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LnJTRODUCTION : 

Aromatic polycarboxylic acids derived from the controlled oxidation of coal(') 
have been used t o  prepare thermosetting resins  Of i n t e r e s t  t o  the foundry industry.  
The monoethanolamine, diethanolamine, ethylenediamine, diethglenetriamine and penta- 
e r y t h r i t o l  adducts of these coa l  ac ids  were investigated as s h e l l  molding r e s in  
binders.  

The cur ren t  uses of a phenol-formaldehyde r e s i n  i n  the foundry industry i l l u s t r a t e d  
some of the market potent ia ls  f o r  t h e  new coal acid resins .  The largest  market i s  
found i n  s h e l l  molding where some 17 mill ion pounds of phenol-formaldehyde r e s in  w a s  
used i n  1957. 
i n  s t e e l  cores i s  another market with good growth poten t ia l .  

The increased use o f  the phenol-formaldehyde r e s in  with ce rea l  binders 

Sand br ique t tes  bonded with the coal acid r e s ins  were tes ted f o r  t e n s i l e  strength 
and the resins  of pa r t i cu la r  i n t e r e s t  evaluated i n  s h e l l  molding. 
pen tae ry th r i to l  preadvanced r e s i n  w a s  outstanding i n  ove ra l l  performance as a shell 
molding binder and thus w i l l  be the  r e s in  of prime i n t e r e s t  i n  t h i s  paper. 

Resin Preparation 

The coal acid - 

The r e s i n  adducts of i n t e r e s t  i n  t h i s  inves t iga t ion  were homogeneous solutions 
of the coal acids and reac tan t  i n  water. The coal acid - pentaery thr i to l  r e s in  w a s  
p a r t i a l l y  advanced i n  water t o  give a s t i l l  water soluble homogeneous solution. 
water solutions afford an easy and economical method of applying the r e s in  t o  the  sand. 
I n  most cases, equivalent r a t i o s  of  the reactants were used i n  the r e s in  preparation 
and r e s in  adduct concentrations of 60-7@ gave solutions of workable v i scos i t i e s .  
res ins  as water solutions have an unlimited storage l i f e .  

These 

"he 

Requirements of a Shel l  Molding Resin 

The f i r s t  requirement of a s h e l l  molding r e s i n  i s  t h a t  it must give a f r e e  flowing 
r e s in  coated sand which on heating thermosets t o  f i rmly  bond the  sand grains together.  
The resul tant  s h e l l  mold must have su f f i c i en t  heat res i s tance  t o  withstand the shock 
of molten metal and hold c lose  tolerances u n t i l  the  metal has s e t .  A t  t h e  proper time 
i n  the  metal set cycle the s h e l l  must also burn out t o  give collapse of t he  s h e l l  and 
a c lean  casting. 
concentration, e .g .  urea formaldehyde gives a low temperature collapse for magnesium 
and aluminum castings.  
used f o r  malleable i r o n  and s t e e l  cast ings.  

The temperature of collapse can be governed by the r e s i n  type and 

Phenolic r e s ins  afford higher heat realstance and are commonly 

The po ten t i a l  r e s in  binder must be e f fec t ive ly  and eas i ly  dispersed i n  a sand mix 
by means of a Simpson or similar  type muller. 
r e s i n  has been popular i n  the  p a s t ,  but it i s  rapidly being replaced by a more ef fec t ive  
l i qu id  r e s in  coating procedure. 
t h e  mulling operation to  dry the r e s i n  coated sand un t i l  it is  f r e e  flowing. 
of t h i s  f ree  flowing condition during storage i s  necessary f o r  optimum pat te rn  per* -I ormance 
l a t e r .  

Dry  blending of the sand and powdered 

In t h i s  procedure a source of hot a i r  may be used during 
Maintenance 
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It  i s  important t h a t  t he  r e s in  binder be cured and thermoset within a reasonable 
period of t i m e .  
t yp ica l  s h e l l  molding procedure given below. 

The approximate time and temperature l i m i t s  a r e  i l l u s t r a t e d  i n  the  

(1) The dry r e s i n  coated sand i s  dropped onto a preheated (400-500'F.) metal 
pa t t e rn  and allowed t o  remain f o r  15-55 seconds. 
the coat o r  dwell time determines the  thickness of the  shell. 

A t  t he  end of the  proper dwell time the  e n t i r e  pa t t e rn  i s  inverted 180 degrees 
allowing all the  excess and unbonded sand t o  f a l l  back i n t o  the  dump box. A 
dough l i k e  s h e l l  of r e s in  bonded sand is  lef t  adhering t o  the  metal pa t te rn .  

The metal pa t t e rn  and p a r t i a l l y  cured s h e l l  i s  then  placed i n  an e l e c t r i c  o r  
gas furnace (800-1J+00°~.) where the  cure i s  completed i n  40-60 seconds. 

The thermoset s h e l l  mold I s  then e jec ted  from t h e  metal pa t te rn  by hydraulically 
operated e j ec t ion  pins.  

This time period bo rn  as 

( 2 )  

( 5 )  

( 4 )  

The fabr ica t ion  performance and pouring behavior of t h e  s h e l l  mold i s  grea t ly  de- 
pendent on the  s h e l l  having su f f i c i en t  t e n s i l e  s t rength  a t  a reasonable r e s in  concentration, 
e.g. 5.5-% r e s in  so l id s .  Factors t h a t  a f f e c t  t he  t e n s i l e  s t rength  of the  r e s i n  bonded 
sand include the  r e s i n ' s  ac tua l  composition, the  e f f ic iency  of t he  coating operation, 
the degree of r e s in  flow before thermoset and the  temperature range necessary for t h i s  
flow. A l l  of these f ac to r s  and the conditions necessary f o r  t he  optimum t e n s i l e  s t rength  
can be evaluated by preparing br ique t tes  from the  d r i ed  r e s i n  coated sands. 

Preparation of the  Coal Acid - Pentaery thr i to l  Resin - (ET-400) 
Most of the  coa l  acids used i n  t h i s  work were prepared at t h e  Dow Chemical Company. 

These coa l  ac ids  were similar t o  those made by t he  Carnegie I n s t i t u t e  of Technology ( 2 )  
and had an equivalent weight of 80-85 and average func t iona l i t y  of approximately three.  

The f i r s t  p a r t i a l l y  e s t e r i f i e d  coa l  acid - pen tae ry th r i to l  r e s ins  were prepared by 

The reac t ion  of a 
s t i r r i n g  and refluxing the  mixture f o r  a period of 5-6 hours. The degree of advancement 
was determined by t i t r a t i o n  of the  ava i lab le  carboxylic ac id  groups. 
75% so l ids  so lu t ion  of 1 equivalent coa l  acids - 1 equivalent pentaery thr i to l  during the 
f i r s t  two hours of re f lux  i s  rapid.  An equilibrium e s t e r i f i c a t i o n  of 5% was obtained 
a f t e r  8 hours. When 0.9 equivalent of pentaery thr i to l  (7% so l id s  solution) i s  used an 
equilibrium e s t e r i f i c a t i o n  of 52% is reached a f t e r  8 hours. 
Concentration on the  e s t e r i f i c a t i o n  r a t e  i s  shown by t h e  f a c t  t h a t  a 9 6  so l ids  so lu t ion  
of ET-400-85 (contains 0.85 equivalent pentaery thr i to l )  g ives  2% e s t e r i f i c a t i o n  at  the 
end of t he  f i r s t  twenty minutes of re f lux .  

The e f f e c t  of so l id s  

The p a r t i a l l y  advanced r e s i n  is a viscous so lu t ion  which does not exhib i t  any 
prec ip i ta t ion  on standing i f  the  advancement i s  g rea t e r  than  12%. 
at  60-6s  calculated reacted so l ids  gave a very workable v iscos i ty .  

Physical Proper t ies  of the  Coal Acid - Pentaery thr i to l  Resins -(ET-400) 

The r e s in  so lu t ion  

Preparation of one quar te r  inch br ique t tes  from t h e  d r i ed  r e s i n  coated sand allowed 
a study of the  physical p roper t ies  of the, coated sands as they were re la ted  t o  the r e s i n  
composition and pretreatment. The sand coating operation w a s  done i n  a "Kitchen Aid" 
mixer or  i n  la rge  batches i n  a Simpson Muller. A source of hot a i r  d i rec ted  onto the  
sand mix shor tens the  time required f o r  t he  mulling operation. 
sand through a 42 mesh screen it was dropped i n t o  a quar te r  inch  deep br ique t te  mold 
preheated t o  425°F. The coated sand was allowed t o  stand f o r  10-15 seconds and then 
the excess unbonded sand scraped off w i t h  a t h i n  metal s t r i p .  
a t  650 '~ .  f o r  2 minutes gave the  f in i shed  t e s t  specimen. 
motor driven Die t e r t  Tensile Tester.  

After screening t h e  coated 

Curing of the  b r ique t t e  
These were then t e s t ed  on a 
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Optimum Pentaery thr i to l  Concentration i n  ET-400 

Tensile strengzh determinations have shorn t h a t  the pentaery thr i to l  concen- 
t r a t i o n  can be dropped t o  0.9 equivalent pen tae ry th r i to l  t o  1.0 equivalent coal 
acids without reducing the r e s i n ' s  bonding s t rength.  Use of a 1:l r a t i o  of hydroxyl 
t o  carboxylic acid groups would seem unnecessary since s t e r i c  hinderance;undoubtedly 
prevents t h e  reaction of some of the carboxylic acid groups. 

m y s i c e l  Strength vs. Resin Concentration 

A p lo t  of the percent of  reacTed r e s in  so l id s  on a coarse.0ttawa sand vs. the 
resu l tan t  t e n s i l e  strengths i s  shown i n  Figure 1. The br ique t tes  were bonded with 
an ET-400-9 r e s in  with a preadvancement of 17.5% and cured f o r  2 minutes a t  6 5 0 " ~ .  
A t ens i l e  s t rength  of 360 p s i .  is  obtained a t  t he  4% r e s in  l e v e l  commonly used i n  
commercial s h e l l  molds. N a t u r a l l y ,  t he  s t rength  a t  a ce r t a in  r e s i n  l eve l  w i l l  vary 
with the s i z e  d i s t r ibu t ion  of  t he  sand, the clay content of the sand, the resin 
composition and the coating techniques. 
l a t e r .  

Effect of Resin Preadvancement 

Each of these f ac to r s  will be discussed 

The t e n s i l e  strength of the  ET-400 r e s in  coated sand has been found t o  be a 
function of the resin preadvancement. The preadvancement necessary f o r  optimum 
tens i l e  s t rength  appears t o  be i n  the range of 1?-18$. 
of preadvancement on the t e n s i l e  strengths of two d i f f e ren t  r e s i n  coated sands. 
This pa r t i cu la r  data w a s  obtained on small one and a half pound batches of sand 
coated i n  a "Kitchen Aid" mixer. 
muller demonstrates t ha t  higher t e n s i l e  strengths may be expected from the more 
e f f ec t ive  coating obtained with a Simpson Muller. 

Figure 2 shows the e f f ec t s  

The one t e n s i l e  s t rength  value i n  Figure 2 marked 

The presence of clay and other  nons i l ica  impurit ies i n  the Vasser bank sand 
could explain the differences i n  t e n s i l e  s t rength  of the Vasser bank AFS 100 sand 
as compared with the high s i l i c a  content Wedron AFS 116 sand. The clay and s i l t  
impurit ies could indeed decrease t h e  flow of the resin before the thermoset. 
flow of the r e s in  coating on a sand g ra in  t o  the  surrounding sand grains  and 
formation of a complete bond would be decreased. 

The most important property controlled by r e s i n  advancement i s  the r a t e  and 

Thus, 

temperature a t  which the r e s i n  flows. The improved flow behavior of the r e s in  on 
coated sands with l e s s  preadvancement i s  d i r ec t ly  re f lec ted  i n  the  improved t ens i l e  
s t rengths .  The temperature at which the r e s in  f i lm  on a sand gra in  w i l l  s t a r t  t o  
f l o w  can b e  determined and is r e fe r r ed  t o  as the s t i c k  point .  
ment of the ET-400 re s in  gives a lower s t i c k  point and a r e su l t an t  higher t ens i l e  
s t rength.  

A lower preadvance- 

Preliminary observations have shown that the  amount of moisture pickup by the 
r e s i n  coated sand is  another f a c t o r  controlled p a r t i a l l y  by the degree of r e s in  
advancement. 
coated sand w i l l  remain i n  a f r e e  flowing condition before ac tua l  use. 
coated i n  3. Simpsor Mulier with a r e s i n  of at  l e a s t  1% preadvancement w i l l  give a 
s table  f r e e  flowing sad.. This range of r e s i n  preadvancement may a l s o  be expected 
tolgive uearly optimum t e n s i l e  s t rengths .  

Thus, adequate r e s in  advancement is  necessary so t h a t  the r e s in  
Sand 

Shell Mold m d  Core ?&xication 

The E1'-4CO r e s i n  with optimum sand binding prop, - r t i e s  was thel? examined i n  the 
The small :hree prong cover p l a t e  type ac tua l  fabr ica t ion  3f s h e l l  molds and cores.  

s t e l l  mold t h a t  - a s  presared on a small dump box machine is shown i n  Figure 5 .  
s h e l i  cores have a l s o  been prepared on a commercial Shalco core blowiag machine. 

Hollow 
Both 

d' 
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pieces of equipment employ the  same bas ic  pr inc ip les  of investment, removal of excess 
unbonded sand and f i n a l  cure as outlined e a r l i e r .  

A .  Sand Coating Procedure 

The proper mulling procedure i s  second only t o  the r e s i n  i n  determining the 
f i n a l  behavior of the coated sand i n  s h e l l  mold fabricat ion.  The r e s in  formu- 
l a t ions  f o r  ac tua l  s h e l l  f ab r i ca t ion  were applied t o  20 pound batches of sand 
contained i n  a Simpson Muller. 

A t yp ica l  coating operation f o r  t he  Simpson Muller i s  given below: 

(1) Charge 9000 grams of sand and 550 grams of l iquid ET-400-9 r e s in  
(4% reacted so l id s  on sand) and 20 grams Acrawax (0.22q6) t o  the muller. 

( 2 )  MUU f o r  1 minute. 

( 5 )  Hot a i r  supply s t a r t ed  and continued u n t i l  coated sand went through the 
agglomeration stage.  

Mulling continued f o r  an addi t iona l  15 minutes with hot a i r .  

Coated sand dumped and screened through a 40 mesh screen. 

( 4 )  

(5) 

The Acrawax serves a s  a lubr icant  f o r  the f i n a l  r e s in  coated sand and helps 
the sand r e t a i n  i t s  f r e e  flowing charac te r .  
was furnished by a small modified h a i r  dryer with a maximum nozzle temperature of 
500°F. 

The hot a i r  for the  mulling operation 

During the agglomeration s tage it w a s  found necessary t o  stop the muller 
several  times and manually break up the p l a s t i c  l i k e  sand mass. Coating of 720 
pound batches of Nugent AFS 75 sand with ET-400 i n  a commercial s ize  muller did 
not give t h i s  problem. The e n t i r e  cycle from r e s i n  addition t o  coated sand d i s -  
charge required 14 minutes i n  the commercial setup. Tota l  time f o r  the coating 
operation i n  t h e  small Simpson Muller was 55 minutes. 

B. Shel l  Mold Properties 

A Nugent AFS 75, coarse Ottawa or  Wedron AFS 116 sand coated with 4% of ET- 
400-9 r e s in  gave good three prong cover p l a t e  s h e l l  molds at a pa t te rn  temperature 
of 450-50OoF., investment time of 15 seconds and cure time of 40-60 seconds. 
r e s in  preadvancement of approximately 15% i s  preferred f o r  maximum t e n s i l e  strength 
and pa t t e rn  performance at a low pa t t e rn  temperature of 450°F. Moisture s t a b i l i t y  
of the ET-400-9 coated sand appears t o  be good since no buildup of coated sand on 
the back s ide of the s h e l l  and/or pee l  back of a portion of the s h e l l  occurs. An  
excessive amount of moisture a l so  tends t o  cause the agglomeration of  the individual 
sand p a r t i c l e s  i n t o  un i t s  of several  p a r t i c l e s .  These small agglomerates give poor 
packing of the sand p a r t i c l e s  a t  the  pa t t e rn  surface and the resu l t ing  poor surface 
hardness and strength.  

A 

The di f fe rences  i n  t e n s i l e  s t rengths  of a high s i l i c a  sand and bank sand s h e l l  
mold i s  again i l l u s t r a t e d  by the following values.  
4% ET-400-9 (advanced 16$) coated Nugent sand averaged 515 ps i .  a s  compared t o  the  
value of 795 ps i .  f o r  the r e s in  on Wedron sand. Hardness as measured by a Die te r t  
Hardness Tester was 80 f o r  the Nugent s h e l l s  and 90 f o r  the Wedron sand shel ls .  

The t e n s i l e  s t rength  of the 

Recent work has shown t h a t  the addi t ion  of a nonionic surfactant ,  e.g. 0.25% 
Tri ton  X-100, t o  the r e s i n  coated Nugent or Vasser sand w i l l  give a 2% s t rength  
increase.  Replacement of 5C$ of the  pen tae ry th r i to l  i n  t he  ETA00 r e s i n  with a 
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glycol o r  ethylene oxide adduct w i l l  also give a 25-4& increase i n  the  r e s in  
strength.  
can be expecced t o  average 400--b50 ps i .  

Thus the t ens i l e  s t rength  of a modified 4% ET-400-9 coated Nugent sand 

A f i e l d  t e s t  of t he  ET-400-9 r e s i n  as 2 s h e l l  molding binder has been attempted 
at a malleable i ron  foundry. The r e s in  used i n  t h i s  t e s t  was one of t he  e a r l i e r  
~ ~ - 4 0 0 - 9  formulations preadvanced t o  28.5%. The performance of the  r e s i n  i n  the  
coating of the Nugent sand i n  720 pound batches was good. 
inck:ss i n  s i ze  were fabr ica ted  at  a pa t t e rn  temperature of 500°F., investment time 
of 34 seconds, and cure time of 50-60 seconds. 
inch s h e l l  molds being e jec ted  from the  pa t t e rn  after cure. 
castings weighing 11 pounds a piece were successfully c a s t  without ady major metal 
breakouts. 
t e n s i l e  strength.  Tensile bars prepared from t h i s  coated sand gave an average 
t e n s i l e  s t rength  of 170 ps i .  
some 400 p s i .  strength on Nugent sand may give the  needed addi t iona l  s t rength  f o r  
a completely successful commercial t e s t .  

S h e l l  rnolds of 20 x 50 

Figure 4 shows one of the  20 x 50 
Approximately 25 

The major point f o r  improvement appeared t o  be the need f o r  increased 

The a b i l i t y  of t h e  newest ET-400 formulation t o  give 

C. Shell Core Properties 

Acceptable commercial hollow s h e l l  cores ( 2 5  inches i n  length and 2 i5  inches 
i n  width) have been fabr ica ted  on a Shalco core blowing machine using a 5 .5$  ET- 
400-9 coated Wedron sand, The r e s in  had been advanced t o  28.$ es t e r i f i ca t ion .  
She l l  cores with exce l len t  hardness (90 on Dietert Tes t e r ) ,  d e t a i l  and s t rength  
were prepared a t  600'~. w i t h  an investment time of 3-15 seconds and cure time of 
1.5-2.0 minutes. These conditions correspond t o  cure conditions used with a 
commercial phenol-formaldehyde r e s in  coated h igh  s i l i c a  sand. 

Core Binders 

The foundry indus t ry ' s  i n t e r e s t  i n  improved core  binders has encouraged the  use 
of t he  urea formaldehyde and phenolic formaldehyde r e s ins .  Pr inc ip le  use of the  phenolic 
r e s in  i n  so l id  foundry cores has been l imi ted  mostly t o  s t e e l  cores.  The need f o r  a 
more hea t  r e s i s t a n t  binder f o r  s t e e l  cores has l imi ted  the  r e s i n  t o  a phenolic type. 
The cheaper urea formaldehyde type r e s i n  f inds  wide use i n  the  nonferrous and fe r rous  
type foundries.  Both res ins  a re  used i n  conjunction with various ce rea l  f l ou r s  and core 
o i l  binders.  

Preliminary da ta  ind ica tes  t h a t  severa l  of the  coa l  acid type r e s ins  may f ind  
u t i l i t y  i n  foundry cores. 
been prepared from an O t t a w a  AFS 60 sand bonded v i t h  1.e ET-400-9, I..@ Mogul B 2 i 1  
f l o u r  and 5$ w a t e r .  Core mixes of t h i s  type have been successfully core blown with 
commercial machines. 
paper also suggests the possible use of these  i n  the core binder appl ica t ion .  

Spec i f ica l ly ,  cores with t e n s i l e  strengths of 570 ps i .  have 

The t e n s i l e  da ta  of other coa l  acid r e s ins  given i n  the  preceding 

Preparation of br ique t tes  from a moist r e s in  coated sand and allowing the  br ique t tes  
t o  stand a t  room temperature leads t o  the  development of considerable green strength.  
This green s t rength  is  the  r e s u l t  of the  a i r  drying of the  r e s i n  film t o  give a "dry" 
water p l a s t i c i zed  r e s i n  f i l m  surrounding and bonding each sand pa r t i c l e .  
amine r e s i n  adduct f o r  example, y ie lds  an optimum s t r eng th  of 525 ps i .  a t  a 6% r e s in  
concentration while @ of  the  diethylenetriamine adduct gives a green s t rength  of 
240 p s i .  a f t e r  only 20 hours at  room temperature. 
a l so  be  of i n t e r e s t  i n  sand core fabr ica t ion .  

CONCLUSIONS : 

The diethanol- 

This green s t rength  property could 

Increasing foundry i n t e r e s t  i n  new synzhetic thermosetting sand binders has opened 
markets f o r  r e s i n  binders t h a t  have new and improved phys ica l  p roper t ies .  
sand binder for t h i s  purpose may be derived f r o m  the  oxidation products of bituminous 

A new t;rpe of 
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coal.  
alkanolamine, polyhydroxy1 o r  polyamine reac tan t .  

Spec i f ica l ly ,  thermosetting r e s ins  may be prepared from these  coa l  ac ids  and an 

The coa l  acid - pentaery thr i to l  r e s in  (ET-400-9) preadvanced t o  lJ-l@% e s t e r i f i c a t i o n  
i s  of pa r t i cu la r  i n t e r e s t  in s h e l l  molding work. A 13-18$ preadvancement w i l l  produce 
a f r ee  flowing sand with optimum tens i l e  strength.  Experimental s h e l l  molds have been 
prepared with t h i s  ET-400-9 r e s i n  at  a pa t te rn  temperature of 450-50G°F., investment 
time of 15 seconds and cure tiffie of 40-60 seconds. Both high s i l i c a  content sands and 
bank sands have been used i n  the  s h e l l  mold fabr ica t ion .  
515 ps i .  of t e n s i l e  s t rength  can be expected with a medium f i n e ,  unwashed Sank sand. 
The addition of a sur fac tan t  t o  the r e s in  increases the s t rength  of the  r e s in  bonded 
bank sand t o  400 p s i .  
t ens i l e  s t rength  t o  795 ps i .  

A t  a 48 r e s i n  concentration 

Use of a f i n e ,  washed high s i l i c a  content sand increases the  

One attempt t o  use ET-400-9 as a commercial s h e l l  molding binder indicated t h a t  
a somewhat grea te r  t ens i l e  strength is necessary. 
advancement nay afford the needed s t rength  improvement. Tensile strengths of t he  
ur ig ina l  r e s i n  bonded sand were 170 p s i .  a s  compared t o  the  later t e n s i l e  s t rengths  
of 4C0 m i .  (contains 0.2% sur fac tan t ) .  Commercial s h e l l  cores have a l so  been 

A new formulation with only l5$ 

. .  
fabricated with ET-400-9. 
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Figure 1 

I RESIN CONTENT VS. TENSILE STRENGTH I 
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