is attached to the 90-degree oriented layers. The shear modulus of these layers in the
plane of the joint is only 191 ksi (see Table [}, which is about equal to that of the adhesive itself.

] Transmission of force through the step risers is neglected in the theoretical method. Hence, the
: tota! force is wransmitted by shear along the treads. Thus, the average shear stress for the theoretical
. method 1s about 1000/0.75 or 1333 psi, whereas it is lower for the discrete element method since

some foree is transmitted through the risers.
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According to Equation (122), the normal stress varies approximately as a damped cosine (and sine) curve with
a pertod of lergth

(169)

where, approximately,

; 1/4
w= _t (L + L (170)
41(1 —v*)\D, D,
These conditions are exact for ! e special case of equal adherends in the single lap-see Section 11.2. For the single,
double, and step lap joints, the ¢ /clic period, L, of the normal stress is 0.189 in., 0.224 in., and 0.084 in., respec-
tively. (Note that 1/D; =0 for the double lap.) The discrete elements in the region of the adhesive were 0.025 in.
fong. These were not snfficiently small to pick up the rapid variation of the normal stress since the method is based
on an assumed constant stress in cach element. The theoretical method is somewhat limited in this regard also
because of the numerical integration involved. However, the integration is performed according to Simpson’s rule
which is based on a parabolic approximation to the integrand. The error for the discrete element method is about
Ii* and about h® for the theoretical method where /1 is the interval spacing. Thus, the normal stresses obtained by
the theoretical method are probably more reliable than those from the discrete element method.

Although extensive calculations were not conducted for verification, it is thought that the interval for the
numerical integration in the theoretical method should be no greater than about L/27 or 1/w. (For the examples
above, the intervals were 1./5.0, 1./6.0, and L/6.8 for the single, double, and step lap, respectively.
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SECTION V

EXPERIMENTAL DESIGN

V.l GENERAL

This section presents the study of bonded joint data taken from the literaturs followed by the design of the
experimental program to verify the theory of Secidons 11, 111, and IV, Section V.2 presents the Literature Study
covering six information data sources to establish statistical techiniques for experimental data analtysis and provide
experimental design information. Section V.3 presents Trial Effective Properties Prediction for the elastic case
utilizing the methods developed in the previous three sections. Design of the Experimental Program presented in
Section V.4 provides the detailed history of the specimen selection and design which were used for verification of
the new analytical methods in subsequent sections.

V.2. LITERATURE SURVEY

An example development of single and aouble lap joint experimental data analysis is presented in this section.
1t was accomplished by the study and analysis of test data from three sources: Douglas, IITRI, and SwRI. Prefimi-
nary analysis of the more limited data from two additional sources, Martin-Orlando and Grumman is also included.
Two composite materials, boron/epoxy and S-glass/epoxy of several orientations were utilized as the primary adher-
end materials in the data studied in detail and they were bonded to the same materials or to aluminum, titanium or
woven E-glass/epoxy secondary adherends. For the two sources of data studied in preliminary fashion, Grumman
used composite and metal adherends while Martin-Orlando used only metal.

The data collection and analysis efTort had two primary objectives: a grouss characterization of the “effective™
properties of the various adhesives, and a meaningful estimate of the general test precision in order to establish guide-
lines for the experimental ¢ffort. Pertinent data from all five sources [i.e., Dastin of Grumman'®'| Lehman of
McDonncll-Douglas(g). Chessin and Curran of Martin-Orlando"'?’, Kutscha of NTRI!Y and Grimes or SwRi! )}
vielded lap joint test data in quantities sufficient for meaningful analysis. The Martin-Oviando data on meta
adherend-bonded lap joints were included for comparative purposes. 1t should be noted that the Martin-Orlando data
covered only one type of variable in their tests, the adherend surfuce preparation. While this variation caused a larger
range of failure stress magnitudes than would be expected with one chosen surface preparation. the standard deviation
was comparable to that of the Douglas, HTRI. and SwRI data which had variable overlap lengths and the Grumman
data which used several different adhesives.

The data analysis consisted of two sequential steps: the generation of reliable precision estimates in order that
conlidence intervals might be established for the various mean failure stress measurements, and the subsequent use of
these intervals to establish a reasonable range of apparent material properties as a function of the joint configuration
fur experimental design and data analysis purposes. The analysis work concentrated on the average apparent adhesive
shear stress failure measurement, the average adherend tensile failure stresses, and on the running loads transterred in
Ibin./ply. The generation of precision estimates was complicated generally by the scarcity of such estimates in the
literature and speaifically by the wide variance in test parameters among the five major data sources. As an example,
it can be seen that, for the various parameters by which the data were tabulated, not a single instance can be found
in which two different sources ran an identical test. This, of course, means that interlaboratory reproducibility could
not be estimated.

On the other hand, the data collected did prove sufficient for estimating the intralaboratory repeatability, pro-
vided that analysis was approached via « method now under study for publication by ASTM Committee D2. This

procedure is designed specifically for the generation of precision estimates from data in which

(1} ihe standard deviation appears to vary with the mean rating ol the various samples, and

(2) only relatively small amounts of data are available on any one sample.
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Thisas precisely the case with the lap joint data collected. The first step in the process was (o calculate the standard
deviations for the individual samples. Following this, 1 decision had to be made concerning grouping of the data, e.g.,
of the various parameters in the tabulation; how many should one group together? In this case, the decision was
tairly easy. since groups broken down any further than source and test type would be too small to be useful. Hence,
the data were divided into these six groups:

Single Lap Douglas ~(adherend materials and overlap length variations)
Grumman -(adherend material and adhesive type variations)
Martin-Orlando —(adherend matesial surface preparation variation)

Double Lap  Douglas -(adherend material and overlap length variation)
SwRI -(adherend material and overlap length variation)
IITRI- (adherend material, adhesive, and overlap length variation)

Linear regression lines resulting from plots of standard deviation vs mean adhesive shear stress failure for each
of these six groups* are presented in Figures 15 and 16. These straight sines were fitted to the data points by iinear
regression techniques which represent the best estimates of the overall test (or population) standard deviations for
cach of the six groups. The advantage of the above approach is that a large number of degrees of freedom can be
utilized in the estimating procedure rather than the small number available in the few data points actually falling at a
given level. This gives a much more realistic calculation for confidence intervals and provides a means of looking at
data trends with respect to the variables encountered.

The difference between Figures 15 and 16 is the inclusion and exclusion, respectively, of the Metalbond 400
data in those analyzed from HITRI. When the Metalbond 400 data is removed from the balance of the IITRI data,
the standard deviation vs mean line falls on top of all the rest of the data except for the Douglas single lap data.
These two groups of data were obviously out of control in some fashion. 1t could have bern the material, processing
or testing: however, the important point is that the statistical technique picked it up.

Betore dealing with confidence intervals, a study of the trends is shown in Figure 16 wit.. the standard devia-
tion estimates for all six data groups given on the same plot. Here it can be seen that, at mean adhesive shear stress
failure levels in the area of 3,000 psi. the standard deviations for all but one are approximately equal. Considering
that the experimental parameters varied a great deal in these tests, and that the double lap data behaved (stutistically )
much like two of the three single lap groups the general variance to be expected for both groups appears to be about
the same at any mean level, regardless of the adhesive type, adherend combination, overlap length. ete.

Calculation of the confidence intervals for the population mean adhesive shear stress failure levels consists of
using the regression line standard deviation estimate in the following formula:

— IS
95% Confidence Limits at fy =f¢ + —= (171)

Vi

where f; is the average of these experimentally determined mean adhesive failure stresses, # is the number of deter- ;
minations, s is standard deviation, and ¢ is the /-deviate corresponding to the number of degrees of freedom involved I
in the regression line estimate of the standard deviation (not n1). These limits define the interval within which the

meun of a very large number of tests would probably lie relative to the mean of this experimental data.

With the confidence limits established, it is possible to calculate 95% confidence design allowables in the
following manner;

| |
DAgs = 1CL = 15— + 1 (172)

i z.

“Using ASTM E-178 (Ref 13) for the deletion of “outlier points.”
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where LCL = fg — (ts/v/n) is the lower confidence limit and ¢, 17 and s have the same definitions as above. In essence. this
caleulation says that, if the population mean f; did turn out to be at the lower confidence level, then about 5 of 100

specimens would fail at the design allowable stress level or lower. This is a conservative estimate; the real failure
probabilities should be niore favorable.

In the Douglas, HTRI and SwWRI data groups, overlap lengths were varied, hience, it was possible 1o plot inean
failure stress (or unit load) vs overlap lengths for various composite materials and joint types. These mean experi-
mental plota ate presented i Figures 17 throagh 20

The data analyses performed on the unit running loads per ply transferrcd were essentially a reiteration of those
described above for adhesive failure stresses. Linear regression lines based on plots of standard deviation vs mean run-
ning load transferred in Ib/in./ply for four of the five groups mentioned (the Martin-Orlando tests being on inetal
adherends were omitted) are presented in Figure 29. Because the adhesive failure stress and the running load are both
calculated at the failure point and thus have a proportional relationship, it should be noted that their lir.. ar regressions
look much alike. Only the Douglas single lap data regressions showed any appreciable difference in slope, and this is
most probably due to the following related factors:

(1) These data generally showed a significantly higher variance than did the other groups

(2)  The accuracy of the regression line slope as an estimator of the corresponding population statistic is
inversely proportional to the average magnitude of the sample variance involved.

Thus, the different slope indicated for the Douglas single lap data may well be apparent rather than real, although

Figure 29 shows that the standard deviations for all but the Douglas single lap data are approximately equal at a load-
ing of 500 1b/in./ply.

Several interesting phenomena can be seen from study of this data. The lower curves in Figure 25 showed thua
a weak interface region is detrimental to compaosite bonded joints. The cause of this could be high adhesive viscosity
at flow temperature (occurring during cure), i.e., a material quality problem, probably aging. Also, it can be seen
from Figures 30 through 33 that a comparison of the plots of mean vs standard deviations for shear stress and load/
ply transferred are very similar (as would be expected) except for the Douglas single lap data. {n Figure 34 the coef-
Ncient of vasiation Tine stupe aud location are considerably differernie [rom thac of die swandard deviauon, Because off
this the coefficient of variation is less desirable as a design tool than is the standard deviation. Finally. a plot of the
Y57 contidence Hinits of T Tailue stiesses Tui thie Matn-Uiiando ddta showing cuiit otfed vanations i processing
are significant is presented in Figure 35. This is because all the data are shown to be consistent (under control) even
though the difference in the magnitude of the mean stresses is quite large as a result of different processing techniques.
It illustrates that the right processing technique should be chosen and kept under close control.

Ilustrations of plots of 95% confidence limits vs mean failure magnitudes are shown in Figures 36 through 40.
In Figure 36 the shear stresses for the IITRI data are presented in this fashion while Figures 37 through 40 present
the SwRI, Douglas, and Grumman data in terms of Ib/in./ply of running load transferred.

From the study of these data from the literature, techniques have been established to analyze similar experi-
mental information on bonded joints for acceptable scatter limits (confidence limits) for the 95% confidence level
when the number of like test points are limited.

V.3. TRIAL EFFECTIVE PROPERTIES PREDICTION!#

Utilizing the mean data from Figure 23 on a 1/2-inch overlap double lap joint with a 14-ply {0] . adherend
made of Scotchply XP-2518 the shear stress distribution was calculated for three assumed bondline shear moduli
values. The G values for which 7, distribution will be computed are 160, 90, and 40 ksi.
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tFigure 41 shows the distribution for the G = 160-ksi value. It is assumed that the end point 7y and 7.
values ate found at one bondline thickness (0.00315 in.) away from the end of the joint (via St. Venant’s principle),
for the shear stress must go to zero at both ends at the free surface. owever, the 7y value of 21,600 psi shown is,
w the authors’ judgment, too high. If the elastic G of the adhesive is actually close to the assumed 160 ksi, the end

points would have to be cut off at some lower 7y, value which would make the area under the 7, curve the same as
the area under the Tavg line (ie., 4y + A3 =4, on Fig. 41).

Figure 42 looks to be a more reasonable assumption for an assumed G = 90,000 psi with theoretical Ty, being

closer to the estimated 7 y,. 1t should be noted that lowering the modulus lowers the maximum shear stresses in the
cement and raises the minimum stresses.

One additional computation for a G =40,000 psi is showrn in Figure 43, This is made (o establish the relation-
ship between adhesive shear stresses and the assumed G for the specific composite adherend combination, joint
geometry, and experimentally measured average failing shiear stress utilized. When the results from Figures 41, 42, and
43 are plotted, the variation of 7 with the assumed G is shown in Figure 44. This shows the “effective” G to be
12,500 psi for 7y = 8,400 psi and 7.y, = 5,250 psi, assuming elastic conditions to failure.

From this initiul preliminary study the technique of using an effective G to determine bondline sheur stress
distribution was deemed feasible for the elastic condition.

V.4. DESIGN OF THE EXPERIMENTAL PROGRAM

An experimental program designed to verif*’ the analytical techniques developed herein requires the complete
evaluation of the mechanical properties of (1) the adhesives, (2) the adherend materials, and (3) joints made from

these materials. Since the first item was being evaluated by at least two other programs, effort in this contract was
concentrated on Items 2 and 3.

Because of the wealth of data available on N-5505 boron/epoxy composites and 6A1-4V titanium it was decided
to evaluate only the longitudinal properties of these adherend materials. Three study areas on joints were decided
upon to satisfy the verification objective and those of the contract Statement of Work. These were (1) a large number
of simple specimen bonded joints tested primarily to determine ultimate strength, (2) a small number of special bonded
joints to evaluate the strain distribution under a monotonically increasing load to failure, and (3) a very small number
of complex (larger) joints to evaluate size effects on both ultimate strength and strain distribution.

V4., Adherend Materials

It was decided to test four longitudinal tensile specimens from the two 0.938 in. wide, 20 in. long strips takenr
from each composite adherend panel made. In addition, two similar configuration tensile specimens were to be tuken
from euch of the four gages of 6Al-4V titanium sheet. Specimen and test details are given in specification SwRI 03-401,
Test Standard for Fibrous Composite Tensile Specimens published in Appendix C of this report. Complete uniaxial
tension stress/biaxial strain curves to failure were to be recorded on each static test specimen. These data were then
to be used in the nonlinear methods developed in this program for bonded joint analysis,

For purposes of experimental design, properties based on average test data were taken from the literature as
follows:

N-5505 Boron/Epoxy‘ 5!
(50% F.V. Fraction)* Sheet!16)
Property 0 0/90 0/+45 Titanium (6AI-4V) Ann.

O 191.0ksi  72.0ksi  103.0ksi 147.0 ksi

29.0 ksi 36.7 ksi

Uepy 134.0 ksi 120.0 ksi

70).0052 in./ply
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VoAb Adhesive Properties

Swee hittle data were available on the emperical strength of AF-126-2 and MB-329 adhesives used in single,
double. step lap and sear( joints with variable overlap lengths, the data which were available were used to develop
exttapolated curves. Those for AF-126-2 nitrile epoxy, low stiffness-high elongation (LSHE) adhesive are shown in
Frgure 45, Figure 46 presents similar type curves on MB-329 epoxy novolak high stiffness-low elongation (HSLE)
adhesive. These estimated ultimate shear strength values were used in the design of the joint specimens.

V.d.c. Simple and Special Joint Specimen Design

Using the properties presented in the previous sub-sections, joint design curves were calculated and plotted
which would cover buth the linear and nonlinear ranges of both the adherend and the adhestve. In other words,
some joints were designed to fail in the adhesive with the adherend tensile stresses in either the linear or nonlinear
famge bt velow falitire, Uthors were desigied tu fult tn the adheraid whitc the adhesive shear stress was ¢ither i

the linear or nonlinear range. Additionally, some were designed to cause failure to occur simultaneously in the
adhesive and the adherend.

For the three fiber orientations selected and the four types (3 lap and | scarf) of joints to be studied, the
empirical design curves using the AF-126-2 (LSHE) adhesive are given in Figures +7 through 49. Similar curves are
pTcS\:TAtL‘J for thie MB-329 (”rbLE') adliesive in F;Buwﬂa SU lluuugl 52, With thiese cﬂ'ﬁpili\.ai chisn curves bascd on
average test properties, the overlap lengths were designed for a given stress level in the adherend for a given type
adhesive and orientation of the composite. This information was then used to generate the required number of plies

of a balanced symmetric laminate. Where titanium was used as the other adherend maierials it was matched as closely
ax pussibile 1o the 1018l compusite sdherend thicless. With this inlomation, the simpke and special specitmen tegl
plan could be completed and is shown in Table 11

V.4.d. ComplexJoint Design
General requirements established for the complex joints (C.J.) were:
{1) One (1) C.J. test panel for each adhesive, i.e., two (2) C.J. test panels, total
(2) Each C.J. test panel: approximately S in. wide X 15 in. long
(3) LEach CJ. test panel: double lap type

(4) Each C.J. test panel: instrumented to determine load/strain distribution, concentrations, failure initia-
tion locations, and ultimates.
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TABLE NI

SIMPLE AND “SPLCIAL" SPECIMEN TEST PLAN
{(Monotonically Increasing Load 1o Failure)

l

Geneia Overlap Sepments* Line
Iy pe ot Fiber Number | Number 2 Number 3 T(;('Il
Jom, Irientationf_ B-B B-T B-B B-T B-B B-T ‘
Category [ NJO.LINJO.LINJO.L. | Nt | O.L.{NJO.L. |[N] OL. N
Sigle Lap | qol,. [ 3|af 3] ya] 3]1-1/a]3 BIARIEARIERZARE: )
[0/90] 0
o/2as) {alyal 3l val 3l eyala a3 |3l 18+ 1
Double Lan| (0], |3 yal3|1/a, 3| 172]3 1213 3543 3/4) 18 T
[0/90). {3\ 1a| 3 1/al 3l 123 12|13 343 34| 18 fl\d*h';;.fl’c'““‘s"”‘)
(07451 | 3 1/a] 3| 1/4 4|3+ 1| /4|3 (143 1-1/4f 184 1 .
Step Lap 10}, 3] tj4 3 1-1/4] - 32 9
(0/90] “|3lal- 3 [ =] - 3l 9
| 10/2as], 3l 14 3+l - 3214 9+
First.Group Totals 117+3
<
Smgle Lap o, 3\walslyal3tia/alz /a3 |z1a]3[ 214 18
ool || - | : N
[O/245] [ 3 1/2] 3y /2 3017203+ 1) 1-1/2| 312:1/2] 3| 2-1/2] 18+ 1
Douhle Lap [0]. Ijap 3143 17213 1/213]1 31 18 i .
-329(HS-LE
[0/90], | 31174130 1/4) 3 3/4(3 3/41 3 1-1/21301-1/2] 18 aM(lll;]eZive(llg LE)
(O/245], | 3| 1/4] 3| 1/4] 3] I+1]1 301-3/41 3] 1-3/4] 18+ 1
Step Lap jo]. 1/2 3 20— - |3121/4] 9
[0/90], 3| 1al 3 sjal -~ [3]i2] 9
[0/45), 3| 1/a 3 +af/al - - 322l 9+
Z
Second Group Totals 11743
GROUP TOTALS 234 + 6

* Adherend Material: B-B is voron-to-boron: B-T is boron-to-titanium; N = Number of Specimens; O.L. = Overlap

Lenpthm in

ches.

“(a) Al simple specimens in this column will have clamp-on (2-in. gage length) extensometer use. to record
Jetormanon dunng loading.

(hy All “special”™ specimens in this column will be used to determine load deformation behavior of join (e.g.,
st gage mstrumentation),
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SECTION VI

LAMINATE PROCESSING

Vicl. GENERAL

The purpose of this section is to describe the processing, fabrication and quality control activities in making
composite laminate panels during this rescarch program. These are presented in Sections V3.2, VI.3 and V1.4, Process-
ing Facilities described in Section V1.2 give detailed information about the type of buildings and equipment used,
while Section V1.3 on Process Development provides the reader with a brief summary of the developmental aspects
of the materials processing. Adherend Panel Fabrication and Quality Control are presented in Section V1.4 and cover
the processing and inspection details of panels used in the experimental program.

VI.2. PROCESSING FACILITIES

Special facilities and equipment are required for composite fabrication and quality control. This section
describes these areas.

The procesting laboratory* in which cleaning and layup of the boron/epoxy and fiber glass/epoxy laminates
and the bonded joints was accomplished is 19 X 20 feet with air conditioning supplied by the zone-controlled central
building unit. During a normal week, the temperature in the laboratory varies between 72° and 74°F while relative
humidity varies from 51 to 57 percent, Teriperatute and hunidity in the laboratory were recorded continuoushy by
a Honeywell two-pen recorder actuated by a mercury-filled temperature sensor and a hair humidity sensor. Extremes
recurde ) during tre periud of this wasarel were £5° to T5°F in teraperatare sl JU b 65 percent selative lamidity

Equipment in the laboratory included a work bench, several work tables (two with Formica® tops for cleaning
eperations and layup). a Formica@-topped wash basin made of special chemical resistant molded epoxy reinforced
plastic. storage cabinets, an air circulating Blue M oven capable of controlled temperatures up to S00°F + 2°F, and a

_‘I et '31[-’*} "'v Iy ‘ere (FET !~||--1a( ot i"rr;l-l:.“:sl'” ;-J ".','r"l"'i‘ll'h: i “|°J.

The 50-ton M and N press is located in an adjacent laboratory (same building) which is also air conditioned, but
the temperature and humidity may vary more widely since it is a large open area with direct access to the outside.
Figure 53 consists of photographs of the laboratory and associated equipment.

VI.3. PROCESS DEVELOPMENT

The development of a standard process (see Appendix C) for making laminates and inspecting them was required
to provide the necessary consistency and control for the adherend materials to be used in the experimental effort.
While the processing and laminating variations were investigated, so was equipment functioning. Besides the hand
lavup process, the two main areas of concern were the laminating press and the thru-scan ultrasonic inspection systen,

Providing a laminating press which hac closely controlled temperatures was the first order of business. After
considerable overhaul and modification of the S0-ton M and N press with 20 X 24-inch electrically heated platens
the following heat survey/adjustment procedure was begun.

Separate recorder-controllers were connected to the contactors of the top and bottom platens. Four 20 X
24anch plates were cut from 0.125-inch alaminun.. A slot from the center to one side was cut in the back side of
cach plate and a 26-gage iron-constantin thermoceuple cemented into the slot with the hot junction at the zenter of

) ocated mothe Department of Structural Research.
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©ate These thermocouples serve as the control input to the platen temperature recorder-controllers. The face
each tool plate was sanded to remove scratehes and given two coats of a wax base mold release agent.

Aneight-ply, 16 X 20-inch heat survey panel (made from 1581 glass/5505 epoxy) was laid up with eighteen
themmocouples arranged in a triangular pattern (see Figure 54) embedded between the fourth and fifth plies. Layup
and cune of this panel was accomplished in accordance with the SWRI 03-301 Process Standard for Boron/Resin
Composite Laminate Fabrication*, During the cure cvcle, the temperature at these thermocouples was monitored
At fiequent intervals. During the 200°F portion of the cycle, there was not more than 6°F difference between the
hghest and lowest thermocouple readings. There was an initial overrun of temperature on heat-up to 214°F which
dropped within 15 min to 210°F, and was under control at 200° to 206°F during most of the remainder of the
2 hours. No overrun occurred at 300°F and control was maintained between 296°F and 302°F with a maximum
difference of 12°F between the highest and lowest temperature readings. Control was maintained at 344° to 348°F
with a maximum temperature difference of 14°F during the final 2 hours of cure. Figure 55 is a back-lighted photo-
graph of the cured heat survey panel. The dark patches across the thermocouple wires are Scotch® Brand glass cloth
electrical tape. No. 27, which was required to hold the thermocouples in place during layup and cure. The wires are
Z0-gage iron-constantin with enamel and glass fiber wrap on each wire and glass braid over all, Quality of the panel
was visually good with a generally uniform light yellow translucent appearance.

Fifteen panels were fabricated using the 1581 glass fabric/5505 epoxy material and eleven panels were fabri-
cated from Narmceo 5505 boron/epoxy Lot No. 297, Roll 13 (twisted fiber) and Lot No. 373, Roll 1, which was the
fist production lot of material received. These panels are listed in Table 111.

Panel No. 6 has pieces of Teflon®-coated glass fabric and Scotch® Brand glass cloth electrical tape, No. 27,
embedded between the fourth and fifth plies as shown in Figure 56. Figure 57 is a back-lighted photograph of this
panel. This was used to develop the ultrasonic test technique for voids and inclusions.

[nitial laminates using the boron prepreg had rather poor appearance. The top surface was resin-starved.
Panels B-1 and B-2 were cured at a higher total pressure than had been used on an equivalent size of glass fabric
reinforced panels, but the increased pressure was evidently not sufficient 1o accomplish the greater compression of
the Coraprene boundary support required by the thinner boron layup. A 0.020-in, aluminum shim was placed under
the layup tor Panel B-3. and the press was adjusted to the load used previously for the glass fabric/epoxy panels.
This also resulted in u resin-starved surface. An increased load was then used for panels B-4 and B-5. This improved
the resin low and, except for a few loose fibers in one location on the surface of B4, the appearance was good. The
Later horon faminates all had good appearance, except Panel B-9 which had some loose fibers on the top surface.

Tensile strength specimens were prepared from Panet G-2 and were tested on the Instron machine at a constant
deflection rate of 0,05 in./min. The average ultimate tensile strength ot nine specimens was 56,700 psi. with a pro-
portonal limit of 30,030 psi. The average modulus was 4,78 X 10 psi initially and 3.17 X 10¢ psi above the pro-
portional limit. Complete data on these tests are presented in Table IV. While these tests were performed for the
IRAD Creep Program® . they provide an indication of the quality of the fabrication technique.

A through transmission ultrasonic inspection facility was completed and all glass/epoxy panels, except G-1, 2
and 3 and boron/epoxy panels through B-8, were subjected to ultrasonic inspection, Panel G-1is the heat survey
paniel with thermocouples imbedded as shown in Figures 54 and SS5. Panels G-2 and G-5 had already been cut for
ot spedimicns. however, the larger remainiing pleces of these pancls weie inspected. The iccording of the altiasonic
test of Panel G-6 is shown in Figure 58. Plastic tape was placed on all edges and the whole panels were sprayed with
cica Tacquet 1o prevent water absorprion white immorsed i the water buthn, The odpe tape shows aspips dtong cadh

end of the panel and solid lines along one side, Each line on the chart represents a 1/8-inch interval on the panel.

“Appendin C. Page C-9.

v RIIn-House Research and Development Program, Project 03-9036.
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TABLE 111

A. 1581 Glass Fabric/N-5505 Epoxy Panels

Panel

Size,

No. of

Thickness,

No. in. Plics in. IFiber Orientation Remarks

Gl 16 X 20 8 0" Heat Survey Panel-18 Thermo-
couples at Center

G2 16 X 20 8 0.072 0 To be used for Tensile Test
Specimens

G-3* 16 x 20 12 0.103 0° To be used for Flexural Test
Specimens

G4* 6XxX10 8 0.067 0°

G-s* 6x 10 12 0°

G-6* 6 X 10 8 0° Void and Inclusion Test Panel

G7* | 16 %20 10 0.090 0°

G-8* 16 ¥ 20 9 0°,90°,...,0°

G-9* 6Xx 10 1 145°

G10* | 6x10 19 0°,145%,...,0°

G-11* ) 16 X 20 I 0.0975 0°

G-12* | 16X 20 11 0.0960 90° to long axis of panel

G-13*} 16 x 20 Bl 0.0940 145°

G-14* 16 X 20 1 0.0930 0°,90°,...,0°

G-15* | 16 x 20 13 0.115 0°, +45°,...,0°

B. Boron Fiber/N-5505 Epoxy Panels

B-1* 6X9 9 0.0493 | 0° Surface is resin starved

B-2* 6x%x9 8 0.0450 0° Surface is resin starved

B-3* 6 X 10 8 0.0357 0° Surface is resin starved

B4* 6X9 9 0.0458 0°,90°,....0" Loose fiber on one surface

B-5* 6 X 10 9 0.0465 145° Good appearance

B-6 6X%X9 9 0.0474 0° Used new material from Lot 373

B-7 6x 10 15 0.0791 0° Used for acceptance tests of
Narmco 5505 Lot 373, Roll No. |

B-8 6x 9 17 0.0784 0°,90°,...,0° From Lot 373, Roll No, |

3-9* 6 X 10 8 0.0447 0°,145°,...,0° Loose fibers on one surface

B-10* 6x9 15 0.0757 90" to long axis of panel

B1it ] 6%x9 17 0.0803 [ 0°,90°,...,0°

*IRAD Panels for Creep Program,
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TABLE IV

TENSILE STRENGTH TESTS* OF PANEL G-2

Dimension or Property N ) 13 -z'lSpccim?;-l;Qumbcr.sz-a T ) T3 Average

Gage Dimensions: Length (in.) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Width (in.) 0.501 0.501 0.501 0.502 | 0.502 0.500 0.501 0.500 | 0.497

Thickness (in.) 0.070 0.069 0.068 | 0.069 0.069 0.069 0.069 0.069 | 0.070
Proportional Limit Load (Ib) 1,010 | 950 980 940 1,140 1,090 1,050 1,120 1,080
Maximum Load (Failure) (Ib) 2,050 2,025 1,950 1,860 1,775 2,000 2,115 1,940 1,950
Ultimate Tensile Strength (psi) 58,300 | 58,600 | 57,200 | 53,800 | 51,200 | 57,900 | 61,200 | 56,200 | 56,100 | 56,720
P. L. Strength (psi) 28,750 | 27,400 | 28,700 | 27,100 | 32,900 | 31,600 | 30,300 | 32,500 | 31,000 [ 30,030
Initial Modulus (X 1076 psi) 4.08 4.74 4.88 4.92 4.48 4.78 4.55 5.81 4.78 4.78
Final Modulus (x 10™® psi) 312 3.14 3.44 3.68 3.04 2.82 2.88 2.75 3.65 317
*Performed for IRAD Creep Program by SwRI

The rape inclusions in the panel are shown distinctly but are not very well defined by size or shape. Ultrasonic tests
of Pancls B-2 and B-8 show extensive areas of reduced ultrasonic transmission. Panel B-8 is a 0/90° layup, and the
tape pattern is apparent in the chart (Fig. 59). Panel B-2 isa 0° layup, and no particular pattern is presented on the
chart (Fig. 60). These two results indicate that the recording system’s sensitivity was too high during this test.
Panel B-7 was an acceptance test panel and is shown in Figure 61 at a lower sensitivity.,

Areas of reduced transmission also appear in one corner of Panels G-7,. G-11,G-12, G-13,G-14 and G-15. Tt
wis possible to determine the significance of these arcas by cutting flexure specimens which included these areas of’
reduced ultrasonic transmission. A more detailed study of Panel No. G-11 will reveal this.

Typical and reduced performance of such flexure specimens is illustrated by the results of tests on glass fubric/
cpoxy composite (Panel No. G-11). A data summary package is included here as Table V and Figures 62, 63, 64 and
05, Table V gives general information on the prepreg material and the cured laminated panel. The fiber orientation
mdicates the warp direction of the 1581 style woven glass fabric. The 2387 epoxy resin system is the same that is
used in Narmeo's Rigidite 5505 boron/epoxy materials which were used as the primary adherend materials in this
program. The material was 2 months beyond the warranty expiration date when cured, but it does not appear to
have deteriorated to any significant extent.

Figures 62 and 63 represent the average results of flexure tests on three specimens each from adjacent areas of
the panel in which the ultrasonic inspection indicated no flaws and extensive flaws. respectively. The flawed area
flexure strength and modulus were slightly lower than in the area with no flaws. Figure 64 is the cutting pattern for
Panel G-11 in approximately true proportion. Figure 65 is the ultrasonic inspection record for Panel G-11. This is
notin true proportion to the panel. The long dimension of the chart represents the 16-in. width of the panel. Each
lne across the chart iepresents 1/4 in. in 18-1/2 in. of the 20-in. length of the panel (approximately 1-1/2 in. at the
end of the panel. area 11-3 in Fig. 64, was not inspected). The portions of the panel used in these flexure tests are
authned in Figure 65, The other specimens cut were for the IRAD* program only.

“Ihid. (F on puge 70) 74
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TABLE V

PANEL DATA SUMMARY PACKAGE

PANEL NO. G-11

1.

G.

A.

B.

MATERIAL INFORMATION

Material Type: Narmco 2387-1581-38

Date of Manufacture: 6-10-69
Material Confirms to Specification:
Prepreg Resin Content (Volume %): 34.0

Batch No.: 11

Roll No.: |

Warranty Expiration: 9-11-69

Il LAMINATE INFORMATION:

Orentation: [0] 11T

Process Record No.:ﬂ

Process Conforms to Specification:
Cure Dulc:_]l-_l 416:)

Number of Plies: 11

Average Panel Thickness (in.):_0.0975
Average Ply Thickness (in.): 0.00886
Fiber Content (wt %): 70.810

Resin Content (wt %):_2?_;1@

Void Volume (Volume %): 3.87

Panel Density (Ib/in.®): 0.0671

Panel Size: 16" X 20" j

nal from Batch No. 381, This shipment was comprised of Roll Nos. 30, 31, 32, 33 and 73. which were received on
Murch S, 1970. The ultrasonic test chart of this panel is shown in Figure 71, and a positive print of the X-ray is
shiownon Figure 72, The results of the longitudinal and transverse flexure strength and modulus and horizontal shear
strength tests are given in Table VIIT along with the qualification test results from Narmco and the General Dynamics
I MS-2001 spealication requirements. All acceptance test results were substantially in excess of this specitication’s
sequirements and also exceeded the Narmceo qualification flexure values.
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The boron panels were also X-rayed. A positive
print of Panel B4 is shown in Figure 66 and Pancl B-8
in Figure 67. These are both 0°/90° layups, but B«
was prepared with material from Lot 297, Roll 13 and
is nine plies thick, while B-8 was made from Lot 373,
Roll 1 and is seventeen plies thick. Spaces are quite
evident between the 1/8-in. tapes used in preparing the
3-in. wide tapes in each of these panels. Panel B-8 shows
evidence of poor spacing between the 3-in. tapes during ]
fayup of the panel which aiso corresponds to the pattern |
found in the ultrasonic inspection. The fiber-poor (light)
areas on Panel B-4 running parallel to the long axis of
the panel (along the edges) are the areas where surface
fibers were loose and peeled off when the panel was
removed from the tool plate. Panel B-7, the material
acceptance test panel, is shown in Figure 68,

Rolls 1, 2 and 3 of Lot 373, Narmco 5505 boron/
epoxy prepreg were received on December 16, 1969,
Panel B-7 was prepared from Roll 1 on December 23,
1969, for acceptance testing. This was first subjected
to ultrasonic and X-ray examination (see Figs. 61 and
68). The panel was then cut into specimens for longi-
tudinal and transverse flexure strength tests and horizon-
tal shear strength test. The results of these tests are
given in Table VI along with the results from Narmco.
The specimens after test are shown in Figure 69. The
test results all satisty the General Dynamics specifica-
tion FMS-2001 except the flexural modulus which is
slightly (5%) low.

Vi4. ADHEREND PANEL FABRICATION AND
QUALITY CONTROL

All composite adherend material panels were tab-
ricated in accordance with Figure 70. These panels and
one acceplance test panel (B-20) are listed in Table VII
with the ply thickness and fiber orientation. The panel
thicknesses shown represent the average of a number of
measurements taken I in. from the edge around the
perimeter of the punel. Except for Panel B-20, these
measurements indicate a ply thickness value of 0.0053
0.0004 in. average for the boron/epoxy composites. ]
Panel B-20 is indicated to have a ply thickness of
0.00436 in.; however, measuremient of the ply thickness
in a microphotograph gave a value of 0.00518 inch.

Panel B-20 was a 6 X 10-in. panel which was pre- f
pared for acceptance testing of the Narmco 5505 mate-




R T A v,

L 0T

—

4 800 g i i

_ Su.\‘-wwm A o ot

NOILJA4SNI DINOSVHELTN A8 AILVOIAN] SMVTd
—11-D TANVA—SLTINSTY LSIL TANXATd IOVIIAV "£9 FINDI1d

ST v |
710 o1 %0 o ag 0 T 70 ‘0 a
! i T T T "
0z
ot
Lio]bta 1y
S05%-M/SLHT I1RS] ‘TElsaiew
— 09
e Lot xsE e '3
 os
g
~ oot
15d §pq ‘fa = 1y
-{ ozt
e oy ®af g = T3

(E-1l=t-11 "®an
- oe1

‘4t Zuht D =M

Ul EERO 0 = 3

Ul gegg -] = J ieudswrsade
4 nal
8 G EECRR Ny FAINTY QOELAA|]3(] pRa-T Uespy
__l.-._..wrr-_ubﬁm. [ L vu.n.—w..:_r_..v

ns 1

peor

NOILDTdSNI DINOSVILTN Ad AILVIIANI SMV1d
ON 1 'O TANVd—SLTINSTY LSAL TANXT T4 ADVITAVY C9 TdNDid

‘ut- -t y2Q
rin LA BO D an i 1+

bz

Liglfa
LOLS-NJSLHT 1RT] (yeiaairy

o¥

1ed 00X ZHTE = 3

o9
os
=F
o
-k
oot
1ed g56pe = 1da —{0z1
wed gpxszoE = i3
? Jari
g~ 1}-5-11 "5op
W GERE D v W
W gERNTD ¢ T
1 ogga ] = J Cwaudadg a1

%4 ngi 'oe s e ‘qead jodiucs Al1jEnQ
AN UONLIS || fPROT] URdR
{suswisads ¢ o afwrary)

71




- TR T 7 e R v - !
wes e
(LI T
I|| L i II|||\‘||‘|I I|-|I|I o'y ;, o fy v
] f=ssl | ey [0 . ! v =
L 3 T -
|L i, TR . R ! —
1 : =)
[hr 1 .- 3 g G E
L N1
c | &
o z ' ! @
= 1l (@]
| . 20 Q
= al E
' : £ .. Z
= : T
e ¥ auondang diug 10,0 ~v O
- 4 oy /2]
I : T :
Y '
E‘;’ ||.|!'iI =
o 1
§i ' : ' 'Ill ' =
st che 1t Z
! «‘:g gl !l:.llllll' o
L8 ] ) |l|'. :!,| 73]
Al
. il &
" ! nH =
- | il =
I : ! el =)
,— Toounp eaed cut.gz ‘yilua] uswisadg "IT—' W t tor 1] - , 0
\ s " 0 ||l vy
| -, i ERERE ©
\ 1 . 0
II:!H . 'II, ,;|’ |:||| o
) H )
oll ’u!‘|||| 'llllll =)
i . I ' ' " ; g 'IlI i |. Q
a0, Sl L l T
g || I |
o “"Ill ||||| ih |
N T i ;
‘ iyt \ i

E::E
S c - Uo1I3d1g dIvy 210 () ———a
_ki‘____ -__________{

\ SAFRELRTT] " . -
. R i g s i
2 Servn) 2 = 2 ©

' Letpenn LT)J

. . Sél'&'ll’m E E
2 ; S g st - o
T gtes-nt ] o
=8 : 4
c
P e s Z
w E = = o
2 g -
£ & =
_ 5 <
g = 2.
- 2
@ H <
g s E
. -
I o
g - <
= N o N
e |17, = -1 - L &
zega -
_.‘_‘311'
:»(:'ff




fes
i3
L

DY TSI

S s
S

or s s

b A

PANEL B4

-RAY OF

66. X

IGURE

F

OF PANLL B-8

RAY

FIGURE 67. X

FIGURL 08. X-RAY OF PANEL B-7

T




i TABLE VI
MATERIAL ACCEPTANCE TESTS
Narmeo 5505 Boron/Epoxy Prepreg Lot 373, Roll | ]
Laminate Fiber Orientation: 0°
Load Orientation: 0° and 90°
Laminate Thickness: 15 plies- 0.080 inch A
Phsical Propert Test SwRI Acceptance Tests Narmco G.D.’s Spec.
ysleal Troperty | Temp, ° I [ Spec. No. Results | QC Report | EMS-2001 ‘
Ilexural Strength— RT B-7-1 233,260 :
Longitudinal (psi) RT B-7-2 268,130
RT B-7-3 234,490
Average 245,290 225,900 225,000
Flexural Modulus— RT B-7-1 29.85 X 10°
T.ongitudinal (psi) RT B-7-2 27.65 X 10°
RT B-7-3 27.85 X 10°
Average 28.45 x 10° 30X 10°
Flexural Strength- RT B-7-4 14,770
Transverse (psi) RT B-7-5 9,375
RT B-7-6 12,300
Average 12,150 14,200 10,000
Horizontal Shear RT B-7-7 15,390
Strength (psi) RT B-7-8 15,510
RT B-7-9 15,330
RT B-7-10 15,340
Average 15,390 13,400 13,000
1 jic
0 " % 5 ¢
sl
U3
b
_ FIGURE 69, MATERIAL ACCEPTANCE TEST SPECIMENS
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TABLE VII
) » < N 5
PANEL FABRICATION FOR SIMPLE BONDED
JOINT EVALUATION
Nonunal Measured Mstenal
p : £
l;"d Swue, ";:Il ot M;)":":":::"I ( hie) Narmeo 5505 Remarks
! " 3 P fatch No | Foll No
B2 | tex 20 1 QuInss [0) in i .
813 ) 16x 20 h 0328 10} as wm 1
B14 (16> 20 9 [iTiURE {0 10) , m 1
Bts f1ex 20 17 [ [ty ¢ (¥3] 1.2 .
Bio | 16X 20 o O04u)s [Creasy d45m]y 1221 2
B17 [ 16x 20 17 0mIsn [E0r 445107 a5y, 0] m i
Bin [ 16520 3 onzte? [0y 1 1
Bie frex 0| 17 o 00N 10]; (A [
B | ws10 | as ourn |10] G 1 0 Acieptance
Test Panel
B2 | ter 20 “ 004760 101, Wi W
B | dex 20 12 o {0+ 180 44,00] ¢ Mt 0, 3
B[ 16r 20 n U UA N [090; 0] 4y Wl o
W2 | tex 20 “ W HRAS [oreas 0 as )¢ 1 W o
B2S [ 1> 20 Y DI ETIND [0 n s w ]
B-lo | [t 20 16 o UK KL {0 s, | W) o
BT e 20 1 TR [[URTS Oyl wi ISR LIRA!
WIR | e 2 9 [IXISE TR} [(ereas o 45 u]y ) A}
W 6 » ] [0, 0]y W i Vi
Standard
Pane!
B [ e warig im0y, N N v oad
Standard .
Panel
B I S -
*See Appendin € for the Genieral Specitications on the [ anunate Onentation ode
it ey, I ot Frampos Vel bk sy
ST I T R T Vike  1eif
9
.

FIGURE 71. ULTRASONIC INSPECTION RECORD FOR PANEL B-20 '
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, MATERIAL ACCEPTANCE TEST
:
3 March 20, 1070
0y
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Lanooate Phachness 15 phes 007 8m
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FIGURE 72. POSITIVE PRINT OF X-RAY OF PANEL B-20 USED FOR ACCEPTANCE TESTING
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Panels B-29 and B-30 were manufactured with known void inclusions for use as void standards in comparisons
with the actual panels. A scale drawing of the void inclusion panels is shown in Figure 73, locating and describing

b

0. 00! in.
TX-1040
Teflon® -
coated glans
fabric inclu-

<

(0 o

L]

O

O

.

O

o

gionsa to
create voids.

O
|

N
/™
/3
—/
kl::::l e i R

7

Soron prepreg 1/8-in.-wide
ribbon placzed between plies in {(a) and (b)
in (a) and (b) as follows:
13-29: 8 ply panel; {(a) 2-3, 4-5,
6-7
B-30: 16 ply panel: (a) 4-5, 8-9 (b) 2-9
12-13

b}
(b) 4-5

FIGURE 73, BORON REINFORCED ULTRASONIC TEST PANELS

them precisely. The ultrasonic record of void panel B-29 is shown in Figure 74, and that of void panel B-30. in
Figure 75. Two void panels. one 8-ply and one 16-ply, were necessary to adjust the ultrasonic inspection system.
Most of the panels used in the program are close to these numbers of plies.

The ultrasonic inspection recorder charts (see Figs. 74 and 75) for the 6- X 9-in. panels, B-29 (8 plies) and
B-30 ( 16 plies), contain the following built-in voids. Pieces of TX-1040 Teflon®*-treated glass fabric, 0.001-in. thick.
were placed between the center plies. The top row is compesed of square shapes ranging from 1/8 to 1 in. in size.
The second row is composed of circles of the same diameters. The third row, from left to right, contains 1/8- X I-in.
fong strips spaced 1/8, 1/4 and 3/8 in. apart, oriented at 0° to the direction of the ultrasonic scan. Next are strips
oriented at 90° 1o the scan direction. The first strip is 1/4 in. wide and the others are 1/8 in. wide and again spaced
at intervals of 3/8, 1/4 and 1/8 inch. These are followed by a 1/8- and a 1/4-in. wide strip at a 45° angle. Below the
1/4-in, wide, 45° strip, a 1/8-in. wide X i-in. long strip of boron/epoxy prepreg was placed between the center plies.
Below the 1/8-in.. 45" strip, three strips of boron/epoxy were placed between plies 2 and 3.4 and 5, and 6 and 7.
The boron/epoxy strips were also oriented at 45 to the scan direction. A 0/90 cross-ply fiber orientation was used
for both panels.

The 1/8-in. diameter circie was lost at the 6-dB sensitivity level required to minimize extraneous signals in the
16-ply panel (B-30). Some other areas of apparent thickness discontinuity are present in addition to the TX-1040
fabric. The extra layer of boron/epoxy also is detected by the ultrasonic test. In the 8-ply panel (B-29) the 1/8-in.
square and circle are barely detectable at a 4-dB sensitivity. The single extra ply of boron/epoxy shows up more

*Registered trademark, E. 1. DuPont de Nemours.
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readily than i the To-ply panel. Some unplanned apparent thickness discontinuity areas are also apparent in this

panel. The ultrasonic thru-scan and radiograph inspection resords for adherend panels B-12 through B-28 are shown
m Appendix D.

!\Iarking and machining of the 16 X 20-in. boron composite adherend panels into lap shear assembly details is
>ho\\"n m Figure 76. A 15/16-in. wide strip was cut from the long edges of each panel. Two 9-in. long tensile test
specimens were cut from each strip (four per panel). These had glass-fabric/epoxy (1581/5505) load pads bonded
(with ,}F 126-2) to the ends for the monotonically loaded tension test which provided the complete stress-strain
curve for strength and modulus determination of each panel*. Standard constituent properties of boron/epoxy
laminates are presented in Appendix B.

Fiber content of each panel was determined by the fiber count method using from (wo Lo six specimens cut at
each end, and the center of each of the strips to be used for tensile test specimens. Figure 76 shows the location of
the strips and individual specimens relative to the panel and adherend pieces

Panel Edge PANEL ———
Faber Orientabion
—| |~ 1/4-in. Trim —— I
II T :
L #2 Tensile Specimen ::3i: #4 Tensile Specimen 5
—ll AL
Adherend A I's i C Tp !
Pieces ] | I | |
{not all are J | | | |
cut the same| | | | | |
length) i | | J !
I ! | 1 |
| | I | '
: I I | I
|E I'r I 'n R
| l ! | I
! I | !
I | !
. | I
! ! I ! |
| | ] | |
| | i [ |
| ) |,
13 I K L M 1
! ! | } |
£ : : ! [ !
e 3
Srel | : | |
Z 4 | | | |
[ I | | I {
[ I | | I }
! | ! | '
i H i Iio 4
6:{ #7 Tensile Specimen u 8y #9 Tenslle Specimen 1~

1, 3, 5 6, 8 and 10 are denesity and fiber content apecimens.

FIGURE 76. QUALITY CONTROL AND TENSILE STRENGTH TEST SPECIMENS

*See Appendix C for Test Method, Appendix E {or typical data,
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SL .TION VI

LAMINATE AND TITANIUM ADHEREND TEST RESULTS

VIL.1. GENERAL

Section Vil is devoted to summarizing and discussing the results obtained from testing composite and titanium
adherend materials. Section VI1.2 analyzes the Laminate Adherend Experimental Results whereas Section VI3
summarizes the Titanium Adherend Experimental Results.

VIL2. LAMINATE ADHEREND EXPERIMENTAL RESULTS

Selected typical tensile test data on the N-5505 boron/epoxy laminates are given in Appendix E. There are
typical stress-strain curves and cross-section photomicrograp s presented for each different material batch/orientation
group of four tensile specimens. A summary of the key properties has been made from the detailed data and is shown
in Table IX. Typical, representative failed specimens are covered in Figures 77 and 78.

VIL.2.a. Laminate Performance

[t becomes obvious after stedy of this data that laminate tensile specimen perfcrmance was not up to par with
2nd Edition Design Guide data.* In an attempt to establish the magnitude of the discrepancy from the normal or
expected values the unidirectional data were analyzed. Panels B-12, 13 and 18 from material Batch No. 373 and
Panels B-21 and 25 from material Batch No. 381 were |0],,7 laminates from which tensile specimens and adherend
materials were cut with their longitudinal axis parallel to the fibers. The method used for properties prediction wius
originally proposed by Tsai''” based on the ““rule of mixtures” tzchnique. The “k” (and &) factor used by Tsai
wus called a fiber misalignment factor. In the analysis here it shall be called the *“void factor™ and bused on an
empirically developed mathematical form of the laminate decimal void-volume (V.V.). The results of this study along
with the formulas are presented in Table X. These formulas give results which are strongly dependent on the tiber
volume (F.V.). In addition, the factor Ky (and Kg) is a function of the matrix/fiber modulus or strength ratio. Here
another deviation was used. Both the matrix modulus and strength were utilized as being the average of the matrix
material und 3 104 glass scrim laminate Since the tensile stress-stran curve of this boron/epoxy material is linearly
elastic almost to tailure it was felt satistactory to use the rule of mixtures technique to predict ultimate strength as
well as modulus.

A study of the photomicrographs of Appendin E will reveal that all the reinforcing fibers in the laminates
were badly cracked but fully encased i resin throughout the crack spaces. Therefore, it must be assumed
tiat the Nbers were cracked prior w laminating the prepreg material in the hot platen press Lo also s asswmed
that the extensive amount of cracked and broken fibers visible in the photomicrographs had not occurred at the
P O jpteggkalisng e witly sesite  Theis svstoopeion iy Teesed at e o Jpraea) fad i aaeiating sech saon-
sively cracked and broken fibers would have been impuossible by present methods. There is the possibility of course
that the breakage could have occurred immediately after impregnating due to handling of the prepreg manufacturer
or due to subsequent Fandiing by the laminator.** In the author’s judgment the fatter two possibilities are remote

#PP= 188 ksi, £ = 30 X 10% psi.
TSee Appendix B.

iSometimes in (wo stages.

*a SwRI.
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TABLE X

UNIDIRECTIONAL LAMINATE PERFORMANCE

Panel | Panel | Panel
No. FV. | VV.

g IxXpe ale, | ixper. Cale. g
I mc.:l pru. ( I!L. I‘,, X 100, Exper {Ic Yu % 100.
Density, Ep. Lo, [Fy Uy I %

Batch 3
fin | 10% psi | 10° psi % ksi ksi %

B-12] 0536 0.160 | 0.6643 | 26.767 | 31.140| 8596 122,539 1 168.739 72.602
373 B-13] 0498 | 0014 | 0.0688 | 27.682 | 29,752 93.04 146,738 | 184.934 79.34

B-18 | 0.501 | 0.040 | 0.0678 | 28.312 [29938] 94.57 147.726 | 181.090 81.58

381 B-21 1 0.520 | 0.01% | 0.0697 | 29.535 |31.021 9521 177.387 { 19].608 92.58

B-24 1 0.505 0 0.0698 | 28.701 | 30.218 94.98 177856 | 190.080 03.57

N - Formulas e

Modulus Strength
Eo=kbg 0 Kot FYO) I, = k'l-'f [T Kol 1V
k=1 (VV)* A =0801 V.V
Ko=1 Tmogo0s Ki=1 Emogoesag

/:., /'_,

Properties

(324 0487 X 10"

m

8.0 210" pa

1]

= 1844 X 10" pai I

Al

378 + 4,184 i
= = 20992 Ky ty

450.0 kst

“m

because (1) handling the materiul after impregnating does not usually imvolve severe mechameul tmpingements and

{2) making flat laminates does not normally induce such damage. Since this fiber was one of the first batches delivered
alter the twisted fiber episode with the fiber mukers was solved, the tiber manufucture appears to be at fault. Itis

the authors™ judgment that built-in residual stresses in the boron fibers caused cracking and breaking at some ume after
impregnation but before curing.

What 1s amazing about this problenyis that only the tensile tests and pheiomicrographs uncovered the phenom-
zna and the flexure tests and ultrasonic and radiograph inspections on the cured panels did not reveal the problem.

For Material Batch 373 in Table X it can be seen thut Panel B-12 had a very high void volume (16%) with a
resultant substantial reduction in the tensile properties from that of the low void volume laminate of Panels B-13 and
B-18. Panel B-12 exhibited properties realization percentages of' 85.96% for modulus of elasticity and 72.62% for
strength whereus the average of Panels B-13 and B-18 gave 93.80% for modulus and 80.46% for strength. This illus-
trates the reduction caused by a high void content. Longitudinal flexure acceptance tests showed this material passed
the minimum strength required (225 ksi) by 9% while the modulus failed by 5%. Transverse flexu. al strength was
427 above requirements (10 ksi) whereas interlaminar shear strength exceeced minimum requirements (13 ksi) by
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only 3%. While the flexure acceptance test predicted closely what would happen to the tensile modulus the flexural
strength was not even close as a predictor of tensile strength.

b .rs,i Material Batch 381, received later, was substantially better than 373 as indizated by both the acceptance tests
it e and the tensile tests. However, the modulus and strength realization percentages* are still only 95.10% and 93.08%,
respectively, as shown by the average of Panels B-21 and B-25. This compares with longitudinal flexural strength and J

modulus values which exceeded the requirements by 21% and 5%, respectively. Transverse flexural strength exceeded
that required by 41% whereas horizontal shear strength exceeded that required by 20%.

All this indicates that the flexure and interlaminar shear tests for acceptance are not good measures of cracked ’
or broken fibers even though they may be good checks on impregnation and lamination processing variables.

Because of the fiber breakage problem, which was detected from photomicrographs on all panels regardless of
orientation, alt of the longitudinal tensile properties are somewhat low. However, it is doubtful that the transverse

tension and shear tests of {0] ;7 laminates would show any reduction, although transverse tests on the angleply ones
would probably exhibit some degradation.

VI1.2.b. Laminate Orientation Sequence vs Performance

An interesting phenomena is the variation of properties with laminate orientation sequence. For the general
crossply (0/90) orientation type the following comparison illustrates this point.

Item  Panel Nos.  F.V. Orientation  V.V. oy ksi o Lp. ot psi Batch
| B-15/B-19 0510 [(0/90)g/0] - 0 53.993 16.504 373
2 B-23 0.505  [0/90,/0} 471 0 40005 15.350 38t

13.9%8 14
Ditt. Init.

The [0/90,/0] 4 orientation exhibits a 26% reduction in strength and a 7°¢ reduction in modulus compared to
the [(0/90)g /0] 7 one. This occurred in spite of the fact that the [8/90, ‘0] 4 7 orientation laminate was .tade from a
substantially superior batch (381) of material. While the {2-1/27 more 0° plies in the tirst one over the second on2
may account for the modulus change it does not account tor all of the strength change.

Another comparison can be made with the general 0/£45” orientation as shown in the following table.

Item  PanelNos. F.V.  Orentation V.V, oy ksi £p.10° psi Bawch
I B-16 0408  [0/+45/0/ 45/0]5 0 90036 18433 375
2 B-24/B-28 0.500  [0/+45/0/ -45/0] 0 96.390  17.2%9 381

6.354 1.146

Ditt. Diit.
3 B-17 0.520  [(0/+45/0/-45)y/0ls  © 88.009  16.880 373

l —_

4 B-22 0496 [(0/+45/0/-45)p/0)s 0  109.66Y 18476 381

31.660 1.596

; Diff. Ditf.
4 5 B-22 0496  [(0/+45/0/-45)p/0)s O 109569 18470 381
6 B-26 0484  [(0/x45/0)g]s 0 9354 17027 381

, l6.145 1.449

Diff. Ditf.

ke *As measured in tension.




In ltems 1 and 2, identical nine-ply orientations are compared for the two different material batches. Items 3 and 4
compare identical severieen ply orientations of the two different material batches. The strength values of Material
Batch 381 show 7% and 25% improvement, respectively, over those of Batch 373 while the modulus values are about
the same for U tweo pait ol itene. Comparivon of the [O+A5801 283 10l urierdation witd the JOOf #3500} 1y
one is shown in ltems 5 and 6. The first orientation shows an improvement of 17% in strength and 9% in modulus
over the secona one with both laminates being of the same batch of material. Again the strength increase is greater
than would Ve ‘ndicated by the 12-1/2% increase in U° plies whereas the modulus increase could be accounted for by
this differeuce.

A direct comparison of Panels B-23, L-15/B-19, B-26, and B-22 is made below showing the trend of improve-
ment with change of basic ortentation and sequence.

Item  PanelNos.  EV. ~  Orentation  V.V. oyksi £p,10°psi Batch
I B-23 0.505  [0/90,/0] 41 0 40.005 15.356 381
I B-IS/B1Y9 0510 [(0/90)s/0] 1 0 53.993 16.504 373
3 B-26 0484 [(0/£45/0)y) s 0 93.524 17.027 381
4 B-22 0496 [(0/+45/0/ 45)p/0)g 0 109.669 15.476 381

From these comparisons it appears that the general 0/245% orientation is stronger and stiffer than the general
0/90" orientation and that further improvement can be made by separating eithier the ptus and nunus 437 piies or the
90" plies by 07plies.

The orientations and thicknesses selected for adherend materials are beheved to be representative ot those used in
the aecospace indu. try. They cover ten orientation/thickness combinations in the fifteen 16 % 20-in tTat panels made.
from which adherends were cud for the bonded joint program.

VH.3. TITANIUM ADHEREND EXPERIMENTAL RESULTS

The other udherend material was 6A-3Y annealed titanium sheet purchased trom Tranum Metals Corp. (TMO),
Four nominal thicknesses were used. These were 0,016, 0.032.0.045 and 0.090 1. Two straight rided tensile speci-
mens were fested from each thickness with the sume equipment and instrumentation used tu test the composite tensile
specimens and the bonded joints. Average siress-strain curves for each thickness are contained in Appendix E. A
summary of these properties is presented m Table X1 whereas Figure 79 presents typical. representative tensile speci-
men failures. These average curves of Appendix E were used to obtain the Ramberg-Osgood purameters for use in the
nonlinear analysis of bonded joints with at least one of the adher2nds made of titanium, Properties measured com-
pared reasonably well with WM and handbook typical properties. It can be observed from these data that the titun-
jum becomes f1r more nonlinear than the composite materials studied in this bonded joint investigation.
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TABLE X!

6AL4V TITANIUM SHEET PROPERTIES SUMMARY

e

;. Nom. Sheel

o Paramelter Thickness, in.

0016 ] 0032 | 0045 | 0.090

§ tacog,in 0.0165 | 00315 0.0455 | 0.0925

: 0y, ksi 146.026 | 129.607 | 137.523 | 134.860

0y, ksi 136.500 | 128.850 | 135.200 | 131.400
Upy Ksi 116.834 | 125.356 | 123.584 | 112.700
Vp 03074 | 0.3086| 03184 | 0.2902
E, X 10 e 17.756 | 15.514 ] 17.251 16.096
€y % 10 “©in.fin. 9575 10,225 9,750 9,985
ap X 100 i fin, 2700 | 5750 2800 2907
€ype X 10" in/in. 6,590 8,074 7071 7,004
€ape X 10% in.fin, 2012 2,575 2312 2038
€1y X 10% injin. 46,636 | 209341 38260 | 21,300
€4, X 10° inin. 9.120 7885 | 14362 3735
TMC Typ. Fp,,, ksi | 146,200 | 138.000 | 137.500 138.400
TMC Heat No. G-9075 | G9072| G-9520 | K-3793
#Properties were obtained by use of straight sided “composite
configuration” tensile specimen one inch wide: gripping tensile
specimens was by direct contact.
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SECTION VIII
BONDED JOINT PROCESSING
VI . GENERAL

This section covers the processing and fabrication of the simple specimen bonded joints. Section VIII.2 pre-
sents the Adhesive Acceptance Test Results whereas Section VIIL.3 covers the Simple Specimen Joint Fabrication.

VIIL.2. ADHESIVE ACCEPTANCE TEST RESULTS

A summary of the last acceptance test results for both the old and new batches of the two adhesive
systems (AF-126 and MB-329) used in this program is presented in Tables XII and XIII. These tests were run
on 29 October 1970. Earlier acceptance tests were run on the first Batch (724) of Scotchweld®* A¥-116-2
adhesive on 15 March 1970. The later Batch (739) of AF-126 adhesive was first tested on 24 July 1970, Initial
acceptance tests on the Metlbond®1 329 adhesive batches were performed on (1) the first Batch 345/47 on
15 March 1970 and (2) the later Batch 360/40 on 24 July 1970. Batch 739 of AF-126 and Batch 360/40 of

ietlbond 329 were used in fabricating the lap shear assemblies for this program. The data from these tables
(X1 and X11) indicate that some degradation occurred with aging, however, all tests passed the MMM-A-132
specification requirements.

VI3, SIMPLE SPECIMEN JOINT FABRICATION

Single and double lap shear assemblies were (abricated in accordance with Figures 80 and 81 covering both i
boron/epoxy to boron/epoxy and boronfepoxy to titanium joints with each adhesive system. A detailed listing
of the single and double lap shear assemblies for single and double lap joints with boron/epoxy to boronfepoxy
adherends utilizing both adhesive systems is shown in Table XIV. The boron/epoxy to titanium single and double
lap shear assemblies with both adhesive systems are shown in Table XV. Fiberglass tabs were bonded on the
boron/epoxy adherends with Eastman 910. Tabs were not used on the titanium adherends.

It was originally intended that *hree-step lap joints would be made by machining steps into the boron/epoxy
laminates and titanium with subsequent matching and bonding as shown in Figure 82. Machining such steps in
boron/epoxy proved nearly impossible with state-of-the-art diamond tools and cutting equipment. In consulting
the Design Guide and several recent research investig: “ions on machining boron/epoxy compuosites. nothing was
found to guide our efforts on machining steps. After contacting the manufacturing experts of several acrospuce &
companies it was found that most organizations lay-up and mold in the steps. usually in combination with
bwldu]b‘. llUWCVCI, a\;vud, ideas were ublained un ivw a[L,) nlu\.lluunb 11 bunuﬁ/\,pu.\) materidls liiig]ll be done.
One idea was tried. Several diamond cup cutting wheels were tried with little success. After cutting the thiee
S po un lwo ui;v;}:l\,lll IUUIUII/L}JU)\_'/ ;amixmlb uLilucu,u\.Il talcials and stai 11115 Ul a lll;l\l_ uic u:Llla WLl Wult vult.

e manhour expenditure and the cutting tool wear rate on fabricating the steps that were made were orohibitive.

Une machined step lap joint was made as shiown in Figure 83, All othe step Tap juiitls were made from the r
unmachined details that were originally scheduled te be used in the machined step lap program. Three types of
muldpie-laminate swep lap joints weie made. The Tiist was a single sicp Tap Joint shown 1n Tigure 8% and Ui
second was a double step lap joint shown in Figure 85. Figure 86 presents the triple step lap joint design.

Because of the large overlap involved some voladles were uapped e step tap jonis bonded wih

MB-329 and as a result they had multiple small voids in the bondlines which gave lower than desirable results.

H o PR ' b i R VAW oW T ! .. §° ¥ i
Thc VOIds WECIC VisIDIE, tinilldgiilicd on llll. CUBLS Ul UHie UUHIMIIICS, AR AL -1 20 sicp ap Juul'm peiiutiied Wil

*Registered trade name of the 3M Company

tRegistered trade name of the Whittaker Corporation

TLSA-11,-13, -24 (see Fig. 84)
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Onginally, the program’s scope covered the manufacture of scarf joints for tests. These were designed (o bhe
made as shown in Figure 87. However, a reorientation of the program eliminated their fabrication.

All lap shear assemblies were cut into one-inch wide strips for simple specimen coupon testing.

-,
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TABLLE X1V

SINGLE AND DOUBLE LAP SHEAR ASSEMBLIES - BORON/BORON

e = ia . :
LSA. Type Adherend [ Adherend Jont Bund-Line Prime P ¢ ....._ Ui
No. Adhesive No. Thickness | Thickoess | Thuknew GG ”l " 12‘:‘;""
1 AF-126 B-21-A 0,044 00928 01,0045 | Bloe 102320 S0 275
B-21-0 0.044 E —
14 TAFI26 B-21-F 0.042 0.091 0 006 Dry a1 150° for
B-21-H 0.043 30 min
bij AF-176 ((SIFe 0043 OXIYE} 0.007
B-21-) 0.043 o
2 [AFa26 B-24-A 0045 £.095% 0.0035
B-24-B 0.047
15 | AF-126 B-28C 0.043 0.0935 0.0075
B-28G 00472
28 | AF-126 B-24.D 0.046 0.096 0.003
8-24-4 0.047
3 [AF-126 | BI2-A 0.016
B-12-1d 0.0t6 0.065 0.0005
B43-K | 0032 | _
16 | AF-126 3126 0.018
B-12-1. 0no1s 0067 0.0025
B-13-F 0,032
29 | AF-i26 B12-H 0015
B-12-M 0018 0.0675 0.00275
B-13-M 0,032
3 AF-126 B-14-] 0.048
B-14-K 0.046 1845 000128
B1S-K | 0.088 1
17 | Ab-126 B-14-B 0046
B-14-F 0.047 0184 0.0015
JBs-L 0088
30 [ Al-t2e B-14-d 0.047
B-14-M 0.047 0.184 0.0015
L___ ] B9k 0.087
STTAV % | B340 0046
B-24-K 0.045
B17-A 0.091 01845 | 0.00125 ) |
I8 TAF126 | BT 0.04 B
13-24- 0.046 () 1845 0.00175
- B-17-B 0088 |
k] AF26 T TRI6A 0047 275
B-1645 0.045 0192 0.0055 | Bluet C-2320
B-22.1 0.089
40 | MB329 B35FE V040 0.086 0004 Red MB-329 50
B-25) 0ng2 Type Il
Aurdry for 1S min
Loree dry tor
30 nun at 235"
3 MB-329 BT ana1T | 0089 0.007
B-25-K 0.041 o
66 | MB3297 [ RISG 0.041 1 OR9S 00075
B-25-1 0.041
31 M3-739 8288 | 0.047 0 09S 0.011
3-28-K 0.042
59 ME-329 BIRD 643 60099 0011 *
B-28-H V043 Lo
67 MB3-329 Bl (1048 0.1025 0,0065 ]
B-16-1 0(48
42 MB-139 [ B12T 0078 0.0713 0.00375 :
B-12-K 06
B-13-B 0.032 K
35 MB-329 R-12B 0.016
B-124° 0.016 0,071 0.0035 50 350
B-13-J 0.032 ) o
68 | MB-329 [ B-12 0.017 Red MB-Bond 319~ &4 350
B-12-N 0016 00755 0.00475
B-13-1, 1033 Vo
47 | MB-329 | BI4A 0049 X
B-14-F 0.049 0.196 0.005
B-15-3 0.088
56 | MB-329 | B-14C 0.047
B-14G 0047 0.192 2,005
19-A 0,088
69 | MB-329 | B-14-D 0.047
B-14-H 0.049 0.193$ 000375
B-15-D 0.090
34 | MB-329 | B-28A 0,036
B-28-k 0.044 0.1955 0.60775
B-17-1 0.090
37 MB-329 B23C 0.047
B-24-L 0.046 0.1945 0.00723
B-22-K 0,087
70 | MB-329 B-16-B 0.047
e B-16-H 0,047 0.1945 0.00675
% B-17C 0.087 50 350
100
s ul b et o e 45 5 AL 20 AL i bty

st
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TABLE XV
SINGLE AND DOUBLE LAP SHEAR ASSEMBL[ES—BORON/T[TANIUM
L.SA. Type Adherend | Adherend Joint Bond-Line R P Cure TCurc
No. Adhesive No. Thickness | Thickness | Thicknes Erimer rc;s‘\ine, tir;\:p-.
6 AF-126 B-18-C 0.031 0.0655 0.0025 Biue EC-2320 50 275
Ti 0032
19 AF-126 B-18K 0.029 0.0695 0.0085
Ti 0.032
32 AF-126 B-18-3 0.031 0.468 0.005
Ti 0.032 215
45 MB-329 B-1R-H 0.031 0.1 655 0.0025 Red M-Bond 329 350
T 0.032 Type
58 MB-329 B-13-D 0.03} 0.070 0.007
Ti 0.032
71 MB-329 B-18-% 0.031 0.068 0.005
LT 0.032 350
17 AF-126 B-16-D 0.047 0.0915 0 Blue EC-2320 275
T 0.045
20 AF-126 B-16-£ 0.047 0.0955 0.0035
Ti 0.045
13 AF-126 B-24-M 0.047 0.099 0.007
Ti 0.045 275
46 MB-329 B-28-F 0.043 0.091 0.003 Red M-Bond 329 150
T 0.045
59 MB-329 B-28-M 0.044 (1.093 0.004
ig (1.045
2l MB-329 B-16-] 0.048 0.1445 0.0065
Ti 0.045 350
8 AF-126 B-18-A 0.031 Blue E(-2320 275
T 0.016 0.064 .00l
T 0.016
Al AE-126 B-18-F 0.031
T 0.016 0.063 0
Ty 0016
34 AF-126 B-13-H 0.031 b )
T 0.016 0.0605 [t}
T 0.016 275
47 MB-129 B-18-D 0.031 Red M-Bond 320 150
Ti 0.016 0.074 0.05%
Ti 0.16
60 MB-329 B-13-C 0.032
Ti 0.016 0.074 0.005
T 0.016
73 MB-329 B-18-B 0.031
T 0.016 0.0725 0.0045 '
T 0.016 350
9 AF-126 B-15-A (L.090 Blue EC-2320 2175
Ti 0045 0178 0
Tt (1045
22 Al-126 B-15C 0.087
Ti 0.045 0178 0.0005
T1 0.045
35 AL-126 B-19-B 0.086
T 0.045 0.175 0 Red M-Bond 329
Ts 0.045 275
48 MB-329 B-15-8 0.087 350
Ti 0.045 0.1875 0.00525
Ti 0.045
61 MB-129 B-19-] 0.090
Ti 0.045 0.193 0.0065
Ti 0,045
74 MB-329 B-15-M 0.087 Red M-Bond 329 7
Ti 0.045 0.190 0.0065
Ti 0.045 350
10 AF-126 B-22-) 0.089 Blue £EC-2320 275
Ti 0.045 0.180 0.0005
T 0.045 50 27§
23 AF-126 B-17-K 0.088 Blue EC-2320 50 275
Ti 0.045 01815 0.00175
Ti 0.045
36 AF-126 B-22C 0.089
Ti 0.045 0.18065 0.00075
Ti 0.045 215
49 MB-329 B-22-A 0.089 Red M-Bond 329 350
Ti 0.045 0.1945 0.00775
Ti 0.045
62 MB-329 B-22-8 0.089
Ti 0.045 0.1975 0.00925
Ti 0.045
75 MB-329 B-17-L 0.089
Ti 0.045 0.195 0.008 r
Ti 0.045 50 350
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SECTION IX ’

BONDED JOINT TEST RESULTS

IX.1. GENERAL

This Section presents the experimental results of the simple specimen bonded joint testing conducted in this
program. Two hundred and three specimens covering two adhesives, three lap configurations, three basic composile
adherend iiber orientations, and two adherend material combinations were *sted. Six representative samples of ‘
these specimens were extensively strain gaged and tested for detailed behavior study. ’

Section 1X.2 presents the Simple Specimen Data Summary based on the detailed data covered in Appendix F.
Section IX.3 gives the results of the Special Joint Investigation Data Summary covering the six joints which were
extensively strain gaged.

IX.2. SIMPLE SPECIMEM DATA SUMMARY

A summary of all the simpie specimen lap joint tests is contained in Tables XVI through XXIV along with the
failed specimen photographs presented in Figures 88 through 103, Each lap shear assembly number identified in
these tables represents an average of three or four specimens taken from it and tested. The total number of simple
specimens tested was 203 and the detailed data tables 2rc focated in Appendix F. There were 72 single lap, 108
double lap, and 23 step lap joints tested covering conposite/composite and composite/titanium bonded joints
utilizing two adhesive systems: a nitrile-epoxy low stilfness-high elongation (LS-HE) system® and an epoxy-novolak
high stiffness-low elongation (HS-LE) system.t Selectively covered were three basic orientations of the boron/epoxy
adherend materials with sequence variations on two of these. The titanium adherend materials were the 6A 14V
alloy in the annealed condition. Data on the adherend matcrials was previously covered in Section VIL.

From Tables XVIEand XVIII, the graph in Figure 104 summarizes the single lap composite/composite joint
data on the two adhesives whereas the graph in Figure 105 (taken from Tables XVII and XIX) presents the data
on the douple lap composite/compuosite joints with the same two adhesives. In Figure 104 on load transter capa-
bility of single lap composite/composite joints it can be noted that the curve slope increases with increased adherend
stiffness, decrensed adhesive stiffness, and increased adhesive elongation. By contrast the change n slope due to
these same property variables is much less in double lap joints as shown in Figure 105. In fact all other slopes
eacept one are cose to being the same. Por this cxception it appears that the high Poisson’s ratio of the basic
0/+45° orientation adherend is detrimental when used with the high stitfness-low elongation epoxy-novolak adhe-
sive. Also prosetited in Figare U5 @ie stopes of data points whiich roprosent pour quality specimens. illustrating
the deleterious effects of interface region failure.

On the cemposite/titanium joints summarized in Tables XX and XXII the graph in Figure 106 presenis the
data on the single lap joints with both adhesive systems whereas the graph in Figure 107 (taken from Tables XXI1
and XXIID give them for the double lap joints utilizing the two adhesives. The same soru ot trend in load transter
capability exhibited in Figure 104 for the single lap ioints is evident in Figure 100. Higher slopes result from higher
adherend stilfnerses and adhesive elongations plus lower adhesive moduli. Figure 107 also exhibity the sane trends
as were shown in Figure 105. In fact all but one of the adherend/adhesive combinations plot on the same line: this lj

| -

ame with the 0/408° srientation sdhersnds burtded topether with the high stiffires low ehsngtbon epoxy moeals
adhesive gives a slightly fower stope, probably because of Poisson’s ratio effects. Again, poor quality spectmen
results are shown. These had poor adhesive materials quality in the bondline. Also the slopes of the double lap
joint curves are generally higher than those of the single lap graphs.

*3M Company’s AF-126-2.

+Narmeo’s Metlbond 329.
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TABLE XVI

COMPOSITE/COMPOSITE SINGLE LAP JOINT DATA SUMMARY (LS-HE)
AF-126-2, Nominal Width--1.000 In.

Mrasured | Measured Compeaite Campuute]  Measured | Messured Fatl Adherend [ Adhenve | Laad X _]
Awemthy [ Fength | Adnesve Adhe-end Adherend | Componte | Overlap AMIE L Strea at | Streawat | Transter Fallute Type®, % . g
Numter | Between [T . He ] Load, General Comments
vn FThikness, () Pancl Adherend Length, Wiy Tatlute, | Lailure, |al Foduze,
Tubs, 1n. n Onientation Numbet | Thuknea, 1n in. n py Pyl Ihhnjply [U[2p V|4 S} 6
ESA L 417K 001G lgr H2IAID [ (470 045 | 0.250 s856( 1,061 23,629 | 4247 (AL 113 |6t
ISA 14 S-i/4 000413 gy B2IL/H | 10423/0.048 ] 1 250 29551 | S.668 § 130,928 | 4466 (31 2 7Sz |19y ¢
15Aan T-5I8 N4 [OTop B-2107) Too463/0.046] 1.73ST |37 733 TRTV | 164928 | 4,361 LEAS s s|23lers
1SA2 4-1/8 [LELSRTO NIV RYI1T) “/(.)I_q B-24A78 fO04T/0 047 0250 S0y 1,147 24945 | 459 127 b2 )
15408 V14 wooen |7 a5/0/ 4(/l‘||_\' B-2RCIG (00413 I 250 JRBORT VUK K611 3106 4w m 261 4
ISA 2% 6 7/R BeO42 |0/ ASHY asi] g B 24DAT | 046 2000 4Y4TR] 4,758 | t02.770 2,368 S i 2 1]96¢*

B

4
4
o

b
W
i

sthesve 10 boranfepoyy vampaute
calliesve 1o ianien th A1 $\
' cobesve
‘e suttae resin
‘T anterlaminar

‘T othet

1 Longtwhingl sphittany

ANt wotion tensioa and lomatudinal sphiting «ompante

SENCLsection 1oson composie

TABLL XVII

COMPOSITE/COMPOSITE DOUBLE LAP JOINT DATA SUMMARY (LS-HE)
AF-126-2, Nominal Width 1.000 In.

Measured | Measured Compuate Composte | Measured | Measured Failure | AdBerend [ Adhcsve | 1 oad
Asembly | Length | Adhesive Adherend Adherend | Compustte | Ovettap | 00T Steessan [ Sten at | Tnvier Fadure Type®, ¥ —
Number | Between |Thickness, Fibet Panel Adhesend | 1 ength, w‘:n' Faiture, | Latuee. (o1 Fadure, IS GLTETIG)
Tabs, in in Onentation Number | Thickness,in n psi pss fhi py | 12|V ]4 LS 6
1SA Y | 414 w2y [ 2x 100y d0l0r B2AD, | 2x oo | 020 foiss| 1y | es262 | M0 w1 | f4ef 30
B 13K 0oy
1sAt1e L4 ie 00048 | 2% (D] [0}y B, | 2 ams, | ooson [te 66T ] 400, 1 13982 | res o1 18| f17] s 601 ¢
[(RR]] oond
1SA 29 |45/ 00033 |28 [0] 450004y prnym, | 2008, | oo {3500 1450 13ekor | 273 692 o0y
B 1M no
1544 4w AOBTE {2 % [/9410] p, Baadh, | 2ronder [ o2te | 2arrias2e ] T s | vay w9 | skl |32f10
O/ BISK 008K
1A [ 4 [ oooor |2 x qusingiol,, Braga. | 2roodnl | ooay | codof 4782 [ ssad8 | s w7 moojnl s v oazee
LRIy Bis 00867
LSA W0 | 4.8/8 LLRE 10 hEd |m/'lm,,/o|,, B-141/M, Taomiy w1y N 119 | S.898 66,977 4,000 W1 100+t
a9}y
1SAS | 41/4 000dy {2x jorvasiy asilg ] sk | 2xnoass b ooaso | 28ar] 2208 [ 25820 | s ns | s4fas
(€07 €45/07 3400y | BATA 0088
1satk [ 91132 | oooa [ 2x qorvasios asjolg, | B2, | 200467 | 0750 | BSS2| TOIK ) TEYRE | 4614 0o gl Jsspas)e
L1+ 45/01 4S)gifg 8178 00877
1SA 3| S e 00017 |2 (07487 450)g | BIGAIG, | 200437 [ 1250 J1393S| BT1S | 95621 | 3443 sid Jseyy)
107443001 48)p10)g | B220 00897 I
.
g
tNetsection tension snd Sengitudinal splitiing  compaosite
1Hanure i double adherend partially aver sndfor adpent the bond aiea
*ONeEsecion lenskil compovte
114 ailure in vingle adherend away from the bund area
114 atlure i double sdberend sway lrom the bond ates
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TABLE XVItI
N o . . -
COMPOSITE/COMPOSITE SINGLE LAP JOINT DATA SUMMARY (HS-LE)
MB-329, Nominal Width—1.000 In. ]
Measired | Measured Compoute Composte Measured Measuted 'I stlure Adherend [ Adhestwe boad - . y
A ombh | length | Adbiesve Adherend Adherend | Compowte | Overlip U Streww at | Stresat | Tranter Failuze Type®, % . .
q ih | oud, General Commenis
Sucaber | Hetween | Hhnohness, 1 iber Panet Adberend 1 engtl, Whn Vatlure, | Fatore, |at Fatlure,
Tabs,an n Onentabion Number | Thickness, . n. py py Ib/infply ] 123 [4[5]6
P
[RR 1)) 4.5/10 G043 (a7 125071 | (10407/0.040 0250 6250 1,078 26,348 4,218 14 L] 41149
1S4 83 5816 0oon7s 10)gy I 2S1/K | 00403000403 1250 |3 017 | V48 74,442 2403 kLT 28 4lsst 9 i
[RR R n Ho0al [[FYa B-25G/0 10041100403 2250 [SSRIE] 4902 | 1204486 2060 18} 1R[(70]12
3
USAGL | a9it6 {000 [0/ vaSHy as/0)g| B-2BI/K Fo 04370043 0500 | 16281 RRO | 20578 {1,758 93 86 1wl 4
154 49 AT no? (/145104 4‘/(’), | B-2BDH [0 044/0 04 15800 | 348841 2,157 49,502 1414 240 s 7118 :
;
1SA G [ 0087 [0/ +45/0/ 4.‘/(—”.\' B-3aC{H 004700477 2500 |S¥ivlj 3,043 64,311 1,200 kR L) 8S 1213
*ltnd
3
8
&
°| N .
TABI L \iIX
. NTa NG : " 0 o o 9 2
COMPOSITLE/COMPOSITLE DOUB! . AP JOINT DATA SUMMARY (HS-LE)
N . .
MB-329 N0 el Width 1,000 In.
Measared | Measured Compostte Composte | %ves feiasured | e Adherend | Adhesne [ Load 7
Awembhy | Length | Aohesise Adherend Adherenc Cep oo Ovetlap i l‘“ “; Stressat | Stressat | Transter 1atluze Type®. 3 J( -
) i .
Number | Between | Thikness, I iber Panel A Length " YL Faure, | bailure, {at Falure, - cner rbemmene
Labs. in o Onentat on Nambe: 110 0 o iy pu p e [ [T L]
- I
t8A 42 41/4 0003 120 (0] ypd Her B2/K . ‘hi 0250 THI2[ 2068 66,615 4206 61 St 16§47
arber
[IRRI:
15485 | 438 GSS |20 (0]l g Wik catel | s prees?| 400 | o276 | 4248 noIn Nt St
F or
B il ,
I5A o8 47TH {HOORY NENTY REIPE B2 o0 0le) 1000 LRIRRR N IR X{} 123816 1.981 69 13 TS t
3 a6l
Bin 030 |
o —_—
ISA-43 4174 00876 |2 x (10 90)g U] 4, IRER ' 240049/ 0250 2778 1,718 18,800 333 ] 17 RCRST) l—[
[t0/9Mg 100 4 H-191 1090
i i
’. ‘.,:': 1SA S6 412 00046 [2 x [LO/9C)4/0] 7, WG l Ix 0047/ o750 HS2Y] S a48 56687 33 7 15 120521 {1t 9
_:{ ; [10/90g U1} 7 B19A l 4 088 ‘a
3 ét‘v 4
% 8 r‘%\: ISA 64 58/16 Q0069 |2 x {90k /0) 7. B 140/ 2 0047 1500 16 98R | 4 907 44 869 1.617 89 ATy }
D 16901101 nash 00883 i
-
15A 44 4506 D087 |2 x {0/ 14500/ 45;{”5. B-28A71 | 2 x 0044/ 0229 2602{ 2010 22508 4,423 18 57 ‘
[0+ 45/ 45),)/0]3 B 0091
18A 87 478 00081 |2 x |0/ +45/0° 45/(_)Is_ B-24CN 2 x 0046/ 1000 [ive2s| s 77 60.611 294 309 8
107 + 4570/ 45)0/()]5 H-12K 0086
1SA 70 5N 00065 2 x [0/+45/0/ 45[6[5. B-ioB/H, | 2x 0047 1750 |19 886] 5073 $7.407 1436 298 58
107+ 4510/ 4$)p101s | B-47C 0088
Sl
Nt v tion teason and loppitudinal sphitting . comy

10 adure i double adherend partially over and/ot adjacent the bond area
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e

ot h o tension  mposte
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TABLE XX

COMPOSITE/TITANIUM SINGLE LAP JOINT DATA SUMMARY (HS-LE)

AF-126-2, Nominal Width

000 In.

1 Net sectian tenuon and longitudinal spinting composte

tNet section leavon 1n stanmum

**Net scction lension in composite

General Note 1avh anembly represents the aveiage of 1 ard ey

Measated | Mestured Compoute Componte]  Meanued Mensured {Measured| I ) atture Adherend Adhenve|  Load
Auemhy 1 Length | Adhesive Adherend Adhecend | Compaute | Tuanwm | Ovedap [, | Strewat [ Suessat [ Tramfer I ailure Type® ¢ General € ommients
Number | licimeen | Diknen, Fibet Panel | Adherend | Adherend | temgth.| T tailure, Failure, [ arbaiture,
bn | om Onentation Numbes | Thicknew, in.| Thickness, in{ 10 " m po | Whindply{ HIRNEK
tsan |2 e 00022 017 (RS .m0 00N o200 | R0 [ 998 fineem 1948 166 U R
P o] (R | 0123 aray |1V I6800 N 00 vy aw
SA / 58 0lar B IRK 0031 oy 1250 [40 ]
1SAVI ] v 00042 1 feraon| aren | 001D u o r
E / (Otar b1 oo 0032 1607 [41R ST
1Sa7 | 2w 00027 | (07 145707 4801g[ B ren 00Ms 0048 0239 | s 1 [ 2sassam 4497 e |ssfnf2f 2
_ 49,978 151 an 2 3|asfuaf eree
1SA20] Vi D008 | o7 easiop asiig| maet W47 0048 1250 |27 778 4238
3 91241011
109,128¢1) 23] 563 bne
15433 VIR 00032 [0/ +45/0f “Ih]_q n-24M 00487 Hods 200K |46 44| SORT 125310
*Ibwd

TABLE XXI

COMPOSITE/TITANIUM DOUBLE LAP JOINT DATA SUMMARY (LS-HE)

AF-126-2, Nominal Width 1.000 In.

Meavured [ Measured Compotite Compawte[ Measured | Messued |b Fabwe| Adberend  [Adhewve ] Losd
Assembly | Length | Adheuve Adherend Adherend | Composte | Ttsmom | Ovetsp | o]0 Suewat | Siessat | Tamse Latlure lype, ”
Numbe: | fietween { Thickness }iber Panel Adhciend | Adheiend | 1 ength, s }adure, Faduse, |t Fadue, OG0
Tabs, in in Onentalion Number | Fhkness, in. | Thickness, in in (L] m Piafply [ 1] 27 V][4 )¢ [
1SA8 | 23118 | vooos 10 BIRA [ avoms | ozre [ waar| 2aen |MES4NM ik R I B
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FIGURE 90. LSA-30 FAILED SPECIMENS
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FIGURE 91. LSA-40 FAILED SPECIMENS

FIGURE 92, LSA-66 FAILED SPECIMENS
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FIGURE 93. LSA-57 FAILED SPECIMENS
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FIGURE 94. LSA-6 FAILED SPECIMENS

FIGURE 95. LSA-19 FAILED SPECIMENS

FIGURE 96. LSA-8 FAILED SPECIMENS
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Limited step lap test data were obtained in this program and are summarized in Figure 108 (taken from
Table XXIVY. Examination of Figure 108 will reveal that the same trends are in effect as with the single lap joints
with the addition of one new trend. This is that the slope also increases as the number of steps are increased from
one to three. 1t should be noted, as shown in Section VIII, that these are single step-lap joints. This configuration
i probably more ielated to single lap joints than the double lap ones, as slupe couparisons with Figuies 104 and
100 will show. The load transfer shown for these joints is that of the “gross section” rather than the “net section,”
therefore, this capability looks low for the one step-lap joint. However, net section calculations would double it.
Curve 3 does give a higher s;ope than the best of the single lap data but not quite as good as the best of the double
tay data, These trends probably fodicatd that an even bigher naner of steps would futther inercase the stope o
would changing the configuration 1o that of a double step lap. In this case. the low quality specitnens had voids
in the bondline.

It should be brought to the readers attention that the above graphical analysis was performed only on the
composite/composite and composite/atanium joints utilizing the 0° and 0°/£45 general adherend orientations
with both adhesives. Data utilizing both adherend combinations and both adhesive selections were also obtained
using the 0/90° orientation, but not as extensively. Only double lap and step lap data were obtained with this

orientation.

Testing of the ensile lap shear simple specimens was performed mn a Mulurange Baidwin Test Machine at a
constant deflection rate of 0.0025 in./min (over a 2-in. gage length over the bond area).* An autographically re-
COTUEd 1Gad detrection cutve was vutained to failure oncach apcuilﬂcﬂ uvet this 2=, gage fength with a munti=
range TSMD extensometer. Temperature and humidity during testing were 70°  4°F and 50% + 107 respectively.

Figures 109 and 110 are characteristic of the type of load/deflectiont curves that were obtained from the
joint specimens, the characteristic difference being that the joint with the low stiffness-high elongaiion adhesive
has a curve which exhibits some nonlinearity while the high stiffness-low elongation adhesive curve is linear to
failure. The LS-HE adhesive joint is stronger but gives a slightly lower curve slope compared to the HS-LE joint,
A detailed description of these two example joints follows:

Figure 109 represents a 1-in. wide double lap joint with 0.045-in. thick 6A14V annealed Ti double adherends
and a [(0/+45/0/-45)Q/0] s 17-ply boron epoxy single adherend 0.087 in. thick. The overlap length was 0.687 in.
with the AF-126-2 nitrile epoxy low modulus, high elongation adhesive bond. Failure was predominately cohesive
and surface resin fracture at a bondline average shear stress of 5,444 psi. Adherend average tensile stress was
86,023 psi. The load transter capability of joints made with this adhesive system were very high, regardless of
adherend stiffness lap length, or lap type.

Figure 110 presents a 1-in. wide double lap joint with 0.047-in. thick [0/+45/0/—45/0] s 9-ply boron/epoxy
double adherends and a 0.087-in. thick [(0/+45/0/-45)Q/0] s 17-ply boron/epoxy single adherend. Cverlap length
was 1.75 in. using the Metlbond-329 high modulus, low elongation adhesive system. Failure was predominately
at the interface region between the laminate and the adhesive at a bondline shear stress of 1,154 psi and an adhe:-
end average tensile stress of 45,384 psi. The load transfer capability of these joints range from very high to very
low depending on adherend stiffness, lap length and type.

By contrast Figure 109 represents a high quality, high performance joint and Figure 110 illustrates a low
quality, low performance joint. Their characteristic failures are the key to their quality differences, although the
adhesive shear stresses will always be lower with larger overlaps on high modulus, low elongation bondline materials.
It has been found that the type of failure typified by the joint whose mechanical behavior curve is shown in Fig-
ure 109 has a predictable failing load with the nonlinear bended joint analysis techniques developed in this program
using a maximum stress adhesive failure criterion (i.e., for the low modulus, high elongation adhesive). Failures
in the HS-LE adhesive joint can also be predicted by this criterion when [ailures are cohesive or surface resin fracture.

*#i.e., strain rate i« 0.00125 in./in./miq.

iDeflection divided by the 2-in. gage length gives gross strain,
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However, failures cannot be predicted for either adhesive system when failures occur like the one on the specimen
whose mechanical behavior is described in Figure 110, This illustrates that a lack of adhesion exists at the interface
region and results in behavior which is not predictable by current nonlinear orthotropic mechanics methods without
empirical modification. It is suspected that this is a materials and processes quality problem and therefore should
not be considered in design/analysis. Whenever such a condition cannot be prevented it should at least be identified
and isolated as was done herein in order for the results to be analyzed in a meaningful manner.

The types of failure observed in the simple joint program can be generally divided into the following classes:

Adhesive/Adherend Interface Adhesion Failure

Adherend Surface Resin/Reinforcing Fiber Interface Adhesion Failure
Cohesive Fracture of the Bondline

Cohesive Fracture of the Adherend Surface Resin

Delamination, Splitting

Adherend Net Section Tension

mEmTOoE >

The first two types (A and B) almost always occur as a result of materials or process quality being low. Fail-
ures of this type usually occur at lower joint load (ransfer magnitudes than those failing by other means. The
nonlinear bonded joint analytical methods will not predict these failure types or load magnitudes.

Failure modes C and D represent high auality specimens which have predictable failure modes and magnitudes
with the nonlinear joint analysis techniques. The maximum stress failure surface can be used to predict the C and D
failure types with the nonlinear theory. Occasionally r-oor adhesive (or matrix resin) material or improper cure will
result in low magnitude test values with the C or D failure type.

Delamination and splitting type failure* is associated with laminate behavior, probably emanating {rom some
sort of micro-mechanical damage occurring during non-failure loading. However, this has not been proven for
boron/epoxy laminates. Large differences in modulus, Poisson’s ratio, or thermal coefficient of expansion of the
two adherand materials could be a contributing factor as well as a low quality laminate. In any case the present
nonlinear techniques cannot predict these failure types or mugnitudes without further modification.

Adherend net section tension failurest were observed on those specimens designed to fail in this fashion and the
failure stress magnitudes were approximately equal to the experimentally measured tensile strength of the composite
and titanium materials. Failure predictions can be accomplished with the nonlinear techniques using maximum strain
failure criteria for the composite adherends and maximum stress failure criteria for the titanium adherends.

I1X.3. SPECIAL JOINT INVESTIGATION DATA SUMMARY

Six composite/titanium bonded joins were selected from the simple specimen program reported in Sec-
tion 1X.2 for in-depth experimental behavior study. These “special™ joints cover the single. double and step-lap
configurations with both adhesive systems and one composite material onentation category (0 +45°). The joints
chosen for study were:

No. of
No. Joint Type  Adhesive  Strain Gages
LSA-20-1 S.L. AF-126-2 4
LSA-23-1 D.L. AF-126-2 4
LSA-59-1 S.L. MB-329 2
LSA-62-1 D.L. MB-329 6
LSA-1:-4 I-St.L. MB-329 5
LSA-20-4 2-St.L. AF-120-2 6

Detail experimental data at failure on these joints appear in Appendix F.

*Type E.

Hlype k.
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The method used for presenting the experimental data is the familiar stress-strain curve. Stresses used were the
average caleulated values based on the adlierend cross-section area outside the joint overlap. Strains were those mea-
suted directly on the adherend surfaces at selected longitudinal centerline locations.

Data on LSA-20-1 are presented in Figure 111. A map of these strains vs overlap location are shown in Fig-
wre 112, Strains at four composite adherend stress levels were mapped: 10, 60, 80 and 92.437 (failure) ksi. The
fitst stress level (10 ksi) was picked so that both the average adherend and adhesive behavior were still in the linear
rainge. Thie second siress level {(6U ksi) was picked so that the average adhierend beliavior woulld still be Yinear (just
below the P.L.) but the adhesive would be nonlinear. At the third stress level (80 ksi) both the adherend and the
adhesive average stress levels are in the nonlinear range. Failure stress level (92.437 ksi) was selected as the fourth
one with fracture occurring by net section tension in the composite at about the same stress as the average tensile
strevtguht data on pandd B=16 would indicate. Traisverse compusite adiferend straits werd figh, as would Le axpeaied
with the high Poisson’s ratio of the 0/+45° otientation.

Figure 113 gives the LSA-23-1 joint strain behavior as a function of average adherend stress level. Failure
characteristics of this series of joints (covering also LSA-23-2 and 23-3) is shown in Figure 114. Primary failure
was caused by cohesive fracture of the adhesive and composite surface resin. Strain maps of both the composite
and titanium adherend are shown in Figure 115. Again the four adherend stress levels were picked for the same
reasons given above. They are as shown below:

Estimated Estimated
Avg. Adherend Adherend Bondline
Stress Level (ksi) Behavior Range Behavior Range
10 linear linear
50 linear nonlinear
80 nonlinear nonlinear
90.203 failure failure

The higher transverse strains of the composite adherend can be seen clearly in Figure 115.

Specitman LEA 591 strain data are shown in Figure 1E with ypical Vaitures shown in Figure 117, The
primary mode was tailure at the interface of the surface resin and the boron fibers of the composite adherend under
the bondline. Results are considered to be low. The strain distribution map is shown in Figure 118, The high trans-
verse strains in the composite adherend can be noted. Three adherend stresses were selected at which to evaluate the
st distribution: YU, 30 md B985 (P ks, Al me imothe Himear range Tor thre adieremd . Dut thie second vire conlid
cause nonlinear behavior in the adhesive. The third (failure) adherend stress level selected is definitely such that the
adhesive behavior will be in the nonlinear range.

Figure 119 presents the strain data on LSA-02-1 and Figure 120 shows the cohesive fracture of the adhesive
as the primary failure mode. Strain map curves covering both the composite and titanium adherends are shown in
Figure 121. Since the adherend net section stress vs joint surface strain plots are all linear (with some minor knees
evident) only two stres<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>