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ABSTRACT

i the 25 years since the oviginal paper was w ritten, there have

been considerable technical advances in foundry hinder tech-

nofogy. as well as sand mixing and processing equipment. The
technigues and equipment availuble 1o the foundrymen in 1974
were rather primitive, compared o todat’s impraved binder
chemistry and selec tion, mixing and hinder merering cquippent
anid sumd reclamation technology.

Thix paper updaics the origingl 1974 vescarch on porusity
suscepribility of tray and ductile iran castings. prepared with
v ores honded with the, then, newly develuped utethane types of
nebake hinders. The 1974 sitedy was a@imed ot delineating the
cfteess of core- and moldmaking variabics on parosiny suseepti-
hilire amed develaping remedial pracices 1a elimnare hinder-
related defecis when they veenr, Akse investizated were the
cifects of casting variables and how they selate 1o tie ooenr:
pemoe of spelt defeirs

The updated rescare h fecrsed on the cvafuasion of crvent
reaint rechmotagy rom oxide addiions, and the effcets of poros-
ity inhibiting ferroaltoes. Lastdy other wnpublished rescorch by
Fre aiechor during the ensiing 25 vears is alsg i fuded.

) INTRODUCTION
New and improved binder formulations of 1998 provided virtually
'|den||-..llca&unnrcsuln.comparedtolhu. 1974 research, Binderr ms
of § pnl\ of resin to polyisocyanate component less lFﬁ/cme tfav oring
Thigher fevels of the polvisocvanate componenty tended to increase
. overall porgsity susceptibility. Balanced or ratios greater than one
u sere. in genéiil. nol suwccpllble w0 def\ct formation, Defect lorma-
tion was enhanced by high’| pounnﬂ temperatures. expccnll; when
= polvol 1o pol\nmuthc rarios were fess thon one. and when h:gh

" binder levels were employed.

Puor binder dispersion from ~and mixing « i abvo responsible for

e ll‘ln.l‘(.‘d\lﬂ! the overall \u‘ccplrhllnt\ 0 these Ivpes ufdcfeuﬁ Poms-
ity defects résulting from wse of unlavonshle binder .md}or casting

. prncme\couidbeelnmsnalcd by adding rebabvely small addmom of
'-é,.' red ron oxide thematite or Fe () o the samd mntLTh:. we of
Tuagnetite or biack tFesOy) grades of iron mnde were not ncdrl) a

{  effective in preventing porosity: -

The addlllon of nittngen-stabilizing elemzms, such a titanium
and zirconiunt, were effective. o varying degrees, in cllmm.lurw
'li-\ Houl) .Be resqu were ohtamedmlh additions ol' propnetan Ti-
T becrng gm iron inoculants. Addmm of propnel.m ferrosilicon-

bhcd tnocu'l::m Moy mnumms either Ti or Zr were also very
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effective in eliminating porosity, Additions of Zr silicide to a new,

proprietary oxy- -sulfide-containing innculam was also very effective
in climinaling porosity.

pract wtical, were core post-'hul\m;_. at 4'-0F (23“(‘ ) and use of core
coalifigs mod1ﬁed with red iron onide,

BACKGROUND

Surface and subsurface pas defects have always been commaon and
iroublesome defects in gray iron and oiher castings poured in green
»and molds, Within the past 30 years. however. innovations in
synthelic binder technology have resulted in movement away from
greensandmalding and towardioisl nobake molding and coremaking
processes and the accompanying new 1ypes of casting defects,

The growth in phenolic arethans binder technology since 1970,
the vear phenolic urethane nobake | PUNB ) binders were introduced,
has heen phenomenal {Fig. 1), When the original porosity paper was
written in 1974, enly 11,76 million Ih of phenolic urethane binders
were consumied by the U.S, Toundr industry . In 1998, i1 is estimated
that 129 miflion Ib of these resins (3079 truckioads. a truckload
weighing 42 00 1) were consumed in the United States. Estimated
worldw e use is penerally comsiderediobie os or 3 million pounds.
As aresuh of the increased acceplance and consumption of phenolic
urcih.mc binders, occarrences of binder-related gas defects bave. 30

times, hecome very troublesome in foundrivs vsing these systems,

Genzraliy speaking. there are three major sources that may
contribute (o porosity formation in gray iron castings, These ate:

L high initial gas content of the meli. originating from either the
charge ingredieniz. melring practice or sinospheric humidiy:

21 seaction of carbon and dissolved oxygen under cenain mel
conmdition:

SJrmold-meal reactions betw eon evolved mold and core gases al
the solidifsing casting surface - l

¢ Inaddiion. any combination of these threz sources may have a
_ cumulative effect on promoting porasity formation. However. the
U gases normally held responsible for subsurface porosity defects are
: nittogen and hxdrogen.

There is a definite distinction between porosity defects and

biows, Porosity ok defecisarechemical in nature. and resuli when Ilqmd

metal b becomeﬁ ﬁupcrsa!ur.ltcd wan dmol\ eJ gases during n mellmg
o pounnt' The ensuIng ing discontinuities are present as discrete voids

that may e roundcd ori meeul.:rl\ sthch in the solidified casting,
and nd generaliy | hiej e justy under the. casting surfuce,Co m»eml\ blows or

Millions of ibs.
140 ;
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Fig. 1. Phenolic urethane resin consumplicn in the United States.
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_hlowholes are a physi sical_or mechanical problem related to the

m.1h1|1l3 of de cnmpmcd care and mﬂldg

5 mesc.npr from the mold
cavily, cnhcr lhwugh pcrmenbdn) or [

The appearance ol' the subsurface pormm delects resuhing from
the _prcccdmg sources may sake numerous shapes but usually form as
cither small. ':phcncal holes (‘im‘l\ﬂlmtﬁ elongated o penr shaped),
calted pinholes, of hrgu megul.arl\ rounded holes or irvegularly
shuped fissure upc defeets. tI4 The inerat surfaces of the
u.::u[l.ml Imk 5 mu) be 1) msdlnd. ) lined wi itha <hm_', gmp!mc I'Im

or 3) contain sl.\g of manganese Sutfide inclusions. A

Although the technical lnerawre comains a large amount of work
describing porosity defects and the meallurgical practices thal
promolc the accurrence and treatment of such defects. relatively little
experimental work had been conducted inthe area of chemical binder
Tduced mold-metal interface pOI‘MIt) reactions. Invemganons that
fiive boen Conducied mn this area have gct')rrall)_ be n | limiied 1o
disE0ssions ‘of pnlcmml problem< existing when uqmg high N {urea)

- furans, and tos besser extent, shell and oil-alkyd- Mocyannlc S) stems.

W1 1974, minimal research had been conducted in delermining
fow various core and moldmaking paramesers affectthe incidence of
prreanity defects with chemicul binder systems. This lack of research
hac continued during the ensuing 23 years,

CHEMICAL BINDER SYSTEMS

- The phenolic urethane resin system consists of nobake and gas-cured
résins: ‘hoth sy éiems consist of Iwo resin components. Part [ is a
phenolic resiatpoly-benzylic-ethér-phenolic resint dilwed approxi.
mately S07 by solvents, Pan H s a pc\!\mcric di-isocvanale resin
dituted with appronimately 255 solvents, The solvent can beclthcr

_hphatic o zromatic in composition.

= The primary purpose of the solenis i 1o reduce binder viscosity.
Typicatly . the viscosities of the Part 1 and Part 1 resins are adjusied
10 2K cps reemipoise) or lower. to provide good pempability, rapid
and efficient sand comting qualities and good NMowability of mixed
sand. A second purpose of the solvenis is to enhance resin reactivity .
An smine -based catalyst is used as the curing apem for the nobake
winder, while a gaseous amine (riethy lamine or dimethy Jethyl 3iine)
s uxed for the gas-cured binder. o o

Although the general chemistry of phenolic urethane binders
remains essentially the same as the systeminvestigated in 1974, there
have bren numerous changes in currens resin formulations involving
the xolvent 53 stem. a2 well as base phenolic resin system, The Pan |
phenakc resin has been modified 10 reduce odor by educllon in the

les el of Irez formaldehyde. This becomes especially apparent when

hot foundn sands are uscd. In addition. because of efforts to rediice
solvent eviporation into the aimosphere. the solvent sysiemhas been
madified evtensively 10 incorporate higher boiling poinl solvents or
new solhent 2y stems with improsed eny |ronmemal properues T

Being organic-based systems, the phenolic urethane l'amnly of
biaders i+ compased of anly four basic elements: 72.0% carbon.
8.5% handrogen. 3.9% nitrogen and 15.5% oxyeen.

MWith phenelic ureihane systems. the N component is associated

solehy with the polypheny! polvisocyanate (Pan I binder compo-

nent. Pan 1. of the hydroxyl-coniaining phenolic binder component,
contains ao nitrogen. Elements of concem to the foundryman need
be limited to only N and H: carbon and oxygen from the binder
usually present no problem because the high silicon content ofgra!
m:m act> 10 suppress the formation of carbon monoxide” porosu}
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For comparison purposes, H and N comients of other popular sesin
binder xvstems are;

Nitragen Hydropgen*  HO
Nobake il 1.76% 7.0% none
Low N- furan 1.20% 605 4.0%
Med Ny furan 4.5% 6.0% 15.0%

~ Associated with organic componcnts,

Euchof these elements. including moisture. may reactorcombine
in numerons ways 1o provide the necessary conditions that favor
porasity formation, Mgawous seactions are EI_C_I‘TDdy-
namically possible and, under the r:g}'ﬁ condmnm m.n occur al ihe

molg- metal nerfacer—-——""""" -

Binder — H {nascent} — H: (g)
Binder — N {nascent) — N (p)
Fe + H:0 vapor (binder) — FeOQ + 2H (nascent)
Y Ha(binder )+ Na(binder)> 2NH; (2} = 6H (nascent)
+ IN {nascent)
¢ FeQ +C (binder) = CO (g} + Fe

While 1he first four reactions are likely 1o provide both surface
and subsurface poront\ defects. the last reaction usuatly results only
in surface defects, such as pockmarkmg or, more frequentl) !ustrous
carbor, Yaps and surface \ rinkles 7"

When an organic binder thermally degrades. H and IN are liber-
ated inthe nascent or atomic form, Inthis mono-atomic staié, they are
readily sotublé i molen iron, and i present. dissolvé qune ensnly in
both mohen £ray “and duciile frons.

Il ammeonia forms, it also may dissociate into both nascent H and
N. Since the solubility of H and N in liquid iron is far greater than in
solid iron. th2se gases will precipitale out of solution as gas bubbles
during solidification, if thev are present in amounss greater than lhc
qol'd solu'-nht\ hmus

The shapesolthe resuiting gas holex may vary from small, widely
dispersed spherical shaped holes, Iving just under the surface, o
aumerous fissuretype holes. often resembling shrinkage defects, and
.lre wsually perpendicular to the casting surfage, In either case,

db\orplmn of X andfor H b\. the molten iron. cllher mdwlduall) o‘r'

Jointhy, may result in subsurfacc porosity del'ects o

Ctlearly. many factors are involved in the development of binder-
associated defects: neither they nor the various coremaking param-
eter<and foundry melting variables that have a direct influence on the
occurrence of such defects were well undersiood in 1974, Recogniz-
ing this situation. the object of the original research investigation was
aimed at determining how such variables influence the occumence of
porosity defects. Also. the development of remedial techniques o
alleviate these problems werecxtensively studied.

Table 1.
Compositions of Tas! Castings Poured

High CE Low CE Ductile
%G 350 2.90 3538
% Si 2.40 1.70 25-26
% Mn 0.50 0.50 0.35
%S 002 0.02 0.01 max. .
%P oQ2 002 0.0%
% Mg - — 0.04
%% Ni — — 0.80
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EXPERIMENTAL PROCEDURE

The experimental propram used inthis investipation was divided imo
two phines:

§) the development of a suitsble test having the capahility 1o
produce poarasity defects, and

11 the delirention of coremaking and metal processing variables
having an cifect on porosity generstion.

The cylmdrical test casting shownin Figs. 2and 3 was devetoped
for these wsts 1o observe the extent of porosity formation under
varions test condilions, This stepped-cone configuration was se-
lecied because its design was such that core decomposition gases

would be generared rapidly. while the casting was still in the molten -

state. Atso, this design easily lent itsedf 10 the study of section size,
re-enirant angle (hot spon) and other geomelric effects.

The majority of maolds used for the production of 1es) castings
were made wilh 3 Zero nitrosen nobake Turin binder. Thé baie ¢oié

sand mix used for most of the expérimental work consisted of the . .

phenelic wethane nobake (PUNE) binder. mixed with a high-purity.
wished and dried. round-grained. silica sand, The coremaking pro-
vedure used theaughout most of thic wark consisted of addmg the

_phcnolu potvol resin component (Part 1) and ihé catalyst o the sand
and mmm fcrr wo mmulev. followed by the addiion of the

Lolyis isocyznate component e\ Pant s and; mixing for an addiional iwo
minutes, The miy was tmmed:ml\ hand- rammcd into lhc corehox
and the stq:ped -cone cores were <|rt|'lped within five minutes.

Gray and ductile irons of the compasitions shownin Table 1w ere
utilized in the investigation. altheugh the bulk of the experimental
worh was conducted wih 3 hich-carhon equivalent iron (4.3 CE)
inoculaed with stundard foundry grade (0.7557 minimum calcium)
FeSiinahe ladle. Innculont adihtion bevels were 0.25%5 silicon, based
an the pouring weight

All heats weres prepared with virgin charge materials, 10 insure
low initial gas content. and were poured at selecied femperatures as
measured with a Pr-P1 10¢¢ Rh immersion pyrometer and a high-
speed. strip chart recorder, Variables studied during this fisst phase

of the imestigation included binder ratio, binder level, pbunne

temperanwre, sand type and permeability, mixing effeﬂs metal *

composition and core age. Within each series of tests. the conditions
weng conlrolkd as c:l:cf..ll) as possible. and ‘indiv tdual varlab!es
were ahacd to determnine their effect on porosity.

The second phase of the experimental work was devoted 10
de\elopmg remedial Icchmques to prevent porosity. To a great
eucm ‘this effort was ven dcpendenl upon the first phase of ihe

W orL m lhal conditions that were found to promoie pososily w ere’

used t‘\cll.!\l\-cl\ Therefore, it was a prercqumte G develop the
Capabllil} to produce bmdel‘ as<mtated gas defects, Mw 1ll The samc
wise used ai this time. chhmqueq studlcd inan allcmp{ Iﬁ E"hmm.ue
de fccls mclud*d

1rinsestigation af varinus grades of ron oxide:

23 ladle additions of FeTi. as well as Ti- and Zr-based fervoalloy
inocuiants:

3) use of core sand pdditives:

41 core baking. and finally;

53 a wudy of experimental core coatings.

~ During this phuse of the work. variables found responsible for
porosity formation were held constam during the preparation of et

castings.
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Fig 3 Dimensions of cylingrical test casting.
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The extent of porosity formation in afl castings was determined
by careful sectioning at several locations. To determine whether any
metallurgical changes resulting from porosity formation had oc-
curred, metallographic investigations of the cast structure in the
mold-metal interface area were also camied out. To observe th:
nature of the intemnal surfaces of gas porosity defects, scanning
clectron microscopy (SEM} was utilized.

RESULTS

Parameters Atfecting Formation of
Binder-Related Porosify Defecis

_is of greal imponance to the foundryman to fully understand the
nalure ol’ and fundamenl:\l chermstr} ol' m:ohal.c hmder :) stems. :n
PURHE 5) stems CIngeneral. 2 mg one of a m.tmber of minor operating
¥ arlablc': can exen a cumulative effect on the performance of nobake
bmders Somc of t facmrs conlrlbu ing"lo bmder misse are

\ 1yinfrequent calibration of binder pumps and sand flow rates on
EONINUOUS MixXers;
2) general equipment malfunctions related 10 binder pumps. wor
‘ tixer auger screws or bludes, poor housekeeping practice,
e
3) intentional unbalancing of binder components to facilitate
stripping: or
4) general misundersianding of possible potential cnn\equcnn.'\
. resuliing from any of the preceding.

iu
1
1

To determine how these efiects and other variables may affect
porosity formation, numerous experimental heats were povred 10
siudy their effect on casting integrity.
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" Effect of Rinder Ratio Effect of Binder Level ‘ .
“ll’::fz:l'c:‘:nf t'}jw ratioof Part 110 Part U sesin components for PUNB -+ Todetenmine the effect .ofbindcr levelon porosity suscrpub‘ah:y. test
Binders on porosity propensity is shawn in Table 2. The tabulated castings wn.:rc poured with 1est cores made with binder levels rang.uTg
yeslts ave o summan of numerous casting tests, conducted at var- from 1.25% 10an extreme of .'L(.J'Z& . ALsome of these levels, the r.n‘w
Bt sanges during the investigation, and are somewha dependent or of Part }:Part 11 was apain varied, 1o delermine effect on porosity

J(-‘

related o a humber of other variables to be discussed in subsequent formation, (I should alye be noted that. although these l‘tighef levels
sections of this paper. The results designated with the comment Y may never be encountered in actual practice. they were intentionally

“YIR yoeaion” refer (o costing feshy performed on curremt resin schected 10 miagnify the effect of binder Jevel or the effect of
femulatiog.,
- A Table 2.
y Bindur ration of 60:40 1Pan :Pans 1) provided Sf:;und. 1est cask- Etect of Binder Ratio on Porosity Formation
ing~ineven case under the st conditions used. Asthis ratio became
b talanced (30:50). race amounis of porosity were found in a few i Binder Leve! Ratio Pt. :PL It Porosity Extent
., 1t catings. but the muajority of test castings made with balanced 1.50% {1998 version)  60:40 it
& natios were sound. In those cases where porosity was found, a 1.50% 60:40 nil
substantial portion was surface porosity or semi-rounded holes ; )
tpockmarking). Because the binder ratio was unbalanced. again in 1.50% 50:50 il to trace
fasor of excess Pa 3 (4060 and 33:65), greater amounts of 1.50% 40:60 fraces 1o moderately
' ubheurface porosiny formed in the lest casting. E 3 : severe
\ ; 1.50% {1998 version) 3565 severe
The types of defects abverved and described as varying in 1.50% 35:65 suvere
niensity from nj - wevere are shown in Fig, 4. Although the n
tuiensiey from ml.t(\\cr) u_cu .ne‘sl.mm} in Flgl A umg | 17 - ! Test conditions: PUNB binder with washed and dried sica
recommended ratio for renning PUNB hinders vaniex between 2 I - . . .
P 10 tatio. in a- i' - treme ratios favarine ' sand: Iron Chemistry, 4.3 CE iron; Pouring
FEAS 60 r.nm_. m aote prachce, extreme rHoes favering ! temperature, 2700F (1482C)
excess Pant 1 or polvisocyanate are ofien encountered. Such prob- - i
Lok oen arise from worn or defective binder pumps. air in binder
Finos, changes in Rinder viscosily from temperature, nefficient Table3. _
< muning, and nuncrous other less incidental. but often overlooked Eflect of Binder Level on Porosity Formation
soufees. For e arly F9TUs, it was - "
seupces For eumrk in lhe early t b, it was n(.)l unusual for Binder Level Ratio PLIPLA Porosity Extent
foundrics 1o ron binder ranos favoring excess polyisocyanaes 1o :
Lacilizme the stripping of difficult cores or 10 increase fully cured . 30% 60:40 nil 1o trace .
core strengihs, O A0% 30:50 mocderate .
. ) . . . ) 3.0% 40:60 severe i
New revin formuolations [ 1998 versionsy showed very linle differ- , .
. . - . . 3.0% 35:65 very severe i
croe i csting performance compared to 1974 versions. Binder X i
o " j o . tB% 60:40 none ‘
rativs in wiich uabalanced ratios of 60:90 were employed produced : N ) '
seend castings. Unbalanced binder ratios favoring excess Part 1l or ;8% 5030 trace 1
the inocyanale component. once again. were very stsceptible 10 1.6% 35:65 severe
severe subsurface porosity . . V5% 60:40 none !
Pt 5% 50:50 none lo trace '
1.5% 3565 severe i
1 1.25% 50:50 none i
; 1.25% 3565 moderale i
" Test conditions: PUNB binder on WD silica sand: 4.3 CEiron: |
Pouring temperatut 2-2700F (1482C) !
Table 4.
Effect of Pouring Ternperalure on Porosity Farmation
;' Binder Pouring :
! Level%  Temperature (°F) Porosity Extent I
i 150 2780 very severe-gross wi |
i some fraces of fissures !
P50 2700 severe i
'1.50 2625 races
150 2550 none ';
a0 2700 very severe i
o A T _ ]_3.0 e 2609 - moderate ;
Fig < Tyvpsr of porcsity defects encountered in jest castngs. < ¢ . 2500 none '
Uapsr 12t surtace porosity {pockmarking): upper right, Irace S . o i
subsurlace porsity: lower left, moderately severe porosity. lower Test conditions: PUNBbinderon WDsilicasand; 4.3CE Gray
nghi. very severe dispersed porosity. fron: Pt LPart l rabic held constant at 3565 |
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Cresulis obiained from these tes1s showed thar, ax the binder level

reclyined snds haviag high doss-on-ignition (LOT) valves.) The

tinereased a1 the same Part EPan 1 ratio, the severits of the parosity
1 defects ikewise increased. At the highes binder fevel tesied. poros-

1w

porosity will generafly oéci

iy 1ended o form at eventy balanced rdios. as shown in Table 3.

These resohis show that_ il sufficien amounts of evolved H and/

or N decompésinion ghi~eyire mide i ailable toihe solidHVing irons,

R R T I L T s ——

using telatively Tigh pouring tompetatures, This somie phenoméii
cun be extzapolated 10 incMide WHat the consequences will Be whicn
using reclaimed core of molding sands having high LO1 vatues,
Excessive amounts 8f dissolVed gases sicmming frony inappropriate
ey e :

charge make w liy

susceptible it core’ g defeéts from absorption of H and/or N.

1 - Bt

Effect of Casting Temmperature
Alhough the previously reported resulis have shown significant
effects of both binder ratic GndTevel om poresity-forfiation. their
effect was very tempe
castings poured at several cu
unbalanced binder component rm
shown in Tahle 4.

These results demonsirate the temperature dependency of poros-
ity formation with PUNB binders, Pouring temperatuses of 2700F
¢1482Cy and higher (av measured in the pounng ladie) produce
severe subsurface defects when wibalonced ratios are _l.gsed‘_S:l.'bc'h
[Tr:‘l;.'llmnﬁ‘td behavior is not observed when these ratios are_haianced
or when excess Pan b is used. Reducing the pouring temperature at
bath binder ley els resolted in lesser awmounts of porosity until, at the
fowest temperature, ‘sound cas ihi_-q were achieved. A r()ﬁ\barison
Bt een sectioned test cantings poured at 2700F (1353C) versus
2MO0F (E3T1C) and made with 3.0% woraf binder i< shown in Fig. 5.

Pouring temperature effects were further demonsirated by pour-
ing experimental fest slep cores that were coated with the

polvisocyanate binder companent (Part 1. For these tests, pouring’

iemperainds of 2500F (F371C) were employed. and 185 cores wére
‘honded with an binbalinced 135363 ratial binder sy<iem containing
A 1000 resin, Sectioned tost castings obtained under these condi-

tions were entircly sound.

‘The porosity lemperature dependency can best be illusirated in
Fig. 6. ln this figure, pouring wemperature is plotied aguinst binder

ratio. It is interesting to note that there appears 10 be a definite region
in_ which porosity seems 10 form. and alse arother definile region
vhere sound castings are oblained. In between these two areas,

/ porosit may or may not occur. depending on othé'rmlli'(i{l?a_ﬂ_ﬂ'l_g}ﬁ_

{ processing factors. Similar findinigs on the effect of pouring lempera-

ture with otfier binder 3y stems hm'e been réﬁorled by othe
patorsF e

Fig. 5. Effect of pouring temperature on porosity lormation.
Left. 2700F (1482C); right. 2500F (1371C).
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cial processing will likewise e fiiore

rature dependenty Results obiained from test ‘
ng tempritaies, and incorporating

LEfllect of Section Size
In those castings containing poresity. it occurred in preferential
locations. Deepeseatcd, subsurface porosity was wsually Jocaied
adjacent 10 the 90 re-entram angle or “step,” and most often
occurred in section thicknesses sanging between /¥ and 1-Y/8 in.
(2.220nd 3.5 em). These locations act as Tocalized hot spols, since a
snkall volume of the core is heated from both sides by the solidifying
iron. In thinner sections, varying degrees of surfuce porosity or
pockmarking were ofien found

From the appearance of these defects, it appears probable that
they were fonned late in the solidification process by paseous
decomposition products pushing away the semi-skinned overcasting
surface.)? Since these bubbles are formed late in the solidification
process at the mold-metal interface. not enough time was available
for their dissolution. Consequently. a depression s left in the surface,
when final solidification commences. The exient of this surface
porosity varied between somewhat large, semi-rounded holes ex-
tending. at most, only 1/8 in, (0.3 cm) into the surface 10 very small
surface pores having no appreciable depth.

Effect of Sand

The type of sund vsed in experimental 1ese cores had o sienificant
effect on porosity formation, Some results obtained with a typical
lake sand and a washed und dried silica sand are listed in Table 5.

Although several custings were pourcdunder identicul conditions
and aiso from the same ladle, severe subsurface POrosity was very
prevalent with washed and dried silica sand. while castings made
with the Michigan lake sand were enlirely sound. The bch-nvinr of
lake sand in eliminating gos defects oy possibly be auributed 10
cither its significamly larger quantity of surface impurities. bulk
impurities or greater permcability.

To determine the effect of surface purity on inlluencing gas
porosity. an acid treatment was adminisered 1o the lake sand, 10
remove trace surfuce impurities. The acid wemment consisted of
soaking the sand in 3 109 solution of sulfuric acid far 34 hours,
follow ed by a 24-hour water wash and drying. Such trcutments have
been shown (0 be very effeciive in removing these impurities. "™

Comparisons of casting results obtuined with acid-reated versus
vnireated lake sands are shown in Table 6. The resulis in Table 6
showed thm removal of surfuce impurities by acid leaching was not
effective in promoting porosity, and no purosity was, observed in the
test castings.

2000
\ °
2700 5 30 o o
-~ PDROSITY
-‘.
§ 2660 s o o
[
= SOUND .
2 CASTINGS 5\\
E 2500 s s s s
b Lo | 20 | 30 mwsom
$0/40 LYY

A v - BOPEQ 43740 E45/2590 RETIO

Fig. 6. Effect of pouring temperalure and binder ratio on porosily
formaiion.

843



file:///viili
file:///verc

Because of the knpwn effect of permeability on porosity defects,
and the poteniial chemical elfect of sand 1ype. several other sands
hasing a wide range of compositions, permeabilities and AFS grain
finepess disributions were selected Tor testing, These tests were run
16 determine relative porosity susceptibilities of comnion core and
molding sands. The results of casting texis, all run under identical
conditions, along with the physical properties and resultant porosity
semnitivities, are summarized in Tables 7 and B,

Bused on the preceding, even though the sands tesied had @ wide
runge of AFS grain fineness and permeabilities, there doesn’vappear
10 be any correlmion betwecn these parameters and porosity sensitiv-
ity. The trend in Tables 7 and 8 is such that. the lower the impurity
Ievel, and puniicularly the iron oxide coment of the sand, the greater
the sensitivity of the sysiem for promotion of porosity defects,
Hence, although very pure, round-grained sands offer outstanding
core and moldmaking propenies. they may not produce the best
castings, as less impure sunds seem o do.

The inentional addition of impurities, such as jron oxide, 10 sand
s is widely recognized as an effective means of controlling
porosity, veining, improving hoi strenpih and other Jess incidental
propertics. However, the presence of such a smatt amount of jron
oxide as atulk impurity associaled with the sand mineralogy appears
to have a significant effect on retarding or inhibiling porosity
Inrmation. In addition. the type and puriiy of iron oxide willbe shown
to have an overriding effect on porosity formation,

Effect of Binder Dispersion or Mixing

Propor dispersion of the liyuid binder components on sand surfaces
i a necessary prerequisite in the produciion of high-guality cores and
malds. Mixers that were prevalent in the early 1o mid 1970 often
provided relutis ely poor blending of binders and sub<equent coating

of sand grain surfaces. This wax especially true of slow-speed screw.

or auger 1ypes. which lefi something to be desired for kigh mixing

elMiciency. Also, if the serew blades or paddies and trough are not

cleaned regulirly to remove resin buildup. are poorly designed or

wide clearances exist dueto wear. then poor mixing action will resull.

I proper dispersion of the binder components is not realized. many

arcas ol the core surfuce will essenially comtain varying ratios of
_hinder components. even though the bulk core may contain the
N\ T 1otal amount of each component.

Table 5.
Eftect of Sand on Formation of Porosily
Binder Ratlo
Sand Type level PLLPL Porosity Extent
W D Sifica 1.50% 3565 severe
Lake Sand 1.50% 35:65 none, complelely

sound

Test Conditions: 4.3 CE iron; Pouring temperature, 2700F
{1482C); Washed and dried silica sand

Although high-speed, high-efficiency sand mixers, along with
advunced tesin metering systems, often with compuierized conrols,
huve been developed in the 1990s and have resulied in dramatically
improved mixing, consideration must will be given 10 properly -
maintaining the equipment.

To detenmine the effect of proper binder dispersion on mixing
efficiency. several core mixes were made in a laboralory high-
intensity hatch mixer and mixed for various times to simotate mixing
conditions. ranging from very poor 1o excellent. Experimental test
cores made using mixing times of 5, 10, 20, 30 and 60 seconds for
each componcat (double for actual 1o1al mix cycle)} are shown inFig.
7. All of these cores were prepared with balanced ratios of Part 1:Pant
I {50:50) on the s1andurd washed and dried silica sand.

Cores prepared w ith total mixing times of 10, 20 and 30 seconds
exhibited pronounced non-uniform binder dispersion and were spoity
in appcarance. This was found to be most pronounced with the 10-
and 20-second mix cycles. Longer mixing limes of 80, 120, and 240
sechnds provided very uniform results. Physical propesties, such as
scratch and ensile strengihs of mixes mixed for toal times of 40
seconds and longer, were nol impaired. cven though traces of
inadequate mixing were apparent on'the 40-second mix.

The resuits obtained from casting Lesis using tesi cores prepared
in the described manner are¢ listed in Table 9.

To briefly summurize these resulis, shori mix cycles of 030
seconds total time 1ended 1o promote the formation of both surface
and subsurface porosity. Only trace amounts of subserface porosity,
probably beiter described as microporosity, were found in the re-
mainieg castings made with cores mixed for intermediate times of
60-80 seconds tota). 1n castings containing pronounced defects,
these defects were obviousty lormed where the solidifying casting
wasin contact with binder-rich areas and. particularly  1hose contain-
ing excess polyisecyanate. Sound castings were obtained when total
mixing times ranged from 21 minutes.

Tabie 7.
Effect of Sand Type on Porosity Fermation
Binder Aatio

Sand Level PLLIPLI  Porosity Extent
! Silica sand No. 1 1.5% 35:65 Severe
| SiklcasandNo.2  1.5% 3565 Severe
. SiicasandNo.3 15% 3565  Severs
| SicasandNo.4  15% 3565  Traceto
I moderale
i Sand No. 5 1.5% 35:65  none
P Lake sand 1.5% 35:65 none

Tes! Conditions: PUNB binders on above sands: 4.3 CE iron;
i Pouring temperalure, 2700F (1482C)

Table .
Physical and Chermical Properties of Sands

Table 6.
Eftact of Acid Surface Trea?nﬁ;nfs on Porosily Susceplibiity : Sand %510y %Fe0y %ALD; gin Perm  Sensitivity
Sand Binder  Ratio | SwcasmdNo.1 9988 002 050 6 95 hgh
Treatment  Level PLLPLN . Porosity Extent | | SicasandNo2 9988 002 010 37 225 hign
 None 150% 3565 " hone SikcasandNo.3 9988 002 030 31 20  high
| Acidireated  1.50% 3565 none, sound ScasandNo.4 996 0018 027 54 180  moderae
| Test condtions: 4.3 CE iron; Pouring lemperature, 2700F Sand Mo. 5 992 042 040 55 190 none
* (1482C): Sand type—Michigan lake sand 1 Lake sand 948 044 212 5 150  none
944 AFS Transactions
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Fig. 7. Efiect of mixing time on binder dispersion. Leff o nght:
5 sec; 10 sec; 20 sec: 30 sec.

Tabie 9.

Effect of Mixing Time and Miuing Efficiency on Porosily Formation -

[ Mixing Time/ Binder Ralic  Porosity ’
: Component  Total Level P 1:PLE  Extent

i! 5 sec i0sec 150% 5050 very severe }
i 10 sec 20sec  1.50% 5050 moderate }
i 20sec 40sec 150 5050  nillo |
. moderate ;
© 30sec 60sec 150% 5050  niltotraces |
40 sec 80 sec 1.50% 5050 ni 1o fraces :
60 sec 120sec  1.50% 5050 none ‘
: 120 sec 240sec 150% 5050 none E

Test Conditions: PUNB binders on WD silca sands: 4.3 CE |
iron, Pouring lemperature. 2700F {1482C) !

FATect of Metal Composition

The tvpe and composition of the castings poured had a significunt
effect on porosisy tormiation. Results of these tests are shown in
Table My

The porosity -forming tendencies seemed 1o be greatess for the
low -CE ironand least for ductife iron. Porosity defects in all gray iron
castings formed readily when unbalanced binder ratios. favoring
excess polvisocvanate. were employed. Porosity defects that formed
in low -CE irons were predominantly fissure 1vpe defects. although
some tounded and irregularly shaped holes also formed. Ductile jron
castines seemed 10 be fur less susceplible 10 defect formation than
cither composition of gray iron. Results obtained witha high-CE iron
as uxed throughout this investigation have been previously reported
and remain unchanged.

Ahhough it is commonly accepted’* that ductile iron is more
susceplible to porosity defects. the ‘presem investigation tends 1o
show just the opposite. However. most of these previous Nindings or
observations have been with ductile irons containing appreciable
amount: of aluminum. and poured in green sand molds.®1* 1t is also
generally held that ductile irons are more prone to H defects arising
from interactions with water vapor and magnesium. This is probably
related Lo the fact that the residual magnesivm is influencing H
solubility 152035 or iy assisting the reduction of water vapor. How-
ever. Dawson and Smith also showed that. although high-residual
magnesium contenis increased H solubility in ductile iron castings
poured in green <and molds, pinholes still did not form. 2 -

Sinve the chemistry and paseous thermal decomposition products
for PLUUNB binders are obviously more complex than those interac-
tions with green sand molds, the performance of ductile iron with

AFS Transactions

Table 10.
Effect of Type and Composition of Castings on Porosity Formalion

Binder Binder

Level Ralio Temperature Porosity Exient
Low CE fron {3.40 CE, Class 50):
1.50%  60:40 2700F subsurlace microporosily
and small issures

1.50%  ©60:40 2500F nil amounts of porosily

1.50%  50:50 2700F small tissures and F
subsurlace holes .

150%  50:50 2500F nit amounis of porosity :

150%  40:60 2700F severe fissures., i
subsurface porosity

150%  40:60 2500F Trace fissures

Ductile Iron (60-40-20): '
1.50% 6040 2700F none
1.50% 6040 2500F nong
1.50%  50:50 2700F none
150%  50:50 2500F none
1.50%  40:60 2700F nil to irace
1.50%  40:60 2500F nane

High Carpon Equivalent lron (4.30 CE, Class 20):

i 1.50% 60:40 27T00F none

1.50% 60:40 2500F none !

1.50% 50:50 2700F il to trace

1.50% 50.50 2500F nong

1.50% 4060 2700F trace to moderale sub-
surlace parosity

1.50% 40.60 2500F none

Test Conditions: PUNB binders cn WD silica sands: High CE
4 3iron: Low CE 3 45rom; Ductile iron (60-4(—
20): Pouring temperaiwse, varied betwasan
2700 and 2500F

these binders may. in actuakity, differ considerably . However, one
would expect porosity formation in ductile irons te be much more
difficult. due 1o the higher meh interfacial surface energy. Other
investigators have alse reporied a relationship between porosin and
surface tension in ductile irons.¥-=2% Finally. the bubbling of magne-
sium vapor through the metal during the nodularizing process effec-
tively purges most dissolved gases from the metal. aflowing for
possible absorplion of core gases without supersaturation. =2

Effect of Core Age

The effect of test core age within the first 24 hours afier sirip had no
effect on porosity formation. Test castings poured with cores used
immediately afler strip or afier overnight aging performed in a
similar manner. Results obtained from aging 1ests poured a three
pouring temperatures are listed in Table 15,

i test cores made with unbalanced systems were aged over
several days under ambienl conditions. the severity of the defecis
increased slightly. This phenomenon appears (0 be related 1o mois-
ture from atmaspheric humidity combining with unreacted marerial
in the polyisocyanale, and forming wrea structures. ™2 The porosit -

forming tendenciesof this Intier group ol substances is well known '-=*

They are reported to réadity break down into ammonia derivatives.
at high temperatures. that laer dissociate into nascent H and
N.12? both of which are highly soluble and dissolve very readily in
molten irons.
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Elimination of Porosity Defects

Numerous methods, both metallurgical and chemical, were investi-
gated as potential remedial techniques 1o eliminate defects in casi-
ings poured under somewhal adverse conditions. Most of these
techmigues were straighiforward in approach: however, those tech-
nigoes that may have resolied in reduced melt guality. such as trace
element additions of tellurium, selenium or bismuth, were not
evamined in ihe original research work, since it was felt that these
micthods would not be very feasible,

Anv potential gains in porosity elimination may have been
overshadowed by chilling and/or paormetal quality. New techniques
incarporating the use of proprietary inaculants containing carefully
controlied additions of serface active elements, as well as elements
that neutratize N (by forming stable pitride .compounds), were
examined and are reponed hercin.

Efect of Titanium and Zirconium Additions
Additions of Ti have long been recopnized as helpful additives in
reducing subsurface parosity defects related 1o N.'-* To determine if
o 1additions were effeclive in controlling porosity in test castings
red with PUNDB test cores, varying levels of 70% FeTi (20 mesh
and down) were added in the Jadle prior 16 pouring. Besides using
T3 FeTi. itwo commercial gray iron inoculants comaining Ti were
also examined, The effect of Zr on porosity reduction was evaluated
by adding 0.05% ZrasFeSiZr, as wellasincorporating Zrino ahigh-
potency proprictary inocolant. The casting results obtained from
these tests are listed in Table 12,

In almost ail cases, the addition of ssall amounts of Ti as a ladle
addition was eftective in eliminating subsurface porosity in castings
made with cores bonded with excessive Part Il polyisocyvanate levels,
In the case of 70% FeTi additions. Ti addiions of (1.05% were
effective in removing subsurface porosity defecis: however. a con-
viderable amount of surface porosity or smatl pores remained.

Since it is well known that 70% FeTi may be diflicult 1o dissolve
at temperatures below 2700F ( 1482C). resulting in erratic recoveries
and results, two proprietary Ti-containing gray iron inoculants were
also investigated. Proprietary Inoculant A was effective in eliminat-
ing porosity when the Ti addition level was 0.03%.

mnoculant B is based on 75% FeSi. and since inoculamts based on
75% FeSi dissolve more rapidiy than those based on 50% FeSi.?f
Inoculant B appeared to be more effective at somewhat lower Ti
addition rates, ™ No porosity was found when Ti addition levels of
0.025% were emploved with Inoculant B. FeSiZr was almost as
effccuive in eliminating porosity. hul somewhat higher fevels of
0.05% Zr had 1o be added. This wis not unexpecied because of the
higher atomic weighi of Zr.

Inoculant C is a potent proprietary gray and ductile iron inocu-
lant™ containing 30-3)% oxy-sulfide-forming elements. that was
modified by the addiion of 9.0% Zr tin the form of FeSiZn. With Zr
additions of (.0I5%, trace 10 no subsurface porosity was found.
Since Zr forms much more stable nitrides than Ti. more Zr must be
added because of its higher atomic weight. Hence. it is likely that
higher levels of Zr need 10 be added to Inoculant € for complete
porosity elimination. Although Inoculant C did not entirely eliminaie
porosity, it was the most effective of-the three inoculans wested.
reducing chitl. and produced the most uniform microstructure, con-
sisting of 1005 Type A graphite flakes.
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Table 11.
Eflect of Core Aging on Porosity Formation
Core  Binder Rstio Porosity  Pouring
Age Level PLIPLY Extent Temp,
1hr 1.50% 3565 severe 2700F
24 br 1.50% 35.65 severe 2700F
1he 1.50% 35:65 traces 2600F
24 ty 1.50% 3565 traces 2600F
1hr 1.50% 3585 none 2500F
24 v 1.50% 35:65 none 2500F

Test Conditions: PUNB binders on WD silics sands; 4.3 CE
{Ciass 20} iron; Powring lemperaiure, 2700F

Table 12.
Effect of Titanium and Zirconium Additions on Porosity Formation
Binder FRatio  Porosity |
_%‘Addillorl . Level PLEPLIL Extent
0.00% 1.50% 3565 very severg
0.025% Tias 70% FaTi  1.50% 3565 frace to
moderale

0.050% Tias 70% FeTv  1.50% 3565 none

0.025% Tias Inoc. A 1.50% 3565 trace

0.030% Ti as Inoc. A 1.50% 3565 nane

0.025% Ti as Inoc. B 1.50% 3565 none

0.050% Zr as FeSiZr 1.50% 35:65 none

0.025% Zras noc. C 1.50% 3565 trace (o none

Test Condilions: PUNB binders on WD silica sands; 4.3 CE
iron; Pouring temperature, 2700F (1482C)

Inocutant A: 52% Si, 11% Ti, 1.25% Ca, 1.0% Al Bal-Fe

Inoculant B: 75% Si, 1% Ti, 5.5% Ba, 3.5% Mn. 1.25% Ca.
1.0% Al Bal-Fe

FeSiZr. 35% Si, 33% Zr. 2.5% Ca. 1.0% Al Bal-Fe

Inoculant C: 47.0% 5i, 33% oxy-sulfide-lorming elements, plus
9.0% Zr. Bal-Fe

Table 13.
Eftect of Selenivm ang Zirconium Additions on Porosity Formation
Binder Ratio Porosity

% Addition Level P EPLII Extent

0.00% (std 75% FeSi) 1.50% 3565 very severe
Ingculan Takiet D

0.0048% 2r 150% 3565 severg
Inoculant Tablet E

0.0048% Z¢ and 1.50% 3565 severe

0.0019% Se 4

Test Conditions. PUNB binders on WD silica sands: 4.3 CE
iron; Pouring temperature, 2700F (1482C)
Standard Inocuiant: Foundry grade 75% FeSi with 0.75%
Calcivm, 0.33% addition
Inoculant D: 9-gram inocudant tablet containing 27.7% Si,
28.41% oxy-sullide-forming elements, pius
8.0% Zr, Bal-Fe
Inocutant E: 9-gram inoculant tablel conlaining 25.6% i,
26.88% oxy-sulfide-forming elemenis, plus
- B.0% 2Zr and 3.3% Se, Bal-Fe .
" Zirconiym and Selenium parcentage levels based on the 35-1b
step-cone pouring weight

AFS Trangactions
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MetaHlogeaphic inspection of the castings made with 70% FeTi
showed that higher addition raes of Ti (0.05% and grealer} were
effective in tying up N as Ti compounds (TiCN or TiN) and
preventing re-precipitution as gas holes during solidificasion. Simi-
Jar resulis were ohserved with the proprictary inoculants. The FeTi
additions were not, howeves, elfective in preventing surface reac.
tions associated with lustrous carbon packmarking reactions from
the high pouting temperatures employed during this phase of the
invesligation, The praprietans innculanis akso showed some signs of
lustrous carbon-related surlace porosiny,

Effect of Zr andd S¢ In-the-Maold Additions

Addition of seleniun 10 stainless sieel castings pourced in preen sand
molds ix very effective in eliminming porosity.! Selenium is a sur-
Face-active elemem and con result in degenernie graphite forms, Te
evaluate the effect of controlled amounis of Zr and Se on porosity
elimination in gray iron. very small amounts were added (8.0% Zras
FeSiZr) 10 a proprictary 9-gram in-the-mold inoculating tablel. A
second experiment was alve run with a supplemental addition of

3.3% Selean8.0% Zr-modified proprietary in-the-moldinoculating '

tabler. Casting results obined from these tesis are listed in Table 13

Castings made with either Zr. by itscll or with both seenivm and
Zr contained subsurface parasity. The presence of porosity in the
above castings is probably the yesuli of addivion of insufficiem
weatment atoy. It is imeresting 10 note thay the microstruciures of
both costings treated with the 9-gram ineculating tablets were some -
what improved. containing 1% Type A graphite, compared to the
siandard ladle inoculation wish 737 foundry crade FeSi containing
0.75% Ca, which contained ~ame Tapes B and D graphile. Addi-
tionat cxperimenial work rernaim (e be conducted in this area. using
larger inserts with greater amounts of Zr and Se additions.

Eect of Tron Oxide Additions

The addiion of even sl amounts ol red iron oxide had an
overwhelming effect on poresiny ebimination. The results of addi-
tions of varying amount~ of 200-mz<h red iron oxide {Fe-0: or
hematite) to PUNB core sand mixes a5z shown in Table 14,

Additions of as litle ax € 25% red (hematile) iron oxide were
sufficiem 1o inhibil the formation of all traces of porosity in test
castings poured under adverse testing conditions, It must be noted
that. since commercial foundry grades of red iron oxide occur
naturally. not al) grades may work like the grades used in the
experiments, Further. it has been shown that additions of Fe.Q,
{magnetite) are not nearly as effective as hematite in controlled
casting tes1s.2-2 Casting tests run comparing hemalite 10 magnetite
are shown in Table 15,

These results clearly shaw the effects of iron oxide mineralogy
and chemistry, Although two of the iron oxides had similar mesh
sizes (325 mesh and down), the 325.mesh red iron oxide (hematite)
clearly outperformed the black iron oxide (magnetile). as well as a
coarser {10{-mesh) European hematite ore of relatively high purity.
te can b concluded that -en enide purity doesn’t appear to be 2
determining factor in the periormance of an iron oxide and its
subsequenteffect on porosins elimination. Although black iron oxide
additions are commonly in use todov. much of the accepuance of
black oxides is more likely related 1o reduced surface area consider-
ations. Sand additives with reduced surface area allow for reduced

resin consumpltion and iproved coremaking econamics. However, . . |

careful consideration must be £1ven 10 the superior effectiveness of
red oxide in preventing porosity. whan choosing an oxide addivion.
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I should be noted that, although some iron oxides may contain
various pereentages of TiO: (titanjum dioxide) in their mineralogy.
it is doubiful whether sufficient 1ime or quantities of the elemem Ti
could be reduced and be availuble 1o react with N during the casting
process. Henee, the presence of TiOzin iron oxide would not impan
any heneficial effect on minimizing porosity susceptibility of N-
hearing tesiny. All of these (indings illustrate that red iron oxide
almost always outperforms black iron oxide in preducing sound.
porosity-free castings, ax well as minimizing other resin-relaled
defects, such as lustrous carbon. ¥

To determine the effect of iren oxide granutarity. other grades of
hematite (Fe103) were tested using the conditions outlined in Table
15. AL 156 and 4005 levels, 2 much coarser-grained hematite
addition was also effective in eliminating defects, even though it
was relatively randomly distributed in the core. due 10 ils Jurpe
particle size. This behavior, coupled with how effective 0.253% red
iron oxide was in eliminating porosity, appears 10 preclude the
long-accepted role of iron oxide in preventing defects. The role of
iron otide in preventing porosity has long been linked with its ability
10 react with silica to form fayalite, which. in tumn. forms a “physical”
barrier, preventing pas solution. At the low levels investigated, und
bzcause of the behavior of the coarse grained hematite, it appears
probable that iron oxide is somehow affecting the kinetics of gas
absorption by the solidifving metal. Regardless, such small addi-
tions could certainly not be effective barrier formens at the levels
emploved.

Table 14,

Efect of Red ron Oxide (Hematite} on Porosity Formation
Binder Binder
Level Ratio %s lron Oxide Porosity Extent
1.50% 35:6% G 00% severe
1.50% 565 0.25% none
1.50% 3565 0.50% none
1.50% 35865 1.50% nane
1.50%% 35:65 2.0% none .
1.90% 3565 3.0% none

Test Conditions: PUNEB binders on WD silica sands; 4.3 CE
fron; Pouring temperature, 2700F

Tabie 15.
Effect of lron Oxide Type or: Porosity Eliminaiion

Binder % lron Mesh
Level Qxide Size

Porosity -
Oxide Type Extent ;
1.50% 0.0% — none severe
1.500% 0.25% 3258 Fe:0, (red) none ;
1.50% 0.25% 325 Fey0. (black) severe
1.50% 0.25% 100 hematite ore severg !

Test Conditions: PUNB binders on W.D silica sands: 4.3 CE
iron; 35:65 Ratic Part I:Part Ii; Pouring
temperature, 2700F

Fe, (0 assay: B7% Fe ;. 8.0% Si0y, 2% Al;0;, Balance not
reported

Fey0; assay: 62% Fey0.. 1.5% Si0;. 4% Al05. Balance not

o raporied i

Hematite are: $2.5% Fe 0. 4.75% Si0;. 15 ALD;. Balance

not reported
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To further establish if the formation of a skag-type barrier at the
mokd-melal imerface is 2 viable mechanism responsible for porosity
elimination. additions of sodivm fluorcaluminate {or crvolite) were
criployed as sand additives. Cryolite has a melting point of 1825F
(996C ) and does pot rely on reacting with silica, as does iron oxide.
1o form a shag: crvalile will Tiquely in-sita to fomm such a barrier.
Addiions of 0.5, 1.0% and 2.0% were cvaluated in exacily the
s mannes os bhe previoushy reponed iron oxide additions,

The rexulia obtained from these tests are shown in Table 16. In
these castings, veining defects were minimized. bt considerable
hurn-on W as gresent, which appeired 1o be the result of severe sand
fiuning. However, in all cases, severe subsurface porosity was found
in the 1est castings,

Effect of Core Washes

A considerable number of experimental core washes were applied to
1est cores. 10 determine effectiveness as porosity inhibitors, Most of
the washes were proprictary formulaions, but contained varying
amounts of red iron oxide. Othery were made by incorporating
additives toahase geb. Casting tests were run (using thos¢ conditions
previously described) that promoted porosity. Resulls of these texts
indicated thar propriciary red iron oxide-bearing washes provided
very slight orna reduction in porosity defects. Experinkenial washes
composcd of aluminum powder and Ti powder provided similar
perfonmance.

However, 2 1009 red iron oxidz (Fe:0:1 wash, and another
prepared with sodium silicate and iron ovide. compleicly prevenied
the fornution of porasing, Thic achicvement was accomplished but
at the expense of severe serface finish degradation The sodium
stheare red iron oxide wash drieriorated the casning surface only
shightly . but the 1007 red iron ovide wach had a very delewerious
cffect on the surdace.

(h erath results tended 10 indicate that adequate amouits of iron
oxide were noterployed in proprietary washes: how ever. inexperi-
mental washes with red iron ovide, foo much wax added with a
resultant Joss in surface smoothness. Apparently, a delicate halance
eabsts betweenthe amount of iron oxide needed for porosity elimina-
tion, compared 10 the amount that results in deteriorated surface
finish,

Effect of Core Post-Baking

To detwrmine the elfect of core baking on perosity elimination,
serveral 1est cores were subjected 10 pest-baking or curing for three
difterent times (1. 2 and 4 hours), The resuhs of these wests are
surmmarized in Table 17,

Castings made with test cores baked at 450F (232C), but for
onthy one hour. contained severe porosiny defects. Intermediate times
of two hours significanily reduced the extent of porosity. Baking for
four houre at A530F (232C) produced a distinctive core calor change
to clweolale brown, and had a sicnificant effect on porosity elimina-
tion. For thorough baking to oceur. it hay been fovund that a color
change usually accompanies such a ireatment. and up 10 55% of the
bindér is volatilized. Although such lengthy times may be impracti-
cal. higher haking temperatures or short times at high temperateres
might be effective in reducing o erall binder level in the core sur-

face Lavers. Baking also demonsirates that somé free hydrocaibons™ -~

are unduuteedly volatilized. and nitrogen componenis from the
Pan I resin may undergo Tunther reactions to form more stable
compiunds,
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DISCUSSION

Although several variables have been idemtified that cither exagger-
ate or promote the formation of porosity defects in PUNE binders,
these variables are. in one way or another, related 1o 1he gascous
decomposition products genchited by the resin during casting. De-

composilion pases cnnsu-;lmg of both H and N are readll) liberated
during casting pouring and during subsequent solidification. High
pouring temperatures further enhunce both the breahdown rate and
amount. as wel) as favor increased gas soluhility in the liquid metal.

High pouring temperatres also have a significant effect on liquid
metal surface tension, which has been shown 10 have a significant
effect on porosity formation.*!! Because both H and N are readily
avatlable and extremely soluble at the casting lempcmlures em-

ployed. their effect on potential porosity defecls is ofien .add:ln.c

Numerous chemical analyses taken during this investigation
showed that considerable pickup of both H and N occurred in the
immediale subsurface layers. when conditions favoring porosity

“-iwere emplayed, Atdepths of 0.25 in. (0.6 cm) and more below the

cored surface. H and N levels lended 1o be quile low and representa.
rive of the hase menal. It is probable that. just before solidification,
momentary supersaturation of both H and N exist just under the
casting surface. This complex N/H effect hus long been recognized
by other investigators.52%* Further, il a considerable amount of
nascent N s dissolved in a casting from unbalanced binder ratios
lavoring excessive polyisocyanate components. the presence ol even
asmull amount of 14 will serve 10 lower the overall solubility of N,
Suted another way, H may be exerting a catalytic effcct on N to
enhance po poroqlt\ formation.

The same effect of alloving elements on gas solubility is well
known and acty in a similar r anner. To further aggravate conditions,
if the meldinitially has a high gas content resulting from the use of
poor charge metallics or carbon additives. then the tolerance for
additional solution of nascent mold of Core gases is reduced consid-
erably, and porosity formation _Qe_r:_orle_s_‘g_[&!_r‘cﬁl-'ﬁg‘ly favorable.

Table 16.
Resulls of Casling Tests with Cryolite Additions

Binder Binder

Leve} Ratie % Cryolite Porosity Extent
1.50% 35:65 0.0% severe

1.50% 35:65 0.50% severe

1.9% 35:65 1.0N% severg

1.50% 35:65 2.00% severg

1.50% 3565 2.0% Severg

Test Condilions: PLUINB binders on W/D silica sands: 4.3 CE
iron: Pouring temperalure, 2700F for all tests

Table 17,
Results of Casting Tests With Test Cores
Baked for 1, 2 and 4 Hours

Binder Binder  Temper- Porosity '
Leve! Ratio ature Time Extent |
1.50% 3565 450F Th  severe ;
~1.50% 3585 ‘450F 2t CUhiltgtrace |

T 150% T 3585 4S0F dhe  none [

i Test Conditions: PUNB binders on W/D silica sands; 4.3 CE
N iron; Pouring temperature, 2700F for all tests

AFS Transactions
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Fig. 8. Microstruciures of sound (feff) and porosity-coniaining {righi) lest castings
immediately below mold-melal inferface.

W

-

O
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Fig. & SEMs taken from interior of porosily defecls {originally 20X. 2000X and 5000X).

T pical microstructures exhibited by sound and porosity-con-
taining castings, taken in the immediate vicinity of the mold-metal
interace. are shown in Fig. 8. In all cases, no difierances in either
matriy structure or graphiv morphology were found. Both micro-
structures contained the same fersilic-type matrix with Type A
graphite. The solidification rate and composition of a1l base gray iron
beats favored this tvpe of xiructure. Although it is widely recognized
that H and N are carbide stabilizers and favor formation of pearlite
as wel as other praphite strocture~ =1 i appears that insufficien
time was available during solidilication and subsequem cooling
through the transformation temperatures. for such phases (o form.

Although most gas holes exhibited a bright or shiny interior of &
graphilic nature. no such films were observed during optical metul-
lography. Further examination of these areas by SEM showed
distinct lavers of what appears to be a crystalline graphitic coating
lining the interior of the gas holes (see Fig. 9). The presence of this
cnystalline filmhas been reported by numerous other investigators, ) #

The morphelogy of gas holes that formed took many shapes. even
in the same casting. Both fissure-1xpe gas holes. and small spherical
and pear-shaped holes were very ofien observed in the same casting.
Although. for the most pan. gas holes that formed were localed just
underneath the surface. and most extended no more than Q.25 in, (.6
cm) imo the casting: a few castings contained gas ltssures almost
0.50 in, (1.27 cm) long (Fig. 10). Because of the sub-surface nature
of the defects. the incorporation of Targe amounts of alloving ele-
menits that form stable I compounds may not be needed, since only
these sub-surface layers are affecied,

Incorporation of proprictary N-stabilizing elements or “scaven-
gers.” which include both Ti- and Zr-based ferroallovs, may offer
additional possibilities for treating binder-induced porosity defecis.
Likewise, in-the-mold inoculming tablews incorporating Zr for N
control. and small amounts of 5¢ for H control. slso offer promise
{or defect elimination. G ' :

Although the porosity studies focused on using ladbe additions of

N-stabilizing ferroniloys, the use of beneficiated ilmenite ore has

AFS Transacllons

also been shown to be a very effective method of introducing the
element Ti. Mikelonis* reported that ilmenite ore was the mosi cosi-
effective method of iniroducing 0.04-0.07% Ti levelx to cupola-
melted irons. The Himenite wits added as Ix2 in.(7.6x5.1 con) ilmenite
ore 1o the cupola charge. In this research, it was reported tha Ti
recovery levels were 30-30% of 1he 101a] amount of Ti in the ore,
Oiher developments ginved at improving Ti recoveries are based on
wing beneficiated ilmenite ore that incorporates a proprietary blend
of halide-comaining Nuxes ** Such products are available in the form
of a briquetie or tablet, and can be uved as either a furnace addition
or ladle addivion. These producis may also provide improved mely
quality by coalescing liguid andfor solid stagy with the mild fluxing
agents incorporated in the 1ablet or briquente.

It is pot well understood how small amounts of red iron oxide
10.25% addition rates} were so effective in eliminating subsurfuce
porosity in the test castings. It has been suggesied that the red iron
oxide is exerting some type of "catalytic effect™ on binder decompo-
sition products that minimize or aler the generationof N and H gases.

}-i’ﬁ. e

10. Morphology of subsunface gas porosity (1.5X).

Fig.
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Onc such theory it that, when exposed 10 the sudden high
temperatures of iron casting, red iron oxide (Fey02) readily relcases
oxs gen. This released oxypen immediately reacts with N decompo-
sition products frem the binder 1o form smable NOy compounds.™
Since hemutite (red iron oxide} has & much higher concentration of
ovygen compared to magnetite (hlick iron onided, and based on the
jmproved performance of e iron oxide compared to black. this
wiechanism cerainly appenrs 1o be very feasible, However, it is
recommicnded than additional rescarch be conducted in this ares.

CONCLUSIONS

1. Unbalunced PUNB systems favering excess Poart 11 or
polvisocyanawes promote (he occusrence of gaseous mold-menal
reaviions, resolting in both surface and subsurface gas defecis. High
binder levels alvo lended 10 slightly increase defect propensily. even
when balanced ratios were employed. Balanced or slightly unbal-
anced ixocyanate/polvol hvdroxyl ratios Favoring excess Part | were
relatively unsusceptible 10 such defects, alihough a few cases of
slight porosiny were found.

2, Inadequane mixing that results in paor distribution of the binder

components inthe mix was abso found 1o aceentuate porosity form-
lion,

3. The temperature of the mohien iron. as it comacied the core
surface, win found (o hay e a significant effect on porosity formation
when castings were poured uncer conditions favoring their forma-
tion. Severe porosity defests were formed at 2700F (1482C) and
higher. As the iemperature was reduced. these defects became fewer
in number and intensity until none formed a0 2500F (1310).

4. Porosity fomation swas found to he very sensitive 1o core sand
tvpe. Lake sands were relatively insensitive to defect formation,
while high-purity. round- crained white slicasinds were found 1o be
Lery sennifive.

5, Cast iron composition had an effect on perosity formation.
Ductile iron was least suscepiible 10 defect formation. while low-CE
QRIS W ere most su%ccpt.ihlc.

6. Addition of Ti compomnds. cither in the form of 70% FeTior
proprictany gray iron inoculams containing Ti. were effective in
eliminating porosity defects. Zirconium additions were also some-
what elfective ineliminating defects at the addition levels employed.
Incorporation of FeSiZr ino a propriciary inaculant was also found
10 reduce the incidence of defects.

7. The addition of sall amounts of red iron tFe20y) oxide (R2%
minimum purity) to silica sand mixes was extremely eflective in
climinating porosity., Sound castings were obtained with additions as
small as 0,255 red iron oxide. Black jron oxides were aol nearly as
effective as red iron oxie.

§. No menllurgical changes in either graphite morphology or ma-
Irix swruclure occurred in the gas-affecied mold-metal interface
region. A layer of film. probubly eraphitic innatuee. wits found lining
the intemal surfaces of maost gus holes.

9. Porasity defects tended 10 form in ceometric hot spots or re-
entrant angles on the teat casting. The location seems to indicate that
Yocalized heating of the cors re-entrant angles creates a condition that
results in a momentany supersaturation of the surface layers. Gus
analvsis taken well benewth the affected surluce layers showed
normal gas contents.
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