
Eng. Research Bull. 
Faculty of Eng. C% Tech, 
Menoufia University 

Vol. VII. Part 1 , 1985 

ABSTRACT : 

Stress distribution in different bonded jionts are math- 
ematically analysed. Three shaPes of joints; singlelap, Butt 
joint and scarf joint are considered. The experimental was done 
on the above joints using two types of adhesive materials. h 
additation to the effect of surface roughness degree ( c . L . A .  )on 
the different shaPes of the bonded jomt strength was tested.Both 
theoretical and exPerimenta1 results are comPared. 

lMywam3s 8 

Bonded joint, stress analysis, dyamics of joint. 

NOMENCLATURE a 

1. INTRODUCTIOK : 

Angle of contact in scarf joint, 
Elastic modulus for adhesive layer, 
Rigidity msdulus for adhesive layer, 
Constants, 
Length of the bond line for single 
Thickness of Plates (1) and (2), 
Thickness of adhesive layer, 

f rce B4tiE~ sPres~ in scraf joint+ 
Normal disPla~ement, 
Tangential displacement, 
Displacement In (y direction, 
DisPlacement in (x 1 direction, 
Possinos ratlo for isotropic medium, 
Possin's ratlo for orthotroPic medium in 
(x) disec t Ion, 
Possin's ratlo for orthotropic medium. i r ~  
(2) direction, 
Possin's ratio for a 
Total tensile load i 
scarf joint. 

Machine tools are not generally manufdctured as a continuous 
casting of fabrication due to the difficulties in manufacture and 
for functional reasons such as the necessity to incorporate guide 
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ways. Most Prac t l c a l  d e s l g n s  f o ~  machlnc tool r ruc t ~ r e s ,  ther - 
e f o r e ,  1ncorPora te  some f  om, o f  ( orlrt~c t loris t t '  + h  t>cUrl t h e  bas1 c 

elements ,  such as the  connections c ar. be c l d s s l f l e d  a s  f ixed 
j o i n t  (bonded, bo l t ed ,  r i v i t e d  and helded ,011  t )  and s l i d i n g  
jo i r . t s .  In bo th  f i xed  and s l i d l n g  conncc t ~ o n s ,  f o r c e s  a r e  t r -  
ansml t ted  a c r o s s  the  j o l n t  i n t e r f a r e s  and t h e l c f ~ r e  , onc cou- 
ld  expect  t h a t  the  o v e r a l l  s t a t l c  and dy- r lamlc  1 h a r a c t c r i s t i c  s 
of t h e  machine t o o l  1s Inf luenced t) t ho  c.omPllance a t  these 
i n d i v i d u a l  connec t l o n s .  

P 

A l a r g e  number of  ~ n v e s t l g a t  ior1.z t.avcb bee r  condvc ted  orr - 
adhes ive  bonded j o l n t s .  Man) of  them ~ e r c  concerRed w i t h  one 
dimensional  s t r e s s  d i s t r l b u 4 l o n  arlc' t h e  nprhar . lca l  F r o p e r t i e s  
of t h e  adhes lve  j o l n t s  under s t a t l c  loading 1 . Severa l  theor -  
e t i c a l  a n a l y s i s  of t h i s  comPllcated ProbJem hake  @Peared 11. 

the  Prev ious  work s m c e  t h e  e a r l )  work t-I) GOLAND & RESSINER/2 . 
T h e i r  s tudy  concerned on ly  wlth tho 1 im i t i ng  r a s e s ,  i . e . ,  where 
the  adhes lve  l a y e r  1s so  t h l n  a n d  s t  l f f  ( the  t h l c h c s a  and mod- 
u l u s  of  e l a s t i c i t y  r a t l o  of the  adhes ive  1s much l e s s  than tha t  
of adherends)  . T h i s  means t ha t  i t s  e f f e c t  on t he  f l e x i b i l i t y  
of t h e  j o i n t  may n e g l e c t e d .  Secondl)  , where the  jo l r  t  f Lexlbi-  
lit); i s  mairl) due t o  t l ia t  of the adhes ice  laycr. 

The P re sen t  work Prov ldes  a n a l y s i s  and exper imenta l  c-omF- 
a r i s i o n  f o r  d i f f e r e n t  shapes  of bonded jo l r  t s whl t h a r e  both 
s imple  enough f o r  de s lgn  Purpose arid y e +  1ncli .de s u f f l c - l e n t  
Paramete rs .  So t o  Provide  good c o r r e l z t  Ion be tween t e s t  and 
theory .  The d u r a b i l i t y  o f  a d h e s l \ ~ c  bonded j o i n t s  depends on 
t h e  fo l l owing  f a c t o r s ;  shape of t h e  j o ln t ,  type of adhes l  t c  
m a t e r i a l s ,  type of  adherends and +tie s u r f a t e  P r e p a r a t i o n  f o r  
bo th  meta l  and cornPosite adherends,  3 , .  I n  t h l s  work t h e  e f f e c t  
of shaPe of t h e  specimen, type of adhes ive  m a t e r i a l s  and type 
of adherends  a r e  discussed. 

2. STRESS ANALYSIS I N  SINGLE-LrW IlllN'I : 

T h i s  j o i n t  c o n s l s t s  of P l a t e  ( I I ,  bc> bonded to  P l a t e  ( 2  1 
by adhes ive  m a t e r i a l s  ( 3 )  as show1 i n  Flg (1-a). From t h i s  
s p e c i f i c a t i o n  t h e  fo1lowir.g relations ma\ be assumed : 

and t h a t  t he  t e n s i l e  f o r c e  T 1s l & r g e  enough, then,  
T 

= - ... . . . . . . . . . . . . . . . . . . . . . . . .  (2) A tl 
I 

where 
& A  = average t e n s i l e  s t r e s s  In t h e  P l a t e s ,  

102- Determinat ion Edge loads of j o l n t  : 

The j o i n t  i s  devided i n t c  t h r e e  P a r t s  as shown i n  Fig. 
(1-b) c o n s i d e r i n g  t he  equ i l i b r ium of these  P a r t s  s e p a r a t e l y ,  
t h e  edge t e n s i o n  f o r c e  a c t i n g  on t h e  j o i n t  ( F )  i s  g iven  by: 

= T cos  ? T where ang le  c~ i s  very s m a l l  9 

T = T  = d A .  t, ( 3 )  ................................ 
The edge monent (M,) i s  g iven  : 

1 Me = K .  7 . d A '  t *  ................. ( 4 )  

- I6 - 



2,2- S t r e s s e s  i n  the j o i n t  r 

and ( , f y 3  and T ) .  From t w d  diniensional theory of 
e l a s t i c i @  A,'. xy3 

6d xi 6 T X Y .  

ax- + ,+ = 0 9 

From the  boundary condi t ions  of this gint  : 

3.2- The Boundary condi t ions  of the S t r e s s e s  at the Ends of 
Single-LaP J o i n t  : 

x = E : &c = 0 , Txy ,  = 0 3 
= 0 , Txy, = 0 



3.  S T R E S S  DISTRIBILTTIOh I N  BUTT J O I N T  : 

The j o i n t  c o n s i s t s  of two adherends, t h a t  i s  f l a t  111 te r -  
ference with adhesive l a y e r  a s  shown l r ~  Fig.  ( 2 ) .  I n  t h l -  r v P e  
of j o i n t s ,  t he  s t r e s s  i s  simFle t e n s i l e  s t r e s s  d i s t r i b u t ~ o r ~  , 
then and from Ref,/h/ .  i t  can be shown f o r  the J O I I  t cjf re(  'ang- 
u l a r  c ross  s e c t i o n ,  t h a t j  

,.' - = g o  'J- 
1 

where : 
go = t e n s i l e  s t r e s s  a t  cen t r iod  of j o ~ n t ,  

6' - T - __I_ 

ave . 
t ,  . h  
I 

T = t e n s i l e  fo rce ,  

t l  , t = thickness  of the adherends ( 1 )  and i L I ,  2 
t3= th ickness  of the adheslve l a y e r ,  

w = width of the  j o i n t .  

Consequently, the  shear  comPonent i s  not e x l s t s .  

But f o r  the jo in t  of c.ircu1a1 corss  sec t ion ,  the f c1l1owlr:g 
equat ion m a y  be used : 

h) 4 
9 = & '  

0 d 
where, d = diameter o f  j o i n t ,  

4. S T R E S S  D I S T R I B U T I O N  I N  SCARF' J O I N T  : 

The j o i n t  c o n s i s t s  of two tapered P l a t e s  ( 1 )  and (2), be 
bonded toge the r  us ing  adhesive m a t e r i a l  ( 3 )  as shows i n  F l g .  ( 3 1  
The Problem of t h i s  a n a l y s i s  w i l l  be solved &Froximatel> under 
the fol lowing assumPtions; the  thickness  of the adherends( t l , t2J  ,. 
i s  l a r g e r  than o t h e r  dimensions of the  j o i n t ,  t h e  s t r e s s ,  field 
i n  the P l a t e s  m a y  be considered a Plane s t r e s s  ~ r o b l e m ( g 1  =O = gzy) s 

the  con tac t  s t r e s s  a c t s  on the  taPered su r faces  of the ~ l z t e s  
a s  abody fo rces ,  the  adhesive m a t e r i a l  a c t s  as a combination of 
shear  and tens ion  sp r ing  and the s t r e s s  through the th ickness  
d i s t r i b u t i o n  a r e  neglected.  

From the equi l ibr ium of P l a t e  ( 2 )  a s  shown i n  F i g . ( 3 )  the  
fol lowing can be seen ; 

Tota l  force/ur . i t  width a c t i n g  i n  P l a t e  ( 2 )  
dc = ...... Ft (x) X J l T  ( c )  s i n -  + q ( c )  c o s 7 . 1  - 

0 
C O S  oC 



or 
dc . . . . . . . . . .  c ( c )  qos- + q  ( c )  s i n s  j-=Q. \ I )  coscc 

2 
X 

= (1 + tan a )  q ( r )  d r  . . . . . . . . . . . . . . . . . . . . . .  \ ' 3 )  

The fo l lowing  equa t ion  may be w r i t t e n  f ron  t h e  equ l l i b r lum o f  
the  adhes ive  l a y e r  as shown i r  Fig.  ( 3 ) . 

a d  = 9 - . T ( x )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  ..\Lo 
n 

f3 
06, = -$- q  ( 4  

3 

- - I n  t h i s  case  ; E Z  - E l z  - E2z = 0 

E t  04 T - F p )  
Then, 6 2 x ( ~ )  = q.&J = - - - - - - - - -  0 . .  ( ( - - , I  

x tan g i x  ti-x tan Z. 

The fo l lowing  d i f f e r e n t i a l  equa t ion  can be w r i t t e n  f r o m  
equa t ions  ( 3 ) ,  ( 5 )  and ( 6 )  : 

4% 
2 = m ( x )  . Ft ( x )  = n  ( x )  J X  

where m ( x )  and n  ( x )  are c o n s t a n t s  and from ~ e f . / 5 , ,  t h ~  
fo l lowing  equa t ions  give  the v a l ~ e s  o f  the  c o n s t a n t s ,  

1- 2 
1 - l - 4 x e 4 x  . . . . . .  d x )  - x tanw . (  7 )  

- " e  i- G- 
1 -  

t cos  
3 

I tanLw 
- . . . . . . . . . .  

Ke 
- 2 (7 + ) ( 9 )  

1 + tan oc E 3  

Equation (3 )  solved t h i s  s u b j e c t  us ing the  fo l lowing  b o ~ n d l , ~  . cond i t i ons  ; 

F t  ( 0 )  = 0 . s  Ft (L) = T 

and from equa t ion  ( 6 )  i t  can be n o t i c e d  t h a t ,  a t  : 
AT x  = o 9 %x and if t. - 1 - t2 

G/ = L t a n a c a t  x  = L 6  , Ix a r e  n o t  de f ined  which 
may be 8 h r e s s e d  as: 



- - F; i L )  
( L ;  

1 > ........... ..... ..... .... .... .. .  .. . . \ H j  
Tan x- 

" EXPERIMENTAL WOW 

1,5- Types of  SPecimens 

Four d '  f f e r e n t  shaFes o f  sPecimens rierc manu fa( + u r  t.d L . L ~  t , 
?I 

s c a r f  by 30 , s c a r f  bj 4 5 O  anc! s l r  ~16.- 1:s . loin? ,211 1he:jta 

specimens a r e  show, irt Fj s ( 1 , 2 ,  ? )  and + ~ L C J )  WCI'F n12r-11. f i l (  L I ~  - 
ed front t h r e e   material^ ( s t / s t  , A 1 , ' A l  and c o P , ' r o P ) .  'The t h o  
 part^ of t h e  bondec! specimens a r c  3 i t k L t ? i .  n,ade f~,cr , .  t l.c-' 5; n ~ c  
m a t e r i a l  f o r  a  comPa.rision betheen thcor  c t i t  a 1  and i~xr-'c~x.inlorl? a !  
r e s u l t s  o r  from t h e  same m a t e r i a l  m d  c ombir ntiori f o r  test 1r.g 
t he  e f f e c t  of s u r f a c e  roughness on the  s t r e n g t h  o f  ;oir t .  A l l  
t h e w  sPecimens were s u b j e c t e d  t o  Pure tcr;s L cw . 
2 . 5 -  Types of adhes ive  Used : 

Two types  o f  c o m e r i c a l l y  avallatl c adl.clsi c e s  have btserB 
used i n  t h i s  i n v e s t i g a t i o n s ,  i t s  s P e c l f l c a t l o n s  are l l s t e d  b c ~ l o * .  

a- Bison Bison Kombi - K i  t 
I t  i s  a  t w o  P a r t  e?oxy-res in  arid harder,c.r k i t h  n l lx1r .g  I s a t l c  

1:l by weight and i t.s s e t t i n g  t i m e  LE; ?Lt 17o1;1s a t  room tcn~Poiat i . rc '  
(20' C )  . The s u r f a c e s  t o  be bonded h a ~ e  bec-!ri kiI 'ed G> ii r lcltk. d l F P -  
ed ir, tri.chloroetk:) I ene t o  remove exc ess i  \-G g r e a s c  F: r j  c i  t c l  b a k o i ; r  
t r ea tmen t .  

b- B i s c r ~  horr,t:-habid : 
I t  i s  a two P a r t s  epoxy-xesir and h a r d e r ~ e r . ~  The n : ix~r ;g  

r a t i o  i s  1 : O . P  by weight a t  rocn i e m F ~ i a t ~ . r e  (20 C )  Bisorl k ~ n h  
Rapid feats a f t e r  ( 1 0 )  m i r x t e s ,  the  bor8dc.d ohjec  t r v s ~  st s liardl i r  C; 

a t  lower t empera tures  . The s e t t i n g  t l a e  i r c r e a s e s  s t  ~ C ' C  arid 
t he  r e s i s t a n c e  of  handl ing i , ~  t a i r ~ c d  , t f t  e r  at-out  2 C  rniriutec. I t  
does n o t  s e t  below 5 O  C,  

3.5- T e s t i n g  Conf igu ra t i ons  : 

I n  t h e  t e s t s ,  t h e  sPecin;ens l ~ a ~ ~ e  the fol1owir.g s p e c i f 1  t - 
a t i o n s ;  t he  same degree  of su r f ac t ,  rougkui6>s:, t h e  a d h e s i ~ e  
t h i c k n e s s  i s  the  same f o r  varic.us J o i r l t  (127 q,,,)the sar,,e stir-. 
f a c e  P r e p a r a t i o n  and t h e  c u r i n g  t:.nie i s  c o n s t m t  f o r  ever) type 
of  adhes ive .  I t  must be n o t i c e d  - h a t ,  each s e t  of  t e s t i c g  corif- 
i g u r a t i o n  h a l e  been r epea t ed  f o u r  t imes  2nd t he  loadir,g or, thvsr 
specimens i s  Pure t ens ion  w i  thcu t g e n e r a t i n g  ar-y bending ef f ' 6 . c  t s . 
b- DISCUSSION AhD CONCLLSICNS : 

1.6- Effect o f  the  Goint  Shape 

I n  F i g ' s  (4,6,8 and 1 C )  t h e  curves  a r e  P l o t t e d  f o r  t k . e  
d i f f e r e n t  shapes  o f  bonded j o i n t ,  ( ~ u t t ,  s c a r f  3 ( i 0 ,  s c a r f  L 5  
and s i n g l e  l a p  joir : t )  whefi u s i n g  adhes ive  No.1. A group of 
t h e s e  curves  f o r  t h e  t h e o r e t i c a l  2 e ~ ~ l t ~  and t h e  remai rder  
f o r  t h e  exper imenta l  r e s u l t s .  Fror;. t he s f  f i g u r e s  the +k,eor- 
et ica .1  r e s u l t s  seen: i n  good agreement.  



From F i g ' s  (10, 11) the  same t f l e s  of  adherend5 k t  1 c  st.^^, 

the  same degree  of roughness ( C  . L . A .  ) and tk,e s a m t .  k I L I +  < # ( i t  

e s i v e ,  the  t r end  of t he  curves  In the f i g u r e s  1s ex;\( t I \  a t o t  

sa.me, but  1-he sf-cond g i v e s  s good r e su l  t  s  comPared ? c  r  1 . c ~  , c ,  I t 

of 45' f a c e  ang le ,  that i s  a l s o  dePenderlt or, the 1 r . c  I c - a s c ,  of  

t he  con tac t  a r e a .  In F i g ' s  (12, 1 3 )  the  r e s u l t s  of . i , l r  {:It-lap 
j o i r , t s  a r e  P l o t t e d .  I n  these  f i g u r e s  the  curves  I ,  i h f i r c  

t r end ,  but  i n  the  f i r s t  when us ing  adhesl  \.c- ( h o .  I ) p I \ t .. ': g(jcxl 
r e s u l t s  compared h i t h  the  second, t h a t  i s  depend uPor t t  t P e 1 . f  (; 
rmance of t h e  adhes ive  0111) a s  mentioned Lefore,  Ir t i A t  :L ? V P C  
of , ,oint t he  r e s u l t s  i s  h igher  than an) type .  We h a \ +  . W L  t-c ,+- 
sons  f o r  tk-at.. The f i r s t ,  i s  t h e  i r .creasf  of t k , e  (:ori ~ , t i  ' a1 t A ; : .  

The second i s  the  i r ~ c r e a s e  s u r f a c e  gra i r . s  o f  the  P a r t s  wh~c t i  
a f f ' e c t s  t he  s t r e n g t h  of  t h i s  type of ) o i n t s .  

2.6- Eff'ec t of Sur face  Roughness : 

The e f l e r l m e n t a l  kork were car-rled o ~ t  t o  ~ n \ e s t i y . ~ t e  t h e  
e f f e c t  of s u r f a c e  rougl-imess ( C. L . A .  ) ori tk.e s t r e r ~ ( ; t t .  o '  bor.dllc! 
j o i n t s .  The sPecirnens used l r i  t h e se  t e s t s  were s l n g  I c - l a J  , 
s c a r f ,  bu t t  j o l n t .  The u t i l l z e d  j o i n t s  were s t . s t ,  O F '  (-oP and 
A ~ / I A ~  o r  a  combinations of thosc m a t e r i a l s .  T h e  1.est.J I - o f  
t h e  t e s t s  a r e  Plot t .ed  i n  F i g ' s  1 4 - 1 4 )  'Ihc~ t c n s - ~  l c  t  r e r . g > t  t o f  
the  bonded j o l n t  s kas  F l o t  ted  ve r sus  the> .-;~,rf a c e  I o l !~ : t -~~ , t~s -  I 1 . LA. I 

shaFe of ;o i r - t ,  type of adheslcc, ( u s l n g  two t ~ P e s  m a t  l n t a ~ n 4 e l l  r l  

t h e  Prev ious  p a r t )  and tlie' ' k 1 i . t  knc:,c5 c;f ac'hesive b;a> n,:. r ~ l i r t ~ d  
cons t an t  and equal to  127pn;. From f ' l g ' s  1 1 4 - 1 4 1  l t  I -  l e B 2 t  that  

t h e  s u r f a r e  roughness P l m s  an ~trlPortant rmlcs and af'f 6,. . rht  
j 0 i r . t  s t r e n g t h .  The oFtimuni v a 1 1 ~  of  s u r f ' a c e  r o u g h ~ ~ e s :  ( 3  rarlp.  
i n g  betkeen 2 0 u L ' r n  and 3 5  ."m Thesc v a l ~ ~ e s  & I \ - e  good l - c h . ~ t  1 t s f O J  

a l l  shapes o f  jo i r l t s  and f o r  all types  of adhesl\c m a r c  I 1 3 1  t o o .  
I f  a r e  romPared F i r ' s  ( 14 -19 )  l t  car1 bc. found + t ~ '  t t ~  < ; 1 r L y ! 6 ,  

1aF- j o i n t  g i v e s  kligk-er + r e r ? r t k  \ \ I  tk. r e ~ P c c  t I o f k l t  o T t l *  I : 

j o i n t s .  T h i s  n a y  btl a t t r i b u t e d  t o  the i r  c r e a s e  o f  1 - k . ~  e t . t a (  * 
a r e a .  I n  t h e  second ca se  wher. ~ s 1 r . g  adhesl  \:e (No 2 )  t h e  resu 1 t-s 
showrl i r  F i g ' s  ( 15 ,1? ,15 )  f o r  d i f f e r e n t  shaPes of bonded , o ~ n t s .  
I t  i s  c l e a r  t h a t ,  t h e  f i r s t  tyPc of ,idhesi\.e materl?.! & , I  \ e s  good 
r e s u l t s  hi th/resPect  t o  the  second tj-Pe of a d h e s i ~ e s .  I r l  F 1 g 2 s  
(15 ,17 ,19)  t he  curves  t ake  +he same t rend  c s o t  t l )  b u t  (;IW l e s s  
va lues  compared t o  t he  first type of adhes ive  ma te r i a ! .  No\% , i t  
i s  c l e a r  t h a t ,  t h e  f i r s t  type i s  b e t t e r  than the second and +he 
t e n s i l e  s t r e n g t h  of  t he  s i n g l e - l a P  j o i n t  is t he  h ighes t  one with 
r e s p e c t  t o  the  o t h e r  d i f f e r e n t  shaPes of j ~ i n t s .  

F i n a l l y  t he  fo l lowing  can be concluded;  (1) the  cleslgrt of  
J o i n t  on the  b a s i s  of  t e n s i l e  strengtkl ,  a s i n g l e - l a F  joint and 
s t e e l / s t e e l  m a t e r i a l  i s  t h e  optimum o n e . ( 2 )  The s u r f a c e  rough- 
nes s  ( c . L . A . . )  v a l u e s  from 30 t o  4 o S 4 n ,  g i ~ r e s  a good v a l ~ e  of  
t e n s i l e  s t r e n g t h .  ( 3 )  The adhes ive  ( K O .  1) Boison %rrb~-Kl t has 
t he  h i g h e s t  Performznce. 
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