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Summary

Studies of the effect of cher~ical bonding or. the measured jOir.t

strength of bonds formed between poly~ers and rigid substrates have

been carried out . Various treatments have been app1~ ed to glass

s u r f a c e s  bef ore bor.d~ ng to po1~~~e r ic  o’. !er layers.  These treat~~ r.ts

have inc l uded react ion of glass  w i th  mon o~ and t r i a l k c~xy s i l an e s .

ure thanes , si l an at e d  p olybu tadienes .  and pol y s iloxan e  l aye r s .  E f f e c t s

on the resul ting jOir.t strength varied from an insi gnificant level to

a thirtyfold increase. Comparisons of various results for joints

between glass and a polybutadiene overlaye r , su.rtrrarized in this

report . suggest that a transition layer such as a polysiloxane layer

must be introduced before positive effects of cherrical bonding are

Obtained. ~Then this transition laye r is present , the measured

strength of the joint is found to increase as the number of chemical

bonds increases. In experiments involving the bonding together of

two identical polybutadiene layers , the joint strength was found

to increase in direct proportion to the nu~ther of assume d inter-

facial chemical bonds .
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Introduction

The object ives of th is  s tudy have bee n f i r s t  to obtain  direct

evidence for  chemical bonding at  the i n t e r f a c e  be tween s1r~i1a r

and d i s s imi l a r  m a t e r i a l s  and second to lea rn  how the dens ty of

chemical  bo nds a f f e c t s  the work of de tachment  of the ma t er i a ls

j oined toge the r .  For th is  purpose we have sought  to p repa re  well

defined and well characterized j o i nt s  w i th  a c on t r o l l e d  an~ kn own

number of chemical bon ds at the i n t e r f a c e . The s tud ies  sun~~arized

in this report have led to the development of several  model systems

f or obtain ing the desired d a t a .  Unexpec ted ,  ari d sometimes anorn-

alous , resul t s  obtained along the way have she d some li ght on

why the r e has  been a continuing controversy about the importance

of chemical  bonds in adhe s ion .

Th is report  give s an overview of r e su l t s  obta ined dur in g the

past year and at tempts  to corre la te  them wi th  previous  resu l t s .

De ta i l s  of the s tud ies  e i ther  have been or w i l l  be p re sen ted  ~.n

Technical Reports  and p u b l i c a t i o n s .

Results and Discussion

A diagram of a typical t es t  specime n used in our s t ud ie s  is

shown in F igure  1. It cons is t s  of a subs t r a t e  which  has been

exposed to a carefully controlled surface treatment and then

pressed into contact with an overlayer of a cloth-backed elastomer. 

TI TIT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
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T y p i c a l l y ,  the e l a s tom er  laye r has been based on polybutadiene .

Firestone ’s Diene NFA . because this :raterial ~.s relatively pure

chemically and rheciog icall y simple . The work of adhesion , w ,

is m e a su r e d  frorr.  l~~0~ p ee l in g  exp e r i~~ents~ W .~P/w , where  P is

the observed p e e l ing  f o r c e  and w is the w idt h  of  the sr~~c:~~en .

In s ear c h i ng  for  a s u it a b l e  model s y s t e m  we have used substrates

of glass . v ar i ou s  p la s t i c s , ~n cr gan± c  c rys ta l s , and c rossl~~r .ked

pol yb~~t a d~ ene . S u r f a c e  t r e a t m e nt s  have  i nc luded  s~~lar.e coup l i n g

a g e n t s  ( 1)  
* carbc xyt erm~ nated polybutadiene  ( CTB ) , a~~~net e r~~in a ted

po lybut ad iene  ( ATE ) , a nd spec i a l l y syn thes ized  pol ybut ad ienes

c o n t ain i n g  one or two -Si (CHJ~~O~~i3 endgrcup s and sometime s

—s~~(ocH3 )3 groups along the backbone in addition. Only work

related to glass substrates is included in this report because

they have proved to be more convenient for the initial studies.

Glass substrates are comparatively inert and maintain their shape

and strength up to very high temperatures. This allow s maximum

flexibility in choosing solvents , reactants , and temperatures

for surface modi fications .

Previously . it was assumed that we could vary the adhesi’.~c

strength of elastor’ers to glass by varying the density of chemical

bonds between the -S iOH ’s in the glass and the polybutadiene

overlayer . This assumption does not seem to be correct .  Apparently

;1

$ _ 
_ _ _ _ _ _  _ _ _

_ _ _ _ _ _  _ _ _  - ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
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a transition layer between the glass adhererid and the poiybutad~ene

adhesive is necessary to insure  good w e t t i n g  of the su r face . This

transition layer is preferabl y bonded as strongly as possible to

the glass and of such a nature that it completel y covers the g la ss.

The layer has the add d advantage of preventing direct contact

between the adhesive and 1mpurit~ es or fcre~ gn mater ials in the

glass. For our purposes the transition laye r should be suscep.:ble

to chemical r.od~ f:cation so that a known n’..unber of functional group s

of a predetermined nature can be :ntroduced . Unde r these cond~ t~ons

it can be sh~~n that chemical has a positive effect on the

strength of adhesive bonds . Many Ar earlier results and those

of other workers , which have hitherto seemed irreconcilable with

a simple general relationship of this kind, tend to form a corisistent

pattern once the concept of a transition layer is introduced. With

this in min d , some of the previous data is reviewed arid some new

data acquired to test this hypothesis is presented.

Coupling agents. Ahagon and Gent (1) treated pyrex glass bars

with solutions containing catalyst and varying proportions of met’nvl-

triethoxys~ 1ane , Me—Si—(OC Hç )3 . and viny itriethoxysilane , CH,~~ H

Si- (OC~H5 )3 . The work of detachment t~.at they observed for bonds

between surfaces treated in this way and then bonded to a poly-

butadiene over].ayer by curing at elevated temperature was proportiona l

___________ 

_______ __________________________________________ ________________ ______ 

I
— ii:__ ___ - —: 

~ .. ~ ~~.t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘
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5

to the amount of vinyl s i lane  in the t rea t i ng  mixture . They

inferred that chemical bonding occurred by reaction of the vinyl

groups on the surface of the treated glass and the unsaturation

in the polybutadiene :

- c c fl peroxide
glass IPBI heat 

giass~ (1)
- c c 

~ 
re s sure 

~~~~~~~ rL
Now , the treated arid washed slides were heated at 110°c for 30 m m .

Under these cor.d~tions it is probable (2,3) that a polysiloxane

layer forme d and that Ahagon and Gent actually had a glass surface

coated with a polysiloxane containing varying numbers of viny l

groups. The sequence of r eac t ions  ~~ uld be:

OEt 
. -

-O-Si-CH~CH~
OEt Iglass  110 C g lass
CiE t  —

“ ‘G-E ~~-CH CH, O-S~ -CH-cH

OEt 0

I 
~~~~~~~ ,

.
-
. -

~~~~~~~~~~~~

- 
. 

. . . 
~~~~~~~

1.

I 

- 
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In contrast when Wong (4) carried out similar experiments

in the vapor phase without catalyst . using rnonofunctional silarles :

vinyldirnethylethoxysilane . CH,~ -CH,~(CH 3 ) ~ -Si-OC,. H~ . an d t r imeth yl-

rneth oxys i l ane . ( CH ~ ) 3 - S i— c C H , * he obtained relativel y little

eithar .cement of bond strength . Vapor phase treatment w~ th aUyl

isocyanate , CH~ = CHCH~ -NCO , which like the vinyldi eth ylet~.oxys:lane

has onl y one group capable of reacting with a silanol , also ~.ad

almost no effect on the bond strength of pol ybutadiene to glass

surfaces. Neither the silane s nor the allylisocyanate that Wong

used is capabl e of forming a polysiloxane transition l ayer. Once

the ethoxy . methoxy , or isocyanate groups have reacted with the

s~ lanol groups in the glass surface a reaction analogous to equation

2 is not possible.

Silanated polybutadiene. ~~o anionic pol ybutadienes with

silane endgroup s we re synthesized for this study . As sho~~i in

Table I these polybutad~eries were similar ~ri microstructure to

Fire stone ’ s Diene 3~~NFA . The polyme r designated a-PB had a sing le

dime thylmethoxysilyl end group and was sim ilar in molecular weight

to Diene 3 5 .  The othe r polymer designated :,.i-PB had two dirnethyl-

methoxysilyl endgroups , a lower molecular weight , and a somewhat

higher vinyl content . The properties of CTB , which was used in

I

I —
__________ 

- —~~~~~~ . _________________________________ -____ ! ~~~~~~~~~~~~~~~~~~~ 
Y ~~~~~~~~~~~~~~~~~~
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Table I

Prope rties ~~~~~2~ybutadiene s

Mi. c ros t ruc tu reC 
________

Structure
a s~~~bol ~~~b 

~ cis ~ trans

D c  35 NFA PB 150 ,000 36 54 10

Me

NeO_ Si_ ?B_Bu d c-PB l~ 0.000 36 54 10

Me

Me Me
t I

MeG— Si—PE—Si— OMe a..L—PB 35 , 000 31 4~ I

Me Me

Me Me
I I e f

MeG— Si— PE-Si—OMe Cl-PB >35 ,000 31 49 -

Me Me
:sicl 3 J~

M e Me

MeO, _ S i _ P B _ S i_ O M e C M-PB >3~~, 000 3 1 4 q _ f

Me Me
:s i ( o M e )

H OO C-P E -C ’lZH CTB 4130 .~0.5 ~~~~

4.
E 

_ _  
_ _  

_
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Footnotes to Table I

a
PB - polyb u t ad~ ene

bDete ~~~ined by GPC except  f o r  CTB wh i ch  was det e~~~~n ed by
endgrcup ana1 ys~ s

by ir or 00~~ F:z H nmr spect r os  :oc~y

dBu sec -butyl

eprepared from a , i—PB by a procedure adapted from ~~ror. , Bhatt ,
and Ek e~~st ( 6  and Saam and Speier  ( S

C
All pendant  v in y l  groups we re conve r t ed  to e i th e r  - S i c i .  or
-Ei (OMe ) , groups. The concentration of the silyl groups was
about one for every five but adier.e units

I.

_ _  
_  

_ _ _  _ _ _  _ _ _  _  

I
— 

— 

- -  

_
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subsequent experin’~ants , are included in Table I for comparison ,

Two additional polybutadiene s were prepare d from ~,.L-PB. The

sample with pendant trichlorosilyl groups , Cl-PB , was prepared

by the catalyzed addition of trichlorosilane to the double bond

of the pendant vinyl groups (5 ,6)

-4 CH CH~— rn HE i Cl 3 —
~~ —4 CH, CH~— ( 3 )

I n I
CH-CH~ CH~ OH SiCl 3

The sample w i t h  t r ime thoxys i l y l  groups , M-P B . was p r epa red  by

reacting Cl-PB with methyl orthoforrnate :

0
‘I

-CH~CH2 -SiCl 3 3HC ( OCH 3 ) 3 —3 -CH~ CHz -S i ( OCH A ) 3 - 3CH-OCH- -3CH,Cl

(4)

Glass  slides were treated with each of these polybutadienes

as described in Te chnical  Report No.  4 , July 197 8.  In that report

evidence was presented that the silanated polybutadiene was chem-

ically bonded t o the gl a ss s l i d e  an d could not be washed off. How—

eve r , SE M s t u d i e s  gave no ev idence  of adher~ r .g polyme r on s l ides

p r e t r e a t e d  with  PB.  S l ides  t r e a t e d  w i t h  a-PB were foun d to have

only widel y-sep a r a t e d  p a r t i c l e s , about (V~ ~-c~ in diameter. adhering

to them as show n in F igure  2 .

—
I-—- 

. . . . -
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Adhesion test specimens were prepared and tested as previous l y

described (7,8) . (See also Technical Report No. 2 , Septembe r , l~~77)

The res ul ts , surruiiarized in Table I I .  show tha t  compared to control

samples where the g lass s l ide s were e i the r un t r ea t ed  or t r ea t ed  wi th

normal PB. samples treated with c-PB and a,i-PB. showed no change in

the work of adhesion . This lack of effect does not seem to be due

to an inherently slow reaction of the silane endgroups with glass.

Studies with model compounds as describe d in Technical  Peport 3 ,

Ju.ly, 1978 ind ica ted  that  2 hrs . should be s u f f i c i e n t  for  complete

reaction between a silanol and a sil. ane . The present  reac t ions

were carried out for  2 hrs . and for  48 h r s .  wi th  the same resu l t s ;

namely, no improvement in the s t rength  of the bond after treatment

of the glass with a—PB or a.J.—PB . Note that two er.dgroups and a lower

molecular weight as in a,.L—PB give the same result as a-PB . It seems

that polybutadiene is incompatible with glass and does not spread over

the surface . so that chemical bonding by end linking is relative ly

i n f r equen t . As a resul t , no improvement in the work of adhes ion is

obtained , even a f t e r  long react ion  t imes.

Polybutadiene substrate s. It can be argued that the lack of

im provement in the strength of adhesion to glass after pretreatment

wi th reactive po].ybutadienes is a resul t of inadequate crosslinking

between the two pol ybutadiene layers , especially if only one of them ,

the overlayer , contains the perox ide cros sl ink ing  agen t , as in our

I .~

:4 —
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case. Studies  of the work of detachment of specimens wi th  poly—

butadiene  as both the over layer  and the subs t ra te  suggest that

bonding between them is a facile reaction. Mode l specimens , con-

sisting of two identical polybutadiene layers have been crosslinked

together . If the degree of crosslinking in the layers before they

are brought together  is v a r i e d  and then the c ross l ink ing  process  is

completed , the strength of interfacial bonding is found to vary

over the entire range from zero to a level characteristic of the

bulk material; i.e. from purely dispersion force adhesion to the

cohesive strength of the fully—crosslinke d elastorner , see Figure 3.

Moreove r , because the adhering layers are always identical and the

joint symmetrical , no thermal or shrinkage stresses affect the

measurements. Further details of these studies will be the subject

of a f u t u r e  technical  report.

In situ formation of polysiloxane layer. Improvements in the

strength of bonds formed after treating glass with functional ized

polybutadienes were first observed when samples capable of f o r m i n g

an intermediate polysiloxane layer were used. For example , when

glass slides were treated with Cl-PB and then the Cl-PB was hydro—

lyze d and heated at 110° for 24 h r s .  a four fo l d enhancement of the

work of adhesion was observed. Formation of a polysiloxarz e laye r is

_ _ _ _ _ _ _  
_ _ _ _- -_

V
~~~~~~~~~~~~~~~~~~~
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possible unde r these condi t ions . An even grea ter  increase was

observe d when M-PB was used , and again  format ion  of a pol ysi loxane

layer is possible on hea t i ng .  The r e su l t s  of these experiments

are given in Table II.

Preformed polysiloxane layer. Formation of a polysiloxane

laye r on a glass su r f a c e  from a s i l an at e d  pol ybu tad~ ene as descrcb ed

above , if it occurs , would be expected to be ra ther  i n e f f i c i e n t .

Moreover, the n umbe r of chemical bonds at the interface cannot

be sy s t ema t i ca l ly va r ied even if it is a ss umed th a t the sil ox ane

bond through the sil anol in the glass  su r f ace  is s table .  In fac t ,

this assumption is probably not true . Studies with mode l compounds

summarized in Technical Report 3 indica te  that a dynamic equi l ibr ium

exists .

An alternative procedure is to form the polys~ loxan e layer

f i r s t , with mul t ip le  a t tachments  to the g lass su r face  and to vary

the n umbe r of f unc t i ona l  groups in the pol ys i loxane  l aye r .  This is

effective ly what Ahagon and Gent did , if the present interpretation

is correct . it can also be achieved by using a preforme d polysiloxane

laye r conta in ing  react ive  p-bromome th ylpheny l group s on the g las s

surface . When these groups were reacted with CTB, a continuous

layer of r ubber as shown in Figure 4 could be observe d by SEM .

rn

_ _ _ _ _ _ _ _ _ _- •V V~ V V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
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Table II

Effect of Functionalized Polybutadiene Treatment of Glass on

Work of Detachment (w) of P o lybutad iene  Overlaye r a

w
Rubber Time of R e a c t i o n  (h r s )  ( :: ‘m)

— 2

PB 2 5

a-PB 2 5

— 48 11

a—PB 4~’ 15

O., i—P B 4 8  l~
— 96 7

96

M_ PB C 9 6 32

aThe polybutadiene was cured using 0.15~ d~ curnyl pe roxide . W
was calculated from peeling measurements at a crosshead speed
of 0 . 5  cm. per m m .  Fa i lu re , as j udged by eye , was int e r f a c i ai .
in all cases.

bThe -S iCL 3 groups we re hydrol yze d to -SiOH groups and then slides
were heated at l lO ’ C for  24 hrs . to form a pol ys i loxane  layer .

C
h treated slides were heated at 110°C for  ~4 hrs. to form a

polysiloxane layer.

— ~V 

-
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Fur thermore as shown in Table I I I  a remarkable  increase  in the

work of adhesion of typical test specimens occurred.  Deta i l s  of

these studies were given in Technical Report 2 , September , 1977 .

Rece n tly 14 C label led g lyci ne has been incorporate d i n t o  the

chemical bond between (p , m-Chlororne th ylp he nyl)  eth y l group s in the

polysilcxarie surface and the CTB by the sequence of reactions

shown in Scheme I , steps A to F.  We have worked out condi t ions

such tha t each step proceeds n e a r l y  q u a n t i t a t i v e ly.  De ta il s  of

the work will be the subject of a future technical report. By

using mixtures  of l-t r ich lorosi l y1- .~-( p , rn -Chloromethy lphenyl)  e thane

and E-pheneth yl t r i ch lo ros i l ane  and v a r y i n g  the percen tage  of each

in the mixture s used to treat glass slides , the number of chioro—

methyl groups and hence the nuirber of possible chemical  bonds

between the polysiloxane coated glass surface and the polybutadiene

overlayer was va r i ed .  As shown in the data presented in Fi gure 5

for  samples prepare d from mix tu res  w i th  0 to 60°i of the chloro-

methyiphenyl compound , a direct correlation was obt?ined between

the percent of the chloromethylphenyl compound and the contact

angle observed after step C. the radioactivity observed after step

D and the work of detachment , W. Thus , when a polysiloxan€ laye r

is present there seems to be a direct correlation between the number

of interfacja]. chemical bonds and the strength of adhesion to a

_ _ _ _ _  

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  V ______  

1’

~
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Table I I I

Effect of Prefo~~ ed Po y~~iloxane La/er on Work of Detachment ~~~

Bonding _____  
T~rpe of F a l l u r e b

34 I

Si_ 0_ S
~~_©CH 3 iO I

Ji O Si ©CTB 450  C

a cured us ing  0 . l °~ dicum yl peroxide at l50~ C for 1 hr. Tested using
a crosshead speed of 0.5 cm per m m

= interfacial , C - cohesive

£ _
_ _  _ _ _ _ _ _ _ _ _ _ _ _ _   _ _

ITT~ 1T~ ~~~~~~~~~~~~~~~~~~~~~~~ -4
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Footnote to Scheme I

step A the glass surface was treated with 5~~ benzene solutions

containing varying proportions of l-trichlorosilyl-2-(p,m-chloromnethyl-

phenyl) ethane and ~-phene thyltrichlorosi1ane , x = Cl and H, respec-

tively. (The relative rates of reaction of the two trichiorosilane s

were assumed to be about the same and so the number of -OH C1 groups

attached to the surface should be proportional to the concentrat.~on

of the l-trichlorosilyl-2— (p,m-chlorornethylphenyl) ethane. The data

given below ind ica tes  tha t  this  is a reasonable assumption) . In step

B the remaining chlorines attached to the silicon were hydrol yzed and

the glass slides were heated at ll0 ’
~C in vacuum to form the polysiloxane

layer . Throu gh step B the groups with X = Cl and X = H wi l l  behave

the same . From step C onward , only the groups with X = Cl w:ll react

and only those are used to i l l u s t r a t e  the rest of the scheme. The
4

number of —CH C1 groups thus determines the max~ m urr nurthe r of ch emical

bonds that form. In step C partially protected glycine (t-Bu-O-~ -c-cH-

‘~ CH~ -COOH, denoted t-BocGly) was bonded to the polysiloxane coat ing

by reaction of the cesium ( 9 ) sal t of t he p a r t i a l ly pr otected g lycine

with the chlororne th yl group of the pol ysi loxane to form an ester

linkage . In step D the t-Boc group was removed with trifluoroacetic

a c id (CF~ C’DOH) and in step E the free amine was coupled to the dicarboxy-

term inated l i q u i d  po lybutad iene  via  its 2 -n i t rophenyles te r  f o rm i n g  an

amide bond (io) . Finall y, in step F the polybutadiene overlaye r con-

tam ing dicuznyl peroxide was pressed against  the t reated sl ides and

cured at 150 ° C to complete fo rma t ion  of covalent  bonds from the

glass surface to the polybutadiene adhesive .

_ _ _ _  
- 
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polybutadiene overlayer . However , in the absence of the poly-

s : loxane in t e rmed ia ry  layer , fo rma t ion  of chem ica l  bonds to g lass

appears to be much more d i f f i c u l t,  possibly because of severe

incompatibility of diene elastomers and g lass s u r f a c e s.

The radioactivity of the glass slides was ~easured after

step E and once again after the peel:ng exper:m~ nt . They are

compared in Figure 6 wi th the r a dio ac t~~v~~ty  m e a s u r e d  a f t e r  s t e~ D.

The dec rea se  ~n r a d~oacti’i~ty observed after step E woul d be ex-

pected , s ince the po lybu tad i en e  adde d in step E would de f l ec t  som e

of the :—par t ic l e s  e~r i t te d  by the ~
4 C of the g lyc ine . The f u r t h e r

dec reose a f te r peel ing  can be e x p l ain e d  in e i th er  of two ways .

Fracture can occur in any of the r eg ions  of the joint arbitraril y

marked off in Figure 7 . The radioactive glycine in the interphase

can serve as an ind icat or  for locating the locus of failure . S ince

the r a d io a ct iv i ty  on the glass  s l ides decreases , t h i s  could be an

indication tha t failure occurre d entirely ~n region A; i . e .  f a i l u r e

was lO~~ cohesive in the rubber phase and the added rubber led to

a decrease in the measured ra te  of ~-p ar t i c l e  emiss ion . A l t e r n a t e l y,

f a i l ur e  coul d hav e occur red  p a r t l y  in reg i ons B , C or D and par t ly in

region A. In the latter case the re should also be measurable radio-

act ivity in the polybutadierie-cloth overlaye r after peeling . We

-I-- 
_ _ _  - 
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have not detected such activity. However, in this first series of

expe r iments the r a d i o a c t i v i t y  was qu i t e  low and onl y exceede d the

background count by a f ac to r  of two to th ree .  Also the technique

used f or m e a s u r i n g  a c t iv i t y  on the s l ides  is not su i t ab le  for  making

measur~~ en ts on the pol yb u t a d i e n e — c l o t h  ove r l aye r .  Hence a t  this

stage the r a d i o a c t i v e  t r ace r  techn iq ue looks very p r o m i s i n g  for

locating the locus of f a i l u r e  but has not yet g iven  an ur .amb i;uou s

re su l t .  A new ser ies  of s l ides at a much higher radioactivity

level and at hig he r -CH~ C1 concent ra t ions  is be ing prepared .

Conclu sions

In carefully designed systems all the evidence points to a

direct improvement of the st reng th of adhesive bonds as the number

of chemical bonds at the interface increases. However, work with

s i lana ted  polybutadiene shows that  not every sys tem that  might  be

presumed to form chemical bonds is able to do so e f f e c tiv e ly .  In

the case of g la s s  and po lybutad iene  an in te rmedia te  t r a n s i t i o n

la yer , for  example . a po lys i loxane  laye r , tha t  a l l ows spreading  of

the polybutadierie seems to be a necessary p re requ is i t e  for  the

formation of strong adhesive joints. We have now deve loped a model

system incorporat ing a radioact ive m a t e r i a l  tha t , once ca l ib ra t ed,

should permit the number of chemical bonds in a joint to be measured

dire ct ly and related to the work necessary to fracture the joint . It

I .-
~~~
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should also permit an experimental determination of the location

of failure in the joint on a molecular scale.
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Figure 3:  Work of detachment , W , at 95 ’C vs. peeling rate ,

R , for  pol ybutadieri e layers with  v a r y ± n g  amounts
of interfacial bonding. The polybutadiene was
cured using 0 . z c  dicuxnyl peroxide . t 1/t ~ t ime
of precuring separate layers/ time of curing layers
in contact . E . g . ,  • polybutadiene layers  were p re-
cured separately for 60 mm and then cure d an
addi t ional  20 mm a f t e r  be ing pressed together.
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% -CH3 in Silane Solution
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% - CH2CI in Sit one Solution
Figure 5: Variation of contact angle , 9, after step C , radioactivity

af ter step D , D , and work of adhesion , W. after step S in
Scheme I as a fun ction of ~~of 1- t r i chlo ro s i l yl -2— (p .m-
chlorometh ylpheriyl) ethane and ¶~c of ~-phenethy lt r ichloro-
silane in the solution used to treat g lass slides. W
was calculated from data taken at a crosshead speed of
0 . 5  c~/min on samples cur ed wi th 0 . 1~ dic~zny 1 peroxi de
at 150 ° for 1 hr .
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% of “CH3 in Sh one Solution
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Fi gure 6: Variation of radioactivity a f t e r s teps D an d E o f

Scheme I and after peeling as a f un c t i o n  of the
percentage s given in F ig .  5 .
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Figure  7 :  Regions  ~n which  f a i l ure can occur
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