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1.

“he laportanse of the inflgense of solable s:lts in
poreelain saspel will Mouors hee loog besn roollized, cofl soversl
inveatizstionn 7 nuve veen made o devaler o beitisr undersiande
ing of {ired couuel propertles o o¥fested Ly the soliuble oonetlte
uonts la the ellp. This phose of omoeel reseccgh was stinulated
Best vy recogmlilion of whe pele o0 g5luble salte in deterdning dhe
prosert; @f spsuel il sirengda®y with oartioulor regard for the
oeleot “taring®, Most of ithe work in this field hus boon Qolie
gusaed with She asklysls and correetion of eoertelin shop prodlecs,

Table X1, ssowlng o fee of e wyricd of chenieol roace
sions posslible ia wn ssspmel mill lauor, nskes olesr boe of lhe
reasens Yor she leek of date sonosrning anythling wore thon &
aposific problex., The fonlsation bebavlor, she enlublliliziies and
netures of orystollisution, snd the pyroohemicsl properties of
thess salle muet alaw bz considered in s investigation of their
sflrcta when yresent in We Prit, cluy, and weter systen of a pore
sulain opanel. “he augyiaxiwy of & Faodanentul stedy is appavent,
and the dats ohlaloed would be useful only 4P 1% contained mimute
dotsil of ewery posslible suse ower the brosd Fleld of variqbles,

However, reosnt advances L0 mothods of aﬁuﬁy*&aﬁa
rought rorwerd new Sechniques thot allow the eliminstion of sume
of the above coiylexities. Methods of grouping of varisblea have
bsen developed for more careful gontrol, snd the utilization of



Table 1, Possible Chemical Resotions Between Soluble Smlts

Pragent 1in Spaamel 111l Licuocrs
Bai}lg

BaCly + HgBiFy = 2HC1 + HeSiFg

BaCly + HgBOy = BaSO, + Mglly

g&ﬁlﬂ + (ﬁﬁq)gﬁag - 31’3@3 * &ﬂﬁhfﬁ,

BaCly + {NHy)p%05 = BaSO, + ZNERCL

33&912 e 3 Qiﬂf!g?}m}g - 33‘»53{%%&3& + ém‘igﬁl

3&@13 4 PHReOH = mx(t‘;ﬁﬁ}& + 24Ul

BaCly + NegBuuy + 3HaU = 2Wafl + 2HyB0y + Ba(BO)p

ﬂam@ #» Mamﬁ% e 3&'51{23 +  PHall

Raﬁla + %&2%;% % BaBuy + 28al}

HyBily ® HiGz + HaO

2HyBOy = BaOy + 3Hg0

yBOy + 3uF = 3Mg0 + BPy

BHaB0y + 2HaCR = NagByOy + THzo

WH4B0y = 5Hp0 + HpByoy

Hebly 4 NeCH = HaBOp + QW gl

ReBUy + NaOH = NoHphty + Hg0

bRgB0, + Ha 0y « Raghyoy + BHP + Co2

A0g
BBy = By HP

HBO, + NaOH = Fabd, + Hy0

2,



2B,0y + 2H0 = MHBG,

232ﬂ3 + K3ﬁ~ " ﬁ2$&97

giy0y + §wgm - ﬁﬁgﬂﬁs

83$3 * Eﬁaﬁﬂg - E&£3ﬁﬁv

ByOy + NaOl = 2uaBO, + KU
Bo0y + Kagloy = BeyBu0y ¢ Uy

BaOy + SHaghU, = 350, 4 Bia,P0q
2By BHF = HyPGy + M0 + 3HBF
ﬁauL?

ﬁaﬂla + Baﬁu& " Qaﬁﬁg * Eaﬁlg

30aCly + HyuiFg + GHaOH « 30aF, + 6NaCl + SU{0H)y
%ﬁa@

Eﬁﬁlz + QHa¥ = Qayg 4+ 2%a

@ﬁﬁla + PHal = ﬁm{@ﬁ}a + Z2Hal)

%aﬁla + 2HaAlOy, = 2KaC) + ﬁa(&lméia

Gaﬁla + ﬁ&aﬁﬁﬁ s ZHall » ﬁaﬁﬁ]‘

» 8§10

HgBl0y = HpBiyUg + 30
Ha810y HapCoy = Mep310y ¢ HOOg
oS40y BeQlp = BaBi0y + 2RO
Ha810y Callp = CaBlOy + 2801
Hp810 NepBOy = HapS10y + HaSO,
2810y 2504 2%1¢y

»

* + %
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* ﬁaﬂlg * Sﬁaﬁ m DRetl ¢ ZB

+ 3ﬁaﬁ‘ & Eﬁsﬁﬁa + 2Haﬁﬁg

*

+ Hegloy « iagBpO, + Cop

Ball, = BaC0y + 24all
Bagly = limpH0y + BaOOg
Gally = CaCly + ZHall
QHL0 * ZHAUH +  HplOg
Hglly ® Hglos + Haghiy
ﬁgamﬁ. - H@@ﬁg + ﬁaaﬁﬁ&

ﬁaaﬁiFé +* Raﬁ
HF

Hgily = ﬁaﬁﬁﬁg +  #gl ﬁﬁ}a
Ha BiFg = 63aF + Bi(dH)y
ﬁuﬁlz = Hal + 2HaCl

HaOH + HBOp = HaBOy + ﬁzﬂ
RaC « H;ﬂ@; « NaBGs <+ Eﬁgﬂ

Hap81Fg

Ka 8i¥Pc + RiaOH « OHaF + B1{0H),

ana&f‘ + 2Hazﬂﬁx + H,0 = HiaF «

3865 & aaiﬁﬁz}

6laF o Ho810y + 200p =

Haﬁiﬂj + 2&@2

b4
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xggﬁgﬁz
Haa®ily 4+ Cslly = CadlUg + 2isld
NagSity + 6HF = QHa¥ . g1¥y + 3H0
NepBlly + GHF = MesGiFg +  Jig0
NagBlig + Hal = ZHROH + Hp910y4

ﬁaﬂ Sy + Ba Gﬁ} = BeU0y, + Ha Eﬂﬁz
ﬁﬁa%&& + Emﬁlz & aﬁaf‘gl * X&&S}Q}.‘
HagBly + OnCly « (a3l + 20aCl

furtbher osrsnshez of oeramic technology has made poesible & mors
geperal spplication of the date of specifie eases. The trend of
gtudy 18 definitely toward the more detniled type of investig=tion,
but sbvivusly, the most valusble type of duta that could be con-
talned in o prﬂixmin&ry study of this sort would be & slaple, work-
able soncept, applicable to a whole fisld of related cases,
Sbject of the Study

With full copelderation for ths above, thia investigntlion
wap started. Specifieally, the sroblesm 4eslt with easmel file
strength; with particulsr regard to the defoct tearisg. The objeot
of the investigzation was to further clarify the meshanlem of Lwear-
ing as affsoted by ensmel film properties. 4e would be expesoted,
the nmaa;tta problem neosssarily lavelves the mors generel objeot
of furthering tue knowledge conosrning the effsots of woluble salts

in poroslaln enumel m1ll lisuors.
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Gopersl Ztetement
the sxperisents) work of pressdlay invseilgniors has Daen

gsohserted only with the Iype of Besring known as *theraal® tesring
or that type wnich resaults fros the offsols of soluble anlte in the
#ill licuors of zosreoelaln encsels., Saothey %yoe whlen 1l rsooRs
nized by induastry s She mechanlterl Senring #hleh srisss fron Legde
ing the 4ry, vhlte sover smemoel %o sath » degree thal rapturs of
the ooat ocrure resulilpg in tenr araciés whilekh aopesnr after fusios
of ths enszel, Thle type of Searing is often very troublssoue to
srodasers of poreslaly ensmslied signg or sy othsar snaneled ware
publestnd to banslag durlng proteszing. Hoce thla fype of runture
is recopgnized as Sesrlag io Ats alopler Form, 4% was )% that =
portion of this otudy should be given over to an lnvestigation of
machenlonl Seariag.
fropgdurs le~Crone Bpading of Ury Enesels

The study of seehaniesl tearing was begun by drosz beading

dry ecover~goat enomsled vleces In = glanle Fulerua-lever bending
devioe, firiag ths pleces, snd then observiag the resultsat costing.
Yhe specimens were Soverdd by spraylng ground cost esameled stook
with 45 grems per saquare fuot of cover cost ensmsl. Five speclmens
for each enamel wers croes flexed on a five-inch spanm, the degrae
of flexing inoressing in inoresents of 0,05 ineh from the first
ssaple at O flexurs to the FAFLh sample at 0.25 iach flexure. The
8ix enamuls ueed were stsndsard whits cover coxta sheracteristic of
the ﬁirferant typee of white ehamels used commerecially at present,

hese enamels for the prel lsinary survey were prepared by wet



1.
grindiag of sach frit with the standard =11} additione. In 2ddition
to the sbove specimeas, 2 number of aamp&@g were appllied with enam-
els prepared from the cams frits se svove, but having s this cage
alll added agents reputed to be effective in ineressiag the resist-
snce of dry mmaasls to sechraloal tearing. ‘These agenie, %gﬁws.
arable and tragaosath gume, bentonits, and swmoniuas =lginute, were
sddsd as 0.5 peresnt of the mil) baten. In ocrder o obtain the
relative effeotivenoss of the added apenta, these snsmels wers

trezted ia the sz2me mannsr as those sbove.

T™he reeulte of this zeries of axperisents showed pris-
oipally that both sechanical sad theraal tearing have the sane
appeeraoce in the fused sassel, the mechanlor) tearing teing emelly
dlatinguished by 1ts directionnl nsture. That is, the mechanleal
tenrs are alwaye dlstributed in such & msnner that the spollied
8traln 1s relisved,

The alfferent frits, when incorporated in the stsndard
sosmels, showed morked differences ia thelr ocapsoities to resist
the mechanical stresces, Thls serisa is shown in Figure 1. Yhe
characteristic of one Irit betng able Yo resist meohanieal tearing
better then snother iz elthsr due to 1%e capasity for reststing the
applicd mechanical etrese or %o its capaolty for hesling the orsocks
nore completely during fusion., If the former la trag, the 41f-
farences between the enasals ars only due %o Aifferant qusatities
aud kinds of solubls zalts present whloh bave been leachsd from the
frit. 17 the latter supposition is trus, ths hesling cepscities
of the snamels aay be dependent wpon either the type and guantity
of soluble salte present or upon ths lteapersture~viscosity relatiosans
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of the enamel,

The oross Tlexed seaples of the snsmels whleh contalned
the mill sdded resgente gave the following results: %gﬁﬂg in-
oressed markedly the resistanee to acchanlesl tearing, bentoeaite
increased raal&taﬁés alightly, snd zums had 1itile or Bo effect on
rezlistanee to this type of mechanloal tesring.

The setion of ﬁgﬁﬁa in lﬁﬁraasingvtka raglstance of ub
ensmel %o mechenloal tearlug is probebly due to n softening or
veakening of the enamel. ihet i, the Hgﬁ&3 giver the enamel ooat~
ing a fluffy sod soft texture in wnlech the atrains applied wmay be
better sbeorbed then in an enamel film having a brittle nature. On
the other hand, the bentonite wprobasbly exerted s strengthening a0«
tion on the ensmel glving it metually more sirength and possibly
gore elasticity with whaleh %o rsalst a bending stress, The inorsasse
in resistence to mechanioszl Ceonring was not as marked in enszsls
contalning bentonite a&p 1t wae with those conlaining xgﬁaz.

The d4ifferences 1a the reslstances to mechanlesl lTespring
of the first series of enszels investigated led to- several new
branches of sxperimentation. As has Dssn seld before, the superlor
gualities of one snswel over ancther ars due sither to the chap-
noter of the dry ensmel ap regerds 1ts resistance to mechanical
flexing or to the ocspsoity of the ensmel Yor hexling wore comwpletely
during fusion, The lztter supposition would be depeadent upon the
visoosity-tezperature oharasteristics of each frit as well as upon
the aame charseteriptios of the solubls saltez present. Although
the soluble salts preseant in =n enamel seldom excesd s Total of
0.4% of the dry weight of frit employsd, their sffsct must not be
neglacted,



1Q.

frocedurs g-~Study of the Lffest of Soluwble fnlts on Meehnnienl
Tearing

In order t sliminste the viscoeity fsctor introduced by
the different frite, one frit was choses and from it were prepared
s series of ensmels coatsining varylng proporticns of HeBUy and
HaRlg, the soluble ealts previcusly foumd to be effective in osuse
or prevantion of thersmal tesriang, The proportions of sach suli
used 1o each snamel wars sz shown in Table 2,

Salts were added to give 1 sraw total HeNQ, + HyBliqg
per 100 grams of Iyit,

Table 2. Soluble 321t Compoalitions

g

| % Gus, @ TS
smmﬂ _ Bago Nako,  By0, HyBUy
1 70.6 1.57 23.%  0.523
2 6.0 1425 36.0 0.6%
3 59.0 1,313 §.0 0. 728
i 57.% 1,24 b2.5 0.755
5 k7.0 1.085 53.0 0. 942
[3 45,5 1.012 58,5 0.97
7 3.5 0.92k4 58.5 1.0k
8 21.% 0.612 72.5 1,288
9 25,0 0.556 75.0 1.35
10 13.5 0, 102 86.5 1,535
11 £.0 0.178 92.0 1.63%

These additlons to o Ar:rmm&iiaa, elagle typs, frit gave a
serlos of snsmels whioh 4iffered only in the wamﬂr of soluble
salt, The enmsumslsy were praparsd by rapldly sixiag the previously



11,
dry willed frit with water, clay, and electrolyte. Thls lreatsent
pinimized solutioca of the frit. Ssaples were sprayed ss dDefore to
45 grams dry enamel per square fool] dried thoroughly, and five
specizens of each ensme)l were cross flexzed over & range from O %o
0.10 iuneh, esch ssmple beiny flezed 0,025 ineh more than the pre-
peding one., These smmples were fired for taree minules al 14 50%F,
the erm&l saturing temperature for tals enasel,

Resul ts |

rhli geries of snsmels, photograpbed in Flgure 2, shoved
very clesrly the two separate and distiaot types of tearing. In
the region of medium NakQ,, the tear erscks wers of the pure sschan-
ioal type, while the enamels bigh in 333&3 showed gevere thermal
tearing. 4The unflexed ssmples high in ﬁ;ﬁﬁ3 were thermally torn but
the five or six unstressed enamele grauy#ﬁ around the reglon of
NapU "32@3 were from sl1 atapdpolats good enamels, The stressed
eanples arcund tils metaborate reglom, however, gave marked evie
dence of the 4ifferences in reslstance to mechanlesl Seariag of
these norsnlly good enamels. That is, the gamples at or viry aear
to the godium metaborate lime showed ths maximum resletance to the
aschanioally made defeot, the tear linse becoming worse for each
constant flexure with sn ineresse of eithsr mluble ealt, Those
stressed samples containing a large proportion of HyiiGy &e &
soluble salt showed the effects of both mechanical and the raal
tearing. GCoasidering only those pnzmels of this series whioh were
ordinarily good bafors stressing, it say be sald that the a;r«
ferences in thelr resistances to mechanioal tearing were due only
to the differences in the quantity of the soluble salte pressat,
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whnether the proportions of these salte in those shanels gave tuem
mors setus) mechanical resistance or whether they allowed better
healing during fusion, %he sffeetive siulmization of mechanlcal

tearing was due golely to the soluble galty pressut,

?Wemﬂrg gud Hesults--Study of the Effest of Zoluble Hslia on
sion of '%um Lnasels '

The next step was to atieapt to dateraine whether the
stressed sasmels eonteinlng the proper porportions of sclubls salis
hesled bettor oun fusion, or whether they szotuslly crscked to a
lesrer degres during Tlaxing, It was thought that the investiga-
tlon sould be carried out by choosing three ensmels from the serles
of i‘igm:t 2, cloee snough to the sodiur metaborate coaposition so
that sll three would be, while uaflexed, smong the good ensmels, A
nunbey of émgslm of these enamele were then flexed to a degree
that caused rupturs in al! thres series; thea they were fired at
the normal firiag tempersturs for varving leangths of tise so that
the progress of widening or hesling of the orseks oould be followed.
Ia theory, the method should allow the visual determinstion of
whether one sasmel Lad mors oracks than snother at the beglaalag,
or vwhether the second enamel fused the oraeks over o a greatsr
degree than the first, After completion of this experiment, it was
found thet the sbove suppoeitions were not entirely tras., It wae
lmpossible to deteruine the relative degrees of erackiag during
the first stages of firing as the ensmels showed no visible signs
of eracking until incipient fuslon began. In sddition to Shie, the
snnnels drawn from the Turnsoe before fuelon tendsd to flake from
ths metal durlag oocoling so that whole sheets of the cover tost
oould be 14fted awey from the ground occat.



14,

It nﬁpa&rwﬁ. in those remaining ssupleas which were fuged,
that the ¢namel) whlch sontalned the moluble sslts in the rativ of
the metaborste had less actusl orseking thun 614 either of the
other two serlee of samples, The orucks in the eammels contsining
high ﬂ;ﬁﬁE ssemed W be spresd more during the first stoges of
fusion tm did the sraoks in tue other two gerles of enmsels, lead~
ing %o the vellief that thie enamel was belng subjected to the
eoffects of thermsl as well as meohaniesl tearing, This last ie the
prineipal difficulty in & study of mechanieal tesring as affectsd
by soluble salts. If the range of gusatity of soluble salte ig
wide enough W give visible differsnces in the finel enamels, ths
phenomeaon of taermal tesring ie introduced ziving uncertaiaty to
the results,
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IXX, CONBIDERATION OF THY HECHARYSY OF HLCHARICAL #MD THERMAL
TIARIRG

Benersl Stateament--Fart one

The work op mechanics) tearing led direetly 30 thile seo~
ond phase of study, as ssvaral of the results deserved further
attentlon. Xhe flenes saswels whilen were sxleinsd oouls srsily be
lifted pny from She sround oosted smenie afisy sopllmg. fter re-
moval ol thuse shnaele, 1% way soted What Lners wers left on the
sround eoat; adhering white ridges of cover smeesl which followed
ths contours of the erscxs la the sheet of cover snamel whleh had
basn lifted away., Thesge ridges, under sach mechanlenlly =made crack,
reseabled very olosaly the *dslta® foranticnsz charactaristie 5? the
@ore ssvsre types of thermmal tearing. It had besn thought pre-
vicusly that these deltas wers charsateristie only of esnamels high
in borio acid nhd that they were primarily rssponsibls for therasl
tearing., However, thelr sppszrance in good enamel s, mechanieslly
torn, geve & comaon ohmrscteristic to thermally and mechanleally
tors snamels,
Progedure 1--¥igusl Observations of Tearing Ensmels Uuring Heating

Binos 1t wae 4ifficult to obtaln a contiaucus niature
of the progress of the tsaring process by drawving sssples from a
furnsoe 8% definite intervals, another mathod of obserwation was
soughs. A small furnuce was prepared in whish saaples oould be ob-
served throughout the process of firlag. The furnaoe wasz squipped
with a quarts window through whieh obzervailons were sade with &
low power bianogalar microsoepe. Small ground conted eamples about
an inch square weres sovered vith ensmels prepared fyom the frite

previcusly meationed, Prom eseh Irit, two geries of enassele were
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prepared, one eontulning Reafly and Hefly isa the corre¢: ratio for
HagUligly, the other comtaliniag 9.5% HyBly 88 the sdded eloetrolyte.
fhege ennsels wers prepared as before by oulckly alalng water,
elay, and slecirolyts to the previcusly dry-ground frite. Theee
snamele wers syrayed on the ground coated samples ab about 50-55
grams per squars foot, It was later found advantegecus to apply
gous of the shamsls Ly pourding them directly on the plece whleh
wvas gantly topoed 1o smooth the ensmsl surfase. After dryiag, the
enamels contzinling the two soluble salts inm the sraoper ratic for
KaguBiaUy wers sechanically flexed and thelr behaviors on Viring
were noted. Later, tnoes semples coutalning high HeBOy were slao
ezamined,

Begultsp

fhe process of tearing duriag hesting sppeared to be the
same for Loth series of sawples, The first sotion noticeable was
the formation of & serles of hsiy line orscks in the surfacs of the
enamel. The mechsnioally flexed enazels showed oracks parallel to
the direction of flexing, while the nigh HyBUy enamels showsd &
typs of yupturs sometlmes deseribed us “mud orsokiang.® See

Pigure 3.

ITecHAnrcar THERITAL

S -

FPigare 3. Diagrans of twe types of Searing.
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On eontinuesd heating, these heir line cracks were widsned Ly the
drawing back of the separate patohes of cover saamel leaving the
groutid eoat axposed. Thls sepond process appsarsd to be zm asotlion
arisiag fros shrinkage of the heated layer, The third notlceable
behavior wag that of 1ifting in the ensael layer awey fros the
ground ooat at the edgee of the oracks., lawtly, the lifted edges
were flattened cut, and the sdges of the oreoks in the eaamsly be-
gan to round off =ndi a partisl olosing was notieeable. The com=~
pletion of thls zotion La the zechanloally torn enomels wpe depend-
ent upon the degzrse of orcss bending to whleh the dry enamel had
besn subjeoted, Conmplete hesling of tesr cracke, without alowing
the blue ground coat, wes noted in samples not 100 gseverely flexed,
Rounding of ths edges of the potohes of sulie ensmel wose Tollowed
by their fuslon into the exposed ground cont and later by thelir
spoothing ous and earrying to the surfsee, lines of blue ennael,
The varioue steps are diagrammed in Flgere &,
gunersl Conglderntions of the ggggﬂg&gﬁ”gg'ﬁnﬂaalvﬁilalﬁggSarg

Wnea & dry cost of cover enamel is flexed, the vrilnery

result 1 n tession orack. The nature of thls oreck ls dependent
upon the degrse of flexurs, tulokaness of the costing, snd The
physical nature of %he enamel layer, brittlensas, friability, asd
surfoss chsracter, Ordiserily, s norasl enamel coatlag, 1f Nexed
below the elmatic limit of the ground costed steel, shows one of
two types of oracks--the most eéuman beling the oraek followlog a
single straight line psrpendioulsr %o snd penstratiag the vhole
eaamel layer to thes ground coat. In_?tgura f 42 shown an exag-
gerated orcss section of this type of erackiag. This type of ermek
mersly sepsrates the enmmel into two separste shests. The second
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Pigure 5. Olagrasm of *V* type of meshanios)l orseking.
tyne noted ig thet whloh stzrts at the %o surfaee of the ennmml
laysr s & slagle orsek and branehes as a5 inverted Y to the lower
gurfsce. Figare 6 shovws an exaggerated cross sectlon of thie type
of break. BHetween the lags of the inverted ¥ ia left a ridge of

snsmel wnich ig split fros the layer during erasking. Asg hae boen

P2 coven conr—=__ [ /L
'~ METHL 2] B

Orsry CLosED

= ‘
Figure 6. Diasgram of %inverted Y* type of meshaniocal eracking.

pointed out previcusly, this ridge in mechanlically flexed enanels
is not eppareant mﬁti& the whame)l has been enleinsd sad 11fted fros
the ground ccated plece. In many aatsrials, partioularly brittle
ones, this ridge formation 13 charsotsristic when the materisl is
broken in tension,

It is obviously the tnnﬁaﬁuy is elther type of fruoburs
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for the ensmel %o eplit away Trom the ground comt, fihat i6, in
a¢dition to the relief of stwain by crseking, the ensmel will aleo
relieve strain by fresing its@lf from the ground sost. Liagypesrated,
the eondition %8 shown in Figure 7. ials tsndency will be

Co¥VER COAT

METAL

Figure 7. Disgrss showlng relisef of stralan ism flexed enamel.

dependent upon the physilosl eharacter of the smewel, If the bDind-
ing ferce iz atrocager between the particles in the 4ry enamel it
gelf than Detween the ensmel eand the ground cost, the teadency will
be more towsrd loceening of the epsmal from the ground coat. EQ,
nawewwr,'t&a reverse le true, the strain will be abgorbed more in
eracking than An 1ifting froa the ground coat. JTa either oare, 1%
is probmble that the seohanioal working weakens the dry bond uve~
twpen the cover enmmel snd the zround coat so that the layer of
cover onamel heg lese resistanes to the foroes of shrinkage sed

up during fueiocsn, The sbove cbservations were clearly borne oub
by the oaloined snsmels that bad been mushanioslly flexed, The
portions sround the csnter ﬁr the sample, where banding was most
severe, wers esslly removed from the groand coat by 1ifting with »
knife bleds; while the enamel on the ends of the plece adhered ia



2.
meny onses veary Ciraly.

Paring the first stages of henting, the forces of gnriak-
rge tend 1o &ray the enssal awsy from the previocusly forsel creoks,
with 1itile or no reeletance from Ehw forees holding the snacel
layer to the ground coat. This asae shrinkage, in s sorsal, ue-
ruptured, ensmel may possibly be takes up by a myriad of sazll sep~-
srstions betwesu the gralne of materdal preeent, rather thaxn in tea

or twenty muchk larger separstions st polnts of rapture snd poor

adhereonce,
Genersl State --Sart Iwo

The similueity of the twe types of tearing ss observed im
thale serles of exvoriments led to =z ra&aﬁéi&@rﬁtian of ths meah-
sniem of thermal tearing. It had besa noted 1n prepsrstion of the
large sswples for the svove experiments thal often those enmusls
high in H5ﬁw3 tended to bresx during deylag, partioularly thoee
which bud beea applied beavily, It wes slso noted thel the same
enamels applied hesvily on the 2mul) pleoss often teanded to come
looge very esslly ssd fall from the ground ocat. The obmervstions
led to the beliefl that the shrinkage on drylng was noasibly respon-
sible fur these behuviers of high HB0, ansnels,

Provedurs 1 snd Hesulte--Chservalion of Craoked Ennmel Pilas

The first series of ouperiments wers designed to verify
toess previvus observatious. Enemels sentzinlog a high pereentage
of ﬂ33ﬂ3 were preparsd and ap;lled al wverylag thlekaesses on ground
sonted plsces and after &rying, they werd iaspecied for srackiag.
G the various dyes and indivators tried, the nsat pusceaslal was &
suspengion ¢f laspblack in kerosene, & wixture whish outlined sny
oracks lustantaceously., I genersl, the oracking was slways
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pregent in hesvily swnlied ensvels, but in sowe of the thlnner
soplioations, teuring was nol avidaﬁi watll ealeination of the sawm-
ple. The thicker the ssnvle, ordinaprlly, the more severs he orack-
ing.

In addition to the above Gests, the same enmpels wars
avplied to glass plates through whiech the process of drylag esuld
be watehed with the ald of & micrescope. Observatlons of thile
nature gave no laforaation zg the crxeks forming on 4rylag were
absolutely undetectable, even &t higher mamnifications. In most
cagss, even when ithe orscks were osutlined by the employed stsin,
vistble esvidence of depth or width of the crack »asg not observable.
However, in sone esses, A5 has been volnted out, ithe beavily avynlied
enamel on & sazll sauple has broksn into tes or three nleces during
drying.

Progedure 2 and Rgsulis--Linesy Drying Shrinkegs ¥easursments

It was next thought desirable to meseurs, if noeslble, the
linear drying shrinkage of an enamel digh in ﬁgsﬂg und coupars 1t
with the shrinkage of &n enamel contalning NapOB,0y a8 the soluble
component. Enamels were prapared as »raviously fros geveral of ibhe
syatisble frite and thesw £line were pourad, in messeured amounts,
into stesl @rzquat'mmlas resting on & greased glase plate. After
complete drying, the Driguet molds wers removad and the shrinkages
vers seasured, Tor ite purpose, thls experiment falled as the
tendency of the samples to curl pravented sny acourate menpure: «nd
of the small order of linear shrinkage olbserved. This eurling di4,
Rowever, lead to furiber experiaents. It was poted that those sam-
vles Righ In HeBOy eurled more in every case than did those comtaln-
Ang ¥agOByOy. The ends of the specipsns 1ifted up and awsy from
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the zlases plate, leaving & bos In the enssmels, in sonme oases, 20 &8
such aa 1/? inch from centsr to end. Cherscteristic samples are
shown in Tlgure 2. This behavior showsd that eltber the shriniege
of ithe surfecs layer w»az greater thuin thol of the under laysar, oF
that the surfscs layer was rieid enough, after shrinkage, to nre-
vent movemeni of the lower layer.
Irogedure T sng Jesults--Ciudy of Streseee ia Dried Filse

In further erperimental work concerzing ths drying

Fname]

elresces set up in ennmel layers, wairlsue sling wera asonllied on
other non-rigld bager. Unamels prepsred as previouely described,
containing the soluble eslte in the proper ratlo for Mapiiphe, were
gerayed in varying thlcknesses on thln ¢sllulold and thelr drying
behaviors wors sompared with epamels having a high eontent of §3£ﬁ§
which nad been spylled at the same thicknecses on llke cellulold
gtrine. Althaugh the bekaviors were nob always predictadle, the
thin continge (IN=4D grams per sguars fool) tended to bend un a8t
Lhe oorners and edzes while the henvier costinge bent the opposlte
girsction in & sanner similar %o that opeviously deseribed. In
#ither oase, the enassle oontsining s high percentage of HqeBOy a8 &
soluble somponent ahowsd more severe bending than the #llps having
the salts in the proper ratis for sodium metaborats.

Tn sdfition to the sbove, simllar snamels were applliesd on
waxed pansr, tin foll, sad on warlous thicknesses of shlz ataek.
In a1l casss the resulis were the same s thoss given in procedure
2, the degrees of dand in the warlous materliale being dependent upe
on their relstive resistances to dending. This visual result was

supplomented by measurements of the relative gtraine set un in

split rings of ebism stook during the drying of enamel coatings.






2.
Enamels containing Wellp and HyBOg in the comblnations glven in
Figure © wers aprsyed to 2 thickness of 4% grans per squars oot on
teo ineh dlameater eplit ringe of 0.01 inek shim stock whilch wers
one ineh wide and had an original eplit width »f 0.5 om. The ename
818 wers propared 0y wet 2illing, and 1 per cent total slectrolyte
waz added to each slip. After drying, the increases in spiit
widthe were nessures as a oriterion of tenelle strsin set up in the
ennnn! during drying. 7o check thess mossuressnts agelnst the
tearing character of the snumels, the sane slips were sprayed and
fired on ground eoated pleces. The results 5 these szperizents
are shown in Figure 9. %ol milled snsneles were found Lo have the
same sharacteristios when totsl quantities of HyROy and Rality as
low as 0,2 per cent were addad Lo the slipe.

Thess exnerizentz served %o show olearly the Dbehaviore of
goad and bad snamels during drying on surfsces in wnleh the straine
of shrinkage were relieved by weroing and bending. If these snam-
e#ls are anplied on rigld surfases to which they adhsre, the relesse
of straln in the tearing enaszels 1s brought about by ths erseking
whichk iz fundsaentslly responsible for ﬁharing. The osteerved
Btraing are elther sffectsd by a difference in total 4rying shrink-
age bLatweesn good and poor enssels, ar thers is & shrinkage gradient
in the poor ensmel. A shrinkage gradisni say exist in an enamel
eosting Af the surface shrinks and bevomes hard bsfore the remaln-
der of the enamel is dry.

of Inan

To determine wheiler any diffsrences existed betwsen the

total drying shrinkages of tearing and non-learing ensmels, the
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following messuresents were made. Dupliceate szmules of iwo onsmels
were prepired by rapldly mixing the oreviously dry millesd frit,
olay, snd electirnlyte, sand earefully mensurad cusntitles of each
smonel wvere placed in glasee weighing botlles aﬁ& allowed to dry.
After drrying, the d4ry volumes were ﬁgtwrﬁiﬁaé‘by the slandard
asthod of welghing the snanmels dry, wmtna&tad. ﬁnﬁ suspended in
xerosene. The walghings were zade on an analytlcosl balance and the
galeulated rgaulte wers oonsidsred ¢o be preclee to at leest four
slgnificant figurss. Althoush & tolsl bulk volume shrinkage of
aver 35 per gent wmoe measursd, the aceurscy of the data was uneer-
taln a8 the thick layers of enamel in the bottles were intersected
by numercué cracke which latroduced pobeible errors in the determi-
axtions of estursted welghts. The enamels were sstursted in kero-
sens in an svseusted chamber to insure eosplete filling of the pore
spaces and oracks ut the subsequent blottling of kerosene froa the
ensnel surfross bafore the satursted wmelght deteralastions 414 not
guarsntes Lthat some of the kerodsne from the oracks was not removed.

In maxing & seoond attempt o @nasara the drylng shrinkage
of an ensme)l, it was thought that a thinner layer of enamel in the
welghing bottle would be less conduclves to the troublesnsze oracking.
Therafore, & neeanﬁ group of enasel alipe were prepared and poured
in tolnaer layers into larger welghing bottles. The layers, how-
aver, were stlll relatively thlek (3/8 to 174 inches) in comparisca
with a layer of én&n&l as 1t is applled to ground coated steel.

Taie group of ensmsls was sllowed Lo dry thoroughly snd ths
antarm&natxanc of &ry volumes were nade a@ before. Thle tlue, howe
ever, the oracke mecarrtng\ia the laysrs were xaown %o be complete-

1y full of kerosens befare the saturated weighings were made.
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This determination of the appsrent tulk 4ry volume Qonw
tained & summation nf thres volumes: (1) the true volums of the
salider, {?) the wolune of pores, and (1) the volume of eracks.
Sines the volumen of tha eracke were included, no signlficance
aould be attached to & chenge in apparent bulk vg;nuﬁ. Therefore,
further deteralnations wers made so that the valumes of the eracks
eould be eliminated and & true msssurement of bulk volume could
be sbiained. Thess determinations consisted of seasurements of the
trus porosity of uncracked snssel sanples taken from the layere in
ths bottles. 4fter measuring the true poroslty, the figures oObe
tained were added to the true Jdry voluse of gsollds 2o that the re-
guliing fizure wes the true bulk voluwme of the dry enamel. Ynese
figures xre given in Table 1.

Table 2. vaiuﬁé frying Shrinkages of
Tgaring and Yonetearing Tnamels

Final Final

, aplginald Apparent True % Yolume
Enamel Bulk ' Bulk Pullk Drying
Husber Yolume = Yolume ,  Jolume  Shrink
- 9.412 7-194 T.06% 23.4)

g 9.570 7.178 7.060 11,75

1 5.69% 7.356 7.219 4,20
11 9.6877T ¥.268 7.118 38,10

Consldering the extremes of the values given, it 1e
obvious that the diffsrsnce betwesn ther {(slmost 2%) 1s not encugh
to ascount for the formation of {ear orscks in &n snamel. This
Aiffersnce would be less than 1% If expressed as linear shrinksge,
and this is mot sufficient to effect the degrees of bending that

kava been nnted.

* These numbars refer to scluble salt composiilions givaa proe
viously in Table 2.




¥hen enanals are avplled heavily on z surfaee Lo whioh
thay 4o not adhere, the ssle diffarsace in the charsotsr of Leare
ing and non-tenring enasels 1o resultant from the manner in whieh
the drying ehrinkage takas nlaes. In the poor snnmel, the drying
i such thzt the shrinksge takes place In stsos, with surfacs laye
er curling sns epracking dus to eomnlietlon of surfuce ehpinkage
bafore internal shrinksge has nrogresssd to the sszme degres. The
good ename) has vractically the same shrinkege, but the drying
chapspter 18 guck that the shrinkage takes place evenly throughout
the whole lsysr. %hen the same enamele =re applied on rigld eure
faces to whick they sdhere, the differential surfage drying strees-
et in the poor enamels are absorbed by surface ¢racking; followed
by internal cracking slong the same ruptures, fo that the surface
erack nenetretes to the base on which the snsmel 1s annlied. 7The
enazel thet does not tear hae no sirain gradlent to be absorbed,
and the shrinkage 18 unifors throughout. However, the total
nnrinknga is high in the non-tearing enamel, and it ls ohvious
that the overall atrain sust be relieved by other measns.
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IV,  EXAMINAYION OF TEVTURAL PTOPRRTIET OF SMAMEL PILES
general Siatenent
The work of Fart 1T has ghown that thsre are esveral
fundamental Alifferences in the ohysicsl behavlors of tesring and
non-tearing snsmele. Friseipally, the tesring enanpels have a dry-
ing shrinkage gradient, snd the dryed enamel rurface 18 herd and
britile; while the none-tsariag enamel has a uniform 4rving shritke
age, with a soft dried surface. Thesw Aifferences in Arisd sure
race charaoter supassted the approach to thiz sten of the investi-
gation, whioh was almed toward exsainstion of enemel iexivrsl
charaoterietios. The paprtioulap gquastion of interest sus one re-
gmraiag the nature of snamel texture and 1ts mechsnienm in omusing
or praventing tearing.
Irocsdure 1 snd Besuits--Study of Ihin Sections of Dry Fnasels
The metind of atudy was sluply cne in whieh thin sectims
ware ocul in varlous directlone from dried ssuples of tesrisg and
non-tearing ensmele, The enanels worsg prepared by wet Qilzxmg of
frit, clay, snd water to & fineness of 2 grame. The silled ensm-
&1 was 4ivided into two parte, to ong of which war added 0.2%
a#Ng, and to the other, 0.5% HyB0y. Enamels were applied by
epraying on ground eosted pleces, snd by pouring in iron molds on
glass plates. Befors grinding, the dry enamels were saturated
with Capads balsaz to pravent slaking, andé the grinding was carried
out in the ordinavry saaner. To more nearly insure egual thicke
nesses of twd compared spscimsns, bath were cemented on the ssnme
siide, =s close together as possible. Photosierographs of several
sasples wers taken and they are precented in Figurss 10 teo 15.
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Txnpsure tlses for otk negntlves and printe for esch set of sume
ples were zainislned eonsiant Lo ilnsurs Comparative resulis.

Figure 10 shows msgaifisd sectione cubl verpendiculsr o
the surfices of a tearing snd a non~tearing enssel whleh bad been
anmlied 1o o thiewness of annrovisately 50 grase per squars oot
nn & sgrrace o shien the enumel adhered. These orost zeollons
ghsw ¢lesrly the tertura)l Aiffersnces in o tesring and s non-lear-
ing ensmel. The good enamel 16 loosely paocked, and hes an spen
petwork of pores. The poor enwwel ehows & gradution of densoness
fros the ﬁap surface down, with no loose siructure nesr the top,
snd 8 wore Porous texture near the bottom. The diffsrences im sur-
faee texturs are more elearly showa in Flgure 11, which are rep~
resentative sectiong of sumples gut parallsl and cloee to the top
gurfaces of the mame gnsmels that were used for Figure 10. Fotle
the striking difference in pore struciurs.

Pigurs 12 showe the textural differsnoes in oroed €6cC-
tione of another pair of enamels, one good and one poor. Figars
17 shows samples cut parallel to snd ¢lose Lo the surfsoe of the
same enasels ussd for Flgure 12. Hers agsln, the textural % L8
ferences are obrioue.

To make the csnditlions a8 exireas as poseible, several
agmples wers presared by Arying extra-thick seaplss on & glags
plate. The method was sizply one in which the enamel slin was
poured into an iron briquel snld on & glass plate. Sasples tar
Figure ® were prepared in this manuer. Figurs 14 shows sections
eut perpendicular to the surfices af teo of theee thlick sections,
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one ecntaining Hallad the other nmﬂt&iaiag.ﬁﬁﬁﬁg. Again the tox-
tural diffsrenses are apparent, with the ﬁ@ﬂataariag‘mﬁ&mal beving
an opsn, loose structure, and the tearing enamel Asving & Compara-
tively aigh danslity near the surfacs. Flgure 1% showe esctions
eut parallel to the surfacsu used in orose seciisn for Plgure 4.
The 4ifferences ars agaln alesar.

Anwiveis

Taese ansmels, prepared from ifferent frite, ars chare
seterictic of & number of geotions examined slerscgeoploally. The
resuit was the same in aversy cAse, and shows oonelusively the dif-
farences 4in the texture and packing charsoter of tearing and nonw
tearing ensmels lu the dry state. In Lthe case of lhz tearing shas-
s8ls, the density of surface and near surfage psoking shows elearly
why the drying behavior lg ss it wse obssrved. The CapRELLY for
ﬂéanav peeking, and the finer pore strycture hinders drylng eo that
the oreviously mentionsd shrinkege gradient la effsctive in setting
ur the tearing stresges. The good ensxele, on the other hand,
have the opren siructare a&&&n&iai for even drying snd aven ahrink-
Cage. In a3ditlion, the good enapals are capable of absorbing any
shrinksge stresses, even or unsven, besbause of thelr notworks of
large opsn pores. In affect, the "film strength® of the non-tsar-
ing snamel appesrs to sctually be "Fils weakness?, in that the
eracking thet would frae the siress in & dense fnumel S0CUrs 28 &
single tear, whlle the same stres¢ oould be absorked by & bundred
eracks in the locsely packed enamel. This lust la clearly 11lusw
trated in Flgure 17, & ease in which the denssly packed enaxel was

*ton stropg”, and the separate particles wars bound tagetler
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tensclously emoush #o thet fracture ln one large erack Tilaslly re-
sulted.

Prosedure 2--Jeterzinetione of Drying Sehaviors

The packing charseter of these enamels should tasoreti-
eally heve an laportant role in determining their drylng bebaviors,
and 1t was thought advisable to sxamine the drying eharastesr from
the standpoint of water less ws. Lime. The deteraminastiona were
made by weizhing ssmsples of tearing and non-tearing enamele which
were suspended from an analyticsl balante in s drying chamber. In
this manner, the samnles, having & constsnt arss, ¢ould be seour-
ately welzhed ut regulsr, contlnunus, lntsrvals Auring the drying.
gampler of mood and poor enamels wers sorayed and dioped on ground
conted vieces, and thelr welght lo#ses during drying wers deter-
mined at 25°C., TS°C., 95°0., and 105°C.; the relatlve bualdity
belng conatant for each valr of samples.
Benulte and Anaslysie

ane data from thess detersinationg showed clearly one
effect of the packing charscter of the ensmels. In svery caae,
the non-tearing enamel was comnletely dry before the texring ensm-
el: the differences in time Delng an inverse funetion of the
temperature. This result is one that would normally be predicted.
Tt would Also be expected that u difference in rates of lows
should sxiet batwsen tearing and non-tearlag enazels, but none
were measurable. The thiunness of the ocoatings, snd the oracking
in the poor ensmsle may acosunt for this. Figure 16 shows &
typleal water loas vearsus time graph for two ensaels drled at

constant temperuture and relative bunidity.
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edure I s0d Results--3tuds of Sbe Effect of Deries fate 2

In conjunotion with these 4rying erxperimente, the more

rractical aspects of the problem of drying behavior were 8180 8x-
anined. Jround costed pleces wers sprayed with 533 gramg per aguare
Poot of an eamnmsl that was known to tear, and these sasples were
dried at various temperatures and relative hustdities. Some wers
Arisd at roon teaperature, both et room busidlty and st slevnted
Bumidities under damp eloths, and gsoane were 4Aried in a drying chaa-
bar at varlous tesvepatures bestwesn 2500, and 110°0., with norsal
snd elevated humiditise. Sanples weres alen drled in infra-red
radlation and over gas flamses znd slecirie hot plates. The pieces
ware inspected Tor tearing, and little differsnces were noted--re«
gardlees of the Arying conditions. Thls result 12 what would Dbe
exneeted, whon viewed from the etandpoint of what hns been ssld of
the packing charaoter of tearing enanels. 48 long ax the shrinkage
takes place with dense packing, the Ret result will be the same
with any normal 4drying procsdure. If drying wae oarried aut so
that the time was infinitely long, and no solsture gradient existed
during resoval of water, there 1% 4 poEsibility that the tearing
tendency Auring drying could bs ellsinatsd. One ather paw.lhiluy(
of preventing tearing during érying 18 worthy of mentiont the re-
moval of water instantansously, or flash drylng. This last was
approached by spraying wet snasel on & hot test plece, and the
tearing wes seen to be minimired, but eontinuous tlash drying is
not noseible after & thin coat of snanel has been anplled on the

test niede.



Erceedura 4 sng Result--3tudy of Thin 2e

It had besn notod, in the microscople etudles of snamels

Auring firing, (Procedure 1, Yart ITI) that the sctlon cecurring in
8 tearing enamel during heating sppesred to be simply & msaifests-
tlon of shrinkage sway from erscke previously started. It would
appear logieal that sueh sotion would be shown by textursl charae-
teristies in the snamel as studlied in thin section. Using the seme
teshnique as bafore, thin sections were prepared from samcles of
tesring snd non-tearing enamels whioch hnd been egleined to 1000°P,
for 17 minutes. The enleined samples were made fros thick saaples
of drled saamel shloh hed been prepared by cssting enamel slipn In
briguet moldes resting on a glass plate.

Regyl &

Phstomlerographs of thin agetione cut perpendleular and
parallel to surfecss of oalelned tesring and not=tearineg enasels
are shown in Flgures 1T and 18. The characterlietles of these Se0-
tiona sre not dlstinetly 4iffersnt from the charsetsristlies af the
ary enamels Alscusssd under Prosedurs 1 of thie section. The tear-
ing ensmels in all oases have become packed more densely, whils the
non-tesring snamels have ssintained their open structure. The
relative behaviors durinsg heating at calelning lemperalures are
shown alse in the photograph, Figurs 19, a pleture of calelined,
thiok sazples of ensmel. The curled saspls is & trnical tearing
snnmel, while the rlat one 18 of & none tearing variety. Shrinkage
has progressed beth samnles, bul the surface and near surfacs
shrinkage of the poor ensael is zads obwious in somparison to the
gnod enacel. The surface of the tearing ename) was very hawd, and

1t appearsd that sintering had taken place to at losst half the
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denth of the sample. On the other hand, the non-ieariag sanple was
conparsiively soft and was bomogensous thrsughout.

Here again the sffect of shrinksge 18 clearly demansirat-
ed, and the difference in paoking characteristieces iz Turther sg-
phasized. The crleining treatment sampesre o be simoly an agenoy
for furthsr nromoting the sawe ohysiesl Testurses Lhat wers nbeeprved
in the studies of dry enssels. The more Lightly vacked enamel sim-
vly becomes denser; the surface shrinkage belng enhanced mors than
the interlor shrinkage by & guantity egunivalant %o the difference
that axisted aftsr drying. 7The non=tearing ensmel undarsses unle
fore ahrinkase; with the malntenance of an open structure. It is
elssr what would have resulted if thsee ensmels had been fastened
so that linear shrinkage aould nst be relieved by movement. The
dense surfaced sample would havs undergone strass relesse during
the widening of & fer surfacs oprsacke while the loosely packad
enamal would have absorbed the same shrinkage Ln hundreds of smali-

ar EIROYE.
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V. CHESIDERATION OF CHERICAL AYD PMEYSTONLOHELICAL SPPTOTE BYSPOH.
SIBLE POR THL PACKIHG (HARAQTIAIATION NP TRATIES AND B0%- PRAR.
Mg ERAMFLS
Genersl Statement

The etudy has shown that the bebavior during ehrinkage,
eounled with the textural charactsrieties of the enamel, are ree
eronelible for low flin resistanes to the tesring tensency. RNoth
charscterisiics have besn shown to ba sanifestations of the packing
density of the drled enamel filam. $Since the only varlsbles allowed
to enter were the soluble salts and thelr concentrations, the
paocking character must be detersined by t&em.' It was the nurcose
of this part of the investigstion to study the mechsnism of pack-
ing.

In & system in which clay i in contsct with water, the
firset effect of sny sdded eosluble ealt is dependent upon the kind
and axount of ions that are furnished Lo the system. The kind snd
amount of lome in the eolution govern the dsgree of dlspersion or
congulatinn of the olay nortion of thet syates, and, other thinge
belng egual, firx the suspanding power of the olay. 7This iz 2ffect.
ed by fixing the states of agaregatisn of the olay fraction in the
system. Tor a given water oontent in which a foagulated elay
makes s “"thick” slip, & "thin® slip would be the result if the
same clay were dispereed, with the thicker of the two haviag the
batter suspending power for an added non-plastia.

The physico-chemical pronerty of & elay that is respaon-
sible for its abllity to assume varying degrees of aggregation is
based on its charscteristivc ospacity to sdeord lons. The olay
particle has at or near its surface a negative charge which
sttracts positively charged lons {eations) and holds them with &
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tenselvy which 1s a function of the slectrisal fislé strengthe and
concentratlion of the satlons in solution. “me cation masy be ex-
changed for another on t@# elay varticle by exchanging the type of
ion in the surrcunding solution. For axasnle, a ¥a+ 2lay may be
made into & Me olay by sisply leaching the clay with an seld. In
general, smsll amounte of eations with high Pleld streangthe will
cosgulsate clayewater suspansions. Buch ilons are X4, Pesetr, Ngte,
snd Bavws. Bmall sddltione of cutlions with low fisld strenzthe,
such as Yae, Yo, and Lis, tend to Alsperse olay eling or meke them
thin and fluld. If largsr quaniities of thess low fleld sirength
ions are added to clay rlipe, the actlon 48 to congulats they again
after the first oyols of Slspersion. Curve ) of Plgurs 20 shows
this effect on the viscoslty of a slip of vlay, gquartz, and wmater,
to which has been sdded various guanilties of NalH,

Erogedurs L and Resulte--Study of Ionized Salte in Clay Slipe

An ename) slip is ezeentinlly s #lip in whioh frit is
gnspended in elay and water. The srdinary water content is gueh
that tha eystem is very moblle or "thin®* when the ¢lay fractlion 1is
Aispersed. If the elay 12 eoagnlisnted proparly the #lliy le sald to
be “set-up.® The prepondersnt lon in snamel will ligquors is the
Nuae Lon resul ting froa frit solution, and the astion of thils sodium
ie to dring about in an snamel slip the sscond oyele cosgulation
that was deseribed above. The eurve 2 in Plzure 20 is & relatlione
ship of vizeosity to ealt concentration for a ¢lay, quarts, and
water slip to whieh eoncentrated =11l liquor from s non-tearing frit
had bDeen sdded. ¥oie the eimllarity betwesn the t#oc ourves, one
#1ip containing WaoH and the other, the actwsl mlll liguor. The

first few portions of WaOR dlsperes the slip, allowing the fliat
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ia sdttle out and making 1t useless 85 a suspension, further ad-
dition glving the #lip the norsal, gond eet, snd further additions
thilexening i% 12 such a degree ithat 1t is no longer usable. The
adsition of concentrated mill liguor {0.64 grasme solidfc.e. =ild
licuor) from & non-tearing snamel gave the 8lip the sawe charactepw
iatiee as the ¥al'¥, Dmt not Lo the same degres. A lndlezted on
the curves, tha region of best set 18 in the trougk of the mill
liguor curve, shile the Wa™ additlone Bt the trough Sive an ex-
guedingly thin #lip. The #lis containing the 11l liguor la, in
the reglon of zned sat, not ¢oagulsted esmpletely in esmparlson to
thes ends of the ourve. Fowsver, in comparison with the Wad¥ elilp
at the trough, the alll liguor elip is cosgulsted. The JifTerences
in trough denths of the curves sre due to exdlum 8alts in the mill
1iguow ﬁhiaﬁ buffer the action of ¥as al 5 higher level, pre-
venting the oprimsry disversion resuliing frowm aﬁﬁiﬁ&an of & eingle
base such a8 Wadl. Hoet important among these salis ars ¥af,
KapBylg © LOWpD, MmgBly, Raplh -Bply, Waglly and Wap® - S10p.

It way be well to aske ¢lesr thal the conditions of dle-
persion and coagulation A used here &re satirely relative and o
re 20 osn be need to

exist in 4ifferent degregs. The data of Flgu
olarify thie. The slip containing =111 liguor, if coneéldered by it
s#lf, hae three separats regions: two of relative cosgulation and
ons of relative dispersiocn. The ¥adH slip has the sane ihres
regions, but the action of the single, highly lonized basxs 12 sueh
that the dsgres of dlspersion at the trough s high enough to read-
er the alip too thin. The ealts contained in the aill liguor are
jonized in such & btalsnes that the degree of dlspersion &t the
trough 1s sotuslly a degres of cosgulation when compared to the
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Nao® slip. In other words, the Lrsugh valuse are sisply relative
polnts Delesen twa oxireme end zmenbers, one being closer to & &N
dition of esmoplete eoamulstion than the other., The good sel of an
snamel 8lin eannot be correctly tersed a2 an absolute state of eo-
agulation, but simply ss a high degree of comgulsation. Hereafter
in this vaper, the tws words should be understood to gonnols the
degree of the eondition rather tian the abesiute state itself.

The difference betseen » dlspersed elip and & sosgulated
#1ip, insofar zs the finer frsotion is concerned, is dus to the
Btate of ageregstion of the elay particles. 4 cosgulated vllp is
one in whieh, for exasple, s hundred clay parileles are bound to-
gether in & oorous, soft, water ssntalalng, cluster; while the Jdis-
persed system I8 such that the hundred clay partlcles resslan as
separate entities, sach surrounded by & water Tils, and each froe
to move without hinderance from the other members of the B¥E Lenm.
with this slavle pleture, it 1s ¢lear how the t»o states of age
gregation affect the packing oclaracter of drying slips. The 00~
a@uxntuavaa%em, made up for sxasple, of ten clustere of & hundred
particles each, will pack during Arying ec that the ten clusters
touch and have bstween them lerge pore epsees and relstively few
points of oontasct batwzeen Clusters. ?hu.name #lin, AT dispersed,
will eonsist of a thousand separete particles, frae to paok with a
such Tiner syetes of pores. The fine pore size of the Alenersed
51ip makes the drying more dlfficult, with the consequent strala
incurred with the existencs of & woleture gradient. The suae
packing sharacter, ®ith the pumercus oontact polnte sand vonseguent
high strengih, makes the absorption of %his strain sore 4ifficuls
in that the separets particles ocan not sasily be pulled apart,
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1arge oraeks resulting only whea the eoncentrated sirsin over an
ares booomes sironz ensuzh to breax the forces between particles.
fn the other hang, the longely packed systens dries with no molsture
gragienit and the forces betwesn olusters of frit and elay are weak
snough to vermit ezsy relesse of overall drying etrain. The eone
dltions nf the sllpe with the resultant sffsels on the tearing
tendency uwre shown in Plgure 20, The tearing tendsney was detare
mined by tha inspection of dried and n&iein@%‘a&mﬁies‘af esach ento-
21. The resuylts sae marked out along the two ourver are those that
eonld be acouratsly predieted from the slove concept mf'nzig ag~
gregatinom and packing, with the excevilon of the one detnll in re-
gard to the tesring tendeney of the a2llin that ga'hlghiy sosgulated
by the 10 c.e,. of =111 liguow.
fonsiderntion of the Effect of Crystsllime Ssits in Filus

Phe nreceding dlecusslion hes sovered only the features of

Tnamel

the tearing tendency that are the affects of the lonized soluble
azlts. The behavior of the salts during crysislllisstlion must also
be cnnsidered. If borates in an enasmel mill Tiguor are pressnt in
excesvive quantities, thsir deposlition st the enauel surface ocan.
meckanleslly influence the packing &0 thadl tearing resulte. An oy
amole of thle extreze csss was Turnished by the glin of Flgure 20
which had been eosgulated by & 10 e.e. adéitlon of mill llguor from
& non-tearing enamel. This sddition, howsver, furalshed two and
one half times the susntity of salte arﬁ&nmr&l#‘r@ﬁni in the m1il)

1iquor fros which the eoncentratad addlitions ured above were pre-

pared.

ntion of iﬂab§£££2&£.ﬁi,ﬁﬂﬁﬁﬁiis.ﬁaiiﬁ,ﬂﬂ_33&&33@&&&5.32&&?
Borie seld has long been eonsidered to de the prinsipsl
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cause of Lemring, and the &éﬁitia& of 33333 to an enanel slip ine
varigbly resfults in a reductlion in reclstance to rupture. ¥hen
thale wesk acld was added Lo the slipe used for the data of Figure
20, it bad a chsrscteristic effect on the properties of the slips
that gave Kanle ground for & 4iscagsion of the effect of ﬂ3&63
when added to poreelalin enauels.

The dotisd lines of Figure 20 show the effsol of & £.047
HyBy sdditlon on consletenoy and tearing resistance of the Wal¥
and mill liguor alipe. ¥ith ¥al or alll liguor there s a very
silgnt r@égatian'wt viscosity, bubl with sanll additione of ¥YalH
or wiil llguor, the reductlon of viseoslty 12 rapld and the sllips
ars tihin, resalning o over ths raest of tha field, as shown. Tear-
ing necurs a8 indlosted aver alassl the enilre raage. ‘The €llp
contalning =111 liguor has been dispersed Lo a greater degres over
1ts total lenath, and the ¥alH £1lin has bdegen dispersed in t9o roe-
glons and relatively cozgulsted in the trough rexion. The ex-
planstion for thls action may lomically Le assumed to be a resuldt
of cheslesl resction s#ith the materisls already present in solutlon
in the slips. The resultant chesicsl comnound sixows 8li of the
attribuates of & Luffering #alt 1o thatl further adéltlion of ¥alk op
2ill liquor has no effect over the range etudied. The loalzatllon
of ®a+ from the buffering compound is such that the ascunt of lons
free to fix the sll: consisteney are conetant.

The sinimus walne of eonslsteney 1s achleved at approxi-
eately 2.15 grame of Ma¥, and this amount 1s that theoratically
necessary to form ¥a B0, - 10H,0 upon reaction with ﬁ§3$3. As a
cheek, the amount of borax (.61 grass) that would be formed in thie
reaction was sdded to a slip containing no soluble SAlL and the
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effect on consistency 18 guown on the right in Pigure 20. Thls ex-
parizental reseoning does not nrove that ths buffering salt is
borax, tut the evidence makes 1t elear that the comnound I8 & bore
ateo whilch fixes the Mes lon eoncentration at @ level that disperses
tnis type of 8lip to give It the packing charsoteristics that re-
Bult in tearing.

The sotion is probably the same in enamel elipe. If the
eompnsition of the frit 15 suokh that the resultant soluble 2alt
approaches the boray composlition, tearing will result. If Hy By
is added to a normal snamel, the aguilibrius betwesn ¥as, and O™,
@0y, 80,7, ¥ 7 Rorate™, or other anions present will be shifted
29 that the dispersion reaches the dagree whers tearing begins.

The normal snamel mlll liguor 16 buffered with sn effective ¥ue lom
ceoneantrstion that is bigher than the eoncentratlion allowed when
the Egﬁﬁg ie added, so that not snough are avallable f@é‘maxn&axnn
ing the proner degree of £llp cougulatien. To rmeaimblxsh thie
proper equilibrium, the Was lon concentrailion oan De ralsed by
adding gnaugh of an lonizable sodlium salt t» esmnletely represas
the buffer and have sulflelent excess reaalning for yraber slin
ensglatinsn.  The buffer action may be nullifled in this sanner Ly
the adiition of any of sewera) 2041ium salte. Thome found to be
effeative sre: Nalils, WalH, ﬂngﬂag, Naliny, Wably, and NalM. As
would be expected, some Nther Sondium salts of lower solubdility and
lower lonizabllity, are found to reduce ihe tearing tendenoy.
Among these ure sodiuw, oxalete, svdlum olirste, sodlum aolyblate,

and sodiua fluorids, ﬁauavaf these salts, of course, are undesiy.
sble because of thelr blisteriag tendency durlag firing, ocaused
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by the desowposition during heating of the objectlonnble anlon or
aplon radical. tThs susntities of thaose salte necessery to estsblish
the proper equilibrium are dependest wop their solubllity asd
fonizatlon. Thus less HeiH ie reguired thsn Bally or Kall, snd iaqa
ﬂ&20$3 te regulired that sodium citrate or sodium oxelate,

Uther salte that react favorably in lnoreasing the effect-
ive ba+ lon concentratlon mnd In giviag flonl compounde with the
proper sclubllity sre those that have & chersoter simllsr to sodiua,
Among thes are ZnBO,, Za(NUgly, LARGy and Fb{NUy),. Hers agsiu are
compounds effective in reduction of ifhe tesrlug tendsney but are
Rot used beoause of unfsvorable bohavior during decomposition. They
ars merely cited to 1llustrute that salte other thsn sodlum zrs
effective in stopping tearing. The sodius salte are not st all
usigque in thelr behsviors, snd if the cospogition of sanmel frite
gave someiblng olber as & soluble product than the sodlum borates,
the game conditlions of tearisg osould e produced spd remedled en~
tirely without thes., Salts of boron bave long been consldered to be
alone in thelr enpacity to produde Searing, tut thls 1s only becauee
enapel frits are compoundsd of soluble borstes. 4 boron free sanmel
has been preparsd by tne authors, and bhas been found to tear eae Dad~
1y s aay normal enamel to whioh H4BUy has besn sdded.

g zs ‘EZ&}% of the Effsct of Firlug o the Pesking Chareoter of
namel Film

As has bsen polanted osut, the firing trsatuent seems to
have only the effect of enbsncing any film defsot that sxists after
drying s eomplete, If the paoking mature of the dry ensmel 18 such
that drying etrain has been iAntrodueed, with or without release,
the firing treatment and consequent sirinkage appear to enbance
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these to the degres thatl would be eapected. It is probsbly in this
capacity that the wode and neture of orystalliszstion of the warious
soluble salts iz wmost importsnt, Hurst and indvewe® have discussed
the melted viscosltles of ihe vorlous smalts during fuslon, snd thay
raport tne effects to be sueh that the tesring tendeney 18 enhanesd
by beating, the seperste pstohes of torm snwael belng drawn away

from the previoumly forsed ruptures.
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¥Ii. BUlRaRY
The resulte of thls investigstion san probably bLest be
sumsarized in « flow shest 4u which the warious properties an’ cen~
d1tionsg governlng these propasrtlss are related to the chersoteriae-
tlas studied. ¥Figure 71 is suoh & flow shedt, 1leting esol variable

in the sesusnoe eonsidersd logloal s thie study.
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VI, CUBCLUATONB

wbrervationg of the reaulte of thle study aff@r the
following conclusionad .

1. Enamel tsaring ie & defect resulting from the shriake-
&7e strepsoa setl wp 1o an stemel Tile durlpng drylag snd wery esrly
firing somblned wiih the lnability of the fila to properly stserd
these sirssases,

2. Ine sapsclty of » none-tesaring enexsl to resist tesring
is dus to the absence of » etrain gradient surlng dryiag coupled
with & loose, weak, Lexturs,

3. Unhe eharacteristic shrinkage shd reeul tant strsin
grodleat in tesring enamel is due to the pseking dharacter of the
snsmel durlsg drylag.

%, The puoking cherneter of sn enasel ls deteruined prie
amzrily by the stats of agxregatiss of the enamel slip ze determined
by the klnﬁlaaﬁ nushtity of adeorbed lons precent. The lon most
effective 1 enswel slips 12 the ds+ lon freed wpon eplution of frit
glags, The finsl state of azucreg-tich of a dry wemel 1s 1alluenced
ia sxtreme gsnes by the iotal susntity, 4leposition, snd orystealline
gharacterigtics of the 20luble sslts pressat. Ia sont oases, how-
ever, the filgw strength depends upos the physioal structure of the
vdrlﬁ& epsmel ne Tixed Uy the bsbavior of lonized sslts in the elip,

6. beric sold, wheo sdded %o su enamel slip, Gsuses
tearing by forming & buffer salt (borax probebly) thst dlspereve
the slip, allowlag 1t to paek so thot straln sed ﬁu&ri@g reml t,
Sodium pitrite, snd & pumber of other salte, prevest tearing by
properly repressiag th&.uuffarranﬁ balsaeing the Na+ lon conosatrs-
tion to give the snamel the proper psoking characteristies,
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