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ABSTRACT 

Development of analysis methods ("or orthotropic adherend bonded lap joints which account for material non- 
linearilies 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- 
ical 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. 
Failure loads and modes 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 
static monotonically increasing loads at room temperature utilizing th ^se methods. Ultimate load, failure 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 1 

INTRODUCTION 

ESC 

This research program had three objectives as defined in Exhibit "A" of the Statement of Work of Contract 
E33615-69-C-164I. The first one was to develop new static structural analysis methods for bonded joints which 
account lor the adhesive and composite (or metal) adherend nonlinear behavior under stress. Prediction of static 
tailure in all principal modes was to be the goal ol 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, leported 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 II   Theoretical 
Methods Development, Ill-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 
composite materials is covered in Section VI   Laminate Processing, whereas Section VII   Laminate and Titanium 
Adli:reiid Test Results, reports the experimental characterization values obtained. Lap shear assembly manufacture 
and poslbond fabrication are covered in Secliun VIII   Bonded Joint Processing, while the experimental data obtained 
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 satisfy 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 XI   Bonded Joint Design Curves. Section XII   Results. 
Conclusions, and Recommendations, coveis the meaning and impact of the research effort with suggestions for related, 
pertinent future study of bonded joint structures. 

After 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 summary, the three objectives outlined above have been satisfied and the method developed can be used in 
R. T. static nonlinear 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. 
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SECTION II 

TIlliORI-TICAi. Ml-TIIODS DEVELOPMENT 

11 i. C;I:NIRAL 

lliis stviion cont-.iins ihc nKiiheinatical devclopmcnl of nonlinear analysis methods* for bonded single, double, 

and slop lap joints snbjoeled lo slalic loads al R.T. These lluee joints are shown in Mgure 1, along with the coordi- 
nate systems, dimensions, and applied loads which will be utili/ed in the following developments. The joints arc 
assumed lo he snlTicienth wide in the : direction (perpendicular lo the plane of the paper) such that the material 
undei load is in a slate of plane strain; i.e., the normal strain e, and the shear strains 7V, and y,,, are assumed to be 
zero.  In general, the adhurends may be either orthotropic (laminates) or Isotropie, and may have different thicknesses 

which are constant lor each adherend. The adhesive is assumed lo be Isotropie and of a constant thickness which is 
much smaller than the adherend thickness. The adherends are assumed lobe Dal plates in bending; i.e., normal 
stresses through the thicknesses (a,,) arc neglected.  Interlaminar shear is neglected.  Laminates are assumed to be 

. symmetrical aboul their middle surface. Further 
assumptions involving material behavior and 
assumptions peculiar to each joint will be discussed 
as they occur. 

. 
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11.2. SINGLE LAP JOINT 

II.2.a. Lquilibrium Equations 

The differential equations of equilibrium 
governing the behavior of a segment of a bonded 
single lap joint can be developed from the free 
bodies in Figure 2. {The joint is assumed to have 
a unit width in the j direction.) Summing forces 
in ihe.v and v directions and moments in the.v-r 
plane for adherends I and 2 gives 

dV 

lb)   Double Lap 
d.v 

Ml 

T= 0 

.) = () 

d.v 
+   7 

iLV, 

dv 

d I', 

dv 

dM2 

dv 

= 0 

a = 0 

(la) 

( 

:IGURE I.  DIMENSIONSAND 
COORDINATE SYSTEM 

where a and r aie the normal stress and shear stress 

in the adhesive, respectively, which are assumed 
constant through the thickness of the adhesive, and 
A'/, I7,-, and /I/,- are the stress resultants for adherend 
/. Subtracting Equations (I a) gives: 

*'Ilie differential equations governing the behavior of a scarf joint are presented in Appendix A. No solution was ob- 

lamed. howevei. 
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Mlddlt Surface 
of Adhe rend  1 

Adherfnd I N,   — 

V|   ♦    dV, 

v   M,  , dM] 

—) ^ N|  ♦ dN| 

J I    -T 

?m7t W///////m\ 

Adhe rend 2 N, 

XZZL: 

- Middle Surface 
at Adhe rend Z 

—~N£ , dN2 

V^ - dV2 

where 

T = — i 
"I 

•■/V, -N. 

(2) 

(3) 

and the prime denotes differentiation with 
respect to.v. Adding Equations (lb) and solving 
for a yields 

2 dx 

or, by substitution of flc), and (la), 

(4) 

a)   Force f ree Body 

'1/2 

'1/2 

'.;/. 

"I1 vi 

—-__— — ^— 
"oo»   —    o„«»e> 

«•O       OOW       o»      t>      m 

         

»oosoo      saa 

         

n- -■ , 
b)    nisi.Un-m. 

•IGURi; :. lOKCIS AND DISPLACBIliNTS FOR 
AN l-.i.l-.MhNT OF INFINITESIMAL LFNCTIl 

OF ASINCJLF LAP IJONDI-DJOINT 

where 

o = -0" 
2 

/, -/, 

(5) 

0 =/!/, +M2 + (/V, - A', ) 
4 

Equilibrium of the overall joint, as deduced 
from Figure la, requires that 

A', + A'2 -/> = () 

(61 

(7) 

and, by summing moments about the centerline 
of the adhesive. 

A',/,     N1t2       flc     l.x     /,     i2 
.1/,     /l/2 ^ +P{ -• + -)=() 

2 2 \2a     -      4     4 
(8) 

B\ l;c|iiaiioii (7). this can be written as 

c\     t 
A/, - M2 - Q . .v - H+ - (/V, - N2) = 0 (9) 

where Q is taken as 

Q 
h 

(10) 

and 

/ = ■ 

/i  +/2 
(I 

and Z-1 is the joint load per unit width of joint. The quantity t has been neglected with respect to /,■ (the adherend 
thicknesses). Note that the 'V dimension is the distance between points of zero moment. 
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I'lio variables 0 ami 0 will be taken as tbe primary unknown functions. By solving Equations (3), (6), (7), (l)) 

•uui [\K) simultaneously, the stress resultants arc found in terms of 0 and 0 as: 

A', =-(/, + 0) 

N2 = -(F-0) 

I        Pi/     C\   /, 

/I/. 
Pi 

0 ~ - l.v -V- 2/     2 

(12) 

\     ,    Pi 

I / ,    /^ 
K, = ■    0   - - 

The adhesive stresses r and a are also determined from 0 and 0 by liquations (2) and (5). 

II.2.b. Compatibility Equations 

Another set of equations, namely the compatibility equations, must be brought into play. The shear strain "> 

and normal strain c which are assumed constant through the adhesive are given by 

"i -'h 

v, + i/-. 

(13) 

where u, and //2 are "he .v displacements of the upper adherend lower face and the lower adberend upper fact 

respectively (Eig. 2b). 

»i   =112  + — V2 

(14) 

Hie quantities»,- and v, are the axial and lateral displacements of the midplane of adherend /, respectively, as shown 

in Figure 2b. The middle surface normal strain c,- and curvature A',- in the adherends are given by 

C: -In 

X^-v- 

(15) 

where / refers to adherend number. 
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W.lx. Coiistitulivc Equations 

Constitutive equations must now be introduced to relate material deformations to stresses. The bonded joints 
are composed of both isotropic and orthotropic materials: Isotropie and/or orthotroplc adherends and an isolropic 
adhesive. 

II.2.c.(l) Isotropic Adherend 

The adherends are assumed to be in a state of plane stress in the x-z plane (Fig. 1), i.e., a,, = rvv = r,,z = 0. 
(The additional assumption of plane strain in the.v-r plane, i.e., c, = yxz = yvz - 0 will be introduced later.) Two 
basic theories of plasticity are available for the description of the nonlinear behavior of isolropic materials   deforma- 
tion (total strain) theory and How (increment;! strain) theory. Deformation theory is independent of the loading 
path whereas flow theory depends upon the 1 lading path. Deformation theory will be assumed here. For an iso- 
lropic material in plane stress, the deformation theory of plasticity states that the relationship between stresses and 
strains in the inelastic regime is''' 

0 

0 
0 

2( 1 + v)_ 

I 

1/2 

0 

-i/: 

Ü 

(IM 

where cv,tr. 7vr are the plane stress strains; ov, a,, rV2 are the plane stiesses in the.v-r plane of Figure 1 ;/•.'. r. are 
elastic constants: a, the equivalent stress, is''' 

o = (u"v + a:  - oxn: + iTf 7     >! /2 (17) 

and Cp is the corresponding equivalent plastic strain. Deformation theory assumes thai cp lor the plane stress case 
can be obtained from the uniaxial stress-strain curve at a stress level a, (The o vs c,, curve is identical to ihe av vs cv/) 

curve lor uniaxial stress.) Since the plastic strain is the difference between the lolal strain and the elastic component, 
one has 

c,, =c 
/■; 

(IS) 

where c is equivalent total strain at a stress level a. If the Ramberg-Osgood'-' approximation to the stress-strain 
curve is used, the relationship between ä and?can be expressed by: 

(I1)) 

where o0 and /; are material constants selected such that Equation (l1)) llts the nonlinear portion of the uniaxial 
stress-strain curve. (See Discrete Element Analysis, Section III.) 

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

I        -"n 

-vn 

0 0 

(20) 

*Raised numbers in parentheses refer to entries in the List of References 
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m which Hs. the secant modulus, is 

^=- (21: 

mid i'p. tlie plastic Poisson's ratio, is 

Inversion of Equation (20) yields the stresses in terms of strain as 

(2: 

d-^) 

0 0 
0 "V 

Txz 

(:'3) 

in which, now, the equivalent stress a is found from the uniaxial stress-strain curve at an equivalent strain jf 

e = 
d-^) 

{\ -fp + »Diel + el) + (4vp - \ -^)evez+-(l - Vpf yl2 
' 4 . 

(241 

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

a. = 
/•■■.v 

(1-^) 

/•■ !5) 
0~ = V P(\-vl) 

T.v: = 0 

and 

_   (\~vp + v2
p)
v2 

e = c v (26) 

it will be convenient, for later developments, to separate the stress into two components   the stresses which wcu'd 
be present if the strains were totally elastic and the stresses which must be subtracted from thes'. stresses to account 
for plasticity, i e.. 

E 

(rvr^0- 
vE 

a, = u^r-"0- 
(27) 

wli ere the fictitious stresses aXp and aZp, herein termed plastic stresses, are given by: 
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in which: 

G\-« = r £■    ^ £ 

O^n   = 

.(l-^2)    (\-u2
p i (l-^2) 

L n-^2) (i-v2
Pi 

t 

'   O-^2) 

I-r? 
L J 

'? = 

(28) 

(29) 

In the analysis of Ihe adlierend, the relationship between the s   .. 
itrains is desired. In the customary fashion, one defines the stress-resultant normal force in the.* direction o 

the adherend as: 
^.cc strains is desired. In the customi;r;}a^"-",J,,,F^VVCi:'- ^ S,reSS reSU"an, in the * dWeC{km and middle sur- 

1/2 
N=   foxdy 

in 

and ihe stress resultant moment as 

(30) 

ill 

M^   faxvdy 
■1/2 

here I is the adherend thickness. Employing the a: 

(31 ) 

assumption that plane sections remain plane, one has 

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

For an Isotropie plate, one employs Equations (J?), (30), (31), and (32) to arrive at the following plate cons 
tutive equations: 

(32) 

where 

and the plastic stress resultants are: 

N = Ae~N, 

M = DX - M„ 

Et 

D = 

(\-u2) 

Et3 

\2(\-u2) 

1/2 

NP=   foxpdy 
rt/2 

tl2 
M

P
=
 foxpyty 
-tl2 

(3J) 

(34) 

(35) 
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HE: I'oi purposes of numerical integration, the Isotropie plate thickness will be divided into nine equal layers so that the 
plastic stress resultants can be written as 

t:-: 

(36) 
' k=\ 

1 k=\ 

where k refers to the layer number and;'* is the distance to the center of the layer f. jm the middle surface. Intro- 
ducing the strain-displacement relationships of Equation (15), Equation (33) can be written as 

in = 
A, 

(37) 

where the subscript / has been added to denote , dherend number. 

Ii.2.c.(2) Orthotropic Adherend 

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

ec 

r 
•S'M ■v.: 0~ 

.v12 S22 0 3 
a 

_0 0 .^6 6 0 

0 

0 

3at, „ 

(38) 

where the subscripts C and /. correspond to the principal material directions. The V-axis is along the libers and the 
/-axis is perpendicular to the fibers in the plane of a typical lamina (see Eig. 3). The quantities.*), , ..S] 2 .-V;:, and 
S(,h are elastic constants in the principal material directions: 

S\2= -'•'till--'*; =^';H'//•-'/ 

^22= 1/^ 

^6 6   =   1/GC, 

where Z:\i,Z:",,apd Gn are the elastic orthotropic moduli and vn is the orthotropic Poisson's ratio. The equivalent 
stress corresponding to Equation (38) is: 

W) 

a = (a, 1 as +022 a? + 2a, 20^ + 3a66rQ,)' (40) 

The quantities a;y are, in general, variables dependent upon the state of stress. Their values will be discussed shortly. 
It is apparent that, for isotropic materials (isotropic strain-hardening), one has a, j =022 =Q:66 = 1 anda^ =—1/2; 
i.e.. the a,y are constant, and (Tp is determined from a single uniaxial stress-strain curve. This will not be the case for 
orthotropic materials. 
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X.-tr     RiBhl Hand Cciordin.it. 
Syatcm for : 
«(1).   1(2),   vUl 
'(1).   t(i),   y(3) 

Fiber Di rcction 

0\   1 o 
rt \ 

/ 

vlt-   nd.'oft      ' /        K,,   n,.  <T0/ 

Normal to 
Fiber Direction 

Tlie values of a,), a, 2,022 ,066, and ep are 
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 orthoiropic material is characterized by 
the four uniaxial curves shown in '.-igure 3, which 
are obtained by uniaxial tests of; typical lamina, 
i.e., uniaxial normal stress vests in the ß and / direc- 
tions and a pure shear stress lest in the tz-plane. 
Each curve is to be approximated by a Ramberg- 
Osgood law, so that, for the uniaxial tests, one has 

lJniaxiaLSlress_at 

3 /a, Vn 

7 W / 

3 /o,\"" 

7 \öOU 

Uniaxial Stress a, 

C,  =S22<I,   +  -   .S'2 2 00, 
7 \ On 

(41a) 

(41 b) 

(41c) 

In-Plane Shear 7 Lii 

FIGURE 3. MATERIAL COORDINATES t,/. r AND 
STRESS-STRAIN CURVES FROM UNIAXIAL 
STRESS TESTS IN PRINCIPAL DIRECTIONS 

7w ~ ^ , 67u +     •''ftft'ow 
1 w 

'ow 
I41d) 

where the « s.m^,. and OQ'S. and 70W are material constants selected such that Equations (41a). (41b). (4 Ic), and 
(41 d) fit the curves in Figure 3. The elastic constants are the same as those given in Equation (3X). 

For a uniaxial test in the ^ direction. Equations (3H) and (40)gi\e the strain in the t direction as 

c^ =.S', ,ot;+N/ä7T ?„   ;    aK (42) 

By comparison with Equation (41a), it is apparent that both a, , and c^ cannot be determined uniquely; i.e.. either 
»i 1 or Cp is arbitrary. It is convenient to select 

(43) 

so that, from (41a) and (41 

-      3 /°V" 
7 Vffoc/ 

(44) 

In other words, we have 'Ufined the uniaxial stress-strain curve in the C direction [Eq. (41 a)] to be the equivalent 
stress-strain curve, 
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_     3 o 

7 \anv 

"c 
(45) 

Using tlie remaining tlirce equations (41 b, c, d) in a similar manner, one finds (note that e^ is now defined by 
liquation (44)] 

«12 
SJ2O0V, / ö \"*' /üOV\"* 

»2 2   = 
(46) 

Replacing c,, by 

«6 6 
■<,'i i Ooi.   Vovr T) 

"(,' 
wf, i   1 

<„ = e    .V, , o 

in liquation (iW), and letting Q| ; be unity in liquation (40), gives 

.V,:s .V22.V 

(I 

and 

a - {oi +a,:a,2 + 2Q, 201.0, + 30,^7^,)' 2 

where the orthotropic secant compliance ehments are given by: 

(47) 

(4SI 

140) 

•S-M.V = _ 
(; 

IM)) 

'<> 2 2 x = ^'2 2 + O2 2 ('">' 1 1 s  " ^ 1 1 ) 

•V(,6.v ='S'(.o + 3af),1(.S'1 lv - .S'| 1 ) 

which corresponds to liquation (20) for Isotropie materials.  For a given stress slate ot, «,, rvi and given material 
constants, liquations (45). (46), (48), and (4')) completely define the state of strain. However, the definition is not 
explicit since liquations (45), (46), and (4C)) represent five nonlinear equations in the five unknowns ö, f. a, :,Q'::, 
and a66. 
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06 6.. H 
Inversion ol' liquation (48) yields the stresses in terms of the strains as 

~ÖM.S- Öm 0 

0,2.v QltS- 

0 Ü 

where the secant stiffness elements J//v, are given by 

Q\\S ~ $2 2 s/(S 1 I ,V^2 2 .V — ^1 2 S ' 

öl 2s ~ ~S\ 2.v/(^l \S^22s ~Sl2s) 

QllS =S\  1 s/C^l I .V^2 2.V ~" ^ 1 2 V ) 

(?6 6,v=   1/.SV.6.V 

The equivalent strain, obtained by combining Equations (50), (49) and (51), is found as: 

e = (^,cf
2 +/322e/

2 +2^,2e,c,+ .%r,7i;,)l/2 

in which 

(i, i =iQ2^^s+a^2Q2x2s + 2a120i i,v(?12,v).S1,, 

/^i2 = IÖ,,,v(2,2,v + «2.022.VÖ1 ..■ + a, 2(c;, ,,r;22, + (7i: v)|.sM s 

ft 2   = ((?' 2 ,v + »2 2 Ql 2 .V + 2a , 2 0 ,     VÖ2 2 .V ^ , ,v 

Phh   _ Ql. f, CT. fi.V' I   I V 

Separating the stresses into two c 

n a,   • 

IS 

»nponents,''s for i'-Mropic materials in liquation (27), gives 

12,1 0,2 0" 

0,2 Ö2 2 

0 

0 

CA,6 f7wl       'HV/J 

in which the elastic stiffness elements C/, 

(51) 

(52) 

(53) 

(54) 

(55) 

elastic compliance elements in liquation (39), and 

"on -on. 0,2-0,2, 

öl2-Ö,2.V 02 2-02 2, 

e//;;   L     0 0 

// are as given in liquation (52) without the subscript .v, i.e., in terms of tli 

C7. 0 

0 

06 6  -06 6.V 

(56) 

When dealing with orthotropic materials, it is necessary to transform stresses and strains from lhe.v-r coordi- 
nate system to the principal material directions (C-/) and vice versa (see Fig. 3). The stresses in the.v-r co 
system arc given in terms of the stresses in the t1-/ coordinate system by oordinatc 

II 
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where 

—sc 

s = sin i// 

c = cos \// 

ISC 

c2 - .v2 

Ofi 

Tu I 

(57) 

(58) 

.UKI J, is shown in Figure 3. Similarly, the «trains in the H-t plane, due to strains in the .v direction, arc (note, by the 
plane strain assumption in the.v-_i' plane, ez =7.v? = 0) 

(54) 

In a manner similar to that used for Isotropie adherends, liquations (55), (30), (31), and (32) and the transfor- 
mation liquation (57) are used to obtain the consiitutive equations for a laminated plate composed of different 
layers of an orthotropic material. Assuming symmetry of the laminated adherend plate about its midplane. one 
again arrives at Equation (33) for the plate constitutive equations, except in this case the constants.-1 and I) are 
defined as: 

k 

(60) 

0 = EOn 
k 

lk(vk)2 + 
if' 

,k  :.. where I   is the thickness of layer A', 

Q'i .=1011^+2(0,2+ 2Q, 6 )c2 s2 + Q2 2 ,v41 k (61 

and .v and c are defined in Equation (58). In Equation (60), the sum on A- is laken over all the layers in the laminate. 
'Hie plasl'j stress resultants for the laminate are found as 

(62) 

Mp = Tla
kxp'kyk 

k 

ll.2.c.(3) Isotropie Adhesive 

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

The relations for the three-dimensional stress state will now be specialized for the adhesive. The normal stress in the 
x direction is neglected, av = 0. Since the joint is assumed to be in a state of plane strain in the.v-v 'Mane, one has 
7(- = 7i- = 0- Hence, the equations of Reference (I) apply to the adhesive in the following form 

"^"■—n-^^-"-'■ "*•- ^ 
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where now 

-Vr. 

0 0 

0 

0 (63) 

a = (a,, + az - avaz + 37*,. 2     >l/2 (64) 

is the equivalent stress. /;'s. and v,, are defined by liquations (21) and (22) respectively. Inversion of Equation (63) 

and introduction of the other zero strain for the plane strain assumption, ez = 0, gives 

/••,v 

Cy 
Vpl'-S 

O-Vp)  y 

Txy~2(l+un)
yxy 

(65) 

Now the equivalent stress a is found from the uniaxial stress strain curve at an equivalent strain of 

1 
e = 

(1 -4) 

3 
(1 -up+^)ei.+~{] -vprr 

4 
2 .,2 

.vv (66) 

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

he 

(l-V)     p 

(67) 

r = Gy 'v 

in which the subscripts on the adhesive stresses and strains have been removed, i.e., a has replaced a,., r replaced 
7V,., c replaced e,,., and 7 replaced 7V,.. The plastic stresses are given by 

/• Es 

(\~v2)     (\-vl) 
(b'c 

G 
t's 

2(1 +vpl 

Introducing the compatibility equations for the adhesive (Equation (13)], the stress-displacement relationship for 

the adhesive is 

r = - (;/, - »2) + — (' 1 i^i - '2 ^2) - i"„ 
/ It ' 

E 
" = - ^(^l   +v2)-On 

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

(69a) 

(6%) 

13 
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11 .\vl   Covoniing DilTcrcntinl liquation 

Pie 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 (6C)) and employ- 
mi: (12) gives 

where 

0"" +p[0 -p2(!> = q, +(12 

<t>" -P-A+PAO =<h +q\ 

(70) 

/•;    / i     i 
P , --- —    -   - ■ + - 

/(I    ^)V\    lh 

P2    2/(1 - p2)V),     /)-,/ 

c 1    I]    t\ 
/; =  . __ + __ + — + — 

l\A,     A 2     41) l     4D2 

Cl /, 
/'.. = 

/VD,     /), (71 

'/i 

PKi 

at(\     v2)\P)     D2 

21 ■      lMLll + MJJL 
t{\     P2)\/;,        D2 

'/: 

<h 

-<>„ 

PC I I        / / /,        /: 
— +   -      -   + 

A 2     laXl),     D- 

:^ii ^ip    i^'tp +'^'-n 

■h /;, /). 

(h -'/' 

liquations (70) represent the governing differential equations for the single lap joint. !t will be noted thai they are 
nonlinear equations since the plastic quantities/V//;,A/,p, Up. and Tp are nonlinear functions of the displacements, 
iiowever. as the equations are written, the portions on the left are linear differentia1 equations with constant coeffi- 
cients (/;, are constants). The portions on the right (c/,) which contain the plastic portions are nonlinear,  liqua- 
tions (70) are. thus, in proper form for an iterative solution   to be discussed in Section 11.5. ll is apparent that the 
equations become uncoupled if both adherends are identical; i.e.,p2 =/>., = 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 .v = 0 and the stress resultants in the lower adherend be zero at 
v = r: 

A', =/!'/, =Vl=0     .;     .v = 0 

A'o =M2 = K. =0     at     x = c 

By substituting Fqnations (12) into (72), one arrives at (he boundary conditions in terms of 0 and 0 as 

ri) 
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.Y = 0 

0o = ~P 

0 -1(5-) 

X = c 

<!>c=P 

P let 
öc = r( — h . a -> 

(73) 

iffäi 

Ön o;, 
/^ 

Tiicse bi und.iiy conditions, along with liquations (70) and the constitutive equations of Section II.2.C, are the gov- 
erning equations for the bonded single lap joint. 

11.3. DOUBLIi 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 A^ and shear Fj vanish 

everywhere. Equating the total forces and 
moments on adherends I and 2 to zero gives 
the equilibrium equations as 

V|   4 dV| 

Adhcrond   1      Ni 

M,       V, /                   \ 
/ 

OO            öOoooo "/ 
0«00           WSDO 

'V 
V 

       — > 
1    1     1 

ij   *■ dM| 

Ni   t dN| 

I 
Adheaive       T 

■I —i—ii 

1 mx i 
i  \ 

Adherend 2     N2 

t    t     f   ■ 

tzu 
z X 

  
 — 

'^ "o       Z       Z         a       o     ö      o   
1        1         1 

N2 + dNj 

Adheaive       T  PM   M, 

Adherend   1     Ni 

M|      V, 

I      I      r 
Ml   * dMl 

-^   N|  + dN] 

V, tdV, 

dA', 

dv 
T = ()      j 

-  + 2r = (>   1 

(74a) 
dA 

dv 

 a = ü 
dv (74bi 

dU, 

dv 
I', + ^°i 

(74c) 

/V/2 = 0 

where the notation is as dellned previously in 
accordance with Figures 1 and 4. Subtracting 
Equations (74a) and solving for T yields 

r = -0' (75) 

FIGURE 4. FREE BODY OF AN ELEMENT OF 
INFINITESIMAL LENGTH OF A BONDED 

DOUBLE LAP JOINT 

where 

0=A'i 
No 

-> (76) 
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llu' iioimal stress is given by the first of Equations (74b) as 

oi. introducing liquations (74a) and (74c), 

d.v 
(77) 

wiierc 

a = -0 
2 

M, + H--NT) 

(78) 

(79) 

Hquilibrium of the overall joint requires that (see Fig. lb) 

N2 
A', + P = 0 ■0) 

Solving for the stress resultants from Equations (74c), (76), (71)), and (80) gives the stress resultants in term.; of the 
unknown functions 0 and 0 as 

I 
A', = :(l> + (p) 

N2 =/>-(!> 

/i'/, = - l 0 - - 0 
(81 ) 

One now proceeds to introduce the compatibility and constitutive equations, (6C)) and (37), in a manner almost 
identical lo that followed for (he single lap joint. Noting that, by symmetry, the lateral displacement of Adherend 2 
is zero, one finds the governing differential equations to be: 

0"" + P]0 - P2<t> = q\ +<•/" 

<>" - PiQ+ruO =q3 + c/'4 

where now the quantities/;,- and q, are defined by 

r: 
P\ = 

(1 -P2)tDl 

P2 
/■;/, 

/ V/l,     A2     4Z), 

2(1 -v2)tDi 

PA 
2//), 

2EM 
Q\ = 

'P qz =-2op 

73 

//Ml -v2) 

t   Vi     A2 )     i yAi A2 Z), 
74 = -•% 

(82) 

(83) 
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Hie roadoi will note the obvious similarity between these equations and those for the single lap joints. In fact, by 
replacing,V, with A';/:,.42 with/l2/2, and i/D2 with zero, and dropping the x-c/2 term (letting7= 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 equationsyW2 = K2 = 0 at x = c are redundant since this has already 
been used as a symmetry condition. Hence, two additional equations are required at JC = c. By symmetry of the 
joint about the vertical centerline in Figure 1, the shear F, must be zero at x = c. It is now assumed that M, is also 
zero at x = c. The boundary conditions then become, by Equations (81), 

^ = 0 x =c 

<t>o=-P 

P'l 

<t>c=P 

Pi i 
0c=~ 

(84) 

0o=0 e'c = o 

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

11.4. STEP LAP JOINT 

Figure 1c shows schematically a step lap bonded joint under an axial tension,/3. The total number of horizon- 
tal sections or "treads" is /?, the number of risers being R + \. 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 
subscripts. For example,/,r is the thickness of the upper adherend (adherend 1 in Fig. Ic) at the/'th tread.   Fhe 
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 

r = — 0' (85) 

where 

■-N, -N2 (86) 

and 

o = -0' (87) 

where 

0=Mi +M2 +-—-(yv, -N2) 
4 

(88) 

Equilibrium of the overall joint, as found from Figure 1c, requires that 

N1 +N2 -P = 0 

17 

(89) 
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.uui 

i: t p 
/W, -M2 +-(A'1 -N7)--(t] -t2) = 0 

2 4 
(90) 

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

A', =-{P + <t>) 

N2=-(P-4>) 

M 
o 

hU 

ö+-(/, -h)-- 

P h 
0--(t] -r2) + - , 

4 2   J 

0' 

0' 
(91) 

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

0"" +pi0 -p2<t> = qi +q2 

<t>" -Psö+Ptd =q3 +q'A 

in which, except for f/, and q^, the p, and (/,■ are identical to those listed for the single lap; i.e.; 

(92) 

1        1 
— + — 

r(l-i/')\Z),    D2 

I 

P\ 

P2    2/(1 -v2) \D,     D2 

Gl   \       1       t]        t\ 
pi=-[ —+ —+ + 

t\Ax     A2    4Di     4D2 

PA 
G //,      t2 

2t VD,     D2 

Pt'      /t,-t2\/\        I 
'l\ 

l(\-v2)\     4    / VD,      02/     t(\~vi)\Di       D2 

21-:     I Mjp | A/2p 

(93) 

q-i = ^2c P 

PG 1 

A2 

//, - r2\ 
(— + — 
\DX     D2 1 \    8   / 

q.=-2T P 

G 
+ -- 

/ 

gA^ip     2yV2p     /|A/lp M/ 
+ ■ 

/<, /lj D, D. 

2P 

*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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Hie 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. 

Wien Equation (92) has been written and its general solution found for each o? 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 - \) 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/-. The length of the segment, 5, goes to zero in the limit. The continuity conditions for the 

lvl)r-l 

(Mllr-I 
IN,! I'l), I'r-I 

Mr.lf-~'Vr 
v2r 

6    —»•   0 

(a)    Forceaon   Upper Adherendat r   'Riaer (b)    Diaplacementfl at   r       Riaer 

FIGURE 5. FORCES AND DISPLACEMENTS OFnh RISER 

stress resultants are obtained by satisfying equilibrium of the free body of the upper adherend in Figure 5a. Assum- 
ing that no force is transmitted by the adhesive in the riser, one has 

(yW,),., -Mlr+Nlr 
't\r    OiV-i 

= 0 (94a) 

(TV,),., -AV = O 

(^.,-^ = 0 

where now the subscripts r and r — 1 are required to refer to a particular tread. According to Figure 
ties for tread r- 1 are evaluated at A>-) = 6,--, and for tread r at xr = 0. 

From Figure 5b, continuity of the lateral displacements and rotations requires that 

("iV-i =v\r OMr-i ~v2r 

{v\)r-i =v'\t (v'T.)r-\ =v\r 

Continuity of longitudinal displacements is satisfied if 

(94b) 

(94c) 

the quanti- 

(95a) 

(95b) 

"l/- = (Wi)r-l +~{V\)r- 

"2r = ("2)/-i ~-{Vi)r-\ 

19 

(95c) 
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«ho to 

^ = 'ir-('l>-l =(^)/-i -/ir 

By subtracting Equations ''QSc), we obtain 

Wu--"2/- = (wi)r-i ~("2)r-i +-[(i'i)/-i +{l'2)/--l] 

Now. from Equation (69a), one finds 

Wir - "2/- = ~(rr + Tpr) - - (t]r
vir- hr^r) 

G ' 2 

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

Gh    , , Gh      , 
^r + Tpr--~(v]r + V2r) = Tr^  +(Tp)r.]  +— [d'-V-i  +(^2^-1 I 

(96) 

(97) 

(98) 

By Equation (Mb), this becomes 

Gh(\-v2)    , 
T, + Tpr 

21: 

Gh(\-i>2)     , 
(ar + apr) = Tr.l +(TpV-1 + — [a^., +(o,,)/--i (99) 

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

(fiV-i +iv2)r-, =v]r + v7r 

which, by Equation (69b), becomes 

Or-i   +(Op)r.]   =Ur + Opr 

Similarly, the equation for continuity of rotations becomes 

o'r-f  +la'p)r-\ =o'r + Opr 

(100) 

(101) 

(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 c/,- in Equations (93), these conti- 
nuity conditions become, respectively, 

h h 
0r-\ +-0/--1 =0r--'>r 

<t>r-\ =(iV 

<?;., =o; 

67i(l-^)                                                Gli(\-v2)     „ (10-Vi 

<>'r\ -(^V-i + IT  \0'r'\ -(^2V-l] =<Pr'(hr —  [Or   -Qlr] 
2E 2E 

0'r'-i -^2>-i =0"-(hr 

ö,-i -(^2V-i =0r  -qlr 

20 
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when? again the subscript r - 1 refers to a quantity for tread r ~ 1 evaluated at xr-i = br^ , and the subscript r to a 
quantity for tread r evaluated at xr = zero. 

The boundary conditions at the two end risers, r = 1 and r = /? + 1, are obtained from equilibrium considera- 
tions. At the first riser, one has 

yv,, =yw1 , = (/,, =0 

and, at the/? + 1 riser, 

K2R =M2R = V2R = 0 

In terms of 0 and Ö, the boundary conditions become, respectively, 

(104) 

(105) 

0 XR =bR 

0i =-('2i -3/,,) 
4 

0', =0 

^=P 

OR 
=-At\R -^2R) 

4 

(106) 

0^=0 

where the second subscript again refers to the tread number. The solution of the nonlinear liquations (^2 ) with the 
compatibility Equations (1C3), boundary conditions (106), and constitutive equations for the step lap joint will be 
discussed in Section 11.5. 

11.5. SOLUTION TO DIFFERENTIAL EQUATIONS 

11.5.a. General Procedure 

The differential equations governing the behavior of single lap (70), double lap (82). and step lap (t)2) bonded 
join's are all of the same general form: 

0"" +p,0 -p2<>-q\ +(l2 

(p" -PIÖ+PAO -q3 +q'A 

(107) 

where thep,- are constants and 'lie q/ are functions of the applied load P, the plastic stress resultants in the adherends. 
and the plastic stresses in the adhesive. The quantitiesp,- and q, are given in Sections 11.2,11.3 and 11.4 for each of 
the respective joints   It is apparent that this set of equations is actually two nonlinear coupled differential equations 
since the q, are nonlinear functions of the srress resultants and stresses and, hence, of 0and 0. The general approach 
will be to solve this set of nonlinear equations by iteration. Equation (107) is written as 

Wy+p^i-p^'^qi-' +«h)/M 

(0"y-p30/+p4ö/ = ^-1 +(q'4)''
[ 

108) 

where; 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/ we have the f/,- from 
the previous iteration (/ - 1), then the functions 6 and 0 for the current iteration/ are obtained by solving 
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1 quationsOOH") subject to the boundary (and continuity for the step lap) conditions. Symbolically, this may be 
writ ten as 

0' ^O'iql1 ,.x) 

4>' =(l>'iq'i~
,,x) 

(109) 

(110) 

With these functions of 0 and 0, the adhesive stresses and adherend stress resultants may be obtain'd by equations 
presented in Section 11.2,11.3, or 11.4, e.g.. Equations (2), (5), and (12): 

T' = T'(<P') 

o' ^a'W') 

N'i=Nj(0'\(t>',x) 

M{ = MiiO',(!>' ,x) 

where / refers to the adherend number. Using these new values of the stresses and the previous values of the plastic 
stresses (contained hi f/y '). the pertinent strains can be computed by the constitutive equations of Section 11.2. e.g.. 
liquation (20). These strains are then employed to compute new values of the plastic stress, e.g., by Equation (28), 
and, hence, new values off/,-: 

qi=qi(T'.a',N'i.Mi,l\x) (111) 

lliis completes iteration/. The solution process now returns to Equation (10')) to begin iteration/ + j. Iteration 
continues until there is an insignificant change in the plastic stresses. Tnis solution will be discussed in more detail 
in the remainder of this section. 

ll.S.b. Homogeneous Solution 

The homogeneous equation corresponding to Equations (107) is 

0"" +/),Ö    /;20 = O 

0" - piQ + [uO =0 
:ii2) 

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 involved. Following the standard procedure for the solution of linear differential equations with constant 
coefficients, one assumes a solution of the form 

<p = Cle
px 

0=C.epx 
(113) 

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

where 

r3 -par2 +p1r-PiP3 +/^P4=o 

T = P
2 

(114) 

(115) 
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Hquaiion (114) has one real, positive root, F,, which can be found numerically. (Note that for equal adherends in 
the single lap.p2 =IU - 0, and the real, positive root is giv ^ by 1^ =^3.)* 

P, = real, positive root of Equation (114) 

Then the other two roots are the complex conjugates: 

r2,r3=f, ±/f2 

where 

f, 
Pa-r 

$2   = 
P1P3 ~P7PA   I r, -p 2"! 

Tlie complete set of six roots for p can now be written using Equations (115) and (1 17) as 

Pi =X 

p2 =-X 

p., =Q +iß 

P4 = -a - /|3 

Ps =ot-iß 

p6 = -a + iß 

where 

x = N/r7 

P3 1   1 

4       4 

/PiPs -P2P4 

13 = 
4       4 

3   ,       ffhPi -~P PIP* 

(1161 

(117) 

(118) 

I'M 

(i:o) 

♦Equation (I 14) will have one real root and two complex conjugate roots if 

21 plpl +4p? +4/ji(p,P3 -P2P4)+PiP3(8piP3 -36p2p4)>0 

'Iliis will generally be true sincep^s >p1pn. 
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Hie homogeneous solution to Equation (112) can, thus, be written in matrix notation as 

0={/(-v)}7'      (C,) 

o = im)r    {Ci) 

in which 

re\x -\ 

</(A-)i'   =( 
eax cos ßx 

eax sin ßx 

e ax cosßx 

\__c ax sin ßxj 

and llie arbitrary constants are 

CM 

C15 

) ; 'c- i 

rc\^ 

C22 

(121) 

(122) 

(123) 

Only six ot'lhe twelve constants C,,- and ('2, are arbitrary; the other six are determined by substitution into Equa- 
tion Alter some lengthy algebraic manipulations, one obtains: 

{C\)   =\1\\ {C) 

{(\)   =\T2] [C] 

where  {C} is another vector of arbitrary constants and 

10           0 0 

11; 41 

\T\ 

0 1 0 

0 0 62 

0 0 ^i 

0 0 0 

000 

0 

-63 

ö2 

0 

0 

24 

0 ()- 

0 0 

0 0 

0 0 

5 2 6.! 

-83 62 

(125) 
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|7M = 

5, 0 0 0 0 ' 1 

0 5. 0 0 0 0 

0 0 1 0 0 0 

0 0 0 1 0 0 

0 0 0 0 1 0 

0 0 0 0 0 I 

(125) 

in wnicr 

P2 

Pi +x4 

-(a2 -ß2-p3)p. 

(a2 -ß2 -p3)2+4a2/32 

-2c#4 
3    (a2 -ß2 -p3)

2 +4a2|32 

Substituting Equations (1 24) into Equation (121) gives the homogeneous solution as 

0= {/}r[Vi  {C} 

0= {f)T[T2]{C} 

It will be convenient, for computation purposes, to determine the derivatives of (/}    as 

{nT={f)Tiä] 
where 

Id] 

X 0 0 0 0 0~ 

0 -A 0 0 0 0 

0 0 a ß 0 0 

0 0 -ß a 0 0 

0 0 0 0 —a ß 

,0 0 0 0 -ß —a 

Tlie reader will note that, for the special case of equal adherends in the single lap, one has 

Special Case-Equal Adherends in a Single Lap 

P2 =p4 =0 

r, =^3 

25 
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(127) 

(128) 

(129) 
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a = ß- fi 
5, =62 =63 =0 

■ i 

j 

and, hence, the homogeneous differential equations uncouple. 

.5.c. 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  {C) in the homogenous 
solution [liquation (127)] are functions of.v; i.e.. 

0= {fix))T\Ti] {ax)} 

0= {/(.v)} 7'[721   {C(x)) 
(130) 

I! 

Successive differentiation!, of Equations (130) aie made and conditions employed on these derivatives to ensure salis 
faction of the differential Equations (107): 

0'H/'}rir,i \c)+{f)T\Tx] {C) 

Condition 1:   {f)T \TX]   {C) = f/4 

ö'= {r)r\T2] {c} + {/}r|r2| [C] 

Condition 2:   {f)T \T1\ [C] =0 

<>"= {f")1' \TA {C)+{I
,)T\TA {C')+q\ 

Condition 3:   \f')T {T^] {C) =q,, 

0"- {f"}TlT2\ {c) +{/'}r|r2| (c'} 

Condition 4:   {/'} 7 [^l  {C) =q2 

0..,= {r^7-|72|  (C} +{/"}•'■ |72|  {C)  +q'2 

Conditions:   {/"} T \12\   {€') =0 

0""= {f"")r\T,\  {C) +{f",)r\T2\   {C} +q"2 

Condition 6:   {f"')T \T2]   {C)  =ql 

(131) 

In summary, the six conditions on  {C'l   i are 

\h(x)]   (C'(.v)} =  {qi.x)] (132) 
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(^(•v)}  =/ 

^4^ 

0 

0 

(133) 

and |/((.v)| is the 6 X 6 matrix 

|/'(.v)|=< 

fif)T\T,]   ^ 

{f}T\T2\ 

in rn\\ 
in T\T2\ 

inT IT. 

Kin T
\TU.J 

(134) 

Solving for   {C(.v)}  from liquation (132) gives 

(C(.v)}  = {Co} +S\h(y)]'  {q(y))d} 

0 
(135) 

where    C0     is a vector of arbitrary constants and v 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 of c/, and c/A.) Thus, 
the complete general solution is given by Equations (130) and (135): 

{/(.v))7"^,]   {{C0 ) + f \hiv)]-1 {qiv)) 6y) 

36) 

0 = [fix)) T [T,]    ({Co } +/ \h(y)\"' {q{y) }dl-) 
0 

Tlie reader can satisfy himself that Equation (136) indeed satisfies Equation (107) by substitution and use of the 
conditions (131). 
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II vd   BoundaiA Conditions for Single, Double, and Step Lap Joints 

According to the developments of Section 11.2,11.3, and 11.4, the boundary conditions are specified as 

.v = 0 x = c 

0 =00 <P = fpc 

o =o0 0 =oc 

0' = 0'o ö' = O;. 

(137) 

where C'o.^o. elt-'--;ire specified values of 0 and 0 at the boundaries. Substituting these conditions into Equa- 
tions (136) and solving for the arbitrary constants  {C0)  gives: 

0 

0 

0 

C0 = |//| 

{f(<-'))T \TAf l/'f Mdv 

{f(c))T\T2]f \hV' {q)<ly 
0 

{f\c))T\T2\f  \hVX {q)A} 

0 

in which 

(138) 

and |//] is the 6 X 6 matrix 

(M   ={ 

^O 

0r 

oc 

(139) 
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m (//] 

{/(0)}r 
[T>] 

im)7 
IT2] 

{/'(O)} r\T2] 

{f(c)}T IT,] 

iAO) r in] 

{no}' >2] 

(140) 

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

\F{x)] = \h(x)] [//| 

this solution can be written as 

0        0       0        0        0 

_0        1        0       0        0        0 

where 

r v 

[0] 
\F(x)]   ({0o}   +  i'Ppix))) 

~\ 

{<t>P(x)} =< 

ye.o 
0 

')di 

/02O 
fi 

)d) 

.V 

/CM* 
0 

)dt 

c 

x 
fQs(.y)dy 
c 

X 

fQ6iy)dy 
c 

and the quantities ß/O') are elements of the vector [Qiy)} : 

{Qi}')) =\F(y)V' {qiy)) 

(141) 

(14: 

(14.- 

(144) 
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d 
V\\c inicgrals in  (Opt.v)} will be evaluated numerically by a standard IBM integration subroutine. The adhesive 
duMi and normal stresses are obtained as derivatives of0 and ö.e.g., Equations (2) and (5). Using the conditions in 
Kjuaiion (131), the complete solution can be summarized as 

r rir\ 

o' 

2a 

^2o'j 

\=\nx)\   ((0o}   + [tpi*)))   +\ 

^0^ 

0 

0 

KS'O 

(145) 

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

11.5.d.( 1) Single Lap Joint 

Equation (145) applies directly to the single lap joint with the quantities/;,- ?nd f// appropriately defined as in 
Section II.2.a. From Equation (73), the vector ((/»o}   is given by: 

r    ~\    ~\ 

1 ct 

2 a 

1 
a 

{0o}   =P\ (146 

1 Ct 

2 -a'h 

T 

^     a        J 
II.S.d.(2) Double Lap Joint 

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

r-n 

»~-p{     ) (147) 

2 

^0 J 
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ll.vd.u^ Stop Lap Joint 

Tor (lie step lap joint. Equation (145) applies to each of the/? treads. The continuity conditions |Equa- 
lion (lO.^l which are to be applied at each intermediate riser, r, can be written by employing Equation (145) as: 

l/V.ll/V-,^,.,)]  [{0o ) r-. +{0p(br-1)},-,] =\Sr][Fr(0)] [{<P0) r +  {^(0)) r] (148) 

where 

K-.l 

0       0       0        0 

10       0       0 

0       0 0       0 

\Sr] 

0        0       0 10 

0        0       0 0 1 

0        0       0 0 0 

0 0 0       0 

hG(] -v2) 

2E 

0 

0 

(149) 

0 0 

0        0        0 

0 

0 0       0        1 

0 0       0        0 

0 0 0        0 

0 

0 

-hG( 1 - v2)\ 

it: 

0 

0 

i 

Tliis provides a set of (i(R - 1) equations for determining the six elements in the R vectors |0O^ ,.. The additional 
six equations are obtained from the boundary conditions in Equation (106) which specify 0,0, and 0' at the end 
risers. 

li.S.e. Iteration Procedure 

The iteration procedure which will be used to solve the system of nonlinear equations was outlined briefly in 
Section ll.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. 
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( \*    lupul p.n.inuMois 

(t)    Cieomctiy (Steps). 

Ct     loads. 

(.>)    Material constants. 

(4)     Laminate layup. 

(B) Compute appropriate constants: 

(1) Adherend stiffnesses |Eq. (60)]. 

(2) Differential equation constants/7/[l:q. (7!)]. 

(3) Characteristic roots [Eq. (1 19)]. -^ 

(4) Coupling coefficients |Eq.(126)]. 

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

(C) Subdivide the joint into a number of stations and set up the \F(x)] and \F(x)\     matrix at each station: 

(1) Setup {/(.Y)} at each station (Eq. (122)]. 

(2) Compute the derivatives at each station |Eq.(128)]. 

(3) Set up |/)(.v)| at each station |Eq.(134)]. 

(4) Set up \H] |Eq.( 140)) and invert. 

(5) Obtain |/-'(.v)| 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, ß,y coeffi- 

cients, and Vp. 

(I-1    Compute the particular integrals in the differential equation solution: 

(1 )    Compute the q, at each station (Eq. (71)]. 

(2)    Find the vector {Q} at each station (Eq. (!44)]. 
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0)    By numerical integration, obtain the particular integrals  {0p}    [Eq.(143)]. This integration is per- 
ormed by the QSF subroutine which is based on Simpson's rule together with Newton's 3/8 rule (see 
isting for details). Truncation error is of order Z;5, where h is the distance between stations. 

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

(G)    Compute the adhesive stresses and adherend stress resultants [Eqs. fl45)and (12)]: 

(For the step lap, insert the computed  {(pp) r into the continuity conditions [Eq. (148)]. By matrix multipli- 
cation, obtain the unknown elements in the/? boundary condition vectors  {0O} r. Note that the coefficient 
matrix was inverted in Step (D).) 

(H)    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 Dp [Eq. (26)]. 

(3) Using (he constant strain method   ', determine the equivalent stress |Eq. (17)] and, hence, the new Hs 

andy,, [Eqs. (21) and (22)]. 

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

(5) Compute the iteration error as 

e = Max o^o 

Adherend Plastic Stress Resultants 

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

(2) Compute the equivalent strain using the previously (Eq. (53)]. 

(3) Using the constant strain method, determine the equivalent stress (Eq. (40)| and, hence, n:w a,y 
(Eq.(46)[. 

(4) Determine the secant compliance ^,ys and stiffness Qijs elements (Eqs. (50) and (52)]. 

(5) Compute the stresses in this layer (Eq. (51)]. 

(6) Compute new values for ß,y [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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(S)    Compute the iteration error 

f = Max —'- — 
A'n 

as 

Np^0 

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

(1)     If the maximum error is greater than prescribed, return to Step (F) and continue iteration. Otherwise, iteration 
is complete and the current stresses are the final values for the prescribed load. 
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SECTION 111 

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 stress, 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. It 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 Isotropie 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., 
Isotropie in 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 V. direction is independent 
of the other s'ress levels. 

(3) Deformation theory of plasticity is assumed valid. 

111.2. CONSTITUTIVE EQUATIONS 

III.2.a. Isotiopic Material, Plane Strain 

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

T 

T 

Oy      ov      o- 

(150) 

kv 7.vv 

where .v —y is the longitudinal cross-section plane of the joint so that e, =7ZV = yxz - 0 for plane strain. One can 
write the total strains  |eY\   as the sum of the elastic and plastic strains, i.e.. 

M  =   {tx}e+   HP 
(151 

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

T = 
e y.x {exe\    e)'e     eze     Jxze     Izye 

and, similarly, for {ex\ J. Therefore, though the total strains vanish 

ez =7.vz =7zv =0 

lor plane strain, this does not imply that the elastic and plastic strains, separately, vanish 

(152) 

(153, 

eze    Ixze    Izye    ^ 1 

ezp    Ixzp    Izyp 'P
::0 

NOT TRUE 
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l 01 ilie Isotropie material, since there is nc shear coupling, it happens that the elastic and plastic shear strains are 
.cio. although ezc and ezp are, in general, not zero. For the orthotropic material which has shear coupling, the elas- 
tic and plastic shear strains will not, in general, be zero. 

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

(<M  = [C]   {ex) (154) 

in which 

\C] 
(1 +v)i\-2v) 

l-v 

l-v 

0 

0 

0 

(\-2v) 

0 

0 

0 

0 

0 

0 

Symmetric 
(\-2v) 

(1 

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

{ex)p = \S]P{ox) (155) 

in which 

o 

Symmetric 

0 0 

0 0 

0 0 

0 0 

3 0 

3_ 

where 

Ö =   U \{ax - az}
2 f (az - oyf + (oy - axf ] + 3 [rL + T2

zy + rly ] [ "2 
1       l\"X        "ZJ       ■   \-i -y/ \-y * ,    i L  .%i ^_, -^^  ■   1 

is tiie effective stress and e^ is the effective plastic strain which may be found from thj material stress-strain curve in 
uniaxial stress. If the Ramberg-Osgood law* ' is used to approximate the stress-strain curve, one has 

S    3ao/0\" 
e = — +    — 

E     IE \ao/ 
(156) 
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(r . 

in which 

Oo = secant yield stress (stress at which the secant modulus = QJE) 

log 

/; = shape factor = I + • 
(7) 

■o 
wiiere 

o, = stress at secant modulus at 0.H5E 

According to the constant strain method'2', the effective plastic strain Cp for a given total effective strain c can be 
found from liquation (156) if it is rewritten as 

lep^'" /a0\' " 
+ €„ (157) 

The above expressions could be simplified slightly by eliniinaiing the elastic and plastic shearing strains yxz and y2y 
since this is an Isotropie material. However, in order to '.^ep the development parallel to the orthotropic case, they 
are included. 

IliJ.b. Orthotropic Material, Plane Strain 

One ply (or lamina) of the adherend composite 
material, Figure 6, is assumed to be orthotropic. The 
principal material directions are l-i-y where ? is paral- 
lel to the fiber direction. Stress and strains in the 
principal material directions arc 

r _ {0V) =  {aV       0,       Oy       TW       T,v        Tyi,) 

(158) 
{e,) ^    C/    Cv    7w    Itv    7vc 

The composite is assumed to he Isotropie in the ,'-v 
plane. 

Separating the total strain into its elastic and 
plastic components, one can write 

H = He
+Mp (159) 

Using Hooke's law, one obtains the stiesses as 

{Oi) - [C\  [e,) e (160) 

Noi^-   Right-Hjnd Coordinitr 
Systcrii for 

«HI. .'Ul.  ylJ).  »nd 
'HI. nil.   /Ill 

., Ctl 

(.,1 

■»/T 'V 

FIGURE 6. ORTHOTROPIC LAMINA COORDINATES 
ß, t,y AND STRESS-STRAIN CURVES FROM UN1- 

AXIAL TEST IN PRINCIPAL DIRECTIONS 
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All the Ej values are lamina elastic constants (some negative) which are obtained as the initial slope of the /th 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.: 

e*P =e^p +€Vip+e*yP 

where ec 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 form 

o      3oo/ / a 
e = — +     — (161 

where e and a are the appropriate stress and strain for each curve,/;',- is the initial r ipe of the curve, o0,- and «/ are 
the quantities corresponding to those given in Equation (156) and / refers to the curve number as given in Figure 6. 
The plastic strains can now be written as* 

C,. 

Itlp 

Ityp 

lyip 

'"0, /u>\ "' + "«> (°1 V' 4 
0A" / "j\ "' 

k',   Vm/ i'l yooyj t\ \o0i/ 

'Lai/fiV' +"<" (".lY' + 
Oo4 / "'', \"' 

*'! VOoi/ i« \Oo4 / i:< \o0,J 

t'oj / th\"'  + i^i! /"'V' +'!?.»/iV' 

°-(^ 

Opt Avt' 

^6   [OO^ 

(162) 

*The plasticity theory used here for orthotropic materials is different than that employed in the theoretical methods. 
The "best" theory has not yet been established by experiments. As the results from the two theories show (see the 
following section), the difference is insignificant. 
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m I 
llu- 11.msfoinialion relating tlie plane strain strain? in the.v-v plane to the strains in the principal material direc- 

'UMIS V-/-r can he written as 

{e,) =[T]   {e,} 

whore {c^}   and   {cv}   are given in Equations (153) and (150), respectively, and [T] is a 6 X 3 matrix: 

(163) 

in 

COS2l// 0 0 

sin21// 0 0 

0 1 0 

sin i// cos ^ 0 0 

0 0 —sin i// 

0 0 cos l// 

in which i// is the angle of fiber orientation as shown in Figure 6. 

III.3. HLEMENT 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 ctiffness 

matrix \k] and the plastic nodal forces [fp)   for the compos- 
ite material: 

Fxi. ' 

FIGURE 7. PLANE STRAIN DISCRETE 
ELEMENT USED FOR NONLINEAR 

JOINT ANALYSIS 

\k]=Ä\B\T\T\T\C\\T\\B\ 

[fp) MÖ]   (Mp 

\D]=Ä[B]T\T]T[C] 

(164) 

(165) 

(166) 

in which [T] is given in Equation (163), [C] in Equation (160), 
{eg}     in Equation (162) and >1 is the element area in the.v-j' 

plane. The matrix \B\ relates the element strains to the nodal 
displacements  [x] (   ,i.e.. 

Kl \B]   {X) (167) 

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

[a,] =[C](m|/i]   {X)- (e?}p) (168) 

The above expressions apply also to the Isotropie adhesive 
material although they can be slightly simplified. For program- 
ming purposes, it is convenient to use the same algorithm for 
the Isotropie and orthotropic materials, hi this regard, Equa- 
tions (164), 065), (166), (167), and (168) are valid for the 
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.uilu-sivo if v is taken equal to zero in [T].   Tlien [C] is found in Equation (154), and Equation (155) is 
used t'ot the plastic strains. 

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

(1) 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. 

(2) Perform an elastic analysis with the current values of {Fp}   to obtain the nodal displacements   {X} : 

{F} +  {Fp}   = \K]  {X) 

For the initial iteration,  {Fpl  =   {o} . 

(3) Calculate the stresses via Equation (168) with the current values of (e6)    , {(^ } „ =0 for 'I16 ^sl 

iteration. 

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

(5) Consider the new plastic strains as initial strains and compute new values of the element plastic forces 
{fp)   by Equation (165). Assemble the element plastic forces into the structural plastic forces {l-p) . 

(6) 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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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.e., single lap, double lap, and step lap, were analyzed by both methods. The 
Narmco 5505 Boron/Epoxy System was taken as the adherend and AF-126-2 as the adhesive. The adherend was a 

©       |0/90/01s 

ZZ2Z2ZZZ]  
I 0/90/01s © 

TABLE 1. 

MATERIAL CONSTANTS FOR RAMBERG- 
OSGOOD APPROXIMATION 

(a)   SitiRlu I. 

(,. '.5 
'P 

0.75 

' 
O    I0/M/Ols 

l(0/90)20)s              0 

   
^    ,.,,_..-.. 

S 

(b)    Double Lap 

(..^5 

|C/90/öls 

"rt/,//.    (?)   |0/90/Ö|s 

[                             Adhesive f AF-126-2) 

G (ksi) T,, (ksi) "     1 
j                     T VS7 175 3.32 2.684 

Adherend (Narmco 55Ü5J                          1 

Curve (/) of r-'igure 6 ^(ksi) o0, (ksi) 
"' 

1    Oc VS Cq 29,600 312.7 4.463 

2 a8 vs e, (ey) 130,000 285.5 5.129 

3 0,(0^,) vsev 1 30,000 285.5 5.129 

4 o,(Oy)^el(iy) 2,750 1 1.91 2.541 

5 o,(oy)^ey(e,) -8,870 10.52 3.350 

6   TC,(TtJ,)vS7l,(->Vv) 933 7.95 2.991 

7 Tty vs t,y 191 68.44 2.031 

(c)   Step Lap 

FIGURE 8. JOINT CONFIGURATIONS FOR 
COMPARISON OF ANALYSIS METHODS 

five-ply laminate (nominal ply thickness 0.0052 in.) with 0°. ^O0. 0°. ^O0. 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, c, 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 I. 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 I. They represent the Ramberg-Osgood 
constants in Equation (I 61) for the uniaxial stress-strain curves in Figure 6. The stress-strain curve for AF-126-2 was 
not a /ailable at the time of the comparison, but those values shown in Table I were thought to be appropriate.(5) 

More recent woik shows that the shear modulus is about 80 ksi'6' instead of the 175 ksi value shown in Table 1 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 obtained from Refer- 
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 transverse unidirectional lamina. Many of the curves for the 
lamina were quite linear to failure, and, thus, do not reach the stress (JQ which corresponds to a secant modulus of 
().7L.  In these cases, the value of ou and /; were determined such that the Ramberg-Osgood approximation passed 
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ihiou^li (wo points on the upper nonlinear portion of the stress-strain curves. For an isotropic material, the 
sohuion toi /; and o0 is 

Sif/.: 

wiiere (o . c ) and (o , t ') are two points on nonlinear portion of the stress-strain curve. 

1V.2. JOINT ANALYSIS 

IV.2.Ü. Discre'e Element Analysis 

The three joints shown in Figure 8 were analyzed by the discrete element computer program discussed in 
Section III. The finite element idealization of the single, double, and step lap joint are shown in Figures 9, IÜ, and 
11, respectively. Joint boundary condition« „:e illustrated schematically in these figures. Material properties listed 
in Table I were used. 

Results from the discrete element analysis Cor 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 cenlroid of each triangular element.  Hence, (he stresses ape evalua(ed 
a( 1/3 and 2/3 thickness levels in (he adhesive.  In 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 lb/inch. This was 
caused by large plastic laminate strains developing in the stress concentration area at (hejunc(ure of a tread and a 
riser. (Note (he change in (he s(ress scale for (he s(ep lap joirK as compared (o (ha( of (he single and double lap 
joinis.) 

IV.2.b. Theoretical Analysis 

The theoretical analysis technique outlined in Section II and programmed foi the CDC 6400 computer was 
also used (o analyze (he join(s in Figure 8. In addidon (o (he geomeiric qiian(i(ies, (he adhesive ma(erial constants 
and the adherend material coiis(an(s for Curves 1. 2, 4, and 6 from Table I were input in(o the program. These four 
curves for the adherend correspond (o (he foui curves in Figure 3 and (he four Equa(ioiis(41a, b, c. and d). For (he 
numerical inlegrafion involved in (his solution, the single lap and double lap were subdivided into 20 equal segments 
(21 s(ations) along (he join(. Each (read of (he step lap was subdivided iiUo 30 equal seginems. The results ofdie 
(heoretical analysis are presented as (he curves in Figures 12, 13, and 14 for (he (hree join(s. 

IV.2.c. Discussion 

i- 

; 

Despite (he differen( assumptions involved in the finite element method and the analytical method, i.e.. 
plastic strain superpositon for (he finile elemen( mediod versus deformad  n theory for the analytical method 
and three dimensional stresses in (he fini'e element mediod versus negl'.gib e shear deformation in the adherends 
for (he analytical mediod, (he comparison of (he resuks in Figure,. 1 ^ -md 13 is qui(e good for (he adhesive 
shear stress in the single and double lap joint. The difference in the >VVü methods for the step lap join( adhesive 
shear (Fig. 14) is probably due to both of the following two causes: 

• Shear deformation is neglected in the adherends for the theoretical method. For the step, the 
adhesive is aUached to the ')0-degree oriented layers. The shear modulus of these layers in the 
plane of the joint is only 191 ksi (see Table I), which is about equal to (lia( of the adhesive itself. 

• Transmission of force through the step risers is neglected in the theoretical method. Hence, the 
(o(a! force is transmitted by shear along the (reads. Thus, the average shear stress for the theoretical 
mediod is abou( 1000/0.75 or 1333 psi, wherea., i( is lower for (he discrete element method since 
some force is (ransmitted (hrough (he risers. 
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FIGURE 9. DISCRETE ELEMENT LAYOUT 
FOR SINGLE LAP JOINT 
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FIGURE 10. DISCRETE ELEMENT 
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FIGURE 11. DISCRETE ELEMENT 
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^1 According to Equation (122), the normal stress varies approximately as a damped cosine (and sine) curve witii 
.i poiiod of length 

27r 

CO 

(169) 

SI 

where, approximately, 

E        / '      J_ 1/4 

(170) 

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 c/clic period, /., of the normal stress is 0.189 in., 0.224 in., and 0.084 in., respec- 
tively. (Note that l/D2 = 0 for the double lap.) The discrete elements in the region of the adhesive were 0.025 in. 
long. These were not sufficiently small to pick up the rapid variation of the normal stress since the method is based 
on an assumed constant stress in each 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 
h2 and about /?5 for the theoretical method where /; 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/ln or l/w. (For the examples 
above, the intervals were /./5.0, /,/6.0, and A/6.8 for the single, double, and step lap, respectively. 
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SECTION V 

EXPERIMENTAL DESIGN 

VI. GENERAL 

This section presents the study of bonded joint data taken from the literatui? followed by the design of the 
experimental program to verify the theory of Sections 11, 111, and IV. Section V.2 presents the Literature Study 
covering six information data sources to establish statistical techniques for experimental data analysis 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.:. LITERATURE SURVEY 

An example development of single and double lap joint experimental data analysis is presented in this section. 
It was accomplished by the study and analysis of test data from three sources: Douglas, IITRI, and SwRI. Prelimi- 
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 effort had two primary objectives; a gross characterization of the ■"effective" 
properties of the various adhesives. and a meaningful estimate of the general test precision in order to establish guide- 

(81 lines foi the experimental effort. Pertinent data from all live sources [i.e., Dastin of Grumman    , Lehman oi 
,1.^(9) lUD IM:)I McDonnell-Douglasw,Chessin and Curran of Martin-Orlando('ü), Kutscha of IITRI'1", and Grimes of SwRI 

yielded lap joint test data in quantities sufficient for meaningful analysis. The Martin-Oiiando data on metal 
adherend-bonded lap joints were included for comparative purposes. It should be noted that the Martin-Orlando data 
covered only one type of variable in their tests, the adherend surface 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, IITRI. 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 
confidence 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 
for 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 transferred in 
lb/in./ply. The generation of precision estimates was complicated generally by the scarcity of such estimates in the 
literature and specifically 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 intralaboralory repeatability, pro- 
vided that analysis was approached via a 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)     the standard deviation appears to vary with the mean rating of the various samples, and 

( 2)    only relatively small amounts of data are available on any one sample. 
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llus is precisely the case with the lap joint data collected. The first step in the process was to calculate the standard 
deviations for the individual samples. Following this, a decision had to be made concerning grouping of the data, e.g. 
of the various parameters in the tabLlation;how many should one group together? In this case, the decision was 
lairlv 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-{adhereiid material surface preparation variation) 

Double Lap     Douglas  (adherend material and overlap length variation) 
SwRl   (adherend material and overlap length variation) 
1ITRI" (adherend material, adhesive, and overlap length variation) 

Linear regression lines resulting from plots of standard deviation vs mean adhesive shear slress failure for each 
ol these six groups* arc presented in Figures 15 and 16. These straight lines were fitted to the data points by linear 
regression techniques which represent the best estimates of the overall test (or population) standard deviations for 
each 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 lö is the inclusion and exclusion, respectively, of the Metalbond 400 
data in those analyzed from IITRL When the Metalbond 400 data is removed from the balance of the IITR1 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. It could have ucm the material, processing 
or testing; however, the important point is that the statistical technique picked it up. 

Before dealing with confidence intervals, a study of the trends is shown in Figure 16 win, the standard devia- 
tion estimates for all six data groups given on the same ploi. Here it can be seen that, at mean adhesive shear slress 
failure levels in the area of 3,000 psi, the standard deviations for all but one are approximately equal. Considering 
thai the experimental parameters varied a great deal in these tests, and that the double lap data behaved (statistically ) 
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 lengih. etc. 

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: 

-    ts 
959? Confidence Limits at/v =/v ± — 

V" 
(171) 

where/j 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 
in the regression line estimate of the standard deviation (not /;). These limits define the interval within which the 
mean 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: 

(172) DA9S =LCL-ts\— + 

'Using ASTM E-178(Ref 13) for the deletion of "outlier points." 
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where /.(7. =/j - {tsl\/n)is llie lower confidence limit mid /, /; and x have the same definitions as above. In essence, this 
calculation says that, if the population mean/i 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 more favorable. 

in the Douglas, UTRI and SwRl data groups, overlap lengths were varied, hence, it was possible to plot mean 
failure stress (or unit load) vs overlap lengths for various composite materials and joint types. These mean experi- 
mental plots are presented in Figures 17 through 28. 

The data analyses performed on the unit running loads per ply transferred 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 lb/in./ply for four of the five groups mentioned (the Martin-Orlando tests being on metal 
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 linear 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 arc approximately equal at a load- 
ing of 500 lb/in./ply. 

Several interesting phenomena can be seen from study of this data. The lower curves in Figure 25 showed thai 
a weak interface region is detrimental to composite 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. In Figure 34 the coef- 
ficient of variation line slope and location arc considerably different from that of the standard deviation. Because of 
this the coefficient of variation is less desirable as a design tool than is the standard deviation. Finally, a plot of the 
95% confidence limits of the failure stresses for the Martin-Orlando data showing controlled variations in 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. 

Illustrations of plots of 959c confidence limits vs mean failure magnitudes are shown in Figures 36 through 40. 
In Figure 36 the shear stresses for the I1TRI data are presented in this fashion while Figures 37 through 40 present 
the SwRl, Douglas, and Grumman data in terms of lb/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 (14) 

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-251S the shear stress distribution was calculated for three assumed bondline shear moduli 
values. The G values for which rv distribution will be computed are 160, 90, and 40 ksi. 
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l-igurc 41 shows the distribution for the G = 160-ksi value. It is assumed that the end point Tmax and TC 

\ .ilues are found at one bondline thickness (0.00315 in.) away from the end of the joint (via St. Venant's principle), 
loi the shear stress must go to zero at both ends at the free surface. However, the rmax value of 21,600 psi shown is, 
in the authors' judgment, too high. If the elastic G of the adhesive is actually close to the assumed 160 ksi, the end 
point;, would have to be cut off at some lower rmax value which would make the area under the rv curve the same as 
the area under the ravg line (i.e.,/I, + A3 =/l2 on Fig. 41). 

Figure 42 looks to be a more reasonable assumption for an assumed G = 90,000 psi with theoretical 7-nlax being 
closer to the estimated Tniax. It 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 shown in Figure 43. This is made to 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 shear stress utilized. When the results from Figures 41, 42, and 
43 are plotted, the variation of T with the assumed G is shown in Figure 44. This shows the "effective" G to be 

1 2,500 psi for Tmax = 8,400 psi and TaVg = 5,250 psi, assuming elastic conditions to failure. 

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

V.4. DESIGN OF THE EXPERIMENTAL PROGRAM 

An experimental program designed to verify 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 6AI4V 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 (!) 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. 

V.4.a. Adherend Materials 

It was decided to test four longitudinal tensile specimens from the two 0.(-)38 in. wide, 20 in. long strips taker, 
from each composite adherend panel made. In addition, two similar configuration tensile specimens were to be taken 
from each of the four gages of 6A1-4V titanium sheet. Specimen and test details are given in specification SwRI 03-40!, 
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: 

,(15) 

.(16) 
N-5505 I3orün/Epoxy( 

(50% F.V. Fraction)* Sheet' 
Property 0 0/90 0/±45 Titanium (6AI4V) Ann. 

ac„ 191.0 ksi      72.0 ksi      103.0 ksi 147.0 ksi 

OSpil 134.0 ksi      29.0 ksi        36.7 ksi 120.0 ksi 

»O.OÜ52 in./ply 
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■*■ U-0. 00315 in. 

FIGURE 41. 0RTH0-/1S0-ELASTIC SHEAR STRESS DISTRIBUTION FOR G = 160,000 PSI 

U-   0. 00315 in. 

Tmax :   16,550 psi (Theory) 

T    Curve 

Double Lap Joint 
S-Class/Epoxy Adherend  |0j4lT,   t«  -■ t, 
Nitrile-Epoxy Adhesive,   t  =  . 00315 in. 
Ovc rlap 0.50 in. 

"-i 
zzzzzzzzzz 

zzzzzzzzzl 

V\-~ pu 

■P/2 

0.00315 i n.   -*j|— 

rc = 8, 400 psi (Theory) 

TavR = 5,250 psi 

Tmin = 2,200 psi (Theory) 
_i I 1  

0-05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

Overlap Length,   in. 

FIGURE 42. ORTHO-/ISO-HLASTIC SHEAR STRESS DISTRIBUTION FOR G = 90,000 PSI 
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Double  Lap Joint 
S-Glasa/Epoxy Adherend,  I 0 j 4 I ■]■.  'o     '| 
Nitrile-F.poxy Adhesive,   t - 0.00315 in. 
Overlap 0.60 in. 

TK ÖTO ^TTi ÖTo 0.Z5 0.30 0.35 0.40 0.45 0. SO 

Ove rlap Length,   in. 

x      0 

FIGURE 43. ORTHO-/1SO-ELAST1C SHEAR STRESSES DISTRIBUTION FOR G = 40,000 PS1 

^r       Nitrile-Epoxy Adhesive 

•*     12h 

Assumed C,   ksi 

FIGURE 44. VARIATION OF SHEAR STRESS WITH ASSUMED SHEAR MODULUS 
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\ -J Iv  AJliosive Properties 

Since little data were available on the empericaJ strenglh of AF-126-2 and MB-329 adhesives used in single, 
double, step lap and scarf joints with variable overlap lengths, the data which were available were used to develop 
extrapolated curves. Those for AF-126-2 nitrile epoxy, low stiffness-high elongation (LSHE) adhesive are shown in 
hgure 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.4. 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 both the linear and nonlinear ranges of both the adherend and the adhesive. In other words, 
some joints were designed to fail in the adhesive with the adherend tensile stresses in either the linear or nonlinear 
range but below failure. Others were designed to fail in the adherend while the adhesive shear stress was either in 
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 lour types (3 lap and 1 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 
presented for the MB-329 (HSLE) adhesive in Figures 50 through 52. With these empirical design curves based 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 materials it was matched as closely 
as possible to the total composite adherend thickness. With this information, the simple and special specimen test 
plan could be completed and is shown in Table II 

V.4.d. ComplexJoinl Design 

General requirements established for the complex joints (C.J.) were: 

{1)    One (1) C.J. lest panel for each adhesive, i.e., two (2) C.J. lest panels, total 

(2) Each C.J. test panel: approximately 5 in, wide X 15 in. long 

(3) Each C.J. 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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FIGURE 45. AF-126 (LS-HE) ESTIMATED ADHESIVE 
FAILING STRESSES 

1.6 1.8 

FIGURE 46. MB-329 (HS-LE) ESTIMATED ADHESIVE 
FAILING STRESSES 
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FIGURE 47.  |0|r ADHEREND TENSILE STRESS 
VS OVERLAP LENGTH, LS HE (EMPIRICAL) 

A.lii- ..v     AJ   IJ- ■-' (I-s HI ) 

FIGURE 48.  [0/9Ü] c ADHEREND TENSILE STRESS 
VS OVERLAP LENGTH, LS-HE (EMPIRICAL) 

64 



i-wi« mummrn 

.   .■... Ü^'W.JkV.M^iVh^::^!!..^,^,,:, 

Onenlation:     0/i4S 
Adhe.ivc:    AF  126-2 (LS-HE) 

a. 
60    - 

FIGURH4').  (0/±45jt. ADHEREND TENSILE STRESS 
VS OVERLAP LENGTH, LS-1IE (EMPIRICAL) 

. 7S 
OvnHap  U„R,h,   ,„, 

FIGURE 50. [0]t. ADHEREND TENSILE STRESS 
\ ^ OVERLAP LENGTH, HS-LE (EMPIRICAL) 

65 

™ "'t-mmmmim'*/!,*^!. iiimr nimrmiir- LHHotLi ifiimmirmiMiiiwiiiiiiiinMiilliliiliMiiilii 



mmnm     r  ■^T' 

mmmimmmmm 'inniiiiiiiiimrmaxniiiii mfmmmHkmimmiimfmMmmmgtggbmm " mmm* ■mil ■■ 1111» .mi m iiimli» 

FIGURE 51.  [0/90],. ADIlhRliND T1.NSIL1: STRHSS 
VS OVERLAP LENGTH, 1IS-LL:. (EMPIRICAL) 

Ovorlup I.■■„Klli, 

FIGURE 52.  [0/±45]c ADHEREND TENSILE STRESS 
VS OVERLAP LENGTH, HS-LE (EMPIRICAL) 
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TABLE 11 

SIMPLIi AND "5PEC1AL"" SPECIMEN TEST PLAN 

(Monotonically Increasing Load to Failure) 

I > pe ol 
Join, 

Smplc I ap 

Don hie L,n 

Slop Lap 

Geneiai 
Fiber 

Drieniatiom 
Category 

101c 
[om\c 

1Ü/+451,. 

101,. 
10/')0|(. 
10/±45lf 

101,. 
[0/^01, 
i0/±45|. 

Number I 
BB 

N  O.L 

1/4 

1/4 

1/4 
1/4 
1/4 

B-T 
N  O.L 

1/4 

1/4 

1/4 
1/4 
1/4 

1/4 
1/4 
1/4 

Overlap Segments* 
Nu in bei 

B-B 
N   O.L, 

1-1/4 

i-l/4 

1/2 
1/2 
3/4 

B-T 
Nt      O.L. 

3 + 1 

3 
3 
3+ 1 

3 
3 
3 + I 

1-1/4 

1-1/4 

1/2 
1/2 
3/4 

1-1/4 
I 
1-1/2 

Number 3 
B-B 

N   O.L. 

1-3/4 

3/4 
3/4 

1-1/4 

B-T 
N   O.L 

-3/^ 

3/4 
3/4 

1-1/4 

2 

1-1/2 
2-1/4 

Line 
Tola! 

N 

T 

First.Group Totals 

Single Lip 

Double Lap 

Step ijp 

|0|t. 
[0/901, 

[0/±451f 

|0|, 
10/901, 

10/±45|( 

101, 
[0/901, 

10/1451, 

1/4 

1/2 

1/4 
1/4 
1/4 

1/4 

1/2 

1/4 
1/4 
1/4 

1/2 
1/4 
1/4 

-1/4 

-1/2 

1/2 
3/4 

3 

3 + 1 

3 
3 
3 + I 

3 
3 + 

1-1/4 

1-1/2 

1/2 
3/4 

I 

1-1/2 
3/4 

1-1/4 

2-1/4 

2-1/2 

1 
1-1/2 
1-3/4 

2-1/4 

2-1/2 

I 
1-1/2 
1-3/4 

2-1/4 
i-1/2 
2-1/2 

Second Group Totals 

GROUP TOTALS 

18 
0 

18 + 1 

18 
18 
184  I 

9 
9 
9+ 1 

VAF-12 
/adliesi 

1AF-I26-2(LS-HE) 
■sive 

117 + 3 

18 
0 

18 4- I 

18 
IS 
18+ 1 

9 
9 
9+ I 

MB-329(1IS-LE 
adhesive 

117 + 3 

234 + 6 

1 Adliercnd Material; B-B is ooron-to-boron; B-T is boron-to-titanium; N = Number of Specimens; O.L. = Overlap 
1 engih in Inches. 

i(a) All simple specimens in this column will have clamp-on (2-in. gage Icnglli) extensometer use.i to record 
delormation during loading. 
Ihl All "special" specimens in this column will be used to determine load deformation behavior of joint (e.g., 

stiam gage instrumentation). 
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SECTION VI 

LAMINATE PROCESSING 

VI. 1. GENERAL 

I he purpose of this section is to describe the processing, fabrication and quality contrul activities in making 
composite laminate panels during this research program. These are presented in Sections VI.2, VI.3 and V1.4. Process- 
ing Facilities described in Section VI.2 give detailed information about the type of buildings and equipment used, 
while Section VI.3 on Process Development provides the reader with a brief summary of the developmental aspects 
ot the materials processing. Adherend Panel Fabrication and Quality Control are presented in Section VI.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 processing 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 740F while relative 
humidity varies from 5 I to 57 percent. Temperature and humidity in the laboratory were recorded continuously by 
a Honeywell two-pen recorder actuated by a mercury-filled temperature sensor and a hair humidity sensor. Extremes 
recorded during the period of this research were 65° to 750F in temperature and 40 to 65 percent relative humidity. 

Equipment in the laboratory included a work bench, several work tables (two with Formica® tops for cleaning 
operations 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 500ÜF ± 20F, and a 
chest-type deep freeze for storage of preimpregnated materials at 0oF. 

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 
lo 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 
layup process, the two main areas of concern were the laminating press and the thru-scan ultrasonic inspection system. 

Providing a laminating press which hac' closely controlled temperatures was the first order of business. After 
considerable overhaul and modification of the 50-ton M and N press with 20 X 24-inch electrically heated platens 
the following heal survey/adjustment procedure was begun. 

Separaie recorder-controllers were connected 'o the contactors of the top and bottom platens. Four 20 X 
24-inch plates were cut from 0.125-inch aluminum. A ilot from the center to one side was cut in the back side of 
each plate and a 26-gage iron-constantin thermocouple cemented into the slot with the hot junction at the .-enter of 

•l."Laied in ihf Depariment of Structural Research. 
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■■'' rutio   1 hcso ihornuvouples serve as the control input to the platen temperature recorder-controllers. The face 
-: c.ich tool plate was sanded to remove scratches and given two coats of a wax base mold release agent. 

An eight-ply. Id X 20-inch heat survey panel (made from 1581 glass/5505 epoxy) was laid up with eighteen 
ilu'imocouples arranged in a triangular pattern (see Figure 54) embedded between the fourth and fifth plies. Layup 
.nul cure of this panel was accomplished in accordance with the SwRl 03-301 Process Standard for Boron/Resin 
(. oniposite Laminate Fabrication*. During the cure cycle, the temperature at these thermocouples was monitored 
at trequent intervals. During the 200oF portion of the cycle, there was not more than 60F difference between the 
highest and lowest thermocouple readings. There was an initial overrun of temperature on heat-up to 214°F which 
dropped within 15 min to 210oF, and was under control at 200° to 206oF during most of the remainder of the 
2 hours. No overrun occurred at 300oF and control was maintained between 2960F and 302oF with a maximum 
difference of 120F between the highest and lowest temperature readings. Control was maintained at 344° to 3480F 
with a maximum temperature difference of 140F 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 
2tvgage 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- 
calcd from Narmco 5505 boron/epoxy Lot No. 2t)7, Roll 13 (twisted fiber) and Lot No. 373, Roll 1, which was the 
firsi production lot of material received. These panels are listed in Table III. 

Panel No. 6 has pieces of Teflon®-coaled 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. 

Initial laminates using the boron preprcg had rather poor appearance. The top surface was resin-starved. 
Panels B-l 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 to accomplish the greater compression of 
the Coroprene boundary support required by the thinner boron layup. A 0.ü20-in. aluminum shim was placed under 
the layup for Panel B-3. and the press was adjusted to the load used previously for the glass fabric/epoxy panels. 
Tins also resulted in a resin-starved surface. An increased load was then used for panels B-4 and B-5. This improved 
ihe rosin How and, except for a few loose fibers in one location on the surface of B4, the appearance was good. The 
laid boron laminates all had good appearance, except Panel B-1' which had some loose fibers on the top surface. 

Tensile strength specimens were prepared from Panel G-2 and were tested on the Instron machine at a constant 
deflection rate of 0.05 in./min. The average ultimate tensile strength of nine specimens was 56,700 psi, with a pro- 
ponional liniii of 30,030 psi. The average modulus was 4.78 X 106 psi initially and 3.17 X I06 psi above the pro- 
puriional limit. Complete data on these tests are presented in Table IV. While these tests were performed for the 
I KAI) Creep Program!, they provide an indication of the quality of the fabrication technique. 

A ihrough transmission ultrasonic inspection facility was completed and all glass/epoxy panels, except G-l, 2 
and 5 and boron/epoxy panels through B-8, were subjected to ultrasonic inspection. Panel G-l is the heat survey 
panel with thermocouples imbedded as shown in Figures 54 and 55. Panels G-2 and G-5 had already been cut for 
icsi specimens; however, the larger remaining pieces of these panels were inspected. The recording of the ultrasonic 
icsi DI Panel G-6 is shown in Figure 58. Plastic tape was placed on all edges and the whole panels were sprayed with 
Jcai lacquei to prevent water absorption while immersed in the water bath. The edge tape shows as pips along each 
cud ni ihe panel and solid lines along one side. Lach line on the chart represents a 1/8-inch interval on the panel. 

'Appendix ('.Page C-1'. 

Sv.Rl In-lloiise Research and Development Program, Project 03-^036. 
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'Survey Thcni 

FIGURE 54.  1581 GLASS FABRIC/5505 EPOXY 
HEAT SURVEY PANEL  POSITIONS OF 

THERMOCOUPLE 

r- 

FIGURE 55. HEAT SURVEY PANEL- 
BACK-LIGHTED PHOTOGRAPH 
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TABLE 111 

A. 1581 Class Fab ric/N-5505 Kpoxy Pane Is 

Panel 
No, 

Size, 
in. 

No. of 
Plies 

Thickness, 
in. 

1'ibcr Oriemaiion Remarks 

(>1 1   16 X 20 8 0" Heat Survey Panel-18 Thermo- 
couples at Center 

G-2* 16 X 20 8 0.072 0° To be used for Tensile Test 
Specimens 

C^3' 16 X 20 12 0.103 0° To be used for Flexural Tcs 
Specimens 

0-4* 6 X 10 8 0.067 0° 

G-5* 6X 10 12 0° 

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

G-7* 16X 20 10 0.090 0° 

G-H* 16 X 20 9 0" ,90° 0° 

G-9* 6X10 11 145" 

G-10* 6X 10 19 0°, i45° 0° 

G-ll* 16 X 2(1 11 0.0975 0" 

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

G-13* 16 X 20 11 0.0940 i45" 

G-14* 16 X 20 11 0.0930 0", 90" 0" 

G-1S* 16 X 20 13 0.115 0°, i45" 0° 

1). Boron 1-iber/N-J 505 Epox y Panels 

i-1* 6X9 9 0.0493 0" Surface is resin starved 

i-2* 6X9 8 0.0450 0" Surface is resin starved 

i-3' 6 X 10 8 0.0357 0" Surface is resin starved                   | 

M* 6X9 9 0.0458 0°,90" 0" loose fiber on one surface 

i-5* 6 X 10 9 0.0455 t450 Good appearance 

B-6 6X9 9 0.0474 0° Used new material from Lol 37 3 

B-7 6 X 10 15 0.0791 0" Used for acceptance tests of 
Narmco 5505 Lot 373, Roll No. 1 

1-8 6x9 17 0.0784 0",90o 0° From Lot 373, Roll No. 1 

1-9' 6X10 8 0.0447 0",i45° 0° Loose fibers on one surface 

1-10* 6x9 15 0.0757 90" to long axis of panel 

Mi» 6X9 17 0.0803 0°,900,.. ., 0° 

»IKAD Panels for C eep Progr am. 

72 

——1 

I   II 



  . .. ....*)WIM 

■m*a—»i*»:mimm'm*mmMiu*n»M IIIIMII.II.IIII H n i jlWWIiMiMMiWM— iiiTrrMrinTM-irmunn    ' ''' '   ■■''■■'-■'■■ 

^ GIASS CUitli Tapi- Illusions.   Thirknesa   = 0. OOS in. 

i/;" 1/2" 

1 '^'JI/D-'-TES] "^ 

1/2" 
I 1 

'K 

Panul Tliiiknesa; h pli. 

!/.;■■    ■■   . 

"•'" [RüliliiiiiüiiliUHIIiHliülJülilllilHili 
I  Teflon Cn.lted Gla«» Fabric Inclusion,   Thicknes»   ■ 0.001  in. 

r   -i  r  I   \Z 
.....     J 
Üii.1 "■," ,/-1 

—I    r" — 
Uli [PI 

6 Teflon  Coaled Class  Fabric  Inchisl   ns,   Tl.ickness   =  0,005  i 

-IGURli 56. PANEL NO. G-6 Wl'l II TEFLON-COATED GLASS FABRIC AND 
GLASS CLOTH ELECTRICAL TAPE INCLUSIONS FOR 

ULTRASONIC TEST CALIBRATION 

6»  S^y '*0*c 

■'•' • 

H ^^^^ MMfk Ö 

'I 

FIGURE 57. PANEL NO. G-6  BACK-LIGHTED PHOTOGRAPI 
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TABLE IV 

TliNSlLE STRENGTH TESTS* OF PANEL G- 

Dimension or Properly 
Specimen Numbers Average 

-1-1 -1-2 -1-3 -2-1 -2-2 -i-5 -3-1 -3-2 -3-3 

Cage 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 (lb) 1,010 950 980 940 1,140 1.090 1,050 1,120 1,080 

Maximum Load (Failure) (lb) 2,050 2,025 1,950 1,860 1,775 2,000 2,115 1,940 1,950 

intimate 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 31,00( 30,030 

Inilial Modulus (X 10~6psi) 4.08 4,74 4.88 4.92 4.48 4.78 4.55 5.81 4.78 4.78 

I'inal Modulus (X 10 ~6 psi) 3.12 3.14 3.44 3.68 3.04 2.82 2.88 2.75 3.65 3.17 

•Performed for 1RAD Creep Program by SwRI 

The lape inclusions in the panel are shown distinctly but arc not very well defined by size or shape. Ultrasonic tests 
of Panels B-2 and 13-8 show extensive areas of reduced ultrasonic transmission. Panel B-8 is a 0/c'0" layup, and the 
lape pattern is apparent in the chart (Fig. 59). Panel B-2 is a 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. 
lJanc B-7 was an acceptance lesl panel and is shown in Figure 61 al a lower sensitivity. 

Areas of reduced transmission also appear in one corner of Panels G-7,G-11,G-I2,G-13,G-14 and G-15. it 
was possible to determine the significance of these areas by cutting flexure specimens which included these areas of 
reduced ultrasonic transmission. A more detailed study of Panel No. G-l 1 will reveal this. 

Typical and reduced performance of such flexure specimens is illustrated by the results of tests on glass fabric/ 
epoxy composite (Panel No. G-l 1). A data summary package is included here as Table V and Figures 62, 63, 64 and 
65.   Table V gives general information on the prepreg malerial and the cured laminated panel. The fiber orientation 
indicates the warp direction of the 1581 style woven glass fabric. The 2387 epoxy resin system is the same that is 
used in Narmco'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 lo 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 Haws, respectively. The flawed area 
flexure strength and modulus were slightly lower than in the area with no Haws. Figure 64 is the cutting pattern for 
Panel G-l 1 in approximately true proportion. Figure 65 is the ultrasonic inspection record for Panel G-l 1. This is 
mil m irue proportion to the panel. The long dimension of the chart represents the 16-in. width of the panel. Each 
line across the chart lepresents 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 
outlined in Figure 65. The other specimens cut were for the I RAD* prograin only. 

Ibid, (i on page 70) 74 
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TABLE V 

PANliL DATA SUMMARY PACKAGE 
PANEL NO. G-ll 

1. MATERIALINFORMATIGN 

A Malcrial Type:  Narmco 2387-1581-38 

B. Dale of Manufacture: 6-10-69 

1). 

Material Confirms to Specification: 

Propreg Resin Content (Volume %): 34.0 

Batch No.:  11 

Roll No.:J 

11 . Warranty Expiration: 9-1 1-69 

II.      LAMINATE INFORMATION: 

A. Orientation:   [0|  1 IT 

B. 

C, 

Process Record No.: G-ll 

Process Conforms to Specification: 

D. 

E. 

Cure Dale:   11-14-69 

Number of Plies:   1 1 

F. Average Panel Thickness (in.): 0.0975 

G. Average Ply Thickness (in.): 0.00886 

II. Fiber Content (wt %): 70.810 

1. Resin Content (wt %): 29.190 

J. Void Volume (Volume %):  3.87 

K. Panel Density (lb/in.3): 0.0671 

L. Panel Size:   16" X 20" 

The boron panels were also X-rayed. A positive 
print of Panel B4 is shown in Figure 66 and Panel B-8 
in Figure 67. These are both 0o/90o layups, but B-4 
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-iii. wide tapes in each of these panels. Panel B-8 shows 
evidence of poor spacing between the 3-in. tapes during 
layup of the panel which also corresponds to the pattern 
found in the ultrasonic inspection. The fiber-poor (light) 
areas on Panel B4 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 preprcg were received on December 16, 1969. 
Panel 13-7 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 lest are shown in Figure 69. The 
test results all satisfy the General Dynamics specifica- 
tion FMS-2001 except the llexural modulus which is 
slightly (5%) low. 

VI.4, ADIIEREND PANEL FABRICATION AND 
QUALITY CONTROL 

All composite adherend material panels were fab- 
ricated in accordance with Figure 70. These panels and 
one acceptance 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 1 in. from the edge around the 
perimeter of the panel. 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-2Ü is indicated to have a ply thickness of 
0.00486 in.; however, measurement of the ply thickness 
in a microphotograph gave a value of 0.00518 inch. 

Panel B-2Ü was a 6 X 10-in. panel which was pre- 
pared for acceptance testing of tin Narmco 5505 mate- 

rial from Batch No. 381. This shipment was comprised of Roll Nos. 30, 31, 32, 33 and 73, which were received on 
March 5, 1970. The ultrasonic test chart of this panel is shown in Figure 71, and a positive print of the X-ray is 
shown in Figure 72. The results of the longitudinal and transverse flexure slrcnglh and modulus and horizontal shear 
suengih tests are given in Table VIII along with the qualification test results from Narmco and the General Dynamics 
I MSOOOl specification requirements. All acceptance test results were substantially in excess of this specification's 
f.-'jimemenls and also exceeded the Narmco qualification flexure values. 
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FIGURE 66. X-RAY OF I'/vNHL B4 

■B 

F1GURF 67. X-RAY OF PANEL B-8 

■IGURi; 68. X-RAY ÜF PANEL B-7 
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TABLE VI 

MATERIAL ACCEPTANCE TESTS 

Na rniL-o 5505 Boron/i-.poxy Prepreg Lot 373 

Laminate Fiber Orientation: 0° 

Load Orientation: 0° and 90" 

Roll 1 

Laminate Thickness: 15 plies  0.080 in .h 

Physical Properly 
Test 

Temp, ° F 
SvvRl Acceptance Tests Narmco 

QC Report 
G.D.'s Spec. 
FMS-2001 Spec. No. Results 

l"lc\ural Strength- 
Longitudinal (psi) 

RT 
RT 
RT 

B-7-1 
B-7-2 
B-7-3 
Average 

233,260 
268,130 
234,490 
245,290 225,900 225,000 

Flexural Modulus- 
Longitudinal (psi) 

RT 
RT 
RT 

B-7-1 
B-7-2 
B-7-3 
Average 

29.85 X 10' 
27.65 X 10' 
27.85 X 10' 
28.45 X 10' 30 X 10' 

l-lexural Strength- 
Transverse (psi) 

RT 
RT 
RT 

B-7-1 
B-7-S 
B-7-6 
Average 

14,770 
9,375 

12,300 
12,150 14,200 10,000 

Horizontal Shear 
Strength (psi) 

RT 
RT 
RT 
RT 

B-7-7 
B-7-8 
B-7-9 
B-7-10 
average 

15,390 
15,510 
15,330 
15,340 
15,390 13,400 13,000 

-■-'■■:•:■.. •■ 
•■■.v.; 

FIGURE 69. MATERIAL ACCEPTANCE TEST SPECIMENS 
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TABLE VII 

PANEL FABRICATION FOR SIMPLE BONDED 
JOINT EVALUATION 
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No 

Noinnul 

Sue, 

in 

Nu o 
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Avctjge Panel 

Thickne», 
in 

Klbei 
Oiienuimn' 
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til 
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FIGURE 71. ULTRASONIC INSPECTION RECORD FOR PANEL B-20 
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TABLE VI11 

MATERIAL ACCEPTANCE TEST 
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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 

r 
ü     D □  D 

0.001 in. 
TX-1&40 
Teflon® - i 
coated glaoe -<f 
fabric inclu- 
sions to 
create voids. 

O o O   o o 

V 
3oron prepreg  l/8-in.-wide 
ribbon placed between plies in (a) and (b) 
in (a) and (b) as follows: 
B-29:      8 ply panel; (a) 2-3,   4-5, (b)4-5 

6-7 
B-30:   16 ply panel; (a) 4-5,   8-9 (b)H-<) 

12-13 

FIGURE 73. BORON REINFORCED UETRASONIC TEST PANELS 

them precisely. The ultrasonic record of void panel B-Z1) 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. 
Mosi 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 M-in. panels, B-Z1) (8 plies) and 
B-30( 16 plies), contain the following built-in voids. Pieces ol'TX-1040 Teflün®*-treated glass fabric, 0.001-in. thick, 
weie placed between the centei plies. The top row is composed 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 1-in. 
long 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 ^0° to 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-anda 1/4-in. wide strip at a 45° angle. Below the 
!/4-in. wide,450 strip, a 1/8-in. wideX i-in. long strip of boron/epoxy prepreg was placed between the center plies. 
Below the l/8-iii.,45u 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/^0 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. I. DuPont de Nemours. 
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FIGURE 74. ULTRASONIC INSPECTION OF 
VOID PANEL B-29 
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FIGURE 75. ULTRASONIC INSPECTION OF 
VOID PANEL B-30 
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ic.idiK ihan in the lb-ply panel. Some unplanned apparent thickness discontinuity areas are also apparent in this 
p.incl.  1 he ultrasonic thru-scan and radiograph inspection records for adherend panels B-12 through B-28 are shown 
m Appendix D. 

Marking and machining of the 16 X 20-in. boron composite adherend panels into lap shear assembly details is 
shown 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 AI- 126-2) to the ends for the monotonically loaded tension lest which provided the complete stress-strain 
curve tor 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 liber count method using from two to 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 

Adherend 
Pieces 
{not all are 
cut the same 
length) 

Panel Edge 

I*—  1/4-in.   Trim 

PANKL 
K i be r Om-niatiun 

I In 
 ll_ 

A 

#2 Tensile Specimen 

-\y 

IK 

_L 

TT 
ii3ii #A Tensile Specimen 

IL 

D 

•H 

#7 Tensile Specimen i öii 
il   11 

#9 Tensile Specimen 

1,   3,   5,   6,   8,   and 10 are density and fiber content specimens. 

FIGURE 76. QUALITY CONTROL AND TENSILE STRENGTH TEST SPECIMENS 

*.Sec Appendix C for Test Method, Appendix E for typical data 
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SECTION VII 

LAMINATIZ AND TITANIUM ADHHREND TEST RESULTS 

VI 1.1. GENERAL 

Section VII is devoted to summarizing and discussing the results obtained from testing composite and titanium 
adherend materials. Section VII.2 analyzes the Laminate Adherend Experimental Results whereas Section VII.3 
summarizes the Titanium Adherend Experimental Results. 

VII.:. LAMINATE ADHEREND EXPERIMENTAL RESULTS 

Selected typical tensile test data on the N-55Ü5 boron/fpoxy laminates are given in Appendix E. There are 
typical stress-strain curves and cross-section photomicrograp .s presented for each difTerenl 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. 

VII.2.a.  Laminate Performance 

It becomes obvious after study of this data that laminate tensile specimen performance was not up to par with 
2nd Edition Design Guide data.* In an attempt to establish lire 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 |0j„/- laminates from which tensile specimens and adherend 
materials were cut with their longitudinal axis parallel to the fibers. The method used for properties prediction was 
originally proposed by Tsai( '' based on the "rule of mixtures" technique. The "k" (and k') factor used by Tsai 
was called a fiber misalignment factor. In the analysis here it shall be called the "void factor" and based on an 
empirically developed mathematical form of the hmiinate 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 fiber 
volume (E.V.). In addition, the factor A'0 (and A'o ) is a function of the matrix/fiber modulus or strength ratio. Hero 
another deviation was used. Both the matrix modulus and strength were utilized as being the average of the matrix 
material and a 104 glass scrim laminate."!" Since the tensile stress-strain curve of this boron/epoxy material is linearly 
elastic J almost lo failure it was felt satisfactory to use the rule of mixtures technique to predict ultimate strength as 
well as modulus. 

A study of the photomicrographs of Appendix 1; will reveal that all the reinforcing fibers in the laminates 
were badly cracked but fully encased in resin throughout the crack spaces. Therefore, it must be assumed 
that the fibers were cracked prior to laminating the prepreg material in the hot platen press. It also is assumed 
that the extensive amount of cracked and broken fibers visible in the photomicrographs had not occurred at the 
time of impregnating them with resin. This assumption is based on the judgment that impregnating such exten- 

sively cracked and broken fibers would have been impossible 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 landling by the laminator.** In the author's judgment the latter two possibilities are remote 

*F'l' = 188ksi,/:j =30X lO6 psi. 

tSee Appendix B. 

iSometimes in two stages. 

*'3wRI. 
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TABLE X 

UNIDIRECTIONAL LAMINATE PERFORMANCE 

Batch 
Panel 
No. 

Pane 
F.V. 

Pane 
V.V. 

Panel 
Density, 
rj/iiv' 

Hxper. 

10'' psi 

Calc. 

10'' psi 

'iPx. mo, 

% 

Fxper. 

ksi 

Calc. 

'■in- 

ksi 

"A X 100, 
''m 

B-12 0.536 0.160 0.0643 26.767 31.140 85.96 122.539 168.739 72,62      1 

373 B-13 0.498 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 29.938 94.57 147,726 181.090 81.58 

381 B-21 0.520 0.018 0.0697 29.535 31.02 95.21 177.387 191.608 92.58 

n-2t 0.505 0 0.0698 28.701 30.218 94.98 177.856 190.080 ''3.57 

- Form ilas 

Modulus Sirength 

I:\=kl-:f\\      KIA\      l-V.)| /• ,„=A'/7|I Ai, 11 i-.v.ii 

A=l     (V.V.)2 k - 0.8011 V.V.) 

K „     1      ^ = (I.1) 5 34 

/• 

Propoi lies 

.844 X  10'' psi 
'■) - 

5,S.O X  10' psi 
(3.2 4 0.4X7) X 10" 

2             '  = 

37.8 f 4.1X4 
/•„, = -   ~-           = 20.^)2 ksi 

'■) = 
450.0 ksi 

because (1) handling the material alter impregnating does not usually involve severe mechanical imphigemeius and 
(2) making Hat laminates does not normally induce such damage. Since this fiber was one of the fust batches delivered 
alter the twisted fiber episode with the fiber makers was solved, the liber manufacture appears to be at fault.  It is 
the authors'judgment that built-in residual stresses in the boron fibers caused cracking and breaking at some time alter 
impregnation but before curing. 

What is amazing about this problem is that only the tensile tests and phciomicrographs uncovered the phenom- 
ena and the llexure 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 that Panel B-12 had a very high void volume (167c) 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 whereas 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 b^ a high void content. Longitudinal flexure acceptance tests showed 'his material passed 
the minimum sirength required (225 ksi) by 9%o while the modulus failed by 5%.. Transverse flexu.al strength was 
42% above requirements (10 ksi) whereas interlaminar shear strength exceeded minimum requirements (13 ksi) by 
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only 3%. Wliile 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. 

Material Batch 381, received later, was substantially better than 373 as indicated by both the acceptance tests 
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 ii-25. This compares with longitudinal flexural strength and 
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%. 

AJ1 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, all of the longitudinal tensile properties are somewhat low. However, it is doubtful that the transverse 
tension and shear tests of [O],,/- laminates would show any reduction, although transverse tests on the angleply ones 
would probably exhibil some degradation. 

Vll.2.b. Laminate Orientation Sequence vs Performance 

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

Item     Panel Nos.      P.V. Orientation v.v. "fy.ksi fp, lO6 psi Batch 

(J 53.993 10.504 373 

Ü 40,005 15.356 3« 1 

13.c)88 1.144 
DilT. Dill. 

13-I5/B-I9       0.510      [(Ü/90)8/ülr 

B-23 0.505       |0/902/0]47- 

The |0/902/0]4 7' orientation exhibits a 26" reduction in strength and a 7/< reduction in modulus compared to 
the |(0/90)8/0] y- one. This occurred in spite of the fact that the (0/40: 'ü]47- orientation laminate was .nade from a 
substantially superior batch (381) of material. While the 1 2-1/2% more 0° plies in the first one over the second one 
may account for the modulus change it does not account for all of the strength change. 

Another comparison can be made with the general 0/±45'3 orientation as shown in the following table. 

Item     Panel Nos.      F.V. Orientation 

B-16 0.468      I0/+45/0/   45/0)5 

B-24/B-28     0.500      |0/+45/0/ ■45/0]5 

3 

4 

5 

6 

B-17 

B-22 

B-22 

B-26 

0.520 [(0/+45/0/-45)^/0]5 

0.496 [(0/+45/0/-45)e/5j5 

0.496 [(0/+45/0/-45)^/0] 5 

0.484 [(0/±45/0)e]5 

V.V.     o6-.ksi     I:/*. 106 psi     Batch 

0 90.036 18.435 373 

0 96.390 17.289 381 
6.354 1.146 
Diff. Diff, 

0 88.009 16,880 373 

0 109.664 18.476 381 
21.660 1.5^6 
Diff. Diff. 

0 1Ü9.JÖ9 18.476 381 

0 93.524 
16.145 

17.027 
1.449 

381 

Diff. Diff. 

*As measured in tension. 
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In Items 1 and 2, identical nine-ply orientations are compared for the two different material batches. Items 3 and 4 
compare identical sevenieen-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 the two pair of items. Comparison of the [(0/+45/0/-^5)g/0],s orientation with the [(0/+45/0)g]5 
one is shown in Items 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 be indicated by the 12-1/2% increase in 0° plies whereas the modulus increase could be accounted for by 
this difference. 

A direct comparison of Panels B-23, IM5/B-19, B-26, and B-22 is made below showing the trend of improve- 
ment with change of basic orientation and sequence. 

V.V.      ay.ksi      t'p,lOhp'A     Batch 

Ü 4Ü.Ü05 15.356 381 

Ü 53.993 16,504 373 

Ü <)3.5:4 17.027 381 

Ü l(W.669 18.476 381 

Hem I^anel^Nos^ F.V.               Orientation 

1 B-23 0.505 [0/902/0]4 7- 

2 B-15/B-19 0.510 [(Ü/9Ü)8/0|/■ 

3 B-26 0.484 [(0/145/0)^] 5 

4 B-22 0.446 |(0/+45/0/   45)Q/Ö\s 

From these comparisons il appears that the general ü/±451' orientation is stronger ;md stiller than the general 
0/')ü" orientation and that further improvement can be made by separating either the plus and minus 45 ' plies <n the 
90° plies by 0oplies. 

The orientations and thicknesses selected lor adherend materials are believed to be representative ol those used in 
the ae.ospace indu. try. They cover ten orientation/thickness combinations m the fifteen 16 < 20-in flat panels made. 
Irom which adherends were cm for the bonded joint program. 

V1I.3. TITANIUM AÜI1FRFND HXPHRIMHNTAL RLSULTS 

The other adherend material was 6A1-4V annealed titanium slieel purchased Irom Titanium Metals Corp. (TMCl. 
hour nominal thicknesses were used. These were 0.016, 0.032. 0.045 and ü.0()0 in. Two straight ; ided tensile speci- 
mens were tested from each thickness with the same equipmem and instrumentation used to test the composite tensile 
specimens and the bonded joints. Average stress-strain curves for each thickness are contained in Appendix h. A 
summary of these properties is presented in Table XI whereas Figure 79 presents typical, representative tensile speci- 
men failures. These average curves of Appendix F were used to obtain the Rainberg-Osgood parameters for use in the 
nonlinear analysis of bonded joints with at least one of the adhcends made of titanium. Properties measured com- 
pared reasonably well with IMC and handbook typical properties.  It can be observed from these data that the titan- 
ium becomes far more nonlinear than the composite materials studied in this bonded joint investigation. 
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TABLE XI 

6AL4V TITANIUM SHEET PROPERTIES SUMMARY 

KSl' 
Parameter 

ou,ksi 

r;,,, ksi 

u,A, ksi 

/:,, X 10   " 

clv X 10  '' in./in. 

j2>, X li'   '() in./in 

e.pc X 10' in./in. 

e2pi,X 10" in./in. 

t,,, X 10'' in./in. 

:2i( X 10'' in./in. 

TMC  Typ./•■„,, ksi 

TMC   Heat No. 

0.016 

0.0165 

146.026 

1 .(6.500 

116.834 

0.3074 

17.756 

9,575 

2,700 

6,590 

2,012 

46,636 

9,120 

146.200 

G-9075 

Norn. Sheet 
Thickness, in. 

0.032 0.045 

0.0315 

129.607 

128.850 

125.356 

0.3086 

15.514 

10,225 

5,750 

8,074 

2,575 

20,934 

7,885 

138.000 

G-9072 

0.0455 

137.523 

135,200 

123.584 

0.3184 

17.251 

9,750 

2,800 

7,171 

2,312 

38,260 

14.362 

137.500 

G-9520 

0.090 

0.0925 

134.860 

131.400 

112.700 

0.2902 

16.096 

9,985 

2,907 

7,004 

2,038 

21,300 

3,735 

138.400 

K-3793 

*Properlies 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 VIll 

BONDED JOINT PROCESSING 

Vlll.l. 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 VIII.3 covers the Simple Specimen Joint Fabrication. 

VIII.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-1 26 and IV1B-329) used in this program is presented in Tables XII and Xlll. These tests were run 
on 2t) October 1970. Earlier acceptance tests were run on the first Batch (724) of Scotchweld®* AF-126-2 
adhesive on I 5 March 1970. The later Batch (739) of AF-126 adhesive was first tested on 24 July 1970. Initial 
acceptance tests on the Mellbond®t 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 
Metlbond 329 were used in fabricating the lap shear assemblies for this program.   The data from these tables 
(XII and XIII) indicate that some degradation occurred with aging, however, all tests passed the MMM-A-132 
specification requirements. 

VIII.3. SIMPLE SPECIMEN JOINT FABRICATION 

Single and double lap shear assemblies were fabricated in accordance with Figures 80 and 81 covering both 
boron/epoxy to boron/epoxy and boron/epoxy to titanium joints with each adhesive system.  A detailed lislins 
of the single and double lap shear assemblies for single and double lap joints with boron/epoxy to boron/epoxy 
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-slep 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 composites, nothing was 
found to guide our efforts on machining steps. After contacting the manufacturing experts of several aerospace 
companies it was found that most organizations lay-up and mold in the steps, usually in combination with 
bonding.  However, several ideas were obtained on how step machining in boron/epoxy materials might be done. 
One idea was tried. Several diamond cup cutting wheels were tried with little success. After cutting the three 
steps in two different boron/epoxy laminate adherend materials and starting on a third, the tools were worn out. 
The manhour expenditure and the cutting tool wear rate on fabricating the steps that were made were prohibitive. 

One machined step lap joint was made as shown in Figure 83. All other step lap joints were made from the 
unmachined details that were originally scheduled to be used in the machined step lap program. Three types of 
multiple-laminate step lap joints were made. The first was a single step lap joint shown in Figure 84 and the 
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 volatiles were trapped in the step lapjoints:]: bonded with 
MB-329 and as a result they had multiple small voids in the bondlines which gave lower than desirable results. 
The voids were visible, unmagnified on the edges of the bondlines. All AF-126 step lap joints performed well. 

*Registered trade name of the 3M Company 

tRegistered trade name of the Whittaker Corporation 

:t:ESA-II,-13,-24 (see Fig. 84) 
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Originally, the program's scope covered the manufacture of scarf joints for tests. These were designed to be 
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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TABLli XIV 

SINGLE AND DOUBLH LAP SHliAR ASSLMBLlliS   BORON/BOKON 

;.i 

i: 

L.S.A. 
Nd. 

Type 
Adhesivf 

Adhcrnid 
No. 

Adhctcnd 
rhitkntT.> 

Jntnl 
I'lliikdM« 

Hnnd-Unc 
Tlm-kniMs 

Primci 

(•„.. 
Pre- 

P 

Cure 
Temp.. 

1 Al-126 B-2I-A 
1121-1) 

11.1144 0 0925 

0.091 

0.0045 BluHX-2320 5(1 275 

14 Al-126 B 21 r 
B-2I-H 

11.1142 
11.043 

0.006 Dry al 150" fur 
3(1 mm 

V AI.-I26 li-Jl-f 
11210 

0(143 
0.(143 

0 091 0.007 

2 Al'-126 II-24-A 
1124-11 

0.045 
0.047 

0,0955 0.0035 

15 AIM 26 11-28^" 
li-28-c; 

0.044 
0.042 

0,0935 0.0075 

28 AIM 26 11-241) 
11-24-11 

0.046 
(1.047 

0,096 0.00.3 

3 AI-126 B12-A 
B-12-1) 
B-I3-K 

0.016 
0.016 
0.032 

0,065 0.0005 

16 Al   126 nu-c; 
1112-1 
I1-I3-I 

0.015 

0.(115 
(1.032 

0 067 (1.0025 

21 Ar-126 ii-i 2-n 
I1-I2-M 
11-1 3-M 

0.015 
0.015 
0,032 

0,0675 0.00275 

4 Al-I26 B-I4-J 
H-14-K 
II-15-K 

004« 
0.046 
0.088 

0 1845 0.00125 

17 AI-126 1114 11 
11-14-|. 
11-15-1 

(1.046 
0.047 
0,088 

0 184 0.0015 

30 Al-I 26 11-14-1 
H-I4-M 
11-19-K 

0,047 
0047 
0,087 

0.184 0.0015 

5 AI-126 1124.1 
II.24-K 
II-17-A 

0046 
0.045 
0.091 0.1845 0.00125 

18 AT 126 11-24-K 
B-24-I- 
11-17-11 
1116-A 
it i6<; 
11.22-1 

0.04 
0.046 
0.088 
0.047 

0,045 
0,089 

0,1845 0.00175 

J 
31 Al-l26 

0.192 0,0055 Blue 1 (-2320 
275 

40 Mli-329 il 25-I- 
1).:5.J 

0,040 
0 042 

0.086 0 004 RcdMH-329 
Type 11 
Att dry tor I 5 min 
Kmc dry for 
H) mm .11 235" 1- 

35(1 

5 3 MB 329 11 25-1- 
B-25-K 

0,04 1 
0,041 

0.089 0,007 

hh MB-329 11-25 <; 
11-25-1 

0,041 
0,041 

0 0895 0.0075 

41 Ml)-''29 11-2811 
B.28-K 

0,041 
0,042 

0 095 0.011 

54 Mli-329 II-28-11 
11-28-H 

(V045 
1)043 

Mil o.rth 

67 M11-329 BloC 
11.161 

0.048 
0( 48 

0,1025 0.0065 

■45 Mh-5» B-I5-P 
IM 2-K 
ll-l.l-H 

0.016 
0.032 

0.071.5 0.00375 

' 
1 

55 MB-329 H-12-B 
B-I2-C 
11-1 3-J 

0.016 
0.016 
0.032 

0.071 0.0035 1 5 1 350 

68 MB-329 B-12-J 
11-1 2-N 
I1-I3-I, 

0.017 
0.016 
0.033 

0.0755 0.00475 

Red MB-Bond 325 S i 350 

43 MB-329 H-14-A 
B-14-F 
H-I5-J 

0.049 
0.049 
0.088 

0.196 0.005 

56 MB-329 ll-14<' 
B-l4-(; 
11-19-A 

0.047 
0.047 
(1.088 

0.192 0.005 

69 MB-329 B-I4-I) 
11-14-11 
11-15-1) 

0.047 
0.049 
0.090 

0.19.15 0.00375 

44 MB-329 11-28-A 
B-28-1-: 
B-17-J 

0.046 
0.044 
0.090 

0.1955 0.00775 

57 Mlt-329 11-24-C 
B-24-1. 
H-22-K 

0.047 
0.046 
0,087 

0.1945 0.00723 

70 Mlt-329 B-16-B 
B-16-H 
B-17<' 

0.047 
0.047 
0.087 

0.1945 0.00675 

r 50 350 

100 
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TABLE XV 

SINGLE AND DOUBLE LAP SHEAR ASSEMBLIES-BORON/TITANIUM 

LSA        Type        Adhcrcnd     Adhcrcnd        Joint        llond-Linc 
No        Adhere          No.          Thipknc«    Thickne»     Th.cknev 

Cure          Cure 

Primer             Pteiiurc,    Temp., 
psi            ° l; 

— 
6 MM 2b B-18-C 0.031 0.0655 0.0025       Blue F.C-2320              50            275 

Ti 0 032 

19 MM 26 B-18-K 

Ti 

0,029 

0.032 

0.0695 0.0085 

T 
32 A1-1 26 B-18-J 0.031 0.1'68 0.005 

275 

45 MU-329 

Ti 
H-1R-H 

Ti 

0.032 

0.031 

0.032 

0.1 655 0.0025       Red M-Bond 329                          350 

Type 

58 MB-329 B-I3-D 0.031 0.070 0.007 

\ Ti 0.032 

71 MH-329 B-l 8-F 0.031 0.068 0.005 
350 

7 AIM 26 

Ti 

B-I6-D 
Ti 

0.032 
0.047 

0.045 

0(1915 0 Blue Er-2320                               275 

20 A1-126 B-I6-1-: 
Ti 

0.047 
0.045 

0.0955 0.0035 

? 
33 AIM 26 B-24-M 0.047 0.099 0.007 

275 

46 MB-3 29 

Ti 
B-28-I- 

Tl 

0.045 

0.043 
0.045 

0.091 0.003 Red M-Bond 329                          »5" 

59 MH-329 B-28-M 

Ti 

0.044 

0.045 

0.093 0.004 

f 
•,'2 MH-329 11-16-J 0.048 0.1445 0.0065 

350 

8 AIM 26 

Ti 
B-l 8-A 

Ti 
Ti 

0.045 

0.031 
0.016 
0.016 

0.064 0,001 

Blue l-r-2320                               2" 

21 AIM 26 HI Ki- 0.031 

ll 

Ti 

0.016 
0016 

0,1163 0 

34 AIM 26 B-l 3-11 0.031 
1 

Ti 0.016 0.0605 0 
275 

Tl 0.016 
Red M-Bond 32"                          "0 

47 MB-329 B-18-D 

Ti 
Ti 

0.031 
0.016 
0.016 

0.074 0,055 

6(1 MB-329 B-l 3-(' 
li 

Ti 

0.03: 
0.016 
0.016 

0.074 0,005 

73 MH-329 H-IR-B 0,031 \ 
Ti 0.016 0.(1725 0,004 ■; 350 
Ti 0.016 

Blue EC-2320                                 275 

9 A1-1 26 U-15-A 

li 
Ti 

0.090 
01145 

0.045 

0.178 0 

22 AIM 26 H-l5-<' 
Ti 

Ti 

0.087 

01145 

0.045 

0178 0,0005 

35 A1-1 26 HI 9-11 

Ti 

Ti 

0.1186 

0.045 
0.045 

0.175 0 Red M-Bond 329 

350 

48 MB-329 HI 5-11 
Ti 

Ti 

0.087 

0.045 

0.045 

0.1875 0,00525 

61 MB-329 B-l 90 0.09U 

Ti 0.045 0.193 0,0065 

74 MH-329 

Ti 
B-I5-M 

0.045 
0.087 

Red M-Bond 329                            | 

li 0.045 0.190 0.0065 
350 

10 AIM 26 

Ti 
B-22-J 

0.045 

0.089 
Blue EC-2320                 ,            275 

Ti 0.045 0.180 0.0005 
50            275 

Ti 0.045 
Blue EC-2320              50            275 

23 AIM 26 B-17-K 

Ti 
Ti 

0.068 

0.045 
0.045 

0.1815 0.00175 

36 AIM 26 B-22-C 
Ti 

Ti 

0.089 
0.045 
0.045 

0.1805 0.00075 
T 

275 

Red M-Bond 329                         350 
49 MB-329 B-22-A 

Ti 

Ti 

U.089 

0.045 
0.045 

0.1945 0.00775 

62 MB-329 B-22-B 

Ti 

Ti 

0.089 
0.045 

0.045 

(1.1975 0.00925 

75 MB-329 B-I7-L 

Ti 

0.089 
0.045 0.195 C.008 T 

50            350 
Ti j     0.045    | - 

nil iiliiiMMti 
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SECTION IX 

BONDED JOINT TEST RESULTS 

IX. 1. GENERAL 

This Section presents tiie experimental results of tiie simple specimen bonded joint testing conducted in this 
program. Two hundred and three specimens covering two adiiesives, three lap configurations, three basic composite 
adherend .Ibcr 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 IX.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 SPECIMEf* JATA SUMMARY 

A summary of all the simple 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 arc located in Appendix F. There were 72 single lap. 108 
double lap, and 23 step lap joints tested covering composite/composite and composite/titanium bonded joints 
utilizing two adhesive systems: a nitrile-epoxy low stiffness-high elongation (LS-IIE) system* and an epoxy-novolak 
high stiffness-low elongation (I1S-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 1-4V 
alloy in the annealed condition. Data on the adherend malt rials was previously covered in Section VII. 

From Tables XVI and 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 double lap composite/composite joints with the same two adhesives.  In Figure 104 on load transfer capa- 
bility of single lap composite/composite joints it can be noted that the curve slope increases with increased adherend 
stiffness, decreased adhesive stiffness, and increased adhesive elongation. By contrast the change in slope due to 
these same property variables is much less in double lap joints as shown in Figure 105. In fact all oilier slopes 
except one are close to being the same. For this exception il appears that the high Poisson's ratio of the basic 
0/±45o orientation adherend is detrimental when used with the high stiffness-low elongation epoxy-novolak adhe- 
sive. Also presented in Figure 105 aie slopes of data points which represent poor quality specimens, illustrating 
the deleterious effects of interface region failure. 

On the ccmposite/litanium joints summarized in Tables XX and XXlI the graph in Figure lOd presents the 
data on the single lap joints with both adhesive systems whereas the graph in Figure 107 {taken from Tables XXI 
and XXIII) give them for the double lap joints utilizing the two adhesives. The same son of trend in load transfer 
capability exhibited in Figure 104 for the single lap ioints is evident in Figure lOh. Higher slopes result from higher 
adherend stiffnesses and adhesive elongations plus lower adhesive moduli. Figure 107 also exhibits the same trends 
as were shown in Figure 105. In fact all but one of the adherend/adhesive combinations plot on the same line: this 
one with the 0/±45c orientation adherends bonded together with the high stiffness-low elong:"'.on epoxy novolak 
adhesive gives a slightly lower slope, probably because of Poisson's ratio effects. Again, poor quality specimen 
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. 

tNarmco'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. 
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TABLE XVII 

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

COMPOSITE/COMPOSITE SINGLE LAP JOINT DATA SUMMARY (HS-LE) 
MB-32C), Nominal Width- 1.000 In. 
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TABLE XX 

COMPOSITE/TITANIUM SINGLE LAP JOINT DATA SUMMARY (HS-LE) 
AF-126-2,Nominal Width-1.000 In. 
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TABLE XXI 

COMPOSITE/TITANIUM DOUBLE LAP JOINT DATA SUMMARY (LS-HE) 
AF-126-2, Nominal Width   1.000 In. 
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FIGURE 91. LSA40 FAILED SPECIMENS 

j^ wr~l 
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FIGURE 93. LSA-57 FAILED SPECIMENS 
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-B-21/25 FTU 

N-5505 Boron/Epoxy 
Joints   - Experimental 
Results 

0 10 

Ref.   Table XVI,   XVITI 

0/ B-IZ,13,18,21,25 
4.     fO) Adherends + Nitrile 

Epuxy Adhesive (LS-HE) AF 126 

B-16,24,28 

3.     [0/+45/0/-45/Ö]s Adherends  I 
Adhesive (LS-HE) AF 126 

13, 18,21,25 
■ re ads  +  Epoxy 
Adhesive (US- I.'-:)  MB329 

0)3  Adherends   • 
Adhesive (HS-LK)   M15329 

FlGURli 104. SINGLL LAP COMPOSITE/COMPOSITE JOINTS 
LOAD TRANSFER CAPABILITY 
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Limited step lap test data were obtained in this program and are summarized in Figure 108 (taken from 
1 able XXIV). 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. It should be noted, as shown in Section V1I1, that these are single step-lap joints. This configuration 
is probably more related to single lap joints than the double lap ones, as slope comparisons with Figures 104 and 
10ti will show. The load transfer shown for these joints is that of tlie "gross section" rather than the "net section," 
therefore, this capability looVi low for the one step-lap joint. However, net section calculations would double it. 
Curve 3 does give a highei «lope than the best of the single lap data but not quite as good as the best of the double 
lap data. These trends probably indicate that an even higher number of steps would further increase the slope as 
would changing the configuration to that of a double step lap. In this case, the low quality specimens 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/citanium joints utilizing the 0° and 0o/±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 tensile lap shear simple specimens was performed in a Multirange Baldwin 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- 
corded load deflection curve was obtained to failure on each specimen over this 2-in. gage length with a multi- 
range TSMD extensometer. Temperature and humidity during testing were 70° ± 40F and 50% ±10%, respectively. 

Figures 109 and 110 are characteristic of the type oi load/deflectiont curves that were obtained from the 
joint specimens, the characteristic difference being that the joint with the low stiffness-high elongation 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 H.S-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]5' 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 transfer 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/ -45/01.S' 9-ply boron/epoxy 
double adherends and a 0.087-in. thick [(0/+45/0/-45)Q/O]I5' 17-ply boron/epoxy single adherend. Overlap length 
was 1.75 in. using the Metlboiid-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 adher- 
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 bonded 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 failures are cohesive or surface resin fracture 

*i.e., strain rate i^' 0.00125 in./in./min. 

TDeOection divided by the 2-in. gage length gives gross strain. 
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£1: 

FIGURE 104. LOAD/STIIA1N CURVE FOR DOUBLE 
(Two Inch Gage Length Over Jo 

LAP AF-126-2 BONDED JO'NT 
int Area) 

FIGURE 1 10. LOAD/STRAIN CURVE FOR MB-32') BONDED JOINT 
(Two Inch Gage Length Over Joint Area) 
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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: 

A. Adhesive/Adherend Interface Adhesion Failure 
B. Adherend Surface Resin/Reinforcing Fiber interface Adhesion Failure 
C. Cohesive Fracture of the Bondline 
D. Cohesive Fracture of the Adherend Surface Resin 
E. Delamination, Splitting 
F. Adherend Net Section Tension 

t:.- 

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 transfer 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 quality 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 poor 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 from 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 adherend 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 magnitudes 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 predict ions can be accomplished with the nonlinear techniques using maximum strain 
failure criteria for (he composite adherends and maximum stress failure criteria for the titanium adherends. 

IX.3. SPECIAL JOINT INVESTIGATION DATA SUMMARY 

Six composite/titanium bonded joir.is were selected from the simple specimen program reported in Sec- 
lion IX.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 orientation category (0 ±45°). The joints 
chosen for study were: 

No. of 
No. Joint Type 

S.L. 

Adhesive 

AF-126-2 

St rain Gages 

LSA-20-1 4 
LSA-23-1 D.L. AF-126-2 4 
LSA-S^-l S.L. MB-329 2 
LSA-62-1 D.L. MB-32C) 6 
LSA-li-4 l-St.L. MB-329 5 
LSA-26-4 2-St.L. AF-126-2 6 

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

*Type E. 

i'fype K 
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Vlio inetliod used for presenting the experimental data is the familiar stress-strain curve. Stresses used were the 
meiage calculated values based on the adherend cross-section area outside the joint overlap. Strains were those mea- 
sured 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- 
ure 1 1 2. Strains at four composite adherend stress levels were mapped:  10, 60, 80 and 92.437 (failure) ksi. The 
fus! stress level (10 ksi) was picked so that both the average adherend and adhesive behavior were still in the linear 
range. The second stress level (60 ksi) was picked so that the average adherend behavior would still be linear (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 
strength data on panel B-16 would indicate. Transverse composite adherend strains were high, as would be expected 
with the high Poisson's ratio of the 0/±45o oiientation. 

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 Fstimated 
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. 

Speciman LSA-59-1 strain data are shown in Figure 116 with typical failures shown in Figure 117. The 
primary mode was failure 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 1 18. The high trans- 
verse strains in the composite adherend can be noted. Three adherend stresses were selected at which to evaluate the 
strain distribution:   10, 30 and 44.954 (F) ksi. All are in the linear range for the adherend, but the second one could 
cause nonlinear behavior in the adhesive. The third (f.iilure) adherend stress level selected is definitely such that the 
adhesive behavior will be in the nonlinear range. 

Figure I 19 presents the strain data on LSA-62-1 and Figure 120 shows the cohesive iVjcture of the adhesive 
as the piimary 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 stress levels were investigated in the strain distribution study: 25 and 56.648 (F) ksi. While the 
longitudinal (A'-dir.) strains in the composites are only slightly higher than those in the titanium at locations just 
outside the joint, the transverse strains in the composite are substantially higher (than those in the titanium) at all 
locations. 

Strain distribution on joint LSA-11-4 is shown in Figure 122 with a strain map at four adherend stress levels 
given in Figure 123. Primary failure was by cohesive fracture of the surface resin of the composite with secondary 
failure at tiie inte'face between the adhesive and the composite surface resin. Some cohesive fracture of the adhe- 
sive was also evident. Results are considered to be low. All adherend and adhesive stress levels up to failure, which 
were investigated, are considered to be in the linear behavior range. 
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Specimen  LSA-ZO- 1 

Failed at 4400 11, 

On Composite 

O   Gage  «3 
0   Cage  «4 

MIO-IOUO    -ZS00 -Z000  -1S00-1 000    -SOU 0 
500 looo isoo znoo asno 3000 3SüO 40011 4500 

1 uint -St rain,   ^   in. / in. 

(Ref.   Page  1-4 
Appendix   K) 

Specimen I.SA-20- 1 

Failed at   4400 lb 
I'^mposile 

^000 15 00 1000 500 T5 500^        1000 1-500        2000 2500 

Point Strain,  |i  in./in. 

-IGUR1; 111. SINGLE LAP COMPOSITH/T1TAN1UM JOINT WITH NITR1LE EPOXY 
ADHESIVE (LS-HE) 
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FIGURE 1 13. DOUBLE LAP COMPOSITE/TITANIUM JOINT WITH NITRILE 
EPOXY ADHESIVE (LS-HE) 
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(Ref.   !J»Bf F-9, 
Appendix F) 

Specimen LSA-62-1 
Fftilad at 5070 lb 

-ISOO -1000 

(Ref.   Page F-9 
Appi-miix F) 

(Hef.   Page  F-'■ 
Appendix  F) 
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Failed at 5070 lb 
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Point Strain, p in./in. 

FIGURE 119. DOUBLE LAP COMPOSITE/TITANIUM JOINT 
WITH EPOXY NOVOLAK ADHESIVE (HS-LE) 
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FIGURE 122. ONH-STI£P LAP COMPOSITE/TITANIUM JOINT WITH EPOXY 
NOVOLAK ADHESIVE (HS-LE) 
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LSA-2ti-4 specimen strain distribution is given in I'igure 124. Failure mode was cohesive fracture of both 
the adhesive and the surface resin of the composite. Figure 125 shows the strain distribution map for the four 
adherend stress levels investigated and can be categorized as follows: 

Avg. Adherend Estimated Adherend Estimated Adhf 
Stress Level (ksi) Behavior Range Behavior Rar 

5 linear linear 
15 linear nonlinear 
30 linear nonlinear 

36.969(F) linear nonlinear 

The adherend strain map shows that the strain distribution for the two-step-lap joint deviates substantially from that 
of the single and double lap joints. Maximum adherend surface strains occur in the middle of the joint on this two- 
step-lap configuration while those on the single and double lap ones are located at the start of the overlap. A sudden 
change in strain also occurs over the middle riser where the middle layer is changing from composite to titanium. 
Transverse strains of the composite adherend are relatively high. 
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Bond Thickness:    0.0041  in, 
7.0 

K o r 

5.0 

«■    4.0 

£   3.0 L 

t.o\- 

TU = 7, 170 pai 
Tp! = Z,500 p8i 

TJ, = 3,250 pai 
TQj = 3,750 psi 
Gj = 80,600 pai 

Ref 6 (Spec imen 3A 1 1 - U6-I ) 

0. 08 "• '0 0.12 0.14 
Shear Strain,   in. /in. 0.16 0. If "•20 0.22 

FIGURE 126. SHEAR STRESS-STRAIN CURVE OF AF126-2 ADHESIVE, 
SPECIMEN 3AII-126-1* (Typical) 

10, 000 

B, OOOU 

6, 000 

4, UUuL 

2,000 

Uond Thicknesa:   0. 005 in. 

o 
72   F (pre-strain 0.021) 

Tu = 9,400 pal 
T
pl = 3,200 psi 

Tl, = 5,350 psi 

ui = 315.789 ksi 

32 

FIGURE 127. TYPICAL SHEAR STRESS-STRAIN CURVE OF 
METLBOND 329 ADHESIVE* (Typical) 
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SECTION X 

THE0RET1CAL/EXPER1MENTA.  BEHAVIOR COMPARISONS AND 
"EFFECTIVE" PROPERTIES 

X.l. GENERAL 

Tlie purpose of this section is to show the correlation between the theoretically predicted joint behavior (includ- 
ing failure loads) and the experimer.ial results on both small simple specimens and larger complex assemblies. Sec- 
tion X.2 covers the Addition of Effective Bending to the theory developed earlier and Section X.3 covers the Analyti- 
cal/Experimental Behavior Comparison on Simple and Special Joints. Section X.4 presents the Design Analysis of 
Complex Joints. In Section X.5 Complex Joint Test Data Correlation with Predictive Methods is given. 

X.:. ADDITION OF EFFECTIVE BENDING 

The theory outlined in Section 11 was used to predict the failure loads of several of the experimental joinl con- 
figurations. Maximum stress theory was used for the adhesive and Isotropie adherends. Maximum strain theory was 
used for the composite adherends. These theories were incorporated into the computer program. 

Early investigation indicated that the theory as presented predicted excessively low failure loads. Attempts 
were made to bring theory into agreement with experiment by an effective properties approach, e.g.. modifying the 
adhesive modulus appropriately. Such attempts were not entirely successful.* 

Comparison of analytical and experimental strains indicated the theory predicted excessively high bending 
strains. For example, the theory of Section II predicted compressive strains in adherend 2 of the single lap at .v 
equal zero, V2 equal to t-ill (refer to Figure 2). This was never observed in the experimental data. Similar inconsist- 
encies arose in the double and step lap. The primary cause of the high predicted bending stresses is the small deflec- 
tion assumption for the derivation of the equilibrium equations. As the axial load :s increased, the eccentricity ot 
the joint is reduced and, therefore, the bending due to the axial load is also reduced. (The reverse occurs in the famil- 
iar beam-column problem.) Tims, the moment in adherend 2 of the single lap at .v equal zero is significantly less than 
PT( 1   - r/fl)/2 as would be predicted by Equation (9). The plane sections remain plane assumption also exaggerates 
the bending since, in the vicinity of the adherend-adhesive interface, shear deformation,> are significant. 

In order to remedy this situation without revising the entire theory, an effective bending factor. A,., was intro- 
duced. This factor reduced all the computed bending moments in the joint by ke. The quantity ke was introduced 
into the equations of Section 11 in the following form: 

^t^ = 

A/2 = - 

Pt I        c   \     l] 
ö+-(.v--:  )"T0 

Ö--    .Y--      +-0 
.        " \       V      2   j 

12M) 

kc 

*While "effective G" could be used in shear distribution and ultimate load prediction, when the normal stresses and 
the failure theories were introduced, the approach became useless. Large changes (by a factor of 2 to 4) in effective 
C/ resulted in only small changes in the predicted failing load. 
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<h 
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/;'Av 
Pi 

(I -^VD, 
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f/.A-, 

2(1 -u2)iDi 

G      \        2     /U> 

/  V^,     /12     41), 

(83M) 

P4 
G/,^, 

Step Lap 

Mx =- 

M2 =- 

0+7^1 -f2) 0 
4 2 

ö--(/i -/2) + - 
4 2 
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1 
where the equation numbers of Section II are referred to with the suffix M to indicate Modified. The following values 
of A',, were found to give reasonable analytical/experimental correlation: 

Single Lap 

Double Lap 

Step Lap 

ke 

0.01 

0.02 

0.10 

X.3. ANALYTICAL/EXPERIMENTAL BEHAV;.'.).": COMPARISON ON SIMPLE AND SPECIAL JOINTS 

X..i,a. Simple Specimen Joints 

For correlation purposes the averaged results from sixteen lap shear assemblies* were chosen as represeniative 
samples of the 67+ investigated in this research program. Seven single lap (S.L.), seven double lap (D.L.). and two 
step lap (St.L.) joints were chosen, covering both adhesive systems and adherend combinations, selectively. Within 
these categories the choices were made, based on a study of the quality of the experimental data. Bad data points 
were judged by the failure mode (interface or interlaminar) and/or whether the points fell on or near the majority 
data lest curves (A'' vs /,//) as shown in the previous section. 

Adherend properties were obtained from Section VII and the literature for use in the computer prediction pro- 
gram. Adhesive properties, taken from the literature, are presented in Table XXV and Figures I 26 and I 27. A sum- 
mary of all the properties used in the computer program is given in Table XXVI. 

The nonlinear joint behavior equations were programmed for failure by (I) cohesive fracture of the adhesive by 
the maximum stress theory, (2) tensile failure of the composite adherend by maximum strain theory, and (3) tensile 
failure of the titanium adherend by maximum stress theory. The experimenial/theorelical correlation is presented in 
Table XXVII. The predicted low values of item 6 may have been caused by the inaccuracy of the unidirectional lam- 
ina Ramberg-Osgood three parameter predicted stress-strain curve for the 0/90° orientation laminate that was used 
tor all three adherends. Observe that the experimental value in parenthesis correlates reasonably well with that 

*Lach assembly represents 3 or 4 specimens. 

'Totaling 203 individual specimens. 
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PROPERTIES 
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predicted. It represents the proportional limit average 

value for this group of joints and was taken from the 

2-in. gage length (over the bondline) autographically 
recorded load/deflection curves. Item 6 (lap shear assem- 

bly 56) load/deflection curves are shown in Figure 128. 

Apparently, the shape of the three parameter stress-strain 
curves used to derive the 0/90° orientation adherend 
behavior resulted in adhesh-e stresses high enough to cause 

joint failure prediction at the loads indicated. In the actual 
test adherend proportional limits* were exceeded and a 
redistribution of stresse j in the adhesive was brought on 
by the sudden drop in adherend modulus, allowing the 
bondline to go to a much higher stress, i.e., the joint to 
transfer much higher loads. It is felt that the proper 
choice of unidirectional lamina Ramberg-Osgood param- 
eters would give derived 0/()0o stress-strain curves which 
would allow accurate prediction of failure leads. Item 13 
(lap shear assembly 61) apparently was less affected by 
this phenomenon because only the single adherend was 
0190 composite with the double adherends being titanium. 

The limiting factor in these three parameter stress-strain 
curves' accuracy could be the lack of 90° lamina experi- 

mental data.t 

As pointed out in the previous section, values of the bending factor were selected for reasonable correlation 
with each joint -ype (BF-JT) and are listed in Table XXVII. Table XXVIII gives a more explicit listing of the BF-JT 
factors relating them to the item no.;, of Table XXVII. 

Figure 129 shows the experimental/analytical correlation with these bending factors by joint type. A limited 
amount of effort was devoted to further refining the values of the bending factor for various adhesive types and fail- 

ure .ypes within the joint types (BF-JT, AT, FT). The selected bending factors are shown in Table XXIX and Fig- 
ure 130 shows the corresponding correlation. This latter approach could be extended to other joint configurations. 
The refinement of 'he bending factor definition is limited only by the amount of experimental data available. 

Typical failure types are shown photographically in Figures 130 through 135. Figures 131, 132 and 133 show 

the composite net section tension failure of the LSA-31, -33 and -36 specimens, respectively. Figures 134 and 135 

show li.e cohesive fracture of the composite surface resin and bondline of LSA-56 and -58, respectively. In Figure 136 
specimens LSA-61 show primary composite adherend dekmination and secondary surface resin fracture. 

Five typical computer printouts on the joint predictive techniques are given in Appendix G. These are on 
items 7 (LSA-20). 9 (LSA-23), and 15(LSA-26) from Table XXVII. The printouts cover shear (TAU) and normal 
(SIGMA) stresses at various stations along the joint overlap length for ultimate loads in Appendix G.l. The individual 

ply stresses at intermediate loads are .Iso presented in Appendix G.2 for items 7 (LSA-20), 14 (LSA-62), and 15 
(LSA-26). Correlation of the predicted suiface ply stresses on the special test specimens with the experimentally 

measured strains is given in the next subsection. 

Material H.opcrty 
AF 126-2 (LSHE)* MB-329 (HSLE)t 

"u 5513 psi 7300 psi 

Et 0.22568 X I06 psi 0.96847 X 106 psi 

n 0.40 0.4284 

Tu 7170 psi 8970 psi 

G 0.0806 X 106 psi 0.399 X I0fi psi 

*See Refe rences(6)and(18). 

tSee Refe rences(l8)and(19). 

tTliese v jes are calculated. Such calculations are 
based on .. perimentslly measured G and E* (con- 
strainea) values assuming an isotropic-elastic rela- 
tionship among/f, G and f. See Reference (19). 

"See Appendix E for appropriate experimental laminate tensile specimen stress-strain curves. 

■ 11,is leseaich ei'fori generated only 0" unidirectional lamina axial test data, the l)0" axial data were taken fron, the 

iiirMinre. as v.ere the in-plane shear values. 
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FIGURH 128. JOINT LOAD/DEFLECTION CURVES 
FORLSA-56(D.L.-HSLE) 
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TABLE XXVIII 

VARIABLE BENDING FACTOR 
SELECTIONS: BE/IT 

(Based on Joint Type Only) 

Join! Type 
Bending 
Factor 

Item Numbers, 
Table XXVII 

Single Lap 0.01 1,2,5,7,8,11,12 

Double Lip 0.02 3,4,6,9,10,13,14 

Step Lap 0.10 15,16 

IJF/JT:  Bcmiin^ factor chosen by joint  type only 

-a -a 

Joint Variabl(;a  Cuvured 

Adherend Combinations - B/B and B/T 
Adhercnd Orientations   -  0,   0/90,   0/±45 

Adhesive Types  - I.SHE (AF-126-2) 
- HSLE (MB-329) 

Joint Types   - S.   L. ,   D,   L. ,   and -St.   L. 

Failure Types 
Cohesive Fracture (CF) of 
Bondline or Composite Sur- 
face Resin 

Adherend Tension (AT) 
Point 6 Failure was  taken as  the proportional 
limit knee on the extenaometer load/deflection 
curve,   actual ultimate  la  shown by the (x) point. 

9       10       11 12 

1000 lb/in.   width 
Analytically Predicted  Load Transfer at Failure 

FIGURE 129. CORRELATION CURVE ON BONDED JOINTS FOR BF/J1 
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TABLF XXIX 

m 

BEST BHNDING FACTOR SHLHCTIONS: BF/JT-AT-FT 
(Based on Joint Type. Adiiesive Type, and Failure Type) 

Joint Type Adhesive Type 
Primary 

Failure Type 
Bending 
Factor 

Item Numbers, 
Table XXVII 

S.L. LSHF or HSLF AT or CF 0.01 1,2,5,7,8,11,12 

D.L LSHF CF 0.20 3,9 

Ü.L. LSHF AT 0.02 4, 10 

D.L. HSLF CF 0.02 6,13,14 

2-St.L LSHF Al 0.10 15 

3-Sl.L LSHF CF 0.01 16 

Legend: S.L.  Single Lip 
D.L.-Double Lap 
St.L.-Step Lap 
LSHF   Low stilTness/high elongation (AF-1 26-2 
HSLE   High stillness/low elongation (MB-329) 
AT   Adherend Tension 

) 

C'F  Cohesive Fracture (Bondline or Composite Surface Resin) 

11F/JT - AT-FT:   HcndinR factor chosen by 
joint type,   adhesive type,   and failure type. 

Joint  VariableH   Covered 

Adherend Combinations  - B/D and B/T 
Adherend Orientations  - 0,   0/^0,   n/±4^ 

Adhesive  Types   -   LSHE (AF-I 26-2) 
- HSLE (MB-329) 

Joint  Types   - S. L. .   D. L. .   and St. L. 

Failure Types 
A. Cohesive Fracture (CF) of Bond- 

line or Composite Surface Resin 
B. Adherend Tension (AT) 

Note:    Point 6  failure was taken as ihe proportional 

limit knee on the extenaometer toad/deflection 
curve,   actual ultimate is shown by (x) point. 

_l I ''I' I 1 1 I L  
4        5 6       7        8        9       10     II       12 

1000 lb/in.   width 
Analytically Predicted  Load Transfer at  Failure 

•IGURF 130. CORRELATION CURVE ON BONDFD JOINTS FOR BF/JT-AT-FT 

154 

im 



HmUpmHHHIHmipr'     »»WIWiWHi "IJI ^—«vmi"",>'"**"'""'-':" ""*'m"m""""""" ^■^■i■■-^■■^"^"|■ . -\:mmmrm''ii      IIII. ii.Ji uiiwwawnilim 

 ""••■■:-'- ..^/.-■l.^:^^^^^u.;.^wliM^^^J,.^^.^l^..........^,.^!,...i,..,v.l. i..^;..,.^ .     .;;. .„  ■■,--:..■.. ■ ■      .: MiVl,.,.':„,, 

■ S/i-S/. 

FIGURE 131. LSA-31 FA1LUR1Z 

FIGURE 132. LSA-33 FAILURE 

'I 

FIGURE 133. LSA-36 FAILURE 
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FIGURE 134. LSA-56 FAILURE 
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FIGURE 135. LSA-58 FAILURE 
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FIGURE 136. LSA-61 FAILURE 

X.3.b. Special Join! Correlations 

Figure 137 shows the plots of the predicted surface strains in the overlap area of specimen LSA-20-1 at one 
load level with the experimentally measured values superimposed. Figure 138 presents the predicted surface strains 
in the overlap area of specimen LSA-62-1 at one load level with the experimental points superimposed. Correlation 
is good enough to further verify the nonlinear analysis and design techniques developed herein. 

Note that the experimentally measured longitudinal surface strain values correlate very closely to those pre- 
dicted for both composite and titanium adherends. The experimentally measured transverse strains on the composite 
are also shown. Since the plane strain assumption is used in the progratii die predicted transverse strains are zero. 

X.4. DESIGN ANALYSIS OF COMPLEX JOINTS 

A more complex* joint was designed to evaluate the size effects which can be anticipated when designing larger 
joints. A basic composite/titanium double lap joint configuration, five inches wide, was chosen for evaluation. Eight 
of tliese joints were designed as shown in Figure 139 (Dwg. No. 03-2587-13), varying overlap length, adhesive, and 
laminate orientation. Of these, two were chosen for test; the -501 and -509 assemblies. These two joints are ana- 
lyzed in Table XXX. This empirical analysis considers the possibility of failure in the titanium adherends, the com- 
posite adherend, and the bondline. Experimentally determined titanium (Table XI) and composite (Table IX) strength 
are used along with simple specimen bonded joint (Figs. 107 and 140) test data. Design was based on average test 
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Type Bending Factor:   BF-JT 
Bending Factor,   Ke = 0.0l0 

(Ref.   Fig.   Ill) 

4000 - 

Specimen LSA-20-1,   Single Lap 
P=4400 lbs at Failure  
O Theoretically Predicted Long.  Strain 
0 Experimentally Measured Long.  Strain 
A  Experimentally Measured Trans.  Strain 

9    1.0    1.1    1.2   1.3    1.4 
1. 25 

Overlap Length,   in. 

Gage Noa .   3 & 4 

FIGURE 137. THEORETICAL/EXPERIMENTAL CORRELATION OF SINGLE 
LAP JOINT SURFACE STRAINS 
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f(0/+45/0/-45)Q/Ö]s   Composite Adherend, 
LS - HE (AF-126-2) Adhesive 
(Ref.   Table XXI) 

[(0/+45/0/-45)Q/0
S

JSC;   Composite Adherend,   HS-LE (MB-329) 

\ 
Adhesive (Ref.  Table XXIII) 

\ 
\ 
\ 
\ 
\ 
\ 

S 
\ 

Note : 

Simple Specimen Data 
Av^.   Point Plots 

0 4 8 12 16 20 24 28 32 36 40 44 

Joi^t Overbp Length/Adherend Thickness   -  L/t  (Nom.   Dim.) 

FIGURE 140. BONDLINE SHEAR STRESS VS /.// FOR COMPOSITE/TITANIUM 
DOUBLE LAP JOINTS 

data using no safety factors. Unit failure load is predicted to be cohesive fracture of the bondline or composite sur- 
face resin. 

Loading of llie complex joint was to be done through four 1/2-in. diameter steel bolts at each end which are 
loaded via two 3/8-in. steel plates. These steel plates are loaded through a clevis by a 2-1/2-in. diameter steel pin 
(see Fig. 141 ).* This setup was mounted in a Baldwin Universal Test Machine for loading. Load introduction analy- 
sis follows for the 03-2587-13 Dwg.-501 and -509 complex joints: 

•\)wg. No. 03-2587-14. 
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i'r 

\,    0.;vH)lb in. (from Table XXX) 
V. \ ^ - 40.ci50 lb estimated failure load 

/'    1 ' \ 4b.(i5Ü = d1).1'?? lb (load intro. des. Id.) 

1 o.ui Boil = F 4 = = 1 7,4'M lb/bolt 

SIIK'C moduli of Ti and 0/±45o orientation B/E are approximately equal, from Figure 139 let 7\* = 3 X 0.090 
0.:~Ü in. for the single adberend all Ti end and r2 * = 3 X 0.090 -f 2 X 0.085 = 0.440 in. for the composite 
double adberend end. 

I sine ihe double adberend end T^. 

C-FBR 
P 17,494 

= 79,500 psi 
dT2     1/2(0.440) 

Til-)jRr = 245.000 psi (Fig. 3.0362, Page 21, Code 3707, AFML-TR-68-115 Vol. II, Jan. 1968) 

0+45 ß/l-: F3Rl: = 43,000 psi (Fig. 6.2.2.20, Design Guide)'20' 

i .e., 

if the ll/E fails in bearing, this amount of load will be picked up by the Ti insert and grip plates and all the load 
would be transferred to the boron through Ihe four bondlines. This then results in the same bearing condition 
as ihe single adberend end, i.e., 

17,494 
l'ii  130,000 nsi bearing in 77 

1/2(0.270) 

i.e.. bearing in Ti ok when compared with allowable. Bondline stress then becomes/y/l/i: 

from above/^ 69,975 lb 
AI1 = 4X 5 X 4 = 80 in.2 

69,975 
/•'v =     = 875 psi 

80 

This stress is lower than the lowest value obtained from all the lap joint data, i.e., bond line is ok. 

Anoiher check using Figure 107 gives 572 lb/in./ply composite joint allowable (18,304 lb/in.) or 91,5201b 
loial load allowable. 

llieiefore load introduction joint is safe with Ihe bondiine being most critical. -509 assembly will not 
iiansmit as much loa d, i.e., it is ok. 

'.   '  -1/. 
from Fig. 139 
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\ -   COS\V\ l-X JOINT ThST DATA CORRELATION WITH PRHDICT1VE METHODS 

Ibo two complex (double lap) joints, assemblies-501 and -509,ofSwRI Dwg. 03-2587-13 (see Fig. 13())weie 
l.ibikaied and tested to further check out the nonlinear theoretical predictive techniques developed in this i'    ircii 
on on. Ihese joints represented larger, wider bonded joint structures which can be more easily instrumented tor 
behavior measurement. Twenty-four strain gages were laid on the front and back faces of tiie joint in the pattern 
shown in Figure 142. Test setup for the -501 complex joint assembly with the LSHF* adhesive is shown in Fig- 
ure 143 whereas Figure 144 shows the -509 assembly with the HSLEt adhesive. 

load rate was 0.001 25 in./min over a two-inch gage length in the joint area and strain gage readings were 
taken automatically at each 1,000 pound increment of load to failure. Load introduction tabs of 6A1-4V 
annealed titanium were bonded to the specimens, initially with a room temperature setting, two-part epoxy. 

Assembly -501 was loaded to 32,200 lb on first loading, at which the load introduction tabs on the bottom 
became unbonded. New tabs were made, cleaned, and rebonded with AF-12b-2 film adhesive. On second load- 
ing failure of the tab bond at the top occurred at 48,100 lb. New tabs were made, cleaned and rebonded with 
AF-l 26 adhesive. On third loading the failure occurred in the joint by cohesive fracture of the bondline at 
5(i.800 lb (U ,340 lb/in.). A summary of the strain gage readings is given in Table XXXI for each of the three 
loadings. 

Assembly -509 was loaded first to 30,675 lb at which failure occurred simultaneously at both ends in the 
load introduction tab/specimen bondline. New tabs were made, cleaned, and rebonded with AF-l 26-2 adhesive. 
The second loading resulted in cohesive fracture of the joint bondline at 33,000 lb (6,590 lb/in.). Table XXX11 
presents a summary of the strain gage data for each of these loadings. 

Using the actual measured joint dimensions the non- 
linear predictive program was used to predict the 
failure load and mode of each of the joints. For the 
-501 joint, failure was predicted at 12,144 lb/in. 
whereas for the -504 joint, failure was predicted at 
5.188 lb/in. Both failure made predictions were 
for a cohesive fracture of the adhesive. Observed 
mode of failure was cohesive fracture of bondline 
in both cases starting near the ends of the compos- 
ite adherends. Table XXXI11 summarizes the mea- 
sured and predicted values. Complete printouts 
of these predictions and their related adhesive and 
adherend stresses are presented in Appendix H. 
Composite surface strains taken from these pre- 
dicted failure data are included above the measured 
strains in Tables XXX and XXXU. 

iji.  •mir-i i-i.dti"  ga^ea  lirnl nurnbe r \a ot\ (rout,   second numbe r i b on bark, 

FIGURE 142. COMPLEX JOINT STRAIN 
GAGE LOCATIONS 

Observed that the longitudinal strains predicted 
at gages 1,3,5 and 9 (see Fig. 142) on both joints for 
all loadings correlated well with the measured strains 
at that load level. Also, observe that the predicted 
strains at gage 7 do not correlate the measured strains. 
With gage 7 located near the end of the bondline 

M.SI1L   LowStil   tess. High Elongation (AF-l 26-2) 

illSLL   High Stiffness, Low Elongation (MB-329). 
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TABU-: XXXI11. LARG1: JOINT ANALYSIS/TEST COMPARISON 

Joint 
Assembly 

Standard Stress Analysis 
Prediction 

Nonlinear Design 
Prediction 

Actual Experimental 
Failure 

Z5,,, lb/in. Type Failure Pu, lb/in. Type Failure /'„, lb/in. Type Failure 

-501 

-509 

9,330 

6,250 

C.F. 

C.F. 

12,144 

5,188 

C.F. 

C.F. 

11,340* 

6,590t 

C.F. 

C.F. 

*Ref. Table XXXI 

tRef. Table XXXII 

overlap on the composite adherend over the area where failure is supposed to occur, this difference in predicted vs 
actual strains is critical. On -501, note, gage 7 shows a 22% reduction in measured strain from the first loading to the 
third one, an indication that bondline shear and normal stress peaking has been reduced at this point by the repeated 
loadings beyond the adhesives' proportional Ir        \ more vivid indication of this is shown by the behavior of 
gage 17 in the corner of the composite adherem the first loading the strain at gage 17 was exactly 50'/f of that 
of gage 7, on second loading 17 was 77% of 7, while on third loading gage 17 was reading 169% of gage 7. For 
-501-) a different redistribution phenomena occurred. On first loading the strain reading of gage 17 lagged those of 
gage / only slightly as the loading increased through 24,000 lb and then started dropping as the load was increased . 
to 30,000 lb. Gage 17 strain dropped faster than 7 and it was reading about 10% of 17 at 30,000 lb load. On second 
loading both 7 and 17 were reading decreasing magnitudes of minus strain. Gage 7 read decreasing small minus, 
strains to 30.000 lb while gage 17 read decreasing small minus strains to 32,000 lb before they started increasing 
again. 

Plots of the predicted longitudinal strains along the joint overlap length for predicted failure load are shown 
for -501 in Figure 145 and for -509 in Figure 146. Actual strains at this load level are superimposed on these figures 
for the last (or failure) loading test sequence and they correlate well with those predicted. Transverse strain pre- 
dictions are zero due to the plane strain assumption; however, actual transverse strain measurements are shown to 
be relatively large. This is caused by the large Poisson's atio exhibited by the 0/±45o composite adherends. 

A redistribution of the surface ply strains of the composite adherend at or near the ends and corners, 
apparently resulting from multiple load cycles before failure, is probably caused by a redistribution of the adhesive 
strains (stresses) at those points. Such a redistribution could cause the test article to fail at higher loads than 
predicted since peak adhesive stresses (strains) would not be reached as soon. This could be offset by preload dam- 
age to the adhersive, thereby reducing its strength. The exact phenomena causing surface strain redistribution 
and its resulting effects are unknown. 

At this point it can be said that there is a substantial amount of correlation of the predicted mechanical 
behavior with the experimental results on the complex joints with accurately predicted failure loads obtained when 
using maximum stress theory cohesive fracture of the adhesive. Adherend failure prediction in the joint was not 
checked experimentally in the complex joints. 

Failed specimen photographs for -501 are shown in Figures 147 and 148 whereas Figures 14(' and 1 5C show 
the -509 failures. 
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IIGURF 148. FAILURE MODE OF-501 COMPLEX JOINT 
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SECTION XI 

BONDED JOINT DESIGN CURVES 

Xl.l. GENERAL 

The purpose of this section is lu illustrate how the nonlinear design/aiwiysis techniques developed in this pro- 
gram can be used to generate useful design curves on bonded joints. Srction XI.2 presents a Discussion of Approach 
whereas Section XI.3 gives the Design Curves and how to use them. 

XI.:. DISCUSSION OE APPROACH 

Design oriented experimental data curves for composite adherend joints can be generated by plotting failure 
loads vs the geometric parameter /-//. For each composite orientation a plot of running load/ply vs L/t is recom- 
mended. The running loads at joint failure in lb/in. are divided by the number of plies to get the running load/ply 
(A'') in lb/in./ply. The /,// parameter may be obtained by dividing the bondline overlap length by the adherend thick- 
ness. Always use the smaller of the two adherend thicknesses. 

For this project, data from selected, representative joints were picked from Table XXVII for use in design 
oriented experimental data curve generation. Table XXXIV summarizes the experimental 'analytical data on nine 
joint groups* which were used as a basis for design curve prediction along with pertinent, related geometric param- 
eters. These predicted failure load values and the use of A' = 0 when L/t = 0 define these curves (or lines) up to lam- 
inate failure. Laminate failure then becomes a cut off at A'' = laminate failure load (constant). This cutoff value may 
be predicted or plugged in from experimental data on laminates. While the cutoff shown here is based on laminate 
adherend failure it could just as easily be based on titanium adherend failure (for composite/titanium joints) where 
this is critical. 

XI.3. DESIGN CURVES 

The design oriented average experimental data curves generated fall on or very close to the nonlinear analyti- 
cally predicted joint failure load va'.ues as shown in Figure 151. All predicted and actual failure modes correspond 
except one, that being No. 36. Actual failure of this joint was by laminate adherend tension while its predicted fail- 
ure was by cohesive fracture of the adhesivef. Experimentally measured tensile ultimate strength is used as the 
horizontal cutoffs for these curves with the points 31, 33, and 36 used for correlation. 

Use of such design oriented experimental data curves which allow prediction of average test values for any /./.' 
(or vice-versa) is one method of allowables determination. Statistically based formulas can be applied with such data 
to obtain reduced values for use as design allowables. Such formulas were developed in Section V on Experimental 
Design. The c)59{ confidence design ultimate allowables may be calculated using the general formula (given by equa- 
tion 1 72, page     ) in which the average (mean) value can be taken from the Figure I 51 curves. The other parameters 
are known or can be determined from the detail data tabulation of Appendix F. 

Once the nonlinear analytical formulas have been checked out with simple lap joint tests utilizing the joint con- 
figuration and material combination desired, they can be used to generate a family of curves for design allowables 
purposes as was done herein. Or the computerized formulas could be used to predict failure loads and types ol fail- 
ure for any specific joint design which could be modeled as single, double, or step lap. If it is desired to use the type 

+ |-.ach joint group is made up of the avg of 3 or 4 test specimens taken from one lap shear assembly. 

iThanging the bending factor A,., from 0.02 to 0.05 predicts adherend tension failure mode but at a somewhat lowi 
Jailing load. 
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(DA) _ N'q 
(173) 

fe;- 

where 

(DA)= Design allo.vible value, N'D lb/in./ply (use eq. 172) 

fs = Mean value of strength N'f lb/in./ply 

To use the curve in this fashion the design load in lb/in./ply would be input on the ordinate to curve intersection and 
the /.// value read on the abscissa at that point. This L/l value  would then have to be adjusted as follows- 

{LIOD=-{Ll!)f=-riL/t)f (174) 
A ND 

where 

(/'/')/; = Design value 

(Lit)]- Mean value read from curve 

If the input load is above the horizontal cutoff line (as in Fig. 151) a stronger orientation or composite material must 
be used. 

When using the design predictive ."ormulas or computer programs, the distance between assumed zero bending 
moment points on the adherend on each side of the joint (quantitv a) must be known or very large I" as compared to 
the overlap length c. That is, the ratio c/fl must be known or smallt (in the latter case it can be assumed 'o be zero). 

Design ultimate allowables can be calculated based on the nonlinear design/analysis formulae prediction 
values. These values are used as mean strength values and can be applied to most any joint design which is or can 
be broken into single, double, or step lap configurations. If the users then have a large backlog of lap joint test data, 
typical experimentally based statistical parameters will also be available. These can be used with the predicted mean 
strength to calculate bonded joint design ultimate allowables for most any adherend/adhesive and configuration 
combination. 

Where insufficient basic adherend or adhesive material properties are known, the use of these formulas will be 
advantageous. This can be done by using assumed "effective" propertie;!, chosen on a trial and error basis to pre- 
dict failure loads and correlate them with the results from a few simple lap joint tests. Such a procedure will provide 
a powerful technique for mean joint strength prediction. However, such "effective" prop.-rties may be substantially 
different from the real ones. 

Since the predicted mean strength and type of failure of the complex joints (see Section X.5) is reasonably 
accurate when compared with experimental results, design allowables calculated from such mean strength predictions 
should also be accurate. Therefore, the use of the standard 1.5 factor of safety on design limit loads to obtain design 
ultimate loads should be sufficient to provide ample operational safety for static load conditions at room temperature. 

*l his would also be the N'f value used in equation 172 to obtain the N'Q value. 

■ • a should be 1/50 or smaller. 

' In the lorm of the Ramberg-Osgood three parameter stress-strain curve values for the adherend orlhotropic lamina 
,i Isotropie material and the adhesive. 
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SECTION XII 

RESULTS, CONCLUSIONS AND RECOMMENDATIONS 

XII.1. GENERAL 

The purpose of this section is to provide a brief summary of the results and conclusions which have become 
evident in the completion of the research and in addition to delineate problem areas which were identified. Recom- 
mendations for future research along lines related to this effort but further advanced are also covered. Results and 
Conclusions are covered in Section XII.2, whereas Section XII.3 covers the Recommendations. 

XI1 RESULTS AND CONCLUSIONS 

In brief, the results of this research have been the development and verification of nonlinear design/analysis tech- 
niques for certain types of bonded joints covering static failure in several principal modes at room lemperature. The 
methods developed have proven to be accurate when using basic material behavior characteristics and appropriate 
empirical bending factors.* The use of assumed adhesive properties in these formulae can be a reasonably accurate 
technique as long as some simple joint experimental data are available for use in calculating "effective" properties 
for comparison. Through the use of appropriate failure criteria for the adherend and adhesive in the nonlinear joint 
formulae the analytical methods become design-predictive equations which can be used to predict joint mean strength, 
lailure type, and as a basis for average strength curves. Example curves have been generated and their design use 
explained. 

Bonded single, double, and step lap, and scarf joints were studied resulting in nonlinear design/analysis tech- 
niques being developed for the first three types of joints, whereas only the differential equations were' sei up for the 
scarf joint. Comparative results based on typical joint models were generated by both the theoretical methods and 
the standard nonlinear discrete element techniques. The laller look considerably more computer time to run than 
the former one. After the theory was developed to the point where good agreement was obtained with ihe.discrete 
element method, an experimental etton was initiated to provide final verification of the nonlinear analysis methods. 

For the three lap configurations, composite adherends of three liber orientations with two adhesive systems 
were utilized in Ihe test program along with two adherend material combinations. A total ot ^O.^ simple specimen 
joints were made and tested along with the necessary characterization tests on the composite and titanium adherend 
materials. In addition, six of these simple specimens were selected for "special' investigation and were extensively 
strain gauged in the joint overlap area. Data from these special specimens were correlated with the theoretical behavior 
prediction methods. The large quantity of simple specimen results allowed the theory to be checked out against main 
geometric, configuration, and material parameter variations as well as failure mode changes. Finally, two larger, complex 
joints were designed, built, instrumented, and tested as a final check on the analytical methods. These complex specimens 
were extensively strain gauged for study of the joint behavior under loading. Experimental verification was successful. 

Every effort was made to achieve high quality repeatable processing, inspection, and resting. Fxisting specifi- 
cations were utilized as much as possible with new specifications written as required.  Basically the philosophy was 
to (1) rigidly monitor and control the incoming material and its subsequent storage, (2) provide complete iraceability 
records on all materials, processing, and testing, and (3) inspect the fabricated materials und joinis as necessary with 
visual and automatic ultrasonic and radiographic methods. Specimen fabrication and instrumentation was accom- 
plished using the same rigid processing and inspection controls utilized in laminate and joint manufacture. Testing 
was accomplished in accordance with appropriate specifications with all testing conducted at a constant strain rate 
and with load and strain data automatically recorded both digitally and with autographic continuous plots. Data 
reduction and analyses were designed to fit the analytical method verification requirements, causing many details to 

^Necessary because the small deflection assumption was inadequate. 
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:i\\MiK\i .iiul .m.ilwod whiiii luive not usiuilly been considered important in the past. The detailed traceability 
■ouis woie evtreinelv usct'ul in the data analvsis task. 

m 

A sinvev and siaiisiical study of bonded lap joint data in tlie literature was made early in the program to pro- 
\ido guidance on the experimental elTorl and msight into the generation of design information. 

Problem areas eneountered were (I) low and variable boron Hber quality from one prepreg batch to the next, 
(.1 inability to machine steps into boron laminate aclherends in preparation for step lap joint fabrication and (3) the 
ditticulty ol developing rigorous scarf joint analysis equations. Another small problem was that a closely controlled 
bondline thickness was not achieved in the experimental effort. Tools for achieving lap shear assemblies with conlrol- 
led. consistent, and repealable bondline thicknesses were designed but not fabricated and used because of program 
economic limitations, 

In summary, the above research program accomplished all objectives delineated in Section I. The goal of being 
able to predict all principal failure modes was only partially achieved, however. Cohesive fracture of the bondline or 
composite surface resin and adhercnd net section tension failure are the principal modes predictable by the nonlinear 
equations developed herein. Interlaminar shear (or longitudinal splitting) lailure is not predictable by these methods. 
Neither is interface (adhesive/adherend or composite surface resin/fiber) failure but it is doubtful that this should be 
considered an acceptable primary mode of failure since it is related to poor materials and processing quality. 

The nonlinear joi,ii analysis techniques developed utili/e the Ramberg-Osgood three-parameter stress-strain 
curves on the adhesive and adherend materials as inputs into program in order that behavior may be predicted 
throughout the elastic and inelastic range to failure.  Maximum stress theory was used lor both adhesive and titanium 
adherend failure prediclmn, .vhereas maximum strain theory was used lor laminate adherend lailure prediction. When 
these were input the analysis computer programs became design preuiclive programs lor mean strength estimation. 

At predicted lailure load the program prints out the bondline adhesive shear :md normal stresses at numerous stations 
along the overlap length along with individual lamina and Isotropie adherend stresses at these points. This provides 
a complete stress map of the overlap area in digital form. Such in formal ion will be useful in joint design analvsis as 
well as post-failure critiques. 

XII..^   KlCOMMl NHATIONS 

The areas which need liuther study are (I I the adaptation ol these nonlineai techniques to predict inteiiaminar 
shea i (and longitudinal splitting) lailuie*. (2) modification of the nonlineai formulas to predict interlace I ail in e and 
correlate it with some materials 01 processing property which depicts quai/' level. (3) modification of plane strain 
assumption used in the formulas to predict correct transverse composite adherend lamina strains lor various orienta- 
tions and (4 I determination of the small deflection theory's adequacy for nonlineai analvsis developed herein. The 
equations need experimental verification for compressive and combined loadings and for other composite materials 
which cxhibn different behavior patterns such as graphite/epoxy, glass/epoxy, and metal matrix composites. Design 
analvsis application studies need to be made which would check out these formulas against typical airframe compo- 

nent structural joints which have been or could be experimentally evaluated. 

A need for experimental study of the detailed joint behavior under repeated loadingsT is also indicated from 
the test results of this program. Such loadings, expanded into time and temperature dependent spectrums and or 

environmental exposures typical ol airframe applications would yield much information on the lime-temperature 
dependent and oi environmental effects change of bonded joint behavior under various loadings.  It might also be 

*Ref (21 ) presents methods of predicting interlaminar shear bonded joint failure in the elastic range, however, report 

was received too late for consideration in present program. 

■ Ret (211 also presents considerable fatigue data on bonded joints but was received too late for consideration herein. 
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possible lo relate these behavior changes to a pattern of changes in "effective" input properties and then use the non- 
linear toimulae as predictive methods. 

T 

An cflorl to complete development of the nonlinear analysis equations for the scarf joint is also needed along 
with the necessary discrete element and experimental checks. This effort would round out the nonlinear methods 
available lo cover all the basic types of load transfer joints used in airframe structures. 

179 

mmMmaieessxsmmmmmemmiiassMeamasmam^ !> V   nil I mill i» -<II.. ■ ». .»i—«—w 



mmm 

ül LIST OF REFERENCES 

I      Jonson. W. R., l-'alby, W, E., and Prince, N., "Matrix Analysis Methods for Anistropic Inelastic Structures." 
rochnical Report AFFDL-TR-(i5-770, April, 1966. 

2.     Ramberg, VV. and Osgood, W. R., "Description of Stress-Strain Curves by Three Parameters," NACA TN lH)2, 
July lc)4.v 

.v    Spiegel. M. R.. Applied Differential Equations, Prentice-Hall, 1958. 

4. Salmon, M.. Berke, L., and Sandhu, R., "An Application of the Finite Element Method to Elastic-Plastic 
Problems of Plane Stress." AFFDL-TR-68-39, May 1970. 

5      Daslin. S.. "Joining and Machining Techniques," from Lubin, G.. Handbook of Fiberglass and Advanced 
Plastic Composites, Van Nostrand Reinhold, p 581 (1969). 

0.     Imrie. G. C. and Bell. .1. I:.. "Test Techniques for Determination of Adhesive and Interlaminai Properlies," 
Interim Technical Report 3 to AFFDL. Contract F336I5-70-C 1292 by Boeing. December 1()7(). 

7.     Lackman, L. M., "Aircraft Structural Design Manual." Al-'ML Advanced Composites Division. WPA1 B 
Report NA-68-321-9, December 1968. pp 26, 38 and Report NA-68-321-12, pp 57. 74. 84. March I'W). 

5. Dastin, et al. "Advanced Composi e Wing Structures-Materials Qualitative Properties, final Reporl." 
Grumman f. R. AC-ME-S1 8082,October 1968. 

c'.    Lehman, G. M., et al. Quarterly Reports Nos. I -7. "Investigation of Joints and Cutouls in Advanced fibrous 
Composites o1' Aircraft Structures." June 1967-January \^b'-K McDonnell-Douglas. 

10.    Chessin. N. and Currar.. V.. "Preparatiüii of Aluminum Surl'aces for Bonding" in Bodnai. M.. Applied 1'oK mei 
Symposium No. 3. Structural Adhesive Bonding. 1966. 

1 1.     Kutscha. 1) and Uo'er. K. I:.. "Eeasibility of Joining Advanced Composite flight Vehicle Suucime." 
AFML-TR-68-391 , January 1V69 -1ITRI. 

1 2.     Grimes. G. C. et al. "Investigation of Sliuctural Design Concepts for fibrous Aircrafl Slruclures." 
AFFDL-TR-67-29. Volumes 1 and 111. February 1()68 and November 1967   SwRI. 

13. ASTM-f-i 78-68. "Recommended Practice for Dealing With Outlying Observations." L'71. 

14. Grimes. Glenn C. "Stress Distribution in Adhesive Bonded Lap Joints." SAf Paper 710107. January lc'7 j 
(SAE Congress Paper), also published in 1971 SAL Tninsaciiuns. 

15. final Drall and First Edition, Structural Design Guide for Advanced Composite Applications. 

16. Sessler and Weiss, AFML-TR-68-l 15, Vol. II, "Non-ferrous Light Metal Alloys," January 1968. 

17. Tsai. S.W.. "Structural Behavior of Composite Materials," NASA-CR-71, July 1964. 

18. Gehring. R. W. and Hughes. E. J.. et al, "Evaluation of Environmental and Service Conditions on Filameniai\ 
Reinforced Composite Structural Joints and Attachments," Technical Management Report No. 4. May lt)70. 
Cn F33615-69-C-1436. 

180 

mi®z^^z-.j..j.!.^'!Ximi^w^4Jimm& ,; ^mttaMAWflmaB zSämtmmmssüamammtmmmmmm 



miMUWüWWWiyW|MlllilMIII|p lUHIIJIIIIIILII 

LIST OF REFERENCES (Cont'd) 

I".     Ruiliert'ord.J. L.,el al, "Analysis of Mechanical Properties of Metlbond 329," Final Report on Grumman 
P. ü. Nü.

1
)-S4247. 

:o. 2nd Edition. Structural Design Guide for Advanced Composite Applications. 

Fehrle. Albert C, et al, "Development of an Understanding of the Fatigue Phenomena of Bonded and Bolted 
Joints in Advanced Filamentary Composites," AFFDL-TR-7144, June 1971. 

181 

^ r T .r--K .-.fM j;» «■ 

mm «i ■ ■ i 1.11 ■ m mm m. mamm wmnm m nmmg. wmtmmmmm iHHiieimMmai'kiwufmi 

"     " :,^/--V;;-:.;; 



mmmmmmmmm. 

 iiiimiiiiitiiiirrtfMirn—KBHiBiiiiMiiiMrimrii-tiiiii- - 

APPENDICHS 

A Scarf Joint Liquations  

13 Standard Constituent Properties of Boron-Epoxy Laminates  

C Specifications         

D Ultrasonic Thru-Scan and Radiograph Inspection Records on Boron/Epoxy Adherend Panels 

E Selected Typical Adherend Material Tensile Stress-Strain Curves and Photomicrographs     .    . 

F Complete Experimental Data on Bonded Joints  

(i Nonlinear Design/Analysis Program Failure/Behavior Prediction Results on Simple Joints .    . 

11 Nonlinear Fornuila Predictions of Complex Joint Failure Loads/Behavior  

Page 

A-l 

13-1 

C-l 

D-l 

F.-l 

1-1 

C-l 

11-1 

182 

11——»llllinMIMMMilllWHIHiri ■; > WLiiii",.lJJiu-4-Lut»;H.iii'MUi..«^i«iffir'-,J<* TSXSSBSaSBSSSSi HHBBBaBHnaMMMHMHBRapi 



I1WUWK gHmniiPiqpiaBiiU'UiuimmmipwKW ' ■■ipni     ai i ■■■■HHC 

v^ ^ „ ■. - . I'^"*"^""""'   mi'iiin |0'liMMi«.i.i|iirirtiiiTi»l.^|-nUilt.«-iiWWiri"ii-"i]ri,-ilw»ra Itt »11111111II 

APPENDIX A 

SCARF JOINT EQUATIONS 

Tffn^ff^fiMBJair ~ - •''*' 'L ^tS^SSSS^TTw^^S^^SSSSTr 



PBPBfljWWWMWi vnmariHMHWMMMMininp"* ,,„,.i,..—„tM „ i     II.HMIJI     i     I ill li»w^«^^T|^ai 

■':- ■"■"- ■ ■ ■■■■ '   -   '     ■   -■ a i - ■ ■ - ■  ■■    '-■ 

SCARF JOINT EQUATIONS 

s-; 

The scarf joint is idealized as shown in Fig. A. 1, the cement thickness 

being exaggerated for clarity. 

We take the coordinaie axes,   x and z,   as shown.    The displacement 

u0 = ^^ z)   ^s   ^e x displacement of the right face of the adhesive and 

ul  =  ul(x'z) is the x displacement of the left face. 

The displacements UQ and Uj are the x displacements of the centroids 

of the upper and lower adherends,   as shown.    The z displacements of the 

upper and lower adherends are WQ and wi  taken positive in the positive z 

directions.     The displacements WQ and W|  are the usual "bending deflections" 

of the adherends. 

For the present,  we shall assume the material to be elastic-Isotropie 

and consider conditions of plane strain. 

Consider the free body of Fig. A.Z.    Equilibrium of the upper  element 

requires that 

-,,       ,    ,,.          ,,       ,    Tdx       .     0        crdx 6 
VU  + dvU  " VU  + Z sin J Q cos - = 0 

cos COS 

or 

dV U 
dx 

= cr  - T tan (1) 

and 

dN 
Tdx 

U 
cos — 

2 

„ cos   — 
e        2 

crdx sin — 

cos 
= 0 
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FIGUR K A. i.     SCHIsMATIC OF SCARF 
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FIGURE A. 2.     FREE   BODY OF SCARF 
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dNu    T ,    f      0 
—;— = T  + o- tan  — 

dx Z 

Similarly,   for the lower element we have 

dv- e 
dx 

dN 
L 

dx 

er - T tar — 
2 

T  + cr tan  — 
2 

Equations (1) and (3) give 

d 

dx (vu  - VTJ = 0 

So 

(2) 

(3) 

(4) 

V^j  - VT    =  con -stant 

If we take moments  about a transverse  section,   that is,   a section 

normal to the x axis,   we get 

(5) 

MTT + N 
'U      _ ..    hL (hu  -  hL) Q 

U + NU^- - ML " NL —- P- cos — = 0 
2 

or 

(Nnhr,   -   N, h, ) (j 
My   - ML +       ü    U     hJ=± . 2px Sin 1 = 0 

Considering  the deformation of the cement,   we have 

T        G 0 
T    -   —  COS   — 

t 2 
(u0   -   Uj)  - (v0  - vj) tan 

^C 0 
cr cos — 

t 2 
(u0  -   Uj) tan| + (v0 -   vj) 

(6) 

(7) 

(8) 
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where G and Ec  are the shear and tensile moduli   of the cement.    Noting 

that 

or 

«u = — + 2x tan — , h^ = — - Zx tan — 

dh U „      dhL       ? ,       0  —  - Z tan — 
dx dx Z 

(9) 

and 

Un  -   Un + 

hU dwo 
o - uoT —IHT' 

vn  - w o - w0' v ,        - w . 

hr      d 
Uj    =   Uj   -f 

L uwl 
Z      dx    ' 

(10) 

we get 

G 6 
T   =   —  COS   — (n 0 "   ul 

hy    .1W0 
u1 )  + -T- 2      dx 

hL  dwl       , s 6 
11) 

(T   -      COS   — 
t z 

( u0  -   uj ) tan 
Ö hU   dw0      hL  dvvl\ 0 

T-dT- —IbT  tanI 

(WQ    +Wj) (12) 

Differentiatitjn gives 

dT      G 0 
— = — cos — 
dx       t 2 d^(Uö 

,     1    ,     d wc V^hu — 
dcw. 

L 
dx c2   ) 

(13; 

E 
do C 0 
 cos — 
dx        t 2 

_d_ 
dx 

d2w 0       1 0 j 
(u0  - uj) tan- t Ttan-/    ^ 

^       " M dx2 
lU 

0     ,      d  wl t 

+ sec2 - -— (w    + w, ) 
Z   dx       u i 

(14) 
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We assume the following strain-displacement and moment curvature 

relations for the adherend 

5 :. 

N, 
EhU     du0 

,2    d^ 
(15) 

Eh 
N 

L     dul 
L l   _ v^    dx 

(16) 

Eh 
M 

U 
U 12(1 v2) 

d   w. 

dx^ 

Eh 
M 

L d2w, 

L 
12(1   - v2)    dx2 

(17) 

where  E is the elastic modulus of Ihe adherend and v is  Poisson's ratio. 

From Equations (15),   (16),   and (17),   we get 

du0      dul   _ (1   - y
2)  /NU     NL 

dx dx E hU     hL 

d2w[ 

dx 

d " w, 
12(1   - v2) /^U _ ^ 

E 
(18) 

d  w d2w. 
() 

dx .2 
i 

2(1   - vZ) /MU      ML 

dx ,2 E 
hU       hL' 

Substitution into Equations (13) and (14) gives 

dr ^ (_ 

dx 

v2)G 0 

Et 
cos 

'Nu      NL\      , /MU      ML' 

hU      hL 
'U       "L 

(19) 

d.    ^ " ^)Ec   ,    e 
— -   sm — 
dx Et 2 

'Nu      M /^U      M^ 

2E cosec  fl    d    , . +  ___,   .— (Wo + Wl) 
(1    -   V) dx 

(20) 
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Differentiation of Equation (ZO) and substitution from the third of 

Equations (18) gives 

d^ 

dx .2 

(1   - v^)E( 

Et 
sin 0 

d/NU     NL 

dx yhu      hL 
- 6 

d   /MU     ML 

dx\ ,2 ,2 
\hU        hL' 

■My      ML, 
6 cosec v [ —— + —: (21) 

From Equations (1) and (3),   we get 

6 Id,,, ir» (22) 

and, from Equations (2) and (4),   there results 

T + cr tan- = i — (N1T - NT ) 
2      2   dx      U ■L 

Solving Equations (22) and (23) for cr and r,   there results 

(23) 

T sec 2      - |-(VTT + VT,) + tan|^:(NTT - NT,) U  '   v L' 2   dxV1NU " ^L' 
(24) 

T sec 2 : 
e    i 
2      2 

|:(Nu-NL)-tan|^(Vu+VL) (25) 

Since 

dM 
V 

U 
U -    dx    ' 

V L dx 

these   equations   may be written in the form 

cr.-cos    - -^- (My + ML) + tan | 4" (Ny - NJ 
dx^ c   ax 

(26) 

T   =  —   COS''  — 
2 2 

-^(Nu-Nj-tanl-f-fMu + ML) 
dx 2   dx2 

(27) 

A-7 

i wMBWiBMMiwHMMMiMBiBBWMnBBBMMIOBnJ^BBlBB^TrWBMBP^iffi'ili'' 



ir - ■*'*--><-«.,v.      -v*.-^«-.^!-   ''«■^twwo.ptMM'W """'   llJ|w iiiw*»^ii^i"'iiVl;iiiiAiMtl^hii,'iiir.^i'^nttMtiiw>>iiii>Hiiiii^ 
., ... .,  ..■.,.-■■-. .   .     ,    , 

Wo note the lollowing identities: 

Nl]      NL       / 1 1    \ / 1 1 
-— -  = /^. _ _L_ \(NTT + NT ) + (NTT - NT ) (—■ + -—• 
hU      hL       lhU     hL/      U        L;      l    U        L; UU     hL 

(28) 

Mu      ML 1 1 1 1 

hU       hL 

— - -^ \(M]J + ML) + (My - ML)( — + 
v,2       i2 

hU      hL, 

(29) 

Since 

Nu  f NL = P cos - (30) 

and,   from Equation (6), 

My - ML = 2Px sin | + i [(Nu + NL)(hu + hL) + (Ny - N^hy + hL)] 

3Px sin|+ (Nu - NL)~ :3i) 

Equations (28) and (29) give 

hU   ' hL 
4Px sin - + (Nu - NjjH 

JhUhL 

MU      ML 

h?        hlhZ    J Z 
U L U   L 

-  4x tan- '-;(Mu + M
L) 

+ 3Px sin — + Nu NL)Ü 

Substitution of these results in Equations (19) and (21) gives 

dr      (1   - vz)G 8 
— = -i ■— cos — 
dx       Et huhj^ 2 

6        ) 

- 4Px sin- + H(NU - NL) 

i     , ,    4Hx tan-(MTT + Mr ) + 3Px(h?T + h? ) sin| 
U   L    ' ^        u i_, u i-t £ 

+ f <hU+hl)(NU-NL)l 
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(1  - v^)G 0 
   cos — 
Et hTThT 2 ir'L 

2 + 
hUhL     . 

Px sin 

3   (hU + hL) 
2 hyhL      _ 

H(NTT - N 
24 Hx 
lUhL 

U--L)+h7X-tan2(MU + ML), 

.^      (1  - OE 

dx" 

C     .    0 
El  SinI 

0 H d     )     4Px 
dl   )" h^j 

sin 2 + h^ <NU " NL)j 

(hn + hf) 
" 6 ^  )- r2-rtan 2 (NU + ML) +       72-2        (3Px sin 

(    hUhL hUhL       V 

h (Nu - NiJ f)    " 3 cosec fj j(^T + ^T) (MU + ML) 

1 1 

K3   ' K3 

hU      hL 

^U L' 

3Px sinl + ^fNu - NL) 

(32) 

(33) 

Differentiation of Equations  (26) and (27) and introduction into Equations (32) 

and (33)  yield 

1 2 Ö — cos^ — 
2 2 

2 3 
iL_ (Nu - NL) -  tan ^ i_ (My + ML) 
dx^ dx 

(1 - v' -)G «   1 
Et  hy hL 

2   1 

1 - 3 
2 huh 

L 

2 + 
9<hUhZL) 

hUhL 
Px sin 

H(N U 
AT   v       24Hx 0 I \ 
NL) + h^7-tan2(MU+ML) ;34) 
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cos^ — 
4 T 

^1-(Mu + MIj) + tan|i1-(Nu-NL) 
dx ^   dxJ 

a 

(1  - v   )EC 0 , d 

 E—sln2fe 
4Px     .    0 H 

—r— sin- + -—r 
hnhT 2      hTTn ^"L 

6f dx 

UnL 

\hfT + h^) 

(Nu - NL) 

—5—r- tan - (MTT + Mr ) + r—r    3Px sin -7 
hUh2

L 
2 hUh2L       ^ 

+ (NU-NL)f 3 cosec 0 (4+i)(Mu + MLl 

+(i"i)l 
U        L 

-VM^Pxsinl+JiNu-Njj (35) 

Equations (34) and (35) represent the two basic differential equations in 

(My + ML) and (Ny - N^) that are to be integrated.    The coefficients in the 

equations are variable, being functions of the coordinate x.     The integral of 

these equations is not known. 
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TABLE B. 1.    BORON FIBER PROPERTIES (RT) 

Property 

Diameter 

Density- 

Value 

ptu 

Et 

G 

0.004Z75 in. 

0. 100 lb/in.3 

2.7 X lO-6 in./in./0F 

0.20 

450.0 ksi 

58.0 X 106 psi 

24.2 X 106 psi 
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TABLE  B .2.    104 GLASS SCRIM/5505 LAMINATE PROPERTIES (RT) 

Property 

Density 

QL 

Ftu 

Value 

Ftpl 
L 

E L 

KLT 

^T 

Ftpi 
T 

vt 

TL 

Fcu 
^L 

Fcp^ 

ECL 

LT 

Fsu 

Fspi 

G 

9.5 >  10-6 in./in./0F 

5.8 X lO-6 in./in./0F 

37.8 ksi 

33.3 ksi 

3.2 X 106 psi 

0. 151 (at 5000 fi-in. /in.   strain) 

13,41 ksi 

9.00 ksi 

1.7 X 106 psi 

0.120 (at 5000 fi-in./in.   strain) 

45. 36 ksi 

8. 88 ksi 

4.69 X 106 psi 

0. 32 (at 5000 jj-in. /in.   strain) 

1\. 11 ksi 

?:.. 10 ksi 

0.933 X 106 psi 
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TABLE B. 3.    2 387 EPOXY-NOVOLAK RESIN MATRIX (RT) 

I 
Property 

Density 

a 

ptu 

Ftp£ 

E* 

vt 

pcu 

Value 

psu 

G 

0.044 lb/in.3 

27 X 10-6 in./in./0F 

4. 184 ksi 

2.92 ksi 

0.487 X 106 psi 

0.31 (at 5000 \x-in./in.   strain) 

23. 52 ksi 

8. 88 ksi 

0. 560 X 106 psi 

0.387 (at 5000  (i-in./in.   strain) 

1. 54 ksi 

0.191 ksi 
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SwRI-S3-101 
GENERAL SPECIFICATION 

Laminate Orientation Code 

1. 0 Purpose 

The purpose of this specification is to establish a Standard Laminate 

Code that will provide the  user with a clear,   concise,   and common  notation 

when dealing with  Laminated Composite  Materials. 

2.0 Applicable Documents 

"Structural  Design Guide for Ad\anced  Composite Applications," 

First Edition.   Section   1. 5. 

3. 0 Scone 

This  specification presents  only the sections of the Standard  Laminate 

Code that are appi"'"able to the work being done presently at the Institute. 

For the complete code and a condensed code,   see the document  referenced 

above. 

Note:    This specification is  intended to be used in specifying laminate 

orientation.     It does  not imply any preferred laminate design. 

4. 0 Standard Laminate Code 

The Standard Laminate Code is used to describe a specific laminate 

uniquely. It is most simply defined by the following detailed description of 

its features. 

C-3 
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4. 1      Standard Code Elements 

a. Each lamina is denoted by a number representing 

its  orientation in degrees  between its filament direction 

and the  X-axis  (principal axis). 

b. Individual adjacent laminae are  separated in the code 

by a slash,   if their angles are different. 

c. The  laminae are listed in  sequence from one latninate 

face to the other,   with brackets  indicating the beginning 

and end of the code. 

d. Adjacent laminae of the  same angle are denoted by a 

numerical subscript. 

e. A  subscript T to the bracket indicates that the total 

laminate is  shown. 

Laminate Code 

45 

90 
90 

4 5/0/90^/30 

30 

4. Z       Positive and Negative Angles 

When adjacent laminae are of the  same angle but opposite in 

sign,   the appropriate  .^se of + and -  signs is  employed.     Each + or  -  sign 

represents one  lamina and supersedes the use of the numerical subscript, 

which is  used only when the directions are identical.     Positive angles are 

assumed clockwise: 
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Laminate Code 

45 

-60 
■60 
30 

45/0/-60?i/30 

45 
-45 
-30 
f30 

+45/;30/0   T 

(          45 ^ 

\         45                  1 
)      -45                 / 

-45                 l 
0 

45 

■45 
45 

■45 A 

452/-452/0 
T 

( + 45)z/0 T' 

I+45/ + 45/0 T 

TT 
•45 
■45 

4 5 

+ H5/0 T 

4 5 

•45 
-45 

45 
4 5 

45 
-45 
-45 

45 

+ --++ + -- f45 
J T or 

+ ; + ++45 T 

Note that,   in rundensing signs,   the sign of the center   lamina 

of an odd number is left uncombined. 
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•4. J      Symmetric  Laminates 

Symmetric  laminates with an even number of laminae still 

list the laminae in sequence,   starting at one face,  but stopping at the plane 

of symmetry instead of continuing to the other face.     A bracket subscript 

S indicates only one-half of the laminate is  shown: 

Laminate Code 

_90 / 

45 
45 

-i [90/0z/ 45 

0     \ 

.90_ 

Symmetric laminates with an odd number of laminae are coded the same 

as even symmetric laminates, except that the center lamina, listed last, 

is overlined to indicate that   uilf of it lies on either side of the plane of 

s ymmetr y: 

Laminate Code 

4 5 
90 
45 

4 5 
90 
90 
90 
45 

(^        0/45/9o] 

4.   fo/45/90/90 
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■1. -4      Sets 

Repeating sequences of laminae are called sets and are 

enclosed in parentheses.     A set is coded in accordance with the same rules 

which apply to a single lamina: 

Laminate Code 

45 V 
0 

I 90_ 
45 

90 
90 

SET 

JET 

(45/0/90)2 

SYM or 

45 
SET 

90 
SET 

45/0/90 2S 

on the other hand: 

45 

90 
45 

90 
45 

SET 

SET 

NOT 

(45/0/90)4] T 

90 

SYM 

/ SET 

-t or 

45 
0 

45/0/90 
SET 

4T 

90 

Laminates are often composed of a single  repeated set.     When 

it is desired to refer to the  laminate in a generic sense,   or when the number 

of sets has yet to be determined,   as in the sizing stages  of design,   the coef- 

ficient n will be used with the bracket subscripts  T and S instead of a numeri- 

cal coefficient. 
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■i. 5     Quasi-Symmetric Laminates 

Laminates which would be symmetrical about the center plane, 

except that the halves of corresponding pairs of laminae are of different 

sign,   are said to exhibit quasi-symmetry,     These are coded in the same 

manner as  symmetrical laminates  except for the introduction of the bracket 

subscript Q in place of the subscript S.     The direction of the positive angle 

is assumed clockwise: 

Laminate Code 

45 
0 

o 
-45 ) 

I 45 

•45 

45 ) 
■60 

bO 

45 

C-8 
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SwRI 03-301 

PROCESS STANDARD FOR BORON/RESIN 
COMPOSITE LAMINATE FABRICATION 

F- 

SUBJ ECT:    Manufacture and Quality Control of Advanced Composite Laminate 

Fiber Glass/Epoxy and Boron/Epoxy. 

SCOPE:    This process standard establishes the procedures for the  fabrica- 

tion and quality control of laminates of fiber gla.ss/epoxy and boron/cpoxy 

composites to be used in the  evaluation of simple bonded joints. 

REFERENCES: 

(1) Division X  "Processes and Effects," Structural Design Guide 

for Advanced Composite A pplications,   Final Draft,   November 

1968. 

(2) "Structural Airframe Application of Advanced Composite 

Materials," Volume  VII,   Manufacturing Methods,   by  B.   E. 

Chitwood and J.   R.   Stovall,   The Fort Worth Division of General 

Dynamics,   Technical Report AFML-T R - 69-I 01,   May  1969. 

(3) "Advanced Composite Wing Structure, " Grumman Aircraft 

Enginee ring Corporation, AF Contract F33 615-6B-C-I 3 01 , 

First Qua rterly Progress  Report,   May  1968. 

MATERIALS AND EQUIPMENT: 

(1) NARMCO 1581-5505 preimpregnated glass  fabric. 

(2) NARMCO Boron/5505  epoxy preimpregnated material. 

(3) 181 and 120 dry glass  fabric. 

(4) TX-1040 glass  fabric (Teflon1-' treated) -  Pallflex Corporation. 
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(?)    0. 001-inch Mylar® film  - duPont. 

(b)    Coroprene (rubber-asbestos) - Armstrong Cork. 

(7) Herblease (EXL-1894/1 0% Vydax AR) -  Mitchell Rand/duPont. 

(8) M and N 50-ton Hydraulic Press (350oF). 

(9) Air-circulating oven (500°F)„ 

(10) Molds. 

PROCEDURE: 

A. General  - Requirements for fabrication of glass fabric/epoxy and 

boron/epoxy composites are as follows: 

(1)    Temperature and Humidity Control - the layup area shall be 

maintained at 70oF ± 50F and humidity shall be 65  percent or less. 

(Z)    The number and or ientation of plies in each panel shall be as 

specified in process  instructions.    The ply orientation shall be 

accurate to ±0. 50°,     Butt joints of 3-in.   boron tape  shall be 

staggered 0. 500 in.   ± 0. 030 in.   between plies.     During layup; 

the fiber spacing of the tape  shall be  inspected.     Loose  fibers, 

crossovers,   and gaps  greater than 0.030 in    wide  shall be 

repaired.     All discrepancies shall be noted and approval for 

further use must be obtained from the project leader. 

(3)    To avoid penetration of boron filaments  into the flesh or clothing, 

the following safety precautions must be used: 

(a) A coat of nylon or equivalent tight-weave, smooth surface 

fabric must be worn at all times when working with boron/ 

epoxy materials. 
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(b) Safety glasses or eye  shield shall be worn when cutting 

boron filaments, 

(c) Immediately remove  any filament which penetrates the flesh 

to prevent the filament from breaking off or penetrating 

deeper. 

B. Laminating Requirements 

(1)    Preparation - The steel tooling plate shall have two coats of 

EXL/10 percent Vydax,   each coat allowed to dry at least 

10 min,   followed by buffing.     If steel restraining dams  are to 

be used for boundary supports,   they should also be coaled with 

two applications of EXL/10 percent Vydax,   Steel dams  shall be 

1/2 in.   in width and within +0   005/-0. 000 in,   of the  final laminate 

thickness,,    If Coroprene dams  are used,   1/8-in,   thick Coroprene 

shall be used for 8 through 19 plies of boron/epoxy or half that 

number of glass fiber/epoxy plies, 

(Z)     Laminates to be  subsequently bonded shall have a peel  ply which 

is to be placed on the tool surface.     If a partial peel ply is to be 

used,   the remainder of the tool   surface shall be covered with 

Teflon® film of the same thickness.     Weight of the peel ply shall 

be recorded. 

(3)    The lot number and roll number of the boron/epoxy or fiber glass 

epoxy used for the layup shall be recorded,    Panel weight before 

and after curing shall be entered on the quality control sheet for 

each panel,    The preimpregnaied materials shall be maintained in 
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0oF storage until ready for use.     The niaterial is then removed 

from storage and allowed to warm to room temperature while 

sealed in the polyethylene bag, 

(4)    Hand layup shall use Mylar* templates for each ply of material. 

Each template is  scribed with the panel size,   shape,   and fiber 

orientation.    It will be identified with the panel number,   dash 

number,   and ply number counting from the tool.     Tooling pin 

holes will locate the template on the tool.     Boron or fiber-';lass 

material is laid up on each template,  trimmed to the trim lines, 

and covered with transparent polyethylene film.   Thd  material is 

taped in place and inspected with template layup.     If the panel 

is not laid up immediately,   the material is returned to 0oF 

storage until ready for layup     Templates are allowed to come 

to room temperature before protective sheet is removed.     The 

Mylar® template  is  placed (material down) on the tool next to the 

tooling pins.     The template is  rubbed over the layup to create 

intimate contact with the tool or preimpregnated peel ply.     The 

template is removed by rolling from one corner with the axis 

of the roll perpendicular to the fiber direction.     Each subsequent 

ply is located in the same way.     The exposed material is inspected 

after each template is removed. 

(5)    When the last ply of material has been laid up on the tool,   a 

boundary support is located around the periphery of the panel. 

This boundary must be within 0, 06 in,  (maximum) of the edge of 
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the panel.    It must be slightly thicker than the cured panel. 

Resin (liquid and at 85 psi) must not be able to leak under the 

boundary support or through the corners.    All resin loss must 

be vertical.     The layup is then covered with one ply of TX-1040 

trimmed to fit within the  boundary support.     The  required 

number of bleeder plies are trimmed to fit within the boundary 

support and are placori on the TX-lOftO.     (One-ply,   120-dry 

glass fabric bleeder should be used for each 4 to 5 plies boron; 

one ply of 181 preimpregnated  glass  fabric is equal to the thick- 

ness of two plies of boron, )    The entire layup is covered with 

thin Mylar® (0, 0075 in,   thick) which extends uver the boundary 

support and is taped to the tool  on two opposite sides.     The 

Mylar*' film is perforated on  Z-in.   centers which allow escape 

of gas,   but prevent excessive loss  of resin.   The layup is then 

covered with one ply of 181-dry glass fabric large enough to 

completely cover the layup and overhang the tool by at least 

4 in,   on at least one side.,     This  ply permits gas in the panel to 

vent to the atmosphere,,     A press plate (or upper tool plate) is 

placed over the layup and the panel is cured in the hot platen 

press.     See Figure 30 on the  following page, 

(6)     The panel is cured at a pressure of 85 psi with temperature 

cycle as follows' 

(a)    200 0F for Z hr 
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Separator Cloth (TX1040) or Peel Ply 
Boron or Glass  Fabric Laminate 
Separator Cloth (T-X 1 040) 
Bleeder Plies (IZOGlass Fabric--! ply per 4 plies Boronor 2 plies Glass Fabric 
Mylar  Film (Overlaps Boundary Support) 
181  Vent Ply (Overlaps Tool) 
Boundary Support 

Upper Tool Plate 

FIGURE 30.     LAYOUT PROCEDURE 

(b) 300oF for Z hr 

(c) 3 5 0° F for I hr 

Allow panel to cool in  press  under 85-psi pressure until cooled 

to 1250F.    If poslcurc  is  required,   this  may be accomplished 

in the air circulating oven. 

(7)     Trim laminate to remove resin flash and record panel weight. 

Calculate and record the retained resin content on the quality 

control sheet. 

Quality Assurance Provisions 

(1)    Receiving - All materials shall be inspected upon receipt and 

before use in layup in accordance with provisions outlined in 

The Structural Design Guide  for Advanced Composite Applications, 

CM 5 
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(.!)     Process Control - A quality control sheet shall be maintained 

for each panel to verify compliance to the requirements of this 

specification, 

(3) Process Verification Panels   - A 15-ply,   3 X 9 in. ,   0° orientation 

process verification tab shall be molded simultaneously with 

each panel using the same lot of material unless excess (cutoff) 

panel material is available.     The process  verification tab shall 

be  submitted for testing for  flexural strength and horizontal 

shear strength at room temperature prior to machining of the 

test specimen laminate, 

(4) Nondestructive Test Requirements   -  Each laminate,   including 

test tabs,   shall be inspected ultrasonically for voids,   delamina- 

tions,   and missing plies  and  results  recorded on the quality 

control sheet.     Each machined detail shall  be visually inspected 

for  filament orientation {or other nondestructive  inspection) and 

results  recorded on the quality control sheet. 

:;; 
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SwRI 03-304 

PROCESS STANDARD FOR ADllHSIVL BONDING 01- ADVAN(1-.D 
COMPOSITE LAMINATES AND METAL ATTACHMENTS 
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SwRI 03-304 

PROCESS STANDARD FOR ADHESIVE BONDING OF ADVANCED 
COMPOSITE  LAMINATES AND METAL ATTACHMENTS 

SUBJECT:    Bonding Techniques for Preparation of Physical Test. Specimens 

and Bonded Joints  from  Fiber Glass/Epoxy or Boron/Epoxy Composite 

Laminates and Metal Attachments. 

SCOPE:    This process  standard establishes the procedures  for surfac e  prep- 

aration   of   composite   laminates and metal attachments and adhesive  bunding 

and cure of joints or other attachments. 

REFERENCES: 

(1) ASTM-2093-b2T  Preparation of Surfaces of Plastic   for 

Adhesive   Bonding. 

(2) ASTM-26cil-67T  Preparation  of Metal Surfaces  ;,r Adhesive 

Bonding 

(3) "Investigation  of Structural   Design  Concepts   for   Fibrous  Air- 

craft Structures, " by C.  C.   Crimes,    B.   J.    Pape,   and 

J.   II.    Ferguson,   Southwest   Research  Institute,   Technical   Report 

AFFDL-TR-67-Z9-Vol.   Ill,    November   1967. 

MATERIALS AND EQUIPMENT: 

(1) 3M Company  -  AF-1 26-2 - 0. Ob  Film Adhesive 

(2) NARMCO Materials  Division,   Whittaker  Corporation  - Metl- 

bond   -   529  Film Adhesive 

(3) 707S-T6 Clad Aluminum Alloy 

(4) 6A1-4V Titanium Alloy 
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(5)        1581  Glass  Fabric/5505 Epoxy Laminate 

{(■>)       Boron/5505 Epoxy Laminate 

(7) Constant Temperature Bath (150 to 650°F) 

(8) Air-Circulating Oven  (RT-500°F) 

(9) M&N 50-Ton Hydraulic Press/Heated Platens (RT-600oF). 

CLEANING PROCEDURES: 

A. AlUIT.inum Alloy  - Aluminum alloys are  to be cleaned prior to applying 

the adhesive  bonding agent by  the lollov/ing procedure. 

(1) Wipe with  solvent (MEK) 

(2) Immerse in Oakite 6lB  {(> to  8 o/./gal) at  l60t.o   I o0o F for  5 rn in 

(3) Rinse  with   R.  T.   running  tap water   for   1   min 

(4) Immerse m Oakite   MM  {H to   16 oz/gal) at  R.  T.   for   10 mm 

(5) Rinse  with   R,  T.    running  lap water   for  2  min 

(6) Dry m  air-circulating oven at 200° F for 5 to  10 min. 

B. Titanium  Alloy   -  Titanium alloys are  to  be  cleaned prior  to  applying 

the adhesive  bonding agent  by  the  following  procedure; 

(1) Grit blast  with fine grit 

(2) Immerse  in Oakite  31   (1   part Oakite to .'   parts water) at R.  T 

for  5 min 

(3) Rinse with R. T.   running tap water   for   3 min 

(4) Immerse in the  following  solution at   R.  T,   for 2 min 

(a) 841 m/'  HCL acid (Reagent Grade,    37 to  38 percent) 

(b) 89 m^ Orthophosphoric acid (Reagent Grade,   85 lo 

87 percent) 
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(c)       b3 mf  HF acid (Reagent Grade,   60 percent) 

(■i)        Rinse with R.  T.   running lap water for 3 min 

l'(i)        Air dry  for   1   hr at less than 60 percent R.  H.   and above 650F 

or oven dry for   15 min at  180°  to ZOOT. 

C". 1581  Glass  Fabric or  Boron/55Q5 Epoxy Laminates -  Glass  fabric 

or boron laminates in epoxy matrix are cleaned for application of 

adhesive bonding agents as follows: 

(1)        Wipe with solvent (MEK or acetone) 

(1)       Sand with emery paper or  sandpaper,    fine grit,   no larger than 

No,   400 

(0        Wipe with clean,   dry cloth 

(4)        Wipe with  solvent (MEK or acetone),. 

BONDING PROCEDURES 

A. AF-1Z6-Z-0. 06 Film Adhesive  -  The AF-1Z6 adhesive is a mtr lie - 

epoxy,   unsupported B-stage film adhesive  manufactured by the 3M 

Company.     It  is  used with EC-Z3Z0 Primer according to the  following 

procedure 

(1)        Clean  parts  to be bonded  (see Cleaning Procedures above) 

(Z)        Apply EC-Z3Z0  Primer to bonding area  by  spray,   brush or 

dip method 

(3) Dry  primer in air - circulating oven at  150° F for  30 min 

(4) Cut   film to be used  from  roll with separating liner in  place 

(5) Plate  film on  primed part  using the  separating liner as a  pro- 

let live cover 
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(b)       Roll  film onto part with a rubber roller insuring that no air is 

trapped between surface and film 

(7) Remove protective cover 

(8) Assemble  parts 

(9) Cure bond at 50 psi and 2750F for   1  hr„     Heat-up rate  should not 

exceed  10oF/min and cool down under pressure to ZOOT or 

below.     Temperature should be monitored at glue line. 

B, Metlbond -  3?,9 Film Adhesive - The MB-329 adhesive is modified 

epoxy,   nylon cloth supported,   B-stage film adhesive manufactured by 

NARMCO Materials  Division,   Whittaker Corporation,     The  bonding 

procedure  is as  iollow.s 

(l;        Clean parts to be bonded (see Cleaning Procedures above) 

{Z)       Apply primer to bonding area 

(3) Dry primer 

(4) Crc  film adhesive to  be used  from  roil  with protective  liners 

in place 

(5) Remove paper separator and place  film on part using plastic 

liner as a   protective  cover 

(61        Roll  film onto part with a  rubber  roller to insure that no air 

is trapped between  surface and Rim 

f7'i        Remove plastic protective cover 

(8)        Assemble parts 
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(9)        Cure bond at 50 psi and 350oF for 1 hr.     Heat-up rate should 

not exceed  10oF/min and cool down under pressure to 200oF or 

below.     Temperature should be monitored at glue line. 
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SwRI S340I 

TEST STANDARD FOR FIBROUS COMPOSITE TENSILE SPECIMENS 
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SwRI S3-401 

TEST STANDARD FOR FIBROUS COMPOSITE TENSILE SPECIMENS 

1. 0 PURPOSE 

11 is the purpose  of this standard to provide a standardized technique 

for measuring the static tensile properties of boron/epoxy and graphite/ 

epoxy composites subjected to a monotonically increasing load to failure. 

2. 0 APPLICABLE DOCUMENTS 

"Structural Design Guide  for Advanced Composite Applications, 

2nd Edition,   Sections 7. 3. 1  and 7.3,2. 

3.0 SCOPE 

This  standard covers both bo ron/epoxy and graphite/epoxy mate- 

rials  up to 18 plies thick.     Measurements shall include load/biaxial strain 

data to obtain biaxial stress-strain curves to failure under constant strain 

rate  conditions. 

4. 0 SPECIMEN PREPARATION AND INSTRUMENTATION 

Specimens are to be  laid out and cut from a suitable  size panel to 

the dimensions shown on the drawing below.    Subsequent to cutting out the 

specimens,   tabs are bonded onto the  specimens in groups  of three or more 

(see drawing below).    Strain gages are to be as described on the drawing. 
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SwRI Standard Tensile Specimen for Composites 

Biaxial Strain Gages 

Adhesive AF-I26-Z 
(Nitrile /Epoxy) 

1581  N-5505 
Glass/Epoxy Laminate 

Notes: 
1. 

2. 

3. 
4. 

8. 

9. 

tl   - boron/epoxy or graphite/epoxy specimen < 18 plies thick unidirectional 
or angleply 
U   - fiberglass/epoxy tabs  0. 100 ± 0.01 in.   thick (approximately 12   plies 1581) 
Strain gages  - Micro-Measurements 06-250BF-350 
Tolerances:     X ± 0. 1   ) 

XX ± 0. 04/       unless noted otherwise 
Fractions ± 1/16) 

t3  - boron/epoxy 0.96 in.   wide      ">    sides to be smooth,   splinter free and 
- graphite/epoxy 0. 75 in.   wide)   flat and parallel within 0. 015 

Diamond cutoff wheel to be used in sizing specimens from panel 
Tabs are bonded on in groups of three specimens or more at time with 
strip tabs leaving 3/8-in.   spacing between specimens.    Individual specimens 
are then sliced off by cutting through tab material. 
Use stand Instron wedge grips with fine serrations. 
Tab bonding:    cure adhesive 1 hr at 275°F at 50 psi in heated platen press. 
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=>. 0 TESTING 

In addition to the strain gages,  a clamp on extensometer with a 2-in. 

.aa^r  length will be used on each specimen in order to control the  strain 

rate during test and to provide back-up ioad-deflection curves  should they 

bv needed.    Loading should be on a monotonically increasing basis at a 

constant strain rate of 0. 00125 in. /min.     Load and strain shall be recorded 

automatically,   either continuously or at known automatically spaced time 

intervals . 

6. 0 FAILURE ANALYSIS 

All specimens shall be categorized as to failure type,   such as (1) 

net section tension,   (2) delamination,   (3) diagonal shear,   (4) brooming net 

section tension delamination,   or (5) any combination thereof.     Location  of 

the failure  shall be measured and  recorded. :::   Any type failure  between 

tabs  is acceptable.    Any type failure  under the tabs is unacceptable.     Com- 

plete  failure description,   type and location  shall be  recorded. 

7.0 DATA REDUCTION 

Raw data shall be appropriately processed to yield st res s-strain 

data from which biaxial stress-strain curves may be plotted.     Proportional 

limits,   knees,   moduli,   Poisson's  ratio,  and ultimate strengths  shall be 

;:'Photo^raphs of typical failures shall be made for record. 

C-26 

■•-'-• ■' —i^MMMiMA^^.-: it aym^m^igamhmflgiiatjjafcmtflMiaii .:. l^-.^.-.;-,i    ■ in i r umiMhiii 



"" "   "" »»»"»iriiriiriiii ii'iinuiriiiiiiii iinnr.-niYKiiiMjr-tm'ii- III«M 

located,   calculated,  and tabulated along with related strains.    Complete 

computerized data reduction,   plotting,   and the tabulation of data is 

acceptable. 
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APPENDIX D 

ULTRASONIC TMRU-SCAN AND RADIOGRAPH INSPECTION 
RECORDS ON BORON/EPOXY ADHliRHND PANELS 
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