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ABSTRACT 

An emulsion polymerl isocyanate adhesive was used 
t o  laminate s t r i p s  of yel low-poplar and sweetgum 
paral le l - laminated veneer t o  t he  edges o f  o r ien ted  
f lakeboard ( o f  the  same species) 5n composite 
framing. The adhesive was cured by radio-frequency 
generated heat, C r i t i c a l  s t rength and d u r a b i l i t y  
p roper t ies  of adhesive bonds were measured over a 
range o f  assumed but  t y p i c a l  mater ia l  surface charac- 
t e r i s t i c s  and f ac to r y  assembly condit ions. Dry shear 
s t reng th  and wood f a i l u r e ,  wet shear strength, and 
res is tance t o  delamination e a s i l y  exceeded proposed 
minimum requirements, Wet wood f a i l u r e  on sweetgum 
was marginal i n  meeting t he  70 percent requirement; 
however, c e r t a i n  combinations o f  assembly condi t ions 
corrected t h i s  problem. Bonds t o  yel low-poplar were 

decidedly b e t t e r  than those t o  sweetgum. Moisture 
content o f  mater ia ls  a t  3 o r  6 percent was not  c r i t i -  
ca l  t o  j o i n t  performance for  most assembly condi t ions.  
Adhesive spread r a t e  was important from the  stand- 
po in t  o f  both bond performance and cost, w i th  t he  
ra te  o f  65 lb/M f t z  near optimum. Generally, i t  was 
advantageous t o  spread t he  veneer surface ra ther  than 
the  core edge. The balance o f  moisture i n  the adhe- 
s ive  f i lm ,  dependent on mater ia l  moisture content, 
spread ra te ,  spreading surface, and closed assembly 
time, was c r i t i c a l  t o  j o i n t  performance, 

Keywords: Yellow-poplar, sweetgum, p a r a l l e l -  
laminated veneer, o r ien ted  flakeboard, shear 
strength, wood f a i l u r e ,  res is tance t o  delamination. 

Several adhesives have been 
researched f o r  use i n  l am ina t i ng  veneer 
t o  composite lumber, Among them was an 
emu1 s i o n  po lymer/ i  socyanate ( E P I )  adhe- 
s i v e  w i t h  a unique combinat ion o f  h i gh  
s t r e n g t h  and d u r a b i l i t y ,  and an a b i l i t y  
t o  cure a t  room temperature (>42 "F) 
w i t h i n  1 hour (V ick  1984). Th is  adhe- 
s i v e  i s  i d e a l l y  s u i t e d  f o r  a  f a c t o r y  o f  
l i m i t e d  p roduc t ion  capac i t y  w i t hou t  
expensive hea t -cur ing  equipment. For a  
f a c t o r y  o f  g rea te r  p roduc t ion  capac i ty ,  
however, rad io- f requency (RF) c u r i n g  i s  
t h e  on l y  p r a c t i c a b l e  a1 t e r n a t i v e  f o r  
high-speed p roduc t ion  bonding. Conven- 
t i o n a l  hot-press equipment cannot cure 
these bonds a t  h igh-p roduc t ion  speeds 
hecause o f  t h e  g rea t  d is tance  between 

t h e  innermost bond l ine  and t h e  heat 
source, and t h e  r e l a t i v e l y  slow r a t e  a t  
which heat t r a n s f e r s  through wood, 
Another EPI  adhesive, s i m i l a r  i n  corn- 
p o s i t i o n  and cos t ,  can be cured w i t h  RF 
h e a t i  ng w i thou t  arc ing,  

The purpose o f  t h i s  study was do 
i n v e s t i g a t e  t h e  working, s t reng th ,  and 
d u r a b i l i t y  p r o p e r t i e s  o f  t h i s  second E P I  
adhesive when used t o  bond ye1 1 ow-pop1 a r  
and sweetgum veneer laminates t o  t h e  
h i g h l y  porous edges o f  hardwood f l a k e -  
board core ( o f  t h e  same two species) by 
us ing  RF heading. Bond p rope r t i es  were 
determined over a  range o f  assumed but  
t y p i c a l  ma te r i a l  su r face  c h a r a c t e r i s t i c s  
and l am ina t i ng  assembly cond i t ions ,  



Perfomance Requirements Veneer Laminates 

M i  nimum performance requi  rements 
and q u a l i t y - c o n t r o l  t e s t s  have been pro- 
posed f o r  ensur ing acceptable s t r e n g t h  
and d u r a b i l i t y  o f  adhesive bonds between 
veneer and core i n  composite f raming 
(Koenigshof 1985). They are based 
e i t h e r  on research i n  t h e  composite 
f raming program o r  on indust ry-accepted 
standards f o r  bonded wood products:  

Minimum 
Prope r t i es  requ i  rements 

Shear s t r e n g t h a 9  
Dry 500 l b / i n 7  
Wet 2563 1b / i n2  

Wood f a i l  u rea  
Dry 
Met 

Resistance t o  
de l  ami na t  i onc 

80 percent  
70 percent  

(111) percent  

M a t e r i a l  s  

Adhesive 

The adhesive was an aqueous 
emulsion o f  polymer w i t h  hydroxy l  func- 
t i o n a l  groups t h a t  c r o s s - l i n k  w i t h  a  
po lymer ic  isocyanate t o  form a urethane 
s t r u c t u r e  (Page1 and Luckrnan 1981 ; 
Te rb i l cox  and Luckman 1985). It belongs 
t o  a gener ic  group o f  adhesives c a l l e d  
emu1 s i o n  po lymer/ i  socyanates, o r  E P I  ' s .  
The degree o f  c r o s s - l i n k i n g ,  and t o  a  
l e s s e r  degree t he  r a t e  o f  r eac t i on ,  can 
be c o n t r o l  l e d  by the  amount o f  r e a c t i v e  
isocyanate added t o  t h e  mix ture.  I n  
t h i s  experiment, 20 p a r t s  (weight  bas i s )  
o f  isocyanate were added t o  100 p a r t s  o f  
emulsion, The adhesive sets  i n i t i a l l y  
by loss  o f  water e i t h e r  through evapora- 
t i o n  o r  absorp t ion  i n t o  t he  wood s t ruc -  
t u re ,  It a lso  se ts  by chemical cross-  
1  i n k i n g  which takes p lace  when t he  
emulsion polymer and isocyanate come 
i n t o  c lose  molecular  p r o x i m i t y  as water 
i s  l o s t  and t he  isocyanate p r o t e c t i v e  
mechanism deac t i va tes ,  

Veneer laminates f o r  sec t ions  o f  2- 
by 8- inch composite f raming were pre- 
pared from 1 /4 - i  nch- th ick  r o t a r y - c u t  
ye1 1 ow-pop1 a r  and sweetgum veneers, 
Four p l i e s  o f  veneer, a11 o f  t h e  same 
species,  were para1 l e l  - laminated so t h a t  
open l a t h e  checks i n  t h e  veneer faced 
toward t he  core, Veneers o f  bo th  spe- 
c i e s  were d r i e d  t o  3  percent  mo is tu re  
con ten t  (XMC) , then laminated w i t h  
phenol - r e s o r c i  no1 -formaldehyde (PRF) 
adhesive, The laminates were cu t  i n t o  
s t r i p s  1-1/2 inches wide and 12 inches 
long, and were randomly d i v i d e d  i n t o  two 
groups o f  equal s ize.  One group was 
cond i t i oned  t o  6 XMC and t h e  o ther  group 
was recond i t ioned  t o  3 XMC, 

Fl  akeboard Cores 

Flakeboard cores were prepared from 
3 /4 - inch- th ick ,  40 l b / f t 3 ,  homogeneous, 
e l e c t r o s t a t i c a l  l y  o r i e n t e d  f l  akeboard 
w i t h  6 percent  phenol i c  r e s i n  binder.  
The f l akes  were ye l low-pop la r  and 
sweetgum mixed i n  equal p ropo r t i ons  by 
weight. The drum-cut f l a k e s  were 
separated i n t o  114- and 1/8- inch mesh 
screen s izes  t o  make two types o f  f l a k e -  
board, To make t h e  cores 1-1/2 inches 
t h i c k ,  two 3 /4 - inch- th ick  f l  akeboards 
were laminated together ,  Before lami-  
na t i ng ,  t h e  f lakeboards were d r i e d  t o  
3  XMC, They were laminated w i t h  a  PRF 
adhesive, then cu t  i n t o  5-1/4-inch-wide 
by 12-inch-1 ong sect ions.  These core 
sec t ions ,  represen t ing  1/4- and 1/8- inch 
f l a k e  s izes,  were randomly d i v i d e d  i n t o  
two equal s i z e  groups and cond i t ioned  t o  
e i t h e r  3  o r  6 XMC, 

Methods 

Experimental  Design 

Thi s  experiment was designed t o  
determine how t h e  c r i t i c a l  s t r eng th  and 
d u r a b i l i t y  p r o p e r t i e s  o f  EPI bonds would 
be a f f e c t e d  by impor tant  ma te r i a l  sur -  
face  c h a r a c t e r i s t i c s  and assembly fac-  
t o r s .  These exper imental  fac to rs ,  w i t h  
r espec t i ve  l e v e l s ,  a re  l i s t e d  below, 
The exper imental  des ign was i n  a  ran- 
domized b lock w i t h  f a c t o r i a l  arrangement 
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Specimen Prepara t ion  

Camposi t e  f raming assemhl i e s  were 
prepared by bonding one 4 -p ly  veneer 
lamina te  o f  ye l low-pop la r  and one o f  
sweetgum, each 1-1/2 inches wide by 12 
inches long, t o  each edge o f  a  1-1/2- 
i nch- th ick  f l  akeboard core, a1 so 12 
inches long, Adhesive was spread onto 
t h e  appropr ia te  bonding sur face  w i t h  a  
r o f  l e r  according t o  t h e  p rescr ibed  
spread r a t e  f o r  each t reatment  combina- 
t i o n ,  The accuracy o f  t h e  spread was 
c o n t r o l  l e d  by automat ica l  l y  weighing 
adhesive as i t  was spread on each sur-  
face, Adhesive-spread veneer laminates 
o r  cores were assembled and he ld  
t oge the r  w i thou t  pressure f o r  t he  
p rescr ibed  c losed assembly t ime. 

The adhesive was cured by a Mann- 
Russel 1  , Model 200, 13 kVA e l e c t r o n i c  
generator,  A p l a t e  c u r r e n t  o f  0.75 
ampere w i t h  2.88 k i l o w a t t s  RF ou tpu t  was 
app l i ed  f o r  1 minute, w i t h  pressure 
mainta ined a t  175 I b / i n2 ,  Th is  power 
d e n s i t y  s e t t i n g  produced a bond l ine  tem- 
pe ra tu re  of 165 + 5 O F  by t h e  end o f  t h e  
1-minute c u r i n g  per iod, Optimum power 
d e n s i t y  was not  an exper imental  f a c t o r ;  
however, expl o r a t o r y  t e s t s  o f  s e t t i n g s  
i n d i c a t e d  t h a t  a  p l a t e  cu r ren t  o f  1.0 
ampere a t  4,31 k i l o w a t t s  produced bonds 
o f  unacceptable qua1 i ty, The h igher  
power dens i t y  caused b o i l i n g  o f  water i n  
t h e  adhesive and wood, Adhesive d i l u -  
t i o n ,  coupled w i t h  g r e a t l y  increased 
adhesive m o b i l i t y ,  caused t h e  adhesive 
t o  overpenetrate t h e  f l  akehoard core, 
By lower ing  p l a t e  cu r ren t  t o  0,75 
ampere, overpenet ra t ion  was e l im ina ted  
and bond q u a l i t y  improved. 

A f t e r  bonding, t e s t  assemblies were 
c u t  i n t o  specimens as shown i n  f i g u r e  1, 
Before t e s t i n g  f o r  d r y  shear s t reng th ,  
specimens laminated a t  3  %MC were con- 
d i t i o n e d  t o  a  mo is tu re  content  o f  
approx imate ly  6 percent.  Specimens 
a l r eady  near 6 XMC were recond i t ioned  t o  
t h e  same mo is tu re  content ,  

Specimen Tes t ing  

Tests f o r  s t r eng th  and wood f a i l u r e  
i n  d r y  and water-soaked cond i t i ons  were 
conducted accord ing t o  t he  g l  ue l  i ne 

shear t e s t  i n  ASTM D 1037-78 (ASTM 
1982), except t h a t  dimensions o f  t h e  
specimen were changed as shown i n  f i g u r e  
1 and t h e  r a t e  o f  l oad ing  was increased 
from 0.024 t o  0.10 i n c h  per minute, 

B l  ock-shear specimens were satu- 
r a t e d  w i t h  water by submerging them i n  
tapwater  i n  a  pressure vessel. A vacuum 
o f  25 inches o f  mercury was drawn and 
h e l d  f o r  30 minutes, Afterward, a  
pressure o f  75 + 2 l b / i n 2  was app l i ed  
f o r  2  hours, Specimens were t es ted  
immediately a f t e r  t he  soaking procedure. 

Del ami n a t i  on specimens were sub- 
j e c t e d  t o  AITC Test T110, Cyc l i c  
Del ami n a t i o n  Test (AITC 1983), Thi s  
procedure was ext remely  severe and 
e s s e n t i a l l y  cons is ted  o f  two cyc les  o f  
vacuum-pressure soaking, as descr ibed 
above, w i t h  each c y c l e  fo l lowed by 10 t o  
15 hours o f  d r y i n g  i n  d r y  a i r  a t  160 O F ,  

Delaminat ion was measured i n  t he  t e s t  
bond l ine  across t h e  1-1/2- inch w id th  a t  
bo th  ends o f  t h e  composite sect ion.  
Open j o i n t s  were measured t o  t h e  nearest  
0.05 inch, Delaminat ions t h a t  measured 
l e s s  than 0,10 inch,  and were more than  
0.20 i n c h  apar t ,  were ignored. The 
t o t a l  l e n g t h  o f  open j o i n t s  on bo th  end 
sur faces,  d i v i d e d  by t h e  t o t a l  l e n g t h  o f  
end j o i n t s  (about 3 inches) ,  c o n s t i t u t e d  
t h e  measure o f  de l  amination, 

Resu l ts  and Discussion 

Flake Size 

Whether f l a k e s  were re ta i ned  on 
1/4- o r  1 /8- inch mesh screens was no t  a  
s i g n i f i c a n t  f a c t o r  f o r  any o f  t he  f i v e  
p r o p e r t i e s  t e s t e d  ( t a b l e  11, This  was 
i n d i c a t e d  i n  t h e  f i r s t  s e r i e s  o f  ANOVA 
where screen s i z e  was inc luded  as an 
exper imenta l  f ac to r ,  Since screen s i  ze 
was no t  s i g n i f i c a n t ,  i t  was excluded 
from a1 1 subsequent ANOVA where on l y  
species,  mo is tu re  content ,  spread ra te ,  
spreading sur face,  and c losed assembly 
t ime  were exper imental  fac to rs ,  

Spec i es 

The E P I  adhesive bonded s i g n i f i -  
c a n t l y  b e t t e r  t o  ye1 1 ow-pop1 a r  veneer 
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laminates than t o  sweetgum i n  t e s t s  o f  
d r y  and wet shear s t reng th ,  wet wood 
f a i l u r e ,  and res i s tance  t o  de laminat ion.  
Wfth t h e  excep t ion  o f  t h e  67 percent  
average wet wood f a i l u r e  o f  bonds t o  
sweetgun, a1 1 o the r  p rope r t y  averages 
exceeded t h e  minimum requirements i n  t h e  
proposed qual i t y - c o n t r o l  standards 
(Koenigshof 1985). 

No i n t e r a c t i o n s  o f  any importance 
occurred between species and any o f  t h e  
o the r  exper imental  f ac to r s .  

I t i s  q u i t e  probable t h a t  wet wood 
f a i l u r e  o f  bonds t o  sweetgum veneer 
1 aminates cou ld  be improved by severa l  
percentage p o i n t s  and exceed t h e  70 per-  
cen t  m i  nimum requi  rement (Koeni gshof 
1985). To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  
subanalyses were conducted on bonds t o  
sweetgum only.  The ana l ys i s  i n d i c a t e d  
t h a t  wet wood t a i l  u r e  improved s i g n i  f i  - 
c a n t l y  when adhesive was spread on t h e  
veneer r a t h e r  than t he  core edge. 
Resistance t o  de lamina t ion  a l so  improved 
s i g n i f i c a n t l y .  Fu r t he r  subanalysi  s o f  
sweetgum veneer-spread sur faces d i d  not  
revea l  any o the r  exper imental  f a c t o r s  
t h a t  s i g n i f i c a n t l y  a f f e c t e d  wet wood 
f a i l  ure- -a t  l e a s t  i n  a s t a t i s t i c a l  
sense. However, f rom 68 percent ,  wet 
wood f a i l u r e  increased t o  an average o f  
75 percent  when mo is tu re  content  was 
lowered from 6 percent  t o  3 percent.  
A1 so, average del  ami na t  i o n  decreased 
f rom 6.3 percent  t o  2.3 percent  by 
1 owering mo is tu re  content  t o  3 percent.  
Mo is tu re  content  was a s i g n i f i c a n t  fac- 
t o r  i n  decreasing percentage o f  delami- 
nat ion.  It was no t  a s i g n i f i c a n t  f a c t o r  
i n  i nc reas ing  percentage o f  wood f a i l u r e  
because o f  t h e  confounding e f f e c t s  o f  
c losed  assembly t ime  and spread rate.  
Nevertheless, by 1 oweri  ng mo is tu re  con- 
t e n t  o f  m a t e r i a l s  t o  3 percent and 
spreading adhesive on t h e  veneer sur face 
on ly ,  wet wood f a i l u r e  o f  bonds t o  
sweetgum should be increased enough t o  
exceed t h e  70 percent  minimum requ i re -  
ment. Resistance t o  de lamina t ion  should 
be increased as we l l .  

Not on l y  i s  sweetgum more d i f f i c u l t  
than  ye l low-pop la r  t o  bond t o  porous 
f lakeboard  core edges w i t h  EPI adhesive, 
i t  i s  a l s o  d i f f i c u l t  w i t h  phenol- 

formaldehyde ( P F )  adhesives. Fur ther -  
more, sweetgum veneers a re  d i f f i c u l t  t o  
bond w i t h  PF adhesives when making 
plywood, Par t  o f  t h e  s o l u t i o n  t o  
problems w i t h  both aqueous adhesives i s  
t o  c o n t r o l  mo is tu re  content  o f  t he  
sweetgum a t  an unusuat ly  low 2 t o  3 XMC 
and w i t h i n  narrow l i m i t s .  Excessive 
mo i s tu re  leads t o  increased adhesive 
m o h i l i t y  and overpenet ra t ion  o f  t he  core 
edges a t  e leva ted  temperatures. Sweet- 
gum has h igher  d e n s i t y  than ye l low-  
pop la r  and i s  more d i f f i c u l t  t o  
pene t ra te  w i t h  adhesive, E x t r a c t i v e s  
a re  a l so  present a t  t h e  surfaces o f  
sweetgum, which may i n h i b i t  we t t i ng  and 
p e n e t r a t i o n  o f  adhesive. The net  e f f e c t  
o f  excessive mo is tu re  i n  t he  sweetgum 
veneer laminates and f lakeboard core  i s  
overpenet r a t  i o n  o f  f l  akeboard core and 
inadequate pene t ra t i on  o f  t h e  veneer. 

Having learned t h a t  ye1 1 ow-pop1 a r  
can be bonded more e f f e c t i v e l y  over a 
wider  range o f  assembly cond i t i ons  than  
sweetgum w i t h  t h e  EPI adhesive, a lami -  
n a t o r  can use t h i s  knowledge t o  advan- 
tage  i n  h i s  ope ra t i on - -pa r t i cu l  a r l y  i f  
veneer species a re  t o  be mixed i n  t he  
same 1 ami nate. Dur ing veneer lay-up, 
ye l low-pop la r  veneer can be loca ted  a t  
t h e  bottom o f  t h e  lamina te  so t h a t  i t  i s  
always bonded t o  t h e  edge o f  t h e  f l a k e -  
board core, Th is  one s tep  would do much 
t o  ensure h igher  qual i t y  bonds, and cer -  
t a i n l y  lessen problems t h a t  would be 
assoc ia ted w i t h  bonding sweetgum t o  t h e  
co re  edge, 

Mois ture Content 

Mo is tu re  content  o f  m a t e r i a l s  was a 
s i g n i f i c a n t  f a c t o r  i n  t e s t s  o f  d r y  shear 
s t reng th ,  d r y  wood f a i l u r e ,  and wet 
shear s t r eng th  ( t a b l e  1). S i g n i f i c a n t l y  
s t r onge r  d r y  bonds developed on wood a t  
6 %MC than a t  3 XMC, L ikewise, wet  
shear s t r eng th  on 6 XMC wood was s i g n i f -  
i c a n t l y  s t ronger  than on 3 %MC wood. 
The r e s u l t s  o f  d r y  wood f a i l u r e  t e s t s  
were i ncons i s ten t  w i t h  t he  above f i n d -  
ings  i n  t h a t  t h e  h igher  (95  percent )  
wood f a i l u r e  occurred a t  3 XMC r a t h e r  
than a t  6 XMC. 

Even though small d i f f e rences  be- 
tween p roper ty  val  ues were s i  gn i  f i c a n t l y  



d i f f e r e n t  a t  t h e  3 and 6 XMC l e v e l s ,  
f rom t h e  s tandpo in t  o f  adequacy o f  prod- 
u c t  performance, these small d i  f f e r -  
ences seem inconsequent ia l  i n  determin- 
i n g  whether t h e  wood should be d r i e d  t o  
t h e  3 o r  6 %MC 1  evel  , From an opera- 
t i o n a l  s tandpoint ,  t h e  r e l a t i v e l y  wide 
range o f  mo is tu re  con ten t  from 3 t o  6 
percent  would be a  d i s t i n c t  advantage i n  
t h a t  narrow mo is tu re  con ten t  l i m i t s  need 
no t  be s t r i c t l y  maintained. However, i t  
i s  impor tan t  t o  cons ider  what was 
discussed e a r l i e r - - t h a t  wet wood f a i l u r e  
and res i s tance  t o  de lamina t ion  o f  bonds 
t o  sweetgum can be improved by d r y i n g  
m a t e r i a l s  t o  3 XMC. From a  p rope r t y  
va lue  s tandpoint ,  i t  d i d  no t  mat te r  
whether ye l low-pop la r  was d r i e d  t o  3 o r  
6 XMC, More energy i s  requ i  red  t o  d r y  
t o  3 than  t o  6 %MC, however, 

There were s i g n i  f i c a n t  i n t e r a c t i o n s  
between mo is tu re  con ten t  and spread 
ra te ,  I n  these i n t e r a c t i o n s ,  t h e  
i n f l u e n c e  o f  mo is tu re  on m o b i l i t y  o f  t he  
EPI adhesive caQ best  be seen, Note i n  
t a b l e  2 t h a t  d r y  shear s t r eng th  was 
lowest  and de lamina t ion  h ighes t  a t  t h e  
lowest  o f  t h e  t h ree  spread ra tes ,  and 
lowest  o f  two mo is tu re  contents.  
C lea r l y ,  adhesive mobi l  i t y  was i n h i b i t e d  
by low mo is tu re  a v a i l a b i l i t y  from t h e  3 
%MC wood and low spread ra te .  Adhesive 

t r a n s f e r  t o  t h e  unspread oppos i te  sur-  
face  improved s i g n i f i c a n t l y  by t he  
inc rease  i n  mo is tu re  content  from 3 t o  6 
percent.  A t  t h e  65 lb/M f t 2  spread r a t e  
where bond s t reng ths  increased, t h e  
e f f e c t  o f  i nc reas ing  mo is tu re  content  t o  
6 percent  was no t  as pronounced over a l l  
t h r e e  p rope r t i es .  However, when spread 
r a t e  increased t o  80 lb fM f t 2 ,  i nd i ca -  
t i o n s  o f  excess ive adhesive m o b i l i t y  i n  
t h e  form o f  overpenet r a t  i on and squeeze- 
ou t  appeared a t  t h e  3  percent  1 evel  , 
With t he  h igher  spread ra te ,  t h e  lower  
mo is tu re  content  l e d  t o  improved prop- 
e r t y  values, 

There were a1 so s i g n i f i c a n t  i n t e r -  
ac t i ons  between mo is tu re  content  and 
c losed  assembly t ime ( t a b l e  3). Larger 
amounts o f  mo is tu re  i n  t h e  wood, as a t  
t h e  6 XMC l e v e l  , compensated f o r  
mo is tu re  losses from t h e  adhesive a t  t he  
1  ongest 15-mi nu te  assembly t ime,  thereby 
s i g n i f i c a n t l y  i nc reas ing  wet s t r eng th  
and wood f a i l  u re  and res i s tance  t o  delam- 
i n a t i o n ,  Proper ty  values were lower a t  
t h e  3 %MC l e v e l  because i n s u f f i c i e n t  
mo is tu re  was a v a i l a b l e  t o  cause e f f e c -  
t i v e  adhesive t r a n s f e r .  On t h e  o ther  
hand, a t  t h e  sho r te r  assembly t imes o f  
10 and 5  minutes, h igher  mo is tu re  con- 
t e n t  proved de t r imen ta l  t o  devel opment 
o f  t h e  best bonds, and 3 %MC produced 

Table 2. - - In teract ions o f  adhesive spread r a t e  and mo is tu re  con ten t  f o r  
d r y  shear s t reng th ,  d r y  wood f a i l u r e ,  and de lamina t ion  o f  E P I  bonds 

Spread Mo is tu re  Dry Dry 
r a t e  con ten t  shear s t r eng th  wood f a i  1  u r e  Delaminat ion 

( l b /M  f t 2 )  ( % I  (1 b / i n 2 )  ( X I  ( x >  

I n  comparisons o f  t reatment  means w i t h i n  a  g iven  p roper ty ,  means fo l lowed 
by t he  same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t  a t  P 2 0.05. 



Table 3 , - - In te rac t ions  o f  c losed assembly t ime  and mo is tu re  con ten t  f o r  
wet shear s t reng th ,  wet wood f a i l u r e ,  and de lamina t ion  o f  E P I  bonds 

Assembly Mo is tu re  Wet Wet 
t ime  con ten t  shear s t r e n g t h  wood f a i  1  u r e  Delaminat ion 

(mi n )  (%)  (1  b / i n z )  ( X I  (%)  

I n  comparisons o f  t reatment  means w i t h i n  a  g iven  p roper ty ,  means fo l lowed 
by t h e  same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t  a t  P 0.05. 

more favorab le  r e s u l t s ,  Here, excess ive 
adhesive mobi l  i ty, occasioned by 
excess ive mo is tu re  from w i t h i n  t h e  wood 
and t h e  l ack  o f  d r y i n g  o f  t h e  adhesive 
f i l m  du r i ng  t h e  sho r t  assembly t ime, l e d  
t o  adhesive overpenetrat ion,  Ne i ther  
adhesive dry-out  nor overpenet ra t ion  was 
ser ious  w i t h i n  t h e  parameters o f  t h i s  
exper iment;  however, t h e  e f f e c t s  were 
becoming ev ident ,  As i n d i c a t e d  i n  t a b l e  
3, i t appears t h e  optimum combinat ion o f  
mo is tu re  content  and assembly t ime  was 
10 minutes closed assembly a t  3 %MC and 
15 minutes a t  6 %MC. Again, t h e  key t o  
successfu l  bonding w i t h  t h i s  aqueous 
adhesive i s  c a r e f u l  c o n t r o l  o f  adhesive 
m o b i l i t y  through c o n t r o l  o f  mo is tu re  i n  
t h e  adhesive f i lms .  Such c o n t r o l  i s  
p a r t i c u l a r l y  c r i t i c a l  w i t h  RF c u r i n g  
where b o i l i n g  occurs w i t h i n  seconds and 
t h e  adhesive becomes h i g h l y  mobi 1  e, prob- 
a b l y  l ead ing  t o  overpenet ra t ion  o f  t h e  
h i g h l y  porous f lakeboard  core  edges by 
t h e  adhesive, 

Spread Rate 

Spread r a t e  was a  most i n f l u e n t i a l  
f a c t o r  i n  determin ing p rope r t y  values 
( t a b l e  1). Only i n  wet wood f a i l u r e  was 
spread r a t e  not  a  s i g n i f i c a n t  f a c t o r .  
The lowest spread r a t e  (50 lb /M f t 2 )  
gene ra l l y  produced t he  lowest p rope r t y  

values, However, i t  d i d  no t  necessa r i l y  
f o l l o w  t h a t  t he  h ighes t  spread r a t e  (80 
1  b/M f t 2 )  produced t h e  h ighes t  values. 
S t a t i s t i c a l  comparisons i n  t a b l e  1 i n d i -  
ca te  t h e  65 lb /M f t 2  spread r a t e  d i d  no t  
produce s i g n i f i c a n t l y  i n f e r i o r  r e s u l t s  
t o  t he  80 lb /M f t 2  spread ra te ,  except 
perhaps i n  d r y  wood f a i l u r e  where t h e  
d i f f e r e n c e  was on l y  2 percent,  

The d iscuss ion  o f  t h e  i n t e r a c t i o n  
between mo is tu re  con ten t  and spread r a t e  
o f f e r s  an exp lana t ion  o f  why t h e  65 1b/M 
f t 2  spread r a t e  i s  near optimum when 
compared w i t h  t h e  o the r  ra tes,  I n  a  
broad sense, t h e  o v e r a l l  p rope r t y  values 
a t  t h e  80 lb /M f t 2  spread r a t e  were 
lowered by somewhat poorer  bonding 
r e s u l t s  a t  t h e  6 XMC l e v e l ,  A t  t h e  50 
1  b/M f t 2  r a te ,  p rope r t y  values were 
lowered by poorer  performance a t  t h e  3 
%MC l e v e l  , On ha1 ance, p rope r t y  values 
a t  t h e  65 lb /M f t z  spread r a t e  were 
l e a s t  a f f e c t e d  by e i t h e r  o f  t h e  two 
mo is tu re  content  l e v e l s  ( t a b l e s  1, 3). 

S ign i  f i c a n t  i n t e r a c t  i ons  between 
spread r a t e  and spreading sur face  
occurred i n  t e s t s  o f  wet shear s t r e n g t h  
and delaminat ion, Comparisons from sub- 
ana l ys i s  show these e f f e c t s  ( t a b l e  4). 
A t  t h e  50 lb /M f t 2  spread ra te ,  t h e  
advantage i n  spreading t h e  veneer sur-  



Table 4. - - In teract ions o f  adhesive spread r a t e  and spreading sur face 
f o r  wet shear s t r eng th  and de lamina t ion  o f  EPI bonds 

Spread Wet 
r a t e  Spreading shear s t r e n g t h  Del aminat i o n  

( Ib /M f t 2 )  su r face  (1  b / i nZ )  (9j) 

Core 
Veneer 

Core 
Veneer 

Core 
Veneer 

I n  comparisons o f  t rea tment  means w i t h i n  a  g iven  p roper ty ,  means 
f o l l owed  by t h e  same l e t t e r  a re  not  s i g n i f i c a n t l y  d i f f e r e n t  a t  
P 0.05. 

Table 5 . - - In te rac t ions  o f  adhesive spread r a t e  and 
c losed  assembly t ime on de lamina t ion  o f  E P I  bonds 

Spread Assembly 
r a t e  t ime Del ami na t  i o n  

( Ib /M f t 2 )  (min) ( % )  

I n  comparisons o f  t reatment  means w i t h i n  a  g iven  
p roper ty ,  means fo l lowed by t h e  same l e t t e r  a re  not  
s i g n i f i c a n t l y  d i f f e r e n t  a t  P 2 0.05. 



f ace  r a t h e r  than t h e  core  was c l e a r l y  
ev ident ,  The core sur face  was q u i t e  
porous r e l a t i v e  t o  t h e  veneer sur face,  
and, a t  a  low spread ra te ,  i n s u f f i c i e n t  
adhesive was avai  1  ab le  f o r  t r a n s f e r  
a f t e r  pene t ra t i on  o f  t h e  core  surface, 
These sur face  e f f e c t s  were not  s t a t  i s t i -  
c a l  l y  s i g n i f i c a n t  a t  t h e  o the r  two 
spread rates,  

Another s i g n i f i c a n t  i n t e r a c t i o n  
between spread r a t e  and assembly t ime 
occurred i n  t h e  t e s t  of r es i s tance  t o  
de lamina t ion  ( t a b l e  5). Again t h e  
e f f e c t s  o f  mo is tu re  on bond l ine  
i n t e g r i t y  were s t a t i s t i c a l  l y  ev ident .  
A t  a  spread r a t e  o f  50 lb /M f t 2 ,  
assembly t imes o f  5 and 10 minutes were 
sho r t  enough t o  avo id ove rd ry i  ng o f  t h e  
adhesive f i l m ,  But a t  15 minutes, 
d r y i n g  had progressed t o  t h e  p o i n t  where 
de lamina t ion  increased s i g n i f i c a n t l y ,  
At t h e  65 lb/M f t 2  spread ra te ,  l eng th  
o f  c losed assembly had no s i g n i f i c a n t  
e f f e c t  and, as p r e v i o u s l y  i nd i ca ted ,  was 
near optimum. A t  t h e  80 lb/M f t 2  spread 
ra te ,  t h e  s h o r t e r  assembly t imes tended 
t o  lower bond i n t e g r i t y  because o f  
excess ive adhesive m o b i l i t y  and over-  
pene t ra t ion ,  However, du r i ng  t h e  15- 
minute assembly t ime,  s u f f i c i e n t  t ime 
was a v a i l  ab le  f o r  excessive mo is tu re  t o  
d i s s i p a t e  from the  heav ie r  adhesive 
spread, and improved bond i n t e g r i t y  was 
t h e  r e s u l t ,  

Spreading Surface 

By spreading adhesive on t h e  veneer 
sur face  r a t h e r  than t h e  core  edge, 
r es i s tance  t o  de lamina t ion  and wet wood 
f a i l u r e  were s i g n i f i c a n t l y  improved. 
However, i n  t e s t s  o f  t h e  o the r  t h ree  
p rope r t i es ,  s i g n i  f i c a n t  d i f f e r e n c e s  were 
no t  detected ( t a b l e  1). A subanalys is  
o f  t h e  i n t e r a c t i o n  between spreading 
sur face  and spread r a t e  ( t a b l e  4 )  pro- 
v ides  some i n s i g h t  i n t o  why res i s tance  
t o  de lamina t ion  was improved by 
spreading t h e  adhesive on t h e  veneer. 
As discussed, t h e  core  edge was porous 
r e l a t i v e  t o  t h e  veneer, and, when spread 
a t  t h e  50 Ib/M f t 2  r a te ,  no t  enough 
f r e e - f l  owing adhesive was avai  1  ab le ,  
a f t e r  pene t ra t i on  and d ry ing ,  f o r  
t r a n s f e r  t o  t h e  oppos i te  surface, 

A1 though t h e r e  were no s i g n i f i c a n t  d i  f- 
ferences i n  de lamina t ion  due t o  spread- 
i n g  sur face  a t  e i t h e r  t h e  65 o r  80 1bfM 
f t 2  spread ra te ,  s l i g h t l y  improved bond 
i n t e g r i t y  d i d  r e s u l t  by spreading veneer 
r a t h e r  than core, 

Closed Assembly Time 

I n  t h e  ANOVA f o r  main e f f e c t s ,  
c losed  assembly t ime  was marginal  l y  
s i g n i f i c a n t  on l y  i n  t he  t e s t  o f  d r y  
shear s t rength,  Even though t h e  t e s t  
f o r  d i f f e r e n c e s  between averages shows 
t h a t  t h e  5-minute assembly t ime produced 
s i g n i f i c a n t l y  h igher  s t r eng th  than t he  
10-minute assembly t ime, these d i  f f e r e n -  
ces a re  considered o f  1  i t t l e  p r a c t i c a l  
s i g n i f i c a n c e  ( t a b l e  1). S i g n i f i c a n t  
d i f f e r e n c e s  between averages i n  d r y  wood 
f a i  1  u r e  have been ignored because s i g n i  f -  
i c a n t  d i f f e r e n c e s  were not  detected, 

Assembly t ime  does show up as a  
s i g n i f i c a n t  i n t e r a c t i o n  w i t h  mo is tu re  
con ten t  i n  t e s t s  o f  wet shear s t reng th ,  
wet wood f a i l u r e ,  and res i s tance  t o  
de lamina t ion  ( t a b l e  3) .  A t  longer  
assembly t imes, t h e  h igher  mo is tu re  con- 
t e n t  leads t o  b e t t e r  performance, 
whereas a t  sho r te r  assembly t imes, t h e  
lower  mo is tu re  content  produces more 
f avo rab le  bond performance, The proper 
balance o f  mo is tu re  i n  t h e  adhesive f i l m  
du r i ng  cure avoids t h e  extremes o f  d r y -  
out  and overpenet ra t ion ,  and i s  t he  key 
t o  successful  RF bonding w i t h  the  E P I  
adhesive, 

The o ther  s i g n i f i c a n t  i n t e r a c t i o n  
t h a t  occurred w i t h  assembly t ime i n -  
vo lved spread r a t e  i n  t h e  t e s t  o f  re -  
s i s t ance  t o  de lamina t ion  ( t a b l e  5) .  
General l y  , t h e  1  ongest assembly t ime a t  
t h e  lowest  spread r a t e  tended t o  cause 
i nc reas ing  de laminat ion,  and shor t  
assembly t ime a t  t h e  h ighes t  spread r a t e  
a l s o  l e d  t o  i nc reas ing  delaminat ion. The 
longes t  assembly t ime  a t  t he  h ighest  
spread r a t e  tended t o  decrease 
de l  ami na t ion ,  

Concl us ions 

The E P I  adhesive developed very 
s t r ong  and durable bonds i n  most o f  t h e  
72 t reatment  combinat ions tested,  Dry 



shear s t r eng th  and wood f a i l u r e ,  wet 
shear s t reng th ,  and res i s tance  t o  delam- 
i n a t i o n  e a s i l y  exceeded proposed minimum 
proper ty-vat  ue requ i  renents,  Met wood 
f a i l u r e  o f  sweetgun was marginal  i n  
meet ing t h e  70 percent  wood f a i l u r e  
requ i  rement, However, by spreading 
adhesive on t h e  veneer lamina te  r a t h e r  
than t he  core, and d r y i n g  t h e  wood t o  3 
r a t h e r  than 6 XMC, wet wood f a i l u r e  o f  
bonds t o  sweetgum can be improved enough 
t o  meet requirements, 

Species was a s t rong  f a c t o r  i n f l u -  
enc ing p rope r t y  values. Bonds t o  
ye1 low-pop1 a r  were dec ided ly  b e t t e r  than 
those t o  sweetgum. I f  veneer lay-up 
procedures cou ld  be designed so t h a t  
ye1 1 ow-pop1 a r  veneer was a1 ways bonded 
t o  f l  akeboard core edges, qua1 i ty-  
c o n t r o l  problems assoc ia ted w i t h  bonding 
sweetgum cou ld  be avoided. 

Al though mo is tu re  con ten t  o f  
m a t e r i a l s  proved s i g n i f i c a n t  i n  i t s  
e f f e c t  on severa l  p rope r t y  values, t h e  
d i f f e r e n c e  appeared inconsequent ia l  from 
t h e  s tandpo in t  o f  product  performance-- 
p a r t i c u l a r l y  f o r  ye1 low-poplar.  A r e l a -  
t i v e l y  wide range i n  mo is tu re  content  
( f r om 3 t o  6 percen t )  would be a 
d i s t i n c t  advantage i n  t h a t  narrow l i m i t s  
i n  mo is tu re  c o n t r o l  need no t  be s t r i c t l y  
maintained. Ce r ta i n  p rope r t y  va l  ues on 
sweetgum were improved by t h e  3 %MC 
1 eve1 , however, 

The balance o f  mo is tu re  i n  t he  
adhesive f i l m  was c r i t i c a l  t o  j o i n t  per-  
formance and h i  gh l y  i n t e r r e l  a ted w i t h  
m a t e r i a l  mo is tu re  content ,  spread ra te ,  
spreading surface, and c l  osed assembly 

t ime, The a b i l i t y  o f  t h e  adhesive t o  
t r a n s f e r ,  f l ow,  and penet ra te  t h e  oppo- 
s i t e  sur face  was dependent on moi s t u r e  
i n  t h e  adhesive f i l m .  

Spread r a t e  was h i g h l y  s i g n i f i c a n t  
i n  de te rmin ing  j o i n t  performance i n  most 
t e s t s ,  and, o f  course, spread r a t e  w i l l  
be even more impor tant  because o f  i t s  
d i r e c t  e f f e c t  on cos ts  o f  product ion,  
O f  t h e  t h r e e  r a t e s  tes ted ,  t h e  65 fb/M 
f t 2  spread r a t e  was near optimum. 
However, a  spread r a t e  approaching 50 
1 b/M f t 2  cou ld  produce acceptable prop- 
e r t y  va1 ues i f  t h e  m a t e r i a l  mo is tu re  
con ten t  was near 6 percent ,  t h e  veneer 
sur face  was spread w i t h  adhesive, and 
c losed  assembly t ime  was near 10 
minutes, 

By spreading adhesive on t h e  veneer 
sur face  r a t h e r  than core  edge, r e s i s t -  
ance t o  de lamina t ion  and wet wood 
f a i  1  u r e  were improved s i  gn i  f i  c a n t l y - -  
p r i m a r i l y  a t  t h e  lowest 50 lb/M f t 2  

spread ra te .  By spreading adhesive a t  
t h e  near optimum r a t e  o f  65 1b/M f t z ,  
t h e  d i  f ferences between spreading veneer 
o r  co re  became inconsequent ia l .  

Closed assembly t ime  was marginal  l y  
s i g n i f i c a n t  as a s i n g l e  main e f f e c t  i n  
d r y  shear s t r eng th  and wood f a i l u r e .  
However, assembly t ime had impor tant  
i n t e r a c t i o n s  w i t h  mo is tu re  content  o f  
ma te r i  a1 s  and spread rate.  General l y  
these i n t e r a c t i o n s  pe r ta i ned  t o  t h e  
optimum balance o f  mo is tu re  i n  t h e  adhe- 
s i v e  f i l m  t h a t  cou ld  ensure e f f e c t i v e  
t r a n s f e r ,  f low,  and p e n e t r a t i o n  o f  adhe- 
s i v e  on t h e  oppos i te  surface, 
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