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ABSTRACT 
/ 

'The increasing awareness OhaP adhesive performance I s  c o n t r o l l e d  no$ 
on ly  by t h e  cond i t i on  o f  t h e  adherend sur face b u t  a l so  the  cond l t l on  o r  
e9statem o f  t h e  adhesive and t h e  process parameters used dur ing f a b r i c a t i o n  
1s expected 4-0 r e s u l t  i n  Improved r e l l a b f  l 9 t y  as we1 l as bond performance. 
The c r l t i c a i  process var iab les  which have been Pound t o  cont ro l  adheslve 
b ~ n d  formation and ul-kOmaPe bond s t rength  I n  250°F and 35Q°F cu r ing  epoxy 
adhesives wll l be described I n  terms of f a b r l c a t l o n  parameters and adheslve 
characPerPsPOcs, These inc lude t h e  heat-up r a t e  and cure  Pemperature 
durfng processtng and t h e  adheslve molsture content  and age condition 
(degree sf advancement), The dtagnost lc  methods used Po delineate t h e  
ePfecPs o f  Phese process var iab les  on adheslve performance will be 
O l lust rated,  These are  d le lectrPc,  Phermmechanfcal (TMA) and dynamlc 
mechanical (QMA) analyses, CorrelaPOon o f  t e s f  r e s u l t s  wOfh measured 
mechan9cai Oensl ie lap shear st rengths o f  bonded Jo in ts  wllD be presented 
and Phe r e s u l t s  b r i e f l y  discussed I n  terms o f  t h e  add i t i ves  and hardeners 
used I n  t h e  adhesive systems, 
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DEFECTS IN ADHESIVE BONDS 

Porosity /internal voids 

@ Disbonds (adhesive failure) 

@ Improper cure 

e Inclusionsl f oreign material 

Bond line variation 

Control and an understanding of how processing variables affect the 
adhesive and final joint properties are mandatory If high levels of 
reproduciblllty and reliablllty are to be achieved. Processing varfables 
can be separated Into two classes; those related to the fabrication 
parameters: 

Pressure/temperature control 
Part design 
Heat-up rate 

and those re1 ated to the adhesive: 

Adheslve quality (lot-to-lot component variations) 
Surface prlmer condition 
Moisture content . Age condition of the adhesive 

Stydies at UTRC have addressed the effect of agl ng' , and moisture 
content on EA-9649 performance during bond fabrlcatlon. These factors are 
directly related to the condition of the adhesive at time of bonding. 
Fabrlcatlon parameters, such as varlatlon In cure temperature, have also3 
been identified as critical to the ultimate performance of bonded joints , 
as has heat-up rate, one of the Importan$ fabrication variables which 
affect the processing of epoxy adhesives . Non-optimized conditions 
related to any of these four variables can result in one or more of the 
above identified defects, 



AGING EFFECTS 

0 Resin soluble. portion of catalyst reacts- wlth 
epoxy to produce: 

Increased viscosity (decreased flow) 
* Lower level of cure 
* Decreased bond strength 



ROOM TEMPERATURE AGING EFFECTS OM 
EA-9649 SUPPORTED ADHESIVE 

Aging Initial Major 
time lSAa softeningb softeningb Gel pointb Gel pointC 

(days) (flow %) point, OC point, OC time, min. DSC (OC) 
1 

0 73 23.5 72 66 (1 78 OC) 194 
30 54 30.5 81 64 190 

66 32 48 97 62.75 188.5 

100 30 61 98 61.5 (173OC) 186.5 

a. ISA = lncrease in surface area 
b. Dielectric analysis, heating rate = 2.5OClmin 

c. DSC, heating rate = 5OClmin 

(From ref.  1) 

The degree of room temperature shelf-aging which occurs i n  an adhesive 
between t ime of manufacture and actual  use i n  a bonding a p p l i c a t i o n  i s  one 
of t h e  fac to rs  c o n t r o l l i n g  t h e  f a b r i c a t i o n  parameters requ i red  t o  achieve 
optimum bond st rength.  U l t imate  bond st rengths can a l s o  be a f fec ted  I f  
extended aglng has taken place, regardless o f  t h e  f a b r i c a t l o n  process 
employed. The obJect ive o f  t h e  described i n v e s t i g a t i o n  was t o  determine 
t h e  e f f e c t  o f  room temperature shelf-aging on t h e  p roper t i es  o f  t h e  
commercially ava i l ab le  178OC (350°F) epoxy f l l m  adhesive, Hysol EA-9649. 
This adhesive, a v a i l a b l e  as supported o r  unsupported f i l m ,  I s  an alumlnum 
powder- f i l led epoxy system cured, i n  par t ,  using dlcyandiamide. 

The room-temperature aging o f  t h e  f i  l m  was studied over a three-month 
period. The r e l a t i o n s h i p  between aging time, adhesive so f ten ing and gel 
point ,  and t h e  r e s u l t i n g  e f f e c t  on adhesive f low was determined. The 
changes which took p lace i n  t h e  adhesive f i l m  dur ing  t h e  aglng per iod  are  
l i s t e d  above. I d e n t i f i a b l e  changes a re  i n  terms o f  increase i n  sur face 
area ( f l ow)  dur ing cure, i n i t i a l  and major so f ten ing  point,  and r e s l n  gel 
p o i n t  as measured by d i e l e c t r i c  ana lys is  and DSC. The supported tape 
showed a nineteen per cent  decrease i n  f low w i th  a g0C lncrease i n  t h e  
major sof tening p o l n t  over t h e  f i r s t  t h i r t y  day aging period. 

During the  next  aging period, 30 t o  66 days, t he re  was a marked drop 
i n  I S A  ( f l o w )  i n  t h e  supported tape accompanied by a s l  i g h t l y  larger  
lncrease i n  both i n i t i a l  and major so f ten ing  points.  A s l  i g h t  decrease i n  
gel p o i n t  was a l so  noted, Thus, dur ing  t h e  second aging period, t he  t ime 
d i f f e r e n c e  between t h e  so f ten ing and g e l a t i o n  temperatures decreases. This 
could account f o r  t h e  decrease I n  f l ow  s ince t h e  t ime t o  a l low f low has 
decreased and t h e  v i s c o s i t y  o f  t he  system increased through the  temperature 
range where movement o f  t h e  r e s i n  f i l m  can occur. 

A f t e r  t he  66-day aging perlod, t he re  were minor changes i n  t h e  f low 
and so f ten ing p o i n t  o f  t he  adhesive. These r e s u l t s  i nd i ca te  t h e  r a t e  o f  
r e s i n  advancement decreased sharply a f t e r  t h e  66-day period. This i s  
probably r e l a t e d - t o  t h e  lncrease I n  v i s c o s i t y  o f  t h e  system r e s u l t i n g  I n  a 
lower d i f f u s i o n  r a t e  o f  r e a c t i v e  c a t a l y s t  as we l l  as a concentrat ion 
e f f e c t .  



DISSIPATION FACTOR vs TIME 
EA 9649 film adhesive, supported 

- As received --- 66 days at room temp. 
--- 30 days at room temp. . . . . . . . . . . 100 days at room temp. 

b I I I I I I I I 

30 60 90 
Time, minutes 
(From r e f .  1 )  

Dielectric curves obtained on the aged adheslve film simultaneously 
wl th the flow measurements are shown above. W i th the supported EA-9649, 
two resin softening temperatures are evident. The Initial shallow drop in 
dissipation showed peak temperatures progressing from 23.5 to 6I0C as aging 
time Increased. The last two time periods resulted in less change In the 
dissipatlon factor profile, indicating less variation in the viscosity 
through the temperature range. In both cases after 100-day aging, there 
was essentially no drop In viscosity. The inltial softening point Is 
probably due to the lower molecular welght epoxy resins used in the 
adhesive. The major adhesive softenlng peak indicated by a large drop in 
dissipation factor varied over a range of 7Z0 to 98OC with the largest 
change evident between the 30- and 66-day aging periods. As at the lower 
temperatures, the degree of change in dissipation factor between the 
softening point and the gelation peak decreased as aging tlme progressed. 
The viscosity increase shown by a decrease in dissipation factor profile 
between melting and gelation was also evident. 

Accompanying these changes in resin behavior was the decreased time 
period between the major softening temperature and the gel peak. Thus, the 
degree of additlonal cross-linking or branching required to reach gelation 
appears to be less the longer the aglng time, Indicating some branchlng has 
occurred in the adhesive. The higher dlsslpatlon factor shown by the 66- 
and 100-day samples at the end of the heating cycle Is lndlcatlve of a 
dlfferent final molecular structure which, because of steric 
conslderatlons, would require a longer heating cycle or higher temperature 
to reach complete cure. 



Bonded Jo ln ts  prepared from the  100-day aged samples showed a 25 
percent decrease i n  t e n s i l e  lap shear strength compared t o  specimens 
fabr lcated from non-aged adhestve. 

Determination o f  Tg points, uslng DSC analysis on the processed f l lms  
a t  the end o f  each ag 1 ng per Iod, a1 so r e f  I ected the e f f e c t  o f  
roomrtemperature aglng. The Tg decreased from 210°C t o  203OC over the 
aglng perlod. I n  addltlon, the curves f o r  the 66- and 100-day samples 
showed the presence o f  unreacted dicyandiamide ca ta l ys t  having a melOlng 
po ln t  o f  220°C a t  the IO°C/mln heat-up r a t e  used f o r  the  analysls. 

The lower bonded j o l n t  strengths and the decrease l n  Tg together wi th 
the hlgher f i n a l  d I s s l p a t ~ o n  fac to r  a t  the  end of  the  cure cyc le  suggest 
t h a t  the p r lnc lpa l  react ion Involved I n  room-temperature aglng of  the 
EA-9649 adheslve f l l m  Is one of  lncreaslng molecular welght due t o  react ion 
o f  the dlcyandlamlde ca ta l ys t  v!th the  lower molecular welght reslns used 
i n  the formulation. The s t ruc tu ra l  changes whlch occur a t  room temperature 
a f f e c t  res ln  f low and produce a d l f f e r e n t  f l n a l  res ln  conf lgurat lon than 
encountered uslng standard cure condlt lons. This not  only a f f ec t s  the 
u l t lmate bond strength but  requlres a modlf led cure cyc le  t o  achieve 
complete cure. 



CURE TEMPERATURE EFFECTS 

Changes in reaction temperature produce 

Flow changes 

Lower cure level 

Lower bond strengths 

Three methods were used t o  assess the e f f e c t  o f  varying cure 
temperature on both supported and unsupported EA-9649 adhesive film In  
terms of flow, gel t ime and f i n a l  Tg. These were d i e l e c t r i c  and TMA 
analysis of the neat adhesive and f i l l e t  length measurements o f  the 
re t i cu l a ted  unsupported adhesive f i l m  I n  a bonded honeycomb structure.  



EFFECT OF CURE TEMPERATURE 
ON DEGREE OF CURE (DSC) 

Cure, OC --- 140 

Temperature, OC 

DSC ana lys ls  o f  t h e  cured adhesive showed t h e  presence o f  unreacted 
c a t a l y s t  a t  t he  140°C and 160°C temperatures. This was apparent from t h e  
s l i g h t  endotherm (mel t lng)  which occurred a t  approximately 220°C. The 
mel t lng  p o l n t  o f  dlcyandlamlde I s  216OC a t  the  heat-up r a t e  used f o r  t h e  
analys ls .  Thus, a t  temperatures below 180°C t h e  adhesive appears t o  be 
on ly  partially cured. The marked e f f e c t  o f  cure temperature on f low 
r e l a t e d  t o  r e s l n  v i scos i t y ,  cure  k l n e t l c s  and temperature r i s e  ind ica tes  
t h e  necessi ty  o f  ca re fu l  moni tor ing o f  process parameters t o  achleve 
r e p r o d u c i b l l l t y  I n  bonded s t ruc tures .  



DIELECTRIC ANALYSIS-EFFECT 
OF CURE TEMPERATURE 

Supported EAS64Q tlim adhesive 

Dlssi- 
pation 
factor 

(From ref. 3) Time, minutes 

The d iss ipat lon factor  p r o f l l e  curve obtained on the supported 
adhesive f i l m  I s  l l l u s t r a t e d  above. The per t inen t  data are I isted In Table 
1. 

Table I. Cure Temgerature E f fec ts  on EA-9649 Adhesive-Dielectric 
Analysls 

CureTemp, ISA~  Time t o g e l ,  
o c  - 

a. Analysls run a t  1000 Hz, 50 psi  pressure, 2 p l y  lay-up. 
b. I S A  = lncrease i n  surface area. 
c. Measured by TMA on the cured sample. 

For the unsupported adhesive, an lncrease I n  Tg po in t  and decrease i n  tYme 
t o  gel w i th  lncreaslng cure temperature were observed as expected. The 
flow, as measured by the  Increase I n  surface area during cure, was found t o  
be minimum a t  the spec l f l ca t lon  180°C level. Higher f low was experienced 
above and below t h i s  temperature. The supported adheslve I n  general gave a 
s lm l la r  cure response wl th varying cure temperature. Mlnlmom flow was 
again found t o  occur a t  180°C. The low f low associated wi th  the 140°C cure 
I s  probably due t o  the e f f e c t  of the support scrlm coupled wl th the hlgher 
v iscos i t y  of the  adheslve. Accompanying these changes In  res in  behavior 
was the higher f l n a l  d lss lpat lon fac to r  obtalned by samples cured a t  
temperatures other than the speclf i ca t f on  180°C. Thls I s  lnd lcat ive of a 
d l f f e r e n t  f i n a l  molecular s t ruc tu re  I n  e i ther  a f u l l y  o r  p a r t i a l l y  cured 
state. 



4.0 
UNSUPPORTED EA9649 ADHESIVE 

, , . PERFORATED HONEYCOMB 
3.5 - 0 BOTTOM 

V) 
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=I 
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I I I I I I 
140 160 180 200 

PROCESS TEMPERATURE. O C  

(From r e f .  3)  

Adhesive f i l l e t  length (in terms of flow) vs processing 
temperature. 

I n  order t o  co r re la te  the f low response obtalned by d l e l e c t r l c  
analysls wl th f l l l e t  formation I n  a bonded honeycomb structure,  
measurements o f  f i l l e t  length were made on the re t l cu l a ted  unsupported 
adhesive using specimens fabrtcated a t  the four cur ing temperatures w i th  
prlmed and unprlmed honeycomb. The resu l t s  are shown graphically above. 
The degree of  f low obtalned on the prlmed honeycomb w i th  perforated p l a t e  
on top was i n  exact agreement w l th  the d l e l e c t r l c  analysts resul ts,  i.e., a 
minlmum flow was obtalned a t  the 180°C cure temperature wl th  longer f i l l e t s  
being formed a t  cure temperatures above and below the spec i f ied cure 
temperature. The f low on the unprlmed honeycomb showed a s l i g h t  minimum a t  
160°C ind ica t i ve  of the d l f f e r e n t  response of  the spreading charac te r l s t l cs  
of  the adheslve t o  a metal o r  res in  surface. Reversi ng the honeycomb 
construct lon so t ha t  the perforated p l a te  was on the bottom (adhesive flows 
up) gave a minimum flow condi t lon a t  180°C on the unprlmed surface. Thus, 
varying cure temperatures produce trends I n  adheslve f low and f i n a l  cured 
s ta te  propert ies whlch a f f ec t  the mechanical propert ies of  a bonded Joint .  



MOISTURE EFFECTS. 

@ Moisture reacts with catalysts to produce: 

EA-9649 

Increased flow (plasticizer) 
New slower reacting catalyst 

Porosity 
0 Lower bond strengths' 



EFFECT OF INITIAL MOISTURE CONTENT ON 
Tg OF CURED EA 9649 ADHESIVEa 

Moisture conditions Unsupported Supported 

As received 200 220 
1 hour soak 183 21 3 
4 hour soak 180 205 
6 hour soak 185 200 

'~etermined on cured film by TMA analysis 

(From ref. 2) 

The e f f e c t  o f  i n l t l a l  moisture content  on t h e  Tg o f  t he  cured f l l m  
samples obtained dur ing  d i e l e c t r i c  ana lys is  I s  shown above. I n  both 
cases, a decrease I n  Tg t o  a lower near ly  constant  value was found t o  occur 
compared t o  t h e  "as-receivedw adhesive, p a r t i c u l a r l y  I n  t h e  case o f  t h e  
unsupported f i l m .  These r e s u l t s  would I n d i c a t e  t h a t  a f u l l y  cured 
s t r u c t u r e  o f  d i f f e r e n t  c r o s s l i n k  dens i ty  o r  chemical s t r u c t u r e  was obtained 
as a r e s u l t  o f  t h e  absorpt ion o f  moisture. Thus, t h e  i n f t i a l  moisture 
content  o f  t h e  f 1 l m not  only a f f e c t s  the  rheologica l proper t  i es o f  t h e  
cu r ing  f i l m ,  b u t  a l so  inf luences t h e  r e s u l t i n g  s t r u c t u r e  o r  cure level  
obtalned a t  a g iven s e t  o f  condi t ions.  



DISSIPATION FACTOR VS TIME - 
EA9649UNSUPPORTED 

Time in H20, hrs H20 retention, % - As rec'd 0.5% --- 1 1.3% - 4 3.5% ---- 6 1.9% 
0.30 280 

240 

0.20 200 

Dissipation 160 Temp, 
factor 120 OC 

0.10 80 
40 

0 0 
0 30 60 90 

Time,min 

(From ref. 2 )  

Molsture e f f e c t s  on EA-9649 unsupported adhesive 

Major Molsture 
Exposure Time !8hTQXGe I S A ~  so f ten ing evo lu t i on  Gel p o i n t  b 

( h r l  ( w e l a h t % l  ( f l ow  %)  ~ o l n t  (OC) (OC) (ti-. min) 

a. I S A  = increase I n  sur face area. 
(From ref. 2 )  

b. D i e l e c t r i c  analysis, heat ing r a t e  = 2.5°C/mln 

A steady increase I n  f low was found w I th  both types o f  f t l m  i n d i c a t i n g  
t h e  absorbed moisture acted as a p l a s t l c l z e r .  Th is  was a l so  r e f l e c t e d  i n  a 
lowering o f  t h e  major me l t i ng  p o i n t  o f  t h e  adhesive before cure. Thus, t h e  
t lme between sof ten ing and g e l a t i o n  was increased r e s u l t i n g  I n  a longer 
f low per lod  a t  low v l s c o s l t y .  The loss o f  absorbed moisture dur ing  heat-up 
was more ev ident  w i t h  t h e  unsuppcrted f i l m  than t h e  supported f i l m  a t  t h e  
lower molsture levels.  Th is  was probably due t o  t h e  d i f f e rence  i n  f i l m  
thickness as we l l  as t h e  absorpt ion o f  water by t h e  nylon scr im c l o t h  used 
I n  the  supported adhesive. 

The unexpected change (decrease) which occurred I n  measured moisture 
level  w i t h  increasing exposure i n  both types o f  f i l m  Indicated t h e  poss ib le  
I n t e r a c t t o n  o f  water w i t h  one o f  t h e  a c t i v e  c a t a l y s t s  i n  t h e  adheslve 
system. S i x  separate adheslve f i l m  samples produced t h e  same resu l t ,  a 
decrease i n  measured moisture level  a f t e r  exposure f o r  a g iven t lme  period. 

Accompanying these changes i n  r e s i n  behavlor was t h e  h igher 
d i s s i p a t i o n  f a c t o r  shown by a l l  samples compared t o  flas-recelvedw adheslve 
w i t h  r e l a t i v e l y  minor changes i n  f i n a l  gel temperature. These r e s u l t s  are 
I n d i c a t i v e  o f  a d i f f e r e n t  f i n a l  molecular s t r u c t u r e  I n  e i t h e r  a f u l l y  o r  
p a r t i a l l y  cured s ta te .  



DlCYANDlAMlDE -- EFFECT OF MOISTURE 

(Solid) (Solution) (Carbodiimide) 

0 0 0 
NH2-6-N=C=N + II 

11 H '420 
*'NH2 - CNHC -- NH2 

NH II 
NH 

(Carbsdiimide) (Guanyl urea) 

Water does react wlth dlcyandlamlde to produce guanyl urea as the 
Onltfal reactlon product In dllute acidic or basfc solution. Slnce the 
adhesive ftlm system used In our study is essentfally a non-aqueous 
envlronment extremes In hydrogen Ion acilvlty can be expected whlch could 
result In greatly enhanced hydrolysls rates. Thus, there Is every 
possfbl lity that a reactlon between dlcyandlamlde and water could take 
place at room temperature. 

Based on these conslderatlons, it is postulated that the dissolved 
dicyandlamlde undergoes a hydrolysls reactlon to produce guanyl urea. Such 
a reactlon could proceed by two posslble routes, flrst, via reactlon of 
water wlth the carbodflmlde-like resonance forms by a mechanism slmllar to 
that proposed for dlsubstltuted carbodllmldes, and second, vla the direct 
hydrolysls of the nftrlle group Involving the protonated tautomer. 

The rate.at which the converslon of dlcyandlamlde to the guanyl urea 
occurs w 1 l l depend on the concentration of sol ubl l Ired dtcyandlamlde, 
molsture dlffusfon rate, viscosity of the medium, epoxy resin type, and the 
affinity of the scrlm cloth (supported f 1 lm) and f I l let for molsture. A 
longer tlme per?od for Inversion of the cyano absorptlon peaks was noted In 
the supported adheslve. 

Based on the change In the Infrared spectra, the tlme requlred Is 
approximately one hour at a molsture level greater than one welght percent 
for the unsupported adheslve. More exact measurements than those used in 
thPs study will be requlred to establlsh accurate reactlon rates and the 
effect of added substltuents on the interaction of dlcya~dlamlde wlth 
water. 

The suggested mechanlsm would account for the measured free water 
concentration decreasing after a given time period. 



HEAT-UP RATE EFFECTS 

..Resin reacts with ca!alysts at varying rates to produce: 

Flow minimum at intermediate heat-up rate 

Decreased TG with increasing rate (EA-9649) 

Increasing TO with increasing rate (AF-163) 

Bond strength decrease (both adhesives) 



EFFECT OF HEAT-UP RATE ON 
DEGREE OF CURE (Tg) 

Tensile lap shear specimens 
0 EA-9649 

AF-163 
122 

118 
Tg, OC- Tg, *C. 
EA-9649 

220 - AF-163 

114 

2101 1 I I I I I I I 1  IA11lO 
0 1 .O 2.0 3.0 4.0 5.0'10.0 

Heat-up rate, OClmin. 

(From ref.  4) 

Comparison of  the Tg's o f  cured AF-163 wi th  those obtained from 
EA-9649 shows the opposlte e f f e c t  In  terms of  heat-up rate. As i s  shown 
above a t  fas ter  heat-up rates, the Tg o f  AF-163 increased while t h a t  of 
EA-9649 decreased. 

The cause of the Increasing Tg wl th  heat-up ra te  could be due t o  
several p o s s l b i l l t l e s .  These are: a) the  precipitation of  the rubber 
toughener may be af fected by heat-up rate, thus a t  f a s t  rates the 
effect iveness i s  l o s t  produclng a more b r i t t l e  system, b) the exotherm 
generated by rap ld  react ion of the ca ta l ys t  could lead t o  excessive 
crossl lnklng, produclng a res ln  s t ructure of low molecular weight having a 
high cross l ink  density whlch would y l e l d  a higher Tg. Since the gel 
temperature i s  reached more rap ld ly  a t  fas ter  heat-up rates the tendency t o  
produce a b r i t t l e  undercured system would be enhanced. Which of  these 
factors I s  the major cause o f  Increased Tg cannot be delineated a t  the 
present time. 

EA-9649 I s  cured I n  p a r t  wl th dlcyandlamlde. Studles have shown t h a t  
react lon w l th  t h l s  ca ta lys t  i s  a two step process, an i n i t i a l  rap ld  
exothermic react ion lnvolv lng r i n g  opening o f  the epoxy groups t o  produce 
N-alkylguanldines followed by a slower high temperature (110-200°C) 
react lon resu l t i ng  I n  guanyl urea formatlon. Once the gel po in t  I s  reached 
the r a t e  o f  the  second react ion would be considerably reduced. Thus, short  
gel times a t  f a s t  heat-up rates could lead t o  incomplete crossl ink 
formatlon, r esu l t l ng  i n  reduced bonded j o i n t  strength. 

Reactlons of aromatlc am1 nes w 1 t h  the dig1 ycldy I ether o f  bls-phenol A 
have also shown a dependence of  gel t ime on cure temperature, the gel t ime 
a t  a glven temperature belng dependent on the s t ructure of the amine. The 
second ca ta lys t  In  EA-9649 i s  one which has slower react lon k inet ics .  
Thus, i f  shor t  gel times occur a t  the f as t  heat-up rates, the cure react ion 
becomes d l f f us l on  cont ro l led whlch, i f  a l l  speclmens are heated f o r  the 
same t o t a l  time, would lead t o  Incomplete cure a t  the rap id  heat-up rates, 
u l t imate ly  produclng lower Tgs and lower strengths. I n  a slmpler system 
than €A-9649 the e f fec ts  noted a t  the rap ld  cure levels have been 
a t t r i bu ted  t o  the f a c t  t h a t  the resu l t l ng  network i s  less h lgh ly  
crossl inked since competing reactions produce d l f f e r e n t  networks, a 
charac te r l s t i c  which cannot be corrected by post-curlng. 
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(From ref .  4) 

The use of  DMA t o  measure t h a t  dynamic modulus and mechanlcal damplng 
character fs t ics  of adheslves has been reported. A t yp lca l  response curve 
from RT t o  280°C of dynamic modulus and mechanlcal damping (tan6 1 o f  a 
specimen mol ded a t  the  I 'C/minute heat-up r a t e  i s  shown above. The modulus 
curve i s  i n  agreement wl th  t h a t  reported f o r  EA-9649. The mechanlcal 
damping ( tan 6 )  o f  the  adheslve i s  the  corrected r a t i o  o f  the vlscous loss 
o f  energy t o  the stored e l a s t i c  energy per cycle. The measurement detects 
molecular re laxat ion processes which are cont ro l led by the  s t ructure of the 
adhesive's molecular network. Tan 6 reaches a maximum i n  the glass-rubber 
t r ans i t i on  region and therefore Is associated w l th  Tg. Thus, the higher 
the tan 6 peak temperature the  higher the  maximum temperature a t  whlch an 
adhesive w i l l  malntaln I t s  s t ruc tu ra l  fntegr l ty.  



DAMPING PEAK CHANGE WITH 
HEAT-UP RATE* 
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(From ref. 4) 

As was the case wi th EA-9649 the  maxlmum modulus was obtained a t  the 
I.O°C/min heat-up rate. An Indfcat lon t h a t  permanent differences I n  the 
formation o f  the molecular network, uslng varylng heat-up rates, d i d  occur 
was shown by cmparlson of  the damplng peak area ( tan  6 1 normallzed t o  
constant volume, The data l l s t e d  l n  the  tab le  shows t h a t  the maxlmum value 
was obtal ned a t  the I .O°C/mt n rate. Thus, 1 t appears t h a t  a spec1 f I ed 
heat-up r a t e  whlch accommodates the  cure k i  ns t fcs  o f  the  react lon musf be 
used t o  achlevs optimum adhesive performance. 



EFFECT OF HEAT-UP RATE 
ON DYNAMIC MODULUS 
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(From ref. 4) 

Dynamic mechanical analysis was car r ied  out  on the neat res in  AF-163 
specimens obtained from the d i e l e c t r i c  analysis runs. The tan 6 peak 
temperature which I s  associated w i th  Tg showed the  same general trend of  
high Tg w i th  increasing heat-up r a t e  as was shown by the Tg values obtained 
from fractured Jo in t  specimens. The highest i n i t i a l  RT modulus and modulus 
re tent ion a t  40° and 90°C were exh ib i ted by the  I°C/min heat-up r a t e  
spectmen as shown above. 



CHANGE IN TENSILE LAP SHEAR 
STRENGTH WITH HEAT-UP RATE 
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(From ref. 4 )  

The changes i n  t e n s i l e  lap shear strength wi th  heat-up r a t e  are shown 
above. Each data po in t  I s  an average o f  SIX speclrnens. These resu l t s  
showed t h a t  a twenty-f ive percent drop i n  t ens i l e  lap shear strength had 
occurred by increasing the  heat-up r a t e  from 1.3OC t o  2.5°C/mlnute. The 
largest  change i n  Tg occurred between lo and 2.5°C/minute. 



CHANGE IN TENSILE LAP SHEAR STRENGTH WITH HEAT-UP RATE 
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(From ref. 4)  

The resu l t s  of heat-up r a t e  are re f l ec ted  i n  the t ens l l e  lap shear 
strength o f  bonded Jo in ts  fabr icated a t  varylng heat-up rates. The data 
are shown graphically above. As was the case w i th  EA-9649, a reduction I n  
shear strength occurred above a heat-up r a t e  o f  I ,3°C/mln. The lap shear 
strengths obtained a t  the slower ra tes are i n  agreement w i th  those reported 
f o r  AF-163. The decrease l n  strength, as Indicated, may be the r e s u l t  o f  
excess1 ve embr 1 tt 1 ement due t o  poor rubber d 1 spers l on and/or excess 1 ve 
cross l ink ing due t o  the  react ion k l n e t l c s  o f  the ca ta l ys t  system. 



CONCLUSIONS 

The marked e f f e c t  o f  processing parameters and adhesive condl t lon on 
bonded J o i n t  propert ies has demonstrated the necessity o f  nknowlngw the  
adhesive system being employed so t h a t  optimized bond strengths can be 
achieved. Potent ia l  ana ly t ica l  techniques have been Iden t l f i ed  which can 
be used f o r  QC t es t i ng  as well  as t oo l s  f o r  studying adhesive composltlons. 
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