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ÏW %a&porW)*e o.r th% ii&n^moe of salable » Its tn 
porealaln &ill han l^n% bwn %M Mveynl
lwnMiti^tlQn#( bsvs been to aevelo^ & better #M$r#lkkM~ 

Ing of flrM BAanal properties %* wffeatM the soluble aonetlt» 

nents in-th® slip# This phase of coa%*l raeearsh w%a stlauleteg 

aoet by r#osgnitl<m of the role or a salts in deiemihiag the 

pro^ertj- of enamel ^tlla strength^% with. ^rtleul^r regard for the 

Asfect ^W:-rlhg^« Wat of the wark in this fieLO. baa been. non- 

eerueh with the aaalyals am sormatloa of eort&in shop problm&a*

Table 1, showing s few of the. ayrlah of chemisai rose- 

tions possible in w& easwel mill liquor# makes elwr ose of the 

masvna for the leek of hate eeassmlog anything kwe than a 

apeoiflo problem# The ionisation behavior# the solubilities *M 

mtur^e of orystAlligation# sn& the pyroehwleal properties of 

these salts must also be eenalhsreh in on investigation of their 

eff^Gt* whan present in tw frit# elay# aM water system of a per­

eelain en#«*al#' ^%e e^piaxity of a ftu#amaatsl atohy la apparent# 

ana the (Wts obtained wouia be useful only if it eontaine* minute 

detail of ave y possible ossa over the broaO fioia of variables#

However# resent Mvanoes in motho&a of atu&y have 
brought forward new to#hni%uee that allow the ellmiBatlw of ame 
of the above oowplexitiee» WthoSs of grouping of variables have 
bewa sevelapeA for mare oareful aontral# aM the utilisation of



TaM» !• PwMbla Chemleal Itérât Ions Ntw&n Soluble Salis
4, *& a&"% 4 '*1 V 4 ^Kb.^.^.««Freeent in Sawel «111 Liquors

Ss012

Bacig * Mg@i% - eaci ♦ Basir^
BaClg * %S0^ « Beao^ ♦ ^lg
MClg + • &*C03 ♦ ÎSH^Cl
mci2 ♦ - Basoif, ♦ zsa^ci
18eClg * ♦ 6#%01
SaClg ♦ 2K«ÛH - M(OM)g + 2W1
BaClg
BaClg ♦ SsgCO, » BaCO^ ♦ ZMaCl
BaClg * MsgSlûj » BaBlOj + ESaCl 
BaClg ♦ MgSe^. * 8a^ ♦ 2KaCl

HjBOj - HâOg * HgC
28^59, * BgOj * MgO
K-BOj ♦ ISF • )HgO ♦ BF) 

♦ 2Be<M * a«.^Oy ♦ 7HgO
W;BO; * 5KgO * HÿBvOj
HjB&j ♦ teCH MBOg * 2H$C
KJBO^ ♦ SaOH * BaK^ü) * HgB

♦ ReÿOj • ♦ 00$

H80

B A •

HBOg ♦ NaOH • BaBOg * BgO
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CaClg ♦ MSü^ * Ca90^ ♦ Ba Cig
JCaOlg + HgSlFg ♦ 6M08 • ÎCaFg ♦ éMaM + Sl(OH)^ ♦

2Hg0
CaClg + 2HaF - CaFg ♦ 2*eCl
CaClg ♦ 2Se0H * Cat OH)g ♦ 2M*C1
C*Clg ♦ 2Sa*10g » 2*aCl + C«UlCg)2
OaClg ♦ N*gSlG. - CaSiO, + 2MC1
CaClg ♦ SMgSO^ • 2NaCl ♦ CeSO^

BIO.

HgSlQ) w 11^1^9 ♦ JKgO

Hz810) ♦ Stilton - RagSiO) ♦ 2HgO
8^10; 4 SagCO; * «agSlOj ♦ HgCOy
HgSlO) 4 MCI g • MIO y ♦ 2801
HgSlO} ♦ GaClg - CaSlOy ♦ 2HC1
K^lOj 4 »agSO^ ■ SagSlO) * HgSO*



«»A°7 ♦ ÊeClg + JHgü « mai ♦
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7KgO - ZüeOK ♦

*

i- 4 COg

MgCO;

SagCOj ♦ BeClg * B#CCj ♦ 2SaCl
»«gCC, ♦ 8*8C^ ■ BagSOÿ. ♦ BaSOj
M*gCü$ ♦ CaClg * C®CC5 + gSaCl
MagCO, ♦ 2Hgé • 2Ka6K ♦ HÿOj 
MgCO^ * Ngcig “ Mgeo^ ♦ g&gSO^,
h*2co, * %%% • «gGOj ♦ Mgseij,

* BagSlF^ ♦ RgO * 6W ♦ HgSiOj ♦ 2%g « 
KF ♦ H*2S1C3 ♦ KgÛ

2#»0a ♦ Mg»4. - SagSO^ ♦ %(OB)g
»KaüH ♦ ÜegSiF^ - 6MF ♦ SHvH)^
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2HeOa * WjBO. - ♦ 7H O
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H«OH ♦ H»BO. - MBOg ♦ 28g0

N«gSlf6

M«gSiF6 ♦ MaOH « 68eF ♦ 81(08)^
Saa81F6 ♦ SMSgCO, + HgO • 6üaF ♦ MgSlO. ♦ 200g
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B&gSlO} + CaClg - 2B&01

NagSiO, f 6RT * 2*&r f $1^ * 3HgO
N&gSlO^ t 6RP 4* e 3&gO
KagBlü} + HgO * 2B&OK + 8g%&Qg

Mg80^

X&gSO^ f
Kag^ +

B&CO- *

BaOlg *

B&eo^ 4

2N&C1 +

C*3Ü% + 2%aGl

further br&aehea of cercle tecboology Ms «Me possible a more 
general application of the data of specif io cases. The trend of 
study is definitely toward the more detailed type of investigation, 
but obviously, the moot valuable type of MM that could be con* 
Mined is a preliminary study of thin sort would be a simple, work­
able concept, applicable to a wale field of related eases.

with full consideration for the above, this investigation 
was started. Speolfl eally, the problem dealt with one sol file 
strength; with particular regard to the defect tearing. The object 
of the investigation was to further clarify the mechanic* of tear­

ing as affected by enamel film properties. M would be expected, 
the specific problem necessarily involves Me more general object 
of furthering the knowledge concerning Me effects of col able salts 

la porcelain enamel mill liquors.
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(NW^ ^W&^$
TM of pmoodlR^ luvoeti^tor* M» b*#A

ooBOsmed oa%y with th* typ# of W&rla^ kaoim @$ *tb$r#al* M&rlag 
or that typ* vh&oh re#%lta fm* th# of ooliablo $»lt* la tM
«lit liquor a of poroelaln w^aolo. Aaothar %yM 1# rseo#* 
almü by IMootry 1$ IM woMnloml MArla# Whioh %rl*#0 froa 
lag tM ^kry, vhtta $ov#r »«$*$! ta aaoh 4«gr#@ ih%t of
th# oo&t ooow# ra#ultlag in t**r ortek# ^ioh a^p#»r &f t$r f^eioa 
of IM oa&aol, Thlo lyp# of toarlhg; 1# oftoa »ory tro%bl$#r>%o to 
prodMoro of poroelalo «aooolo^ algao or %ay otMr ooo&alod warn 
oübjooto# to bsaàla# Owiag ^rooooolag* Slooo Wo typo of mpturo 
1# rooogalMd a# Way log la Ho oNplor foy»$ woo fait IMt a 
portion of thio «houia M givoa @v#r to oa iavootlgatlon of 
w&Malwl War lag.

aaiaÆg?. 1-^em ±b«m al Sa lisais
TM »W# of MoMBiool toar&hg ww Mgw» Gy oroo# boodlag 

Ory ootor^owl omwoloa y^Mee la « *W1o folerua*l«wr MMiag 
Aovloo, firiag W# pi#*##, aM Wwo oM^vlog th# mealtaat ooatlag» 

TM opoolMao war* wvorw by opmylhg ground ooat oaaoolod otook 
with grwo per «ouare foot of ©over omt «mbo!» Five epee loon* 
for emeh enamel were omen flexed on a five-lash span, the degree 

of flexing inerewing in incremente of 0.05 loom from the first 
«ample at 0 flexure to the fifth «ample at 0.% lank flexure. The 
six enamels need were standard white mover oom to mhsraotoristio of 
the different types of shite enamels need oommarolall y at present, 

^oto enamels for the preliminary survey were prepared by wt



le
grlaaia# frit with th* at&Mard mill adaitlaaa. la aldltloa
to th* abov* «peolmoa#* % a^@b«r of aA@pl$# ver# with oaa»-
•1« prepared fra# the ©aae frits as wove, bot having la fâla date 
mill added agents reputed to oe effeotlvo la laoreael&g the roalet'- 

anoe of dry enaaala to wohwloal to&rlog. the#* agoate, hgüv*, 
arable and tr&gaoaath gwao, bentonite, and amenaium al#!*»te, were 
added ne 0.5 pare ent of the mill batch. In order to obtain the 
relative effeotlveaeas of the added agente, these enenels were 
treated in the earn* manner as those above.

The results of this series of experiments ehœed pria- 
olpally that both meohanle&l and thermal tearing have the same 
appeeraaoe in the fused enamel, the maohan leal tearing be. ing easily 
distinguished by its directional nature. That is, the mechanical 
tears are always distributed in such a manner that the applied 
strain is relieved.

The different frits, when incorporated in the standard 
enamels, showed marked differences in their capacities to resist 
the mechanical stresses. This series is shown in Figure 1. The 
characteristic of one frit being able to resist mechanical tearing 
better than another la either due to its capacity for resisting the 
applied mechanical stress or to its capacity for healing the cracks 
sore completely during fusion. It the former is true, the dif­
ferences between the enamels are only due to different ^entities 
and kinds of soluble salts present which have been leached from the 
frit. It ths latter supposition is true, the healing capacities 
of the enamels may be dependent upon either the type and quantity 
of soluble salts present or upon the temper#ture*vlsoosity relations
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of She
The cross flexed samples of the enamels which contained 

the mill added reagents the following results: BgCO^ in­
cressed markedly the resistance to mechanical tearing, bentonite 
increased resistance slightly, and gums had little or no effect on 
resistance to this type of mechanical tearing.

The notion of MgCO^ in increasing the resistance of an 
enamel to mechanical tearing is probably due to a softening or 
weakening of the wweel. That is, the #gCO* gives the enamel coat­
ing a fluffy and soft texture in which the strains applied may be 
better absorbed than in an enamel film having a brittle nature. On 
the other hand, the bentonite probably exerted a strengthening ac­
tion on the enamel giving it actually more strength and possibly 
more elasticity with which to resist a bending stress. The increase 
in resistance to mechanical tearing was not me marked in enamels 
containing bentonite as it was with those containing MgCQy

The differences in the resistances to mechanic al tearing 
of the first series of enamels investigated led to several new 
branches of experimentation. As has bean said before, the superior 
qualities of one enamel over another are due either to the char­
acter of the dry enamel as regards its resistance to mechanical 
flexing or to the capacity of the enamel for healing more completely 

during fusion. The latter supposition would be dependent upon the 
viscosity-temperature characteristics of each frit as well as upon 
the same characteristics of the soluble salts present. Although 
the soluble salts present in an enamel seldom exceed a total of 
CW of the dry weight of frit employed, their effect must not be 

neglected.
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©f Soluble Salts ©»

X» eMer to oliainato th# viacoaity faetor intwdweâ hy 
the aiff#r#At frits* om frit was ohoeea wi from it wre preperM
m eerie® of anmala contain lag varying proportions of &.B& Slid

MaTCg* the soluble mils previously found to be effective in a euse 
or prevention of thermal tearing» The proportions of eash salt 
used la each oaaael wre es sheen in Table 3»

Salts were added to give 1 gym total KaBOg + 
per 100 gmt of frit.

Table 2. soluble Salt Composition#

These addition. to a dry-milled, e ingle type, frit gave •

Bimal
. X.......Sa-o .

' Owe. '' 
ba^

J 
^3

Ona.
% .......

1 70.6 1-57 29.* 0.523
2 *.0 1.435 36.0 0.6*

5 59.0 1.313 *1.0 0.7#
4 57.5 1.28 *2.5 0.755

5 *7.o 1.0*5 53.0 0.9*2

6 %. 5 1.012 5*. 5 0.97

7 *1.5 0.92* 58.5 1.0*

a 27.5 0.612 72.5 1.268

9 0.556 75.0 1.331

10 13*5 0.302 86.5 1.535
11 0.0 0.17s 92.0 1.63*

aeries at enamels which differed only in the quantity ef soluble 
salt. The enamels were prepared by rapidly mixing the previously 



n.

ary milled frit with water, clay, »M electrolyte. This treatment 
minimised solution of the frit. Sample* were sprayed as before to 
4g grams dry enamel per square foot; dried thoroughly, and five 
specimens of each enamel were erose flexed over a range from O to 
0.10 inch, each sample being flexed 0.025 inch more than the pre­
ceding one. These samples were fired for three minutes at 1450*2, 

the normal maturing temperature for this enamel.
Results

This series of enamels, photographed in Figure 2, showed 
very clearly the two separate and distinct types of tearing. In 
the region of medium MaKOg, the tear cracks were of the pure aechan- 
ical type, while the enamels high in BjBOj showed severe thermal 
tearing. The unflexed samples high in SjSO, were thermally torn but 
the five or six unstressed enamele grouped around the region of 
Ma0 • BgOj were from all standpoints good enamels. The stressed 
samples around this metaborate region, however, gave marked evi­
dence of the differences in resistance to mechanical tearing of 
these normally good enamels. That is, the samples at or very near 
to the sodium metaborate line showed the maximum resistance to the 
mechanically made defect, the tear lines becoming worse for each 
constant flexure with an increase of either soluble salt. Those 
stressed samples containing a large proportion of as a 
soluble salt showed the effects of both mechanical and thermal 
tearing. Considering only those enamels of this series which were 

ordinarily good before stressing, it may be said that the dif­
ferences in their resistances to maohenleal tearing rare due only 
to the differences in the quantity of the salable salts present.
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whether the proportions et these Mite in these enamela gave them 
more actual mecMnlcnl resistance or whether they allows better 
healing during fusion, the effective minimisation of mechanical 
tearing was due solely to the soluble salts present.

S2e£ÊS2 1 JSâ, ®5S21îâ*-âSSï 21 3a ÂÎ1S21 St SlSÈla MSS 58

The next stop was to attempt to do term ins whether the 
stresses enamels monta in ing the proper purport ions of soluble salts 
healed better on fusion, or whether they actually cracked to a 
leaser degree during flexing. ft was thought that the Investiga­
tion could be carried out by choosing three on awl a from the series 
of figure 2, close enough to the sodium metaborate composition so 
that all three would be, while unflexed, among the good enamels. A 
number of samples of these enamels were then flexed to a degree 
that caused rupture in all three aeries; then they were fired at 
the normal firing temperature for varying lengths of time so that 
the progress of widening or healing of the cracks could be followed. 
In theory, the method should allow the visual determination of 
whether one enamel had more cracks than another at the beginning, 
or whether the second enamel fused the cracks ever to a greater 
degree than the first. After completion of thia experiment, it was 
found that the above suppositions were not entirely true. It wan 

laposslblo to determine the relative degrees of wracking daring 
the first stages of firing as the enamels flowed no visible signs 
of cracking until incipient fusion began. In addition to this, the 
enamels draw from the furnace before fusion tended to flake from 
the metal during cooling so that whole sheets of the cover coat 

could be lifted away from the ground coat.



1%.
It appeared, in those remaining samples which wre fused, 

that the enamel which contained the soluble emits 1® the ratio of 
the motaborate had loss actual cracking than did either of the 
other two series of samples. The cracks in the esmele containing 
high *3^) seemed to be spread more during the first stages of 
fusion them did the cracks in the other two series of enamels# leM* 
log to the belief that thia enamel was being subjected to the 
effects of thermal as well as mechanical tearing, This last is the 
principal difficulty in a study of mechanical tearing am affected 
by soluble melts. If the range'of quantity of soluble malts is 
wide enough to give visible differences in the final enamels, the 
phenomenon of thermal tearing to introduced giving uncertainty to 
the results.



15. 
tn. CMiatMMno* or tax ïamMiew or mmsamicm. mb thskr&l 

msiso

SbMWBBll S2S
The work w meohanlo&l tearing le& <lreetly to this see* 

and phase of study, as several of the results deserved further 

attention. %ae newod wao^o ukloh were oalelwd oWd welly be 
lifted away free the %>rouaa seated sae^lo after owoliog* ^fter re­
moval of theee eeaeela, 11 was noted that there were loft on the 
ground coat, adhering white ridges of never which followed 
the eon tours of the cracks in the sheet of sever enamel which Md 
been lifted away. These ridges, under wash moehanloally made creek, 
resembled very closely the 16 delta* formations characteristic of the 
more severe types of thermal tearing. It had bees thought pre­
viously that these deltas were characteristic only of enamels high 
in boric acid and that they were primarily responsible for thermal 
tearing. However, their appearance in good enamels, mechanically 
torn, gave a common characteristic to thermally and mechanically 
torn enamels.

ggmtes l—masl satœBüssi s£ sseîm Ssatias
Since it was difficult to obtain a continuous picture 

of the progress of the tearing process by drawing samples from & 
furnace at definite intervals, another method of obserration was 
sought. A small furnace was prepared in which samplee could be ob­
served. throughout the process of firing. The furnace was equipped 
with a quarts window through which observations were made with a 
low power binocular microscope. Mall ground coated samples about 
an inch square were covered with enamels prepared from the frits 

previously mentioned. From each frit, two series of enamels were



on* eont&lnin# la th* oorroot r&tlo far
N&gü^Qp th# other esatalnW #.5% a» %* &&&*& olootmlyto. 
thooo OMwel# oor* prop«r#4 a# bafor# by q^lokly mixing voter » 
slay, &M eloetrolyte to the previously 4ry-gro*M frite, fheeo 
enamel a were sprayeA on the grouM ooato^ eeaplee at about 50-55 
grams per square foot. It we later found advantageous to apply 
some of the enamels by pouring them directly on the piece ^ioh 
was gently tapped to smooth the enamel surface. After during# the 
enamels containing the two soluble salts in the proper ratio for 

were mechanloally flexed and their behaviors on firing 
were noted. Later# tnose samplee containing high were also 

examined.

W&I:
me process of tearing during heating appeared to be the

same for both series of samples. The first action noticeable was 
the formation of a series of hair line cracks in the surface of the 
enamel. The mechanically Hexed enamel* showed cracks parallel to 
the direction of floxisg, while the high enamels shoved a 
type of rupture sometime* described. as *nud cracking. * Me 

Figure 5.

rigor. J. Biagrae. or two ty#e. of tearla®.



17. 
OR MatlAg# Mir line or&ot# war* via#wa Gy th#
&r#xlag b&e* of %&# e»pRir»t$ MtoMe of oovw lo&vlng th# 
grotmd coat Thi$ $###M pro#### cppwr#^ to b# *a aotlon
art «lag fro# #hrlak#g# of the heated layer, th# third noticeable 
behavior w&c that of lifting 1» th* enamel layer away from the 
ground coat at the edge# of the oraoke# Lastly, the lifted edge# 
were flattened out, m< the edge# of the orach* in the MMele be* 
gaa to round off and a partial closing was noticeable. The com­
pletion of this action in the aeohMically tom enamel a was depend­
ent upon the degree of ore as bending to which the dry enamel had 
been subjected. Complète healing of tear cracks* without showing 
the blue ground coat, was noted in camples not too severely flexed. 
Rounding of the edges of the patches of white enamel was followed 
by their fusion into the exposed ground coat and later by their 
smoothing out and carrying to the surface, lines of blue enamel. 
The various step* are diagrammed in Figure V

Oonalderatipng gf the M%%glg= 21 1115
toon a dry eoat of oover immI le flexed, toe ordl nary 

result is « tension oraok. The nature of toi» oreelt le dependent 

upon toe degree of flexure, tolatoese of the seating, and the 
physical nature of toe enamel layer, brittleness, friability, and 
surfas. sharanter. Ordinarily, a norsal ensael seating, if flexed 

below the elastin ll.it of toe ground sooted steel, shows one of 
two types of emeXe—the nest eowoa being too eraek following « 
single straight line perpendicular to and penetrating toe whole 
eaaael layer to the ground seat. In figure 5 is shown an exag­
gerated erose seotion of this type of smoking, tola type of amok 
aeroly separates too eaaael into two separate sheets, too seeoad
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figer# 5. Diagram of *V* %yp# of eraoklag.

typo ootoa 1# that whioh et&rta at th# top oorf#0$ of th# #o%ml 
layer &# a ologl# or&ok a#& br#moM# a# #R invertoa % ta the lover 
surfsow« figure 6 show# &a exaggerated croe# see tian of this type 
of break. Between the lege of the inverted ï le left a ridge of 
ea&eel wnloh ie split from the layer dur leg o reeking. As M# been

Ctw^ COAT

-orrAZ.

O££rf CzoéCû

Figure 6. Diagram of «Inverted T" type of ueAMioel «reeking, 

pointed out previously, tMe ridge in meehealsally Hexed enamele 
is not apparent until tne enamel has been ealeland sad lifted from 
the ground seated pieee. In many mater tele, particularly brittle 
ones, this ridge formation is ebaraeteristle when the material le 

broken in tension.
It is obviously .the tendency in either type of fpasture



for the to split my from the ground o«t* that it, in

Mdltlon to the relief of strain by or&ekiM, enamel will also 
relieve strain by freeing itself from the ground coat. Gaa^retM, 
the condition is shown in Figure ?» fbla toMcnoy will be

Mgara 7. Diagram showing relief of strain in flexed enamel.

dependent upon the physical oharaoter of the enamel ♦ If the bind­
log fares is stronger between the partiale» in the dry enamel It­
self then between the enamel and the ground mt» We- tendency will 
be more toward loosening of the enamel from Wo ground wet. If, 
however, the reverse ie true, the strain will be absorbed more in 
craoking than in lifting from the ground coat. In either case, it 
is probable that the moohsniaal working weakens the dry bond bo- 
tween the cover enamel and the ground seat so that the layer of 

cover enamel has less resistance to the forces of shrinkage set 
up during fusion. The above observe tiens were clearly borne out 
by the calcined enamel s that had been mechanic Ml y flexed* The 
portions around the center of the sample^ where bonding we most 
severe, were easily removed from the ground coat by lifting with a 

knife blade 1 while the enamel on the ends of the piece adhered in



vary firmly.
boring the first stages of Mating, the fortes of shrink- 

»g$ tend to draw the eeaeel away from the previously formed oreoke* 
with little or no resistance from ths forces holding the eo&eel 

isyer to the ground coat. This sAms shrinkage# 1» » normal# un- 
ruptured# enamel may possibly be tskon up by a myriad of saall sep- 
ar&tlons between the grains of material present# rather than in ten 
or twenty such larger separations at palate of rupture and poor 

adherence.

GSBSU&.mSg^
The similarity of the types of tearing as observed in 

this series of experiments led to a reconsideration of the mech- 
aniem of thermal tearing. It Md been noted in preparation of the 
large samples for the aware experlmeats that often those enamels 
high in tended to break during drying# particularly those 
which Md been applied heavily. It was also noted that the same 
enamels applied heavily on the small pieces often tended to come 
loose very easily and fell from the ground coat. The observations 
led to the belief that the shrinkage on drying was possibly respon­

sible for these behaviors of high enamdls. 
rrouedure l asaulto—Observation OBa&g&g ZllSA

The first series of experiments worm designed to verify 

these previous observations. Ennemis containing a high percentage 
of were prepared and applied at varying thicknesses ground 
«mM pisses and after trying, they were inspecte® for orsekiag. 
of the various dyes and indicators tried8 the nest ^o^ee^fhl was a 
suspension of iMtp&sok la kerosene, a mixture whisk outlined any 

oraeke inotaatanoonoly. In general, the cracking we elwys



%.

in heavily spoiled vawsele, but in ease of the thinner 
NPPllo&tloB*, tearing wm* not evident until ealeln&tion of the ea»* 
pie. The thicker the enable, ordinarily» the acre severe the eraek- 

Ing.
In addition to the above teste* the ®i»e enamels vers 

applied to glas» plates through ehich the proowa of drying oculU 
be watched with the aid of a mlcresoope. ObBerv&tloaa of thia 
nature gave no information as the crack» forming on drying warm 
absolutely undetectable» even at higher mdwlflo&tion*. In meet 
eaves, even when the crack# were outlined by the employed stain» 
visible evidence of depth or width of the omok was not observable. 
However* In none cases, as has been pointed out, the heavily applied 
enamel on a small sample has broken into two or three pieces during 

drying.

erogftto i at smlls—Liasse Jams tela» amasssasi
It waa next thought desirable to measure, if possible, the 

linear drying shrinkage of an enaael high in «38^ and co»»are it 

with the shrinkage of an enanel containing » the soluble
component. Snaeeie were prepared as previously fro* several of the 
amiable frite and these slips were poured, in Measured Mount», 
into «teel briquet solde resting on a greased glass plate. After 
complete drying, the briquet wolde were removed and the shrinkages 

were measured. Fer ite purpose, title experiment failed as the 
tendency of the samples to curl prevented any accurate measurer nt 
of the small order of linear shrinkage observed. This curling did, 
however, lead to further experiments. It was noted that those earn­

pie* high la N3BO3 curled more in every eaee than did those contain­
ing SagOBgO,. The ends of the specimens lifted up and away from



m.
th# 81a#* plat#, leaving a bov in the $aa*#l&, in @%s@e, »f W 
m%@h a# 1/^ inch fr<x% center to cc^. Chiracteri#tic am
ehovn in figure 8. This behavior showed tb^t either the chrlnkag# 
of the Burfae# layer was greater than that of the «Rder layer, or 
tMt the surface layer was ri^ld enough, after shrinkage, to pre* 

vent movement of the lower layer, 

yrwMMWw i aaa 2ssaM—si la mM &al SJM 
In further experimental work concerning the drying 

stresee# set up in enamel layers, v^rioue eli?^ were applied on 
other non*rigid bases. mamel# prepared ne previously described, 
containing the soluble salts Ln the proper ratio for were
sprayed in varying thicknesses on thin celluloid and their drying 
behaviors wore compared with enamels having a high content of 
which had been applied at the same thlekno&MS on like celluloid 
stripe. Although the behaviors were not always predictable, the 
thin coatings (%n-40 grams per square foot) tended to bend up at 
the corners and edges chile the heavier easting* bent the opposite 
direction in a manner similar to that previously described. In 
either case, the enamels containing a high percentage of H^BOq M a 
soluble component showed more severe bending than the slips having 
the salts in the proper ratio for sodium metaborate.

In addition to the above, similar enamels were applied on 

waxed paper, tin foil, and on various thicknesses of shim stock. 
In all cases the result# were the same as those given in procedure 
2, the degrees of bend in the various materials being dependent up* 
on their relative resistance# to bending. This visual result was 
supplemented by measurements of the relative strains set up in 

split rings of shim steak during the drying of enamel seating#.



24.

Figure 8. Photograph of dried enamel samples# 
one tearing, one non-tearing. Note 
curvature of tearing enamel.



Rawel# eontalniw 1* th* eombln&tlone ^Iven la
Figure 9 were sprayed to a thioknee @ of 45 gremo per square foot on

two inch dieno ter split rings of 0.01 inch shlu stock which were
one inch wide and Md an original colit width of 0.4 cm* the earn*
el® were prepared by wet mill lag, and 1 per cent total electrolyte
was added to each slip. after drying, the increase# in split 
widths were «ensured so a criterion of tensile strain set up in the 
enamel during drying. To cheek these measurements against the 
tearing character of the enamels, the same slips were sprayed and 
fired on ground coated pieces. the results of these experiments 
are shown in Figure 9. vet milled enamels wore found to have the 
same characteristics when total quantities of and as 
low as 0.0 per cent were added to the slips.

These experiments served to show clearly the behaviors of 
goad and bad enamels during drying on surfaces in which the strains 
of shrinkage were relieved by warping and bending. If these enam­
els are applied on rigid surfaces to which they adhere, the release 
of strain in the tearing enamels la brought about by the cracking 
which is fundamentally responsible for tearing. The observed 
strains are either affected by a difference in total drying shrink* 
age between good and poor enamels. or there is a shrinkage gradient 
in the poor enamel. A shrinkage gradient may exist in m enamel 
coating if the surface shrinks and becomes hard before the remain­

der of the.enamel is dry* 
froMdur, * las M X&3SS SUas Bahama
a£ BMaUt

To 4. tontine whether any tiffereneee exista» between the 

total drying shrinkage* of tearing sag non-tearing enamels, the
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following weamiFMMmts were a We* Dupl lente of two enswel»
were prepared by mplMy siting the previously dry milled frit# 
clay# and electrolyte# and carefully measured quantities of each 
enamel were placed in glass weighing bottles and allowed to dry. 
After drying# the dry volume* were determlnM by the standard 
method of weighing the enamel* dry, saturated, and suspended in 
kerosene. The weighing*. were made on an analytical balance and the 
calculated results were considered to be precise to at least four 
significant figures. Although a total bulk volume shrinkage of 
over per cent was measured, the accuracy of the data was uneer- 
tain as the thick layers of enamel in the buttles were intersected 
by numerous cracks which introduced possible errors in the da termi­
nations of saturated weights. The enamels were saturated in kero­
sene in an evacuated chamber to insure complete filling of the pore 
spaces and cracks but the subsegment blotting of kerosene from the 
enamel surfaces before the saturated weight, determinations did not 
guarantee that some of the kerosene from the cracks was not removed.

In making a second attempt to measure the drying shrinkage 
of an enamel# it was thought that a thinner layer of enamel in the 
weighing bottle would be less conducive to the troublesome cracking. 
Therefore# a second group of enamel slips more prepared and poured 
in thinner layers into larger weighing bottles. The layers, bow* 
ever# were still relatively thick (?/$ to 1/4 inches) in eompaneen 
with a layer of enamel a* it is applied to ground coated steel. 
This group of enamels was allowed to dry thoroughly Md the 
determinations of dry volumes were made as before. This time, how- 
ever# the craeka occurring in the layers were known to be complete­

ly full of kerosene before the saturated weighings were mads.



98.
ThiB of th* aprtmmt bulk dry voluw aw*

twined a aumm&tlon of thra# voluwi (1) th* tru* volw* of th# 
Bolide, (2) th* volww of pom#, and (1) th* mlum* of omck$. 
Slnm th# volume of th* omok# were ineluded, no el^lfle^oe 
oould be attnehod to a ehan# in apparent bulk volume. Themfom, 
further detemlnAtlon* vere ma# so that the volume of the smoke 
emald be eliminated and • true meeumment of bulk volume could 
be obtained. These determination# conslated of measurements of ^ie 
true porosity of unomoked mmol eamplee taken from the layers in 
the bottlee. After measuring the tru* porosity, th* figures ob­
tained vem added to the true dry volume of solids eo that th* re­
suiting figure me the true bulk volume of the dry enamel. %&*## 

figures are given in Table 3.

Table 3. Volume Drying Shrinkages of 
Tearing and Won* tearing ghamol*

Original
Final
Apparent

Final 
True $ Volume

Enamel Bulk Nik Nik Drying
MW— gmsteai

•5 9-41? 7.19* 7.06V 3341
5 9.570 7.138 7.060 33.75

11 9.695 7.356 7.219 34.30
11 9.677 T.2# 7.110 35.10

Considering the extremes of the value# given, it 1* 
obvious that the difference between the® (almost 2g) is not enough 
to amount for the formation of tear smoke in an enamel. This 
different mould be less than 1< if expressed as linear shrinkage, 
and this ie not eufflolmt to effect the degree# of bending that

have been noted......................    .......... ...
* These numbers mfer to soluble salt oomposition* given pre­

viously in Table 3.



heavily on » aerfwe to *Moh 
tMy ao not aahere, tho eole aifforeno# In the ohar&oter of te&r* 
ln% «ma non-tearing onanole le reenlWxt from th# nanner la vhioh 
the drying ehrlnhago take# pl we. In th# poor enamel, the drying 
le such that the ehrink&ge takes place in et#D*» with eurfaee lay­
er eurling and o racking due to completion of surface shrinkage 
before internal shrinkage Me nrogreeeed to the same degree. The 
good enamel Me pmetienlly the name shrinkage, but the drying 
chares ter le such that the shrinkage takes place evenly throughout 
the whole layer. When the same enamels are applied on rigid star­
faces to which they adhere, the differential surface drying stress­
es in the poor enamels are absorbed by surface cracking; followed 
by internal cracking along the same ruptures, so that the surface 
crack penetrates to the base on which the enamel is applied. The 
enamel that does not tear has no strain gradient to be absorbed, 
and the shrinkage Ie uniform throughout. However, the total 
shrinkage is high in the non-tearing enamel, and it is obvious 
that the overall strain must be relieved by other means.



10.
iv. ExasimTios of wma wwœ of suMa m«§ 

âaaal s^gg^
The woyk of p&rt ITT ha# #ho#a that tMp@ ere eever&l 

foR&Mkent&l aifferewee in the ehyelaal beMvlnre of tearing and 
non-tearing enrols. Principally, the tearing enamels Mw a dry* 
ing shrinkage gradient, and the dryad maael surface le hard and 
brittle; while the non-tearing enamel has a unifor® drying shrink­
age, with a soft dried surface. These difference* in dried sur­
face character suggested the approach to this step of the lavestl* 
gotten, which was aimed toward examination of enamel textural 
characteristic®. The particular question of interest was one re­
garding the nature of enamel texture and its mechanism in causing 
or preventing tearing*

1225 &BM&--SBSX at SAa iMBaat at 2a aasl& 
The method of study was simply one in which thia sections 

were cut in various directions from dried camples of tearing and 
non-tear lag enamels. The enamels were prepared by wet milling of 
frit, clay, and water to a fineness of t grama. The milled enam­
el was divided into two parts, to one of which was added 0.^ 
WaWOg, and to the other, 0*5# Enamels were applied by
spraying on ground coated pieces, and by pouring in iron molds on 
glass plates* Before grinding, the dry enamels were saturated 

with Canada balsam to prevent slaking, and the grinding was carried 
out in the ordinary manner. To more nearly insure equal thick­
messes of two compared specimens, both more cemented on the ease 
elide, as close together as possible. Photcmicrcgraphe of several 
samples were taken and they are presented in figures 10 to 15*



31.
for both and brint# for #aoh **t of #%»*

pie* vere ooa*t&al to ln##r$ oo*p&fAtlve m&ult*.

BOU
Pl&ure 10 $hov# aA^lfled hhotlw* out p*rp*n&i#ulw to 

th# #urf&@*e of A t$hrln$ and & non-tearing w#awl vhloh had been 
applied to a thickness of approximately 50 grams per eqw&r* foot 
on a AWf&ee to ehloh the enmel adhered. These areas eeetloA# 
show clearly the textural différons## In a tearing and a non* tear* 
ing enamel. The good enamel is loosely packed, and has an open 
network of oores. The poor enamel ehoe# a gradation of deneeneee 
frc% the top surface down, with no loose structure near the top, 
and a %ore porous texture near the bottom. The differences in #%r* 
foe texture are more clearly shown in Figure 11, which are rep* 
resentatire sections of samples out parallel and close to the top 
surf sees of the same enamels that were used for Figure 10. Wot# 

the striking difference in pore e true tore.
Figure 12 shows the textural differences in eroes see* 

tiens of another pair of enamels, one good and one poor. Figure 
13 shows samples out parallel to and «lose to the surfs## of the 
$we enamels used for Figure 12. More again, the textural dif* 

ferons## are obvlou#*
To make the conditions as extreme as possible, several 

sample# were prepared by drying extra*thick samples on a gls.es 

plate. The method was «imply one in which the enamel slip *** 
poured into an iron briquet mold on a glass plate. Samples for 
Figure $ were prepared In this manner. Figure 1$ shows section# 

eut perpendicular to the surfaces of two of these thick sections,
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Tearing %0R-?«&rlAg
Figure 10. ^hoto%lorograpM of thin ••<»lions eut 

to dry sürf&we of & tearing end a 
non»tearing ennnel, both apolied at 50 great» per 
«Quare foot*
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tearing Won-tearing

noire 11. Photoelerogmohe of thin eeetlone of 
enanele, ent parallel to eurfaeee of eneneie need 
in sections shown in Figure 10*
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#cn»T#irlAgTearing
?lg(&r$ 12. rof thia eeetlon# out

w try earfwee of a normally aopllet
tearing ant non*tearing eaaaal.

tearing Won-Tearing

Figure PL Photonicrograpke of tMn aeotlon# eat 
parallel to esrfacee of enamele we< in testions 
Uovn in Figera !&•
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Wiring
Figure 14. P bo toa lo r of thin see lions out
wroendleular to dry «ûrfMa» of a wry thlok 
tearing and aon*toarin< enawl.

«

tearing Won-tearing

n«are 15. Faotoalcrogranha of thin aeetlona of 
eassele, eat parallel to »urf*oe« of enawel® used, 
in eeetlon® shown in figure 14.



os# the other Ag»iA the tex^
tarai difference® are apparent, with the now tearing enamel having 
an open, loue* structure, and the tearing enamel having a eoepara* 
lively high penalty near the surface. figure 15 shoes sections 
cut parallel to the surfaces used in crow section for figure 14. 
The differences are again clear.

M&1ZSM
These enamels, prepared free different frits, are ohar- 

metori*tic of a number of sections examined aierweopioally» The 
result va* the same in every case, and shoes conclusively the dif­
ferences in the texture and packing character of tearing and non­
tearing enamels in the dry state. In the case of the tearing enam­
els, the density of surface and near surface packing shoes clearly 
why the drying behavior is as it vac observed. The capacity for 
denser peeking, and the finer pore structure hinders drying so that 
the previously mentioned shrinkage gradient is effective in setting 
up the touring stress**. The good enamels, on the other hand, 
have the open structure essential for even drying and even shrink­
age. In addition, the good enamels are capable of absorbing any 
shrinkage stresses, even or uneven, because of their ne Work* of 
large open pores. In effect, the "film strength" of the non-tear­
ing enamel appears to actually be "film weakness*, in that the 
cracking that could free the stress in a dense enamel ensure as a 
single tear, chile the same stress could be absorbed by a hundred 
cracks in the loosely packed enamel. This last is clearly 11 law 
trated in figure 17, a case in chick the densely packed enamel cm# 
"too strong", and the separate particles cere bound together



N*
«noWk $0 tMt fmeWr# la «m# lwp$$ fla&lly m- 

suited* 

Pr@ee^r» &C I&Ua&
The peeklag eh&rwter of these eowele should theoretic 

sally have an leportwt ml# In detemlnlun their drying behaviors, 

and it was thought advisable to examine the drying character from 
the standpoint of water loss vs. time. The determination» vers 
made by veWhln<( samples of tearing wd nm^tearlng «anele vhieh 
were suspended from an analytical Ml wee in a drying chamber. to 
this manner, the saaples, having a constant area, could be ae<mr* 
ately weighed at regular, continuous, intervals during the drying* 
naaplee of good and poor enamels more onrayad and dipped on ground 
coated pieces, and their weight looses during drying vsre dotera 
mined at ##C., WC., and 1WC.* the relative bwidlty 

being constant for each pair of samples.

Aaal^ 
The data from these determinations showed clearly one 

effect of the packing character of the enamels. In every case, 
the non-tearing enamel was completely dry before the tearing enam­
el; the differences in time being an inverse function of the 
temperature. This result is one that mould normally be predicted. 

It would also bo expected that a difference in rates of loss 
should owlet between tearing and non-tearing enamels, but none 
were measurable. The thinness of ths coatings, and the crashing 
tn the poor enamels may account for this* Figure ld chows m 
typical water loss versus time graph for two enamels dried at 

constant temperature and relative humidity.
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2 «à ai &s œm M mm bm sa
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In conjunction with these trying experiments, the more 
pMctleal aspoote of the ^roMen of drying behavior were also ex­
aminee. Ground coated pieces were sprayed with 50 grume per square 
foot of an enamel that was known to tear, and these camples were 
dried at various temperatures and relative humidities. Bowe were 
dried at room temperature, both at room humidity and at elevated 
humidities under damp cloths, and some were dried in a drying whan- 
bar at various temperatures between 25*8. and 110*8., with normal 
and elevated humidities. Samples were also dried in infra-red 
radiation and over gas flames and electric hot plates. The pieces 
were inspected for tearing, and little difference* were noted—re* 
gardless of the drying eanaum. This result is what would be 
expected, when viewed from the standpoint of what has been said of 
the packing character of tearing enamels. M long as the shrinkage 
takes place with dense packing, the net result will be the sane 

with any normal drying procedure. If drying was carried out so 
that the time was infinitely long, and no moisture gradient existed 
during removal of water, there is a possibility that the tearing 
tendency during drying could be eliminated, one other possibility 
of preventing tearing during drying is worthy of mention: the re* 
«oval of water Instantaneously, or flash drying. This last was 
approached by spraying wet enamel on a hot test piece, and the 
tearing was seen to bo minimised, but continuous flash drying is 
not possible after a thin coat of enamel has been applied on the 

test piece.
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It mas bean n»toâ, in the alcraecoplc etudlee of enamels 

aurins firing, (Procedure 1, Part III) that the action occurring to 
a tearing enamel during heating appeared to be simply a aaalfeeta- 
tion of shrinkage away from crack* previously started. It would 
appear logical that such action would be shown by textural charac­
teristic* In the enamel as studied in thin section. Using toe same 
technique as before, thin sections were prepared from samples of 
tearing and non-tearing enamels which had been calcined to 1000» F. 
for 10 «toutes. The calcined samples were made fro* think samples 
of dried enamel which had been prepared by seating enamel el ip to 

briquet molds resting on a glass plate.

SttHll
Photomicrographs of thin sections cut perpendicular and 

parallel to surfaces of calcined tearing and non-tearing enamels 
are shown to Figures IT and 18. The characteristics of these sec­
tions are not distinctly different from the characteristics of the 
dry enamels discuneed under Procedure 1 of this section. The tear» 
tog enamel* to all eases have become packed more densely, while the 
non-tearing enamels have maintained their open structure. The 
relative behaviors during heating at calcining temperatures are 
shown else to the photograph, Figure 19, a picture of calcined, 
thick samples of enamel, The curled sample is a typical tearing 
enamel, while the flat one to of a non-tearing variety. Shrinkage 
has progressed both sampled, but the surface and near surface 
shrinkage of the poor enamel to made obvious in comparison to the 
good enamel. The surface of toe tearing enamel was very hard, and 

it appeared that sintering had taken place to at least half toe
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Tearing Ron-Tearing

Figure IT* Fhotoalorogmplw of tMn eeotlone out 
parpen Mouler to eurfaue® of a oalclned tearing ana 
& non-tearing enamel.

Tearing w^-Twring

Figure 18. rhotoaicrogranhe of thin eeotione of 
eeloineS enweele, out parallel to of *'***"
els need in eeotlone shown in figure 17.
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Figure 19. Photograph of calcined enamel 
samples, one tearing, one non-tear­
ing. Mota the curvature of the 
tearing enamel»
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of 4M» MMpli». On the other the non-tearing a Ample wb 

comparatively soft and was homogeneous throughout.

&asK%
Bars again the effect of shrinkage is clearly demons tret* 

M, and the difference in packing ohame ter is ties is further en» 
ph&slted. The calcining treatment a^pesm to be s imply an agency 
for further promoting the same physical features that were observed 
in the studies of dry enamels. The more tightly packed enamel elm* 
ply becomes denser; the surface shrinkage being enhanced more than 
the interior shrinkage by a quantity equivalent to the difference 
that existed after drying. The non-tearing enamel undergoes uni* 
form shrinkage; with the maintenance of an open structure. It is 
clear what would have resulted if these enamels had been fastened 
so that linear shrinkage could not be relieved by movement. The 
dense surfaced sample would have undergone stress release during 
the widening of a few surface cracks while the loosely packed 
enamel would have absorbed the same shrinkage in hundreds of small* 
er cmoka.
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The «W has shown that the behavior during shrlokaga, 
coupled with the textural chmracterictice of the enamel, are re* 
sponsible for low film resistance to the tearing tendency. Both 
characteristics have been shown to be manifestations of the packing 
density of the dried enamel fila. Since the only variables allowed 
to enter were the soluble emits and their eoncentrati^no, the 
packing character meet be determined by them. It was the purooee 
of this part of the investigation to study the mechanism of pack* 
Ing.

In a system in which clay is in contact with water, the 
first effect of say added soluble salt is dependent upon the kind 
and amount of lone that are furnished to the ayetem. The kind and 
amount of loss in the solution govern the degree of dispersion or 
coagulation of the clay portion of that aye tew, and, other things 
being equal, fix the suspending power of the day. This is effect* 
ed by fixing the states of aggregation of the clay fraction in the 
system. Per a given water content in which a coagulated elay 
makes a "thick" slip, a "thin" slip would be the result if the 
same clay were dispersed, with the thicker of the two having the 

better suspending power for an added non-plastic.
The physico-chemical property of a elay that is respon­

sible for Ite ability to assume varying degrees of aggregation is 
based on its characteristic capacity to adsorb ions* The clay 
partiels has at or near its surface a negative charge «Meh 
attracts positively charged lone (cations) and holds them with a



Mawiw wMah le a of the electrical field etresgW and
ooRoeatmll^ of the cations in solution. One cation any be ex» 
changed for another on the elay particle by exchanging the type of 
ion in the surrounding solution. Nr cMmle, a Pao clay may be 
made into a We clay by simply leaching the clay with an acid. In 
general, small amounts of cations with high field strong the will 
coagulate cl ay»water suspensions. Such ions are We, New, Mgw, 
and Bow. Small additions of cations with low field strengths, 
such as Ww, N, and Lie, tend to disperse day slips or mate than 
thin and fluid. If larger quantities of those low field strength 
ions are added to clay slips, the action la to coagulate them again 
after the first cycle of dispersion. Curve 1 of Figure 20 shows 
this effect on the viscosity of a elle of clay, quartz, and water, 
to which has been added various quantities of WaOK.

zms±o l sss sassus—SMt af XssissS MU As M Mbs 
An enamel slip Is essentially a slip in which frit is 

suspended in elay and water. The ordinary water content is such 
that the system is very mobile or "thin" when the elay fraction is 
dispersed. If the day is coagulated properly the slip is said to 
be Net-up.* The preponderant ion in enamel mill liquors is the 
Wae ion resulting from frit solution, sad the action of this sodium 
is to bring about in an enamel slip the second cycle coagulatlom 
that was described above. The curve t in Figure 90 10 a relation» 
ship of viscosity to salt concentration for a clay, quarts, and 
water slip to which concentrated mill liquor from a non-tearing Mt 

had been added. Wote the similarity between the two curves, one 
slip containing NOW and the other, the actual mill liquor. The 

first few portions of Wa« disperse the slip, allowing the flint
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to settle ont and macing it uaeUfs M a suepenslan, further ad- 
ditlon giving the slip the normal, good set, and further additions 
th loaning it to such a degree that it is no longer usable. The 
addition of concentrated mill liquor (0.64 grass solld/c.c. mill 
liquor) from a non-tearing enamel gave the alla the ewe character- 
loties ce the W>H, but not to the game degree. At Indicated on 
the curves, the region of beet set 1» in the trough of the sill 
liquor curve, while the WW additions at the trough give an ex­
ceedingly thin clip. The clip containing the Bill liquor is, In 
the region of good set, not coagulated completely in comparison to 
the ends of the curve. However, in comparison with the WaOW slip 
at the trough, the mill liquor Blip is coagulated. The differences 
in trough deaths of the curve# are due to a odium salts In the mill 
liquor which buffer the action of %a+ at a higher level, pre­
venting the primary dieoereion resulting from addition of a single 
base such as Sam. %oet important among these salts are &&T, 
W&ag&a? * 10R&&, IKagBOq, '%&;, TGsbgdSCh; and *#%# * SlOg.

it nay be well to neks clear that the conditions of dis­

persion and coagulation ns used here are entirely relative and egg 
exist in different degrees. The data of Figure 00 e** he «ssd to 
clarify this. The slip containing mill liquor, if considered by it* 
self, has three separate regions: two of relative coagulation and 

one air relative dispersion. The %aO% slip has the sens three 
regions, but the action of the single, highly ionised base is smash 

that the degree of dispersion at the trough is high to read* 
or the slip too thin. The salts contained in the mill ligner are 
ionised in such a balance that the degree of dispersion at the 
trough U actually a degree of coagulation when compared to the
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W3B slip* la other wpM* the trough values are simply relative 
points between two extreme end combers » one being closer to a corn* 
ditto» of complete eeagalatlee than the other. The good set of an 
mmol slip cannot be eerrcetly termed as an absolute state of so* 
agulAtion, but simply m a high degree of coagulation. Hereafter 
in this paper, the two word» should be understood to connote the 
degree of the condition rather than the absolute state itself.

The difference between a dispersed slip and a coagulated 
slip, Insofar as the finer fraction is concerned, la due to the 
state of aggregation of the clay particles, a coagulated clip is 
one in which, for example, a hundred clay particles are bound to­
gether in a porous, soft, water containing, cluster; while the die. 
persod system is such that the hundred clay particles remain as 
separate entitles, each surrounded by a water filo, and each free 
to move without hlndpranoe from the other members of the system. 
With this simple picture, it la clear how the two states of eg- 
gregation affect the packing character of drying slips. The co­
abated system, made up for example, of ton clusters of a hundred 
particles each, will pack during drying se that the ten clusters 
touch and have between them large per# space# and relatively few 
points of contact between clusters. The same tlb» if dispersed, 
will consist of a thousand separate particles, free to peek with a 
much finer system of pores. The fine pore else of the dispersed 
slip makes the drying more difficult, with the consequent strain 
incurred with the axle tones of a moisture gradient. The same 
packing character, with the numerous contact points and consequent 
high strength, makes the absorption of this strain more difficult 
in. that the separate particles can act easily be palled apart.



4B.
large or&oks only when the nonnentmited ntrain over an
area becomes strong en$u^ to break the fores# between particles. 
On the other hand, the loosely packed system dries with no moisture 
gradient and the forces between clusters of frit and clay are weak 
enough to permit easy release of overall drying strain. The eon^ 
ditlons of the slips with the resultant of feats on the tearing 
tendency are shown in figure 00. The tearing tendency was deter­
mined by the inspecticm of dried and onleined seaplee of each snam- 
#1. The recul te as marked out along the two are those that 
emüd be accurately predicted from the above concept of slip ag­
gregation and packing, with the exception of the one detail In re­
gard to the tearing tendency of the allo that is highly coagulated 

by the 10 o.e. of mill liquor.

^BiamiUsa 21 Ms £11«£1 21 MM 12 -2^. MM
The preceding discussion ha# covered only the feature# of 

the tearing tendency that are the effect# of th# lonl&ed soluble 
salts. The behavior of the salts during crystallisation must also 
be considered. If borates in an enamel mill liquor are present in 
exo#*#ive quantities, their deposition at the enamel surface sea 
mechanically influence the packing so that tearing result*. An #^ 
ample of this extrema sass sm furnished by the slip of Figure 20 
which Md been coagulated W a 10 e*®‘ addition of mill liquor from 
a non-tearing enamel. This addition, however, furnished two and 
one half times the quantity of salts ordinarily found in the mill 
liquor from which the concentrated additions used above mere pre­

pared.
Cwrttermw of MS SKSSM St SSMlUt MM » W USSMS UMf 
•aey

Berle Mid Jim long ten eoneldered t® Be tte rrlaelpti
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of twriag, aad th* adaitloa of to a* eA&aol *llp la- 

variably results in a reduction in resistance to rupture. When 
this weak acid was ad&dMfdk to the ellpe used for the data of figure 
90, it Md a charge ter is tic effect on the properties of the slips 
that gave ample ground for a dlocueelon of the effect of 
when added to porcelain enamele.

The dotted lines of figure AO show the effect of a 0.04% 

addition on consistency and tearing resistance of the Mao? 
and MH liquor slips. With W-K or Mil liquor there is a very 
slight reduction of viscosity, but with small additions of Na0H 
or Mil liquor, the reduction of viscosity is rapid and the slips 
are thin, renaming co over the rest of the field, as shown. Tear* 
ing occurs m indicated over almost the entire range. The slip 
containing mill liquor has been dispersed to a greater degree over 
its total length, and the MaOR alin has been dispersed in two re* 
glouB and relatively coagulated in the trough region. The er* 
planation for this action may logical ly be assumed to be a result 
of chemical reaction with the materials already present in solution 
in the elipo. The resultant chemical compound shove all of the 
attributes of a buffering salt in that further addition of KaOR or 
mill liquor has no effect over the range studied. The ionisation 
of Bae from the buffering compound U such that the amount of lone 
free to fix the aim consistency are constant.

The minimum value of consistency is achieved at approxi­

mately 0.15 grams of **'#, and this amount is that theoretically 
necessary to form ' upon reaction with • M a
check, the amount of borax ( .61 grams) that would be formed in this 

reaction was added to a slip containing no soluble emit and the
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effect oa consistency is âwn on the right In Figure 20. This er- 
perineatal reeeonlng does not prove that ta* buffering salt le 
borax, but the evidence makes it clear that the comround is a bor* 
ate which fixes the Wav lan concentration at a level that die perses 
this type of slip to give it the packing characteristics that re* 
cult in tearing.

The action is probably the name in enamel clips. If the 
composition of the frit is such that the résultant soluble salt 
approaches the borax composition, tearing will result. If 
is added to a normal enamel, the equilibrium between Wav, and W, 

F * Borate*, or other anions present will be shifted 
so that the dispersion reaches the degree where tearing begins. 
The normal enamel mill liquor is buffered with an effective Wav ion 
concentration that is higher than the concentration allowed when 
the 8^80% is added, so that not enough are available for maintain* 
ing the proper degree of slip coagulation. To reestablish this 
proper equilibrium, the Wav ion concentration can be raised by 
adding enough of an ionliable sodium salt to completely repress 
the buffer and have sufficient excess remaining for proper slip 
coagulation, The buffer action may be nullified in this manner by 
the addition of any of several eodium salts. Those found to be 
effective are: MWO*, Wa^, WaW^$ BaBOg, and WaCW. As

would be expected, ewe other sodium salts of lower solubility and 
lower ionUabllity, are found to reduce the tearing tendency. 
Among these are eadiw, oxalate, sodium citrate, sodium molybdate, 

and sodium fluoride. Seas of theme salts, of course, are uadesir* 

able because of their blistering tendency during firing, caused
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by the during heating of We obJeotiouAble anion or
Mion radlool. The ^otltioe of those emits wooeenry to establish 
the proper equilibrium are dopoMeat the if solubility and
lonlxatlon. Thus less is required than *#*0* or SaCN# and loss 
MgCO) is required than sodium oltrate or sodium oxalate»

Other salt# that roast favorably in increaelag the effect* 
i*w Nao ion concentration mad in giving final compounds with the 
proper solubility are those that have a character similar to sodium* 
Among them are WK)g# Liao^ and Fb(Nü^)g. Rare again ers
compound® effective in reduction of the tearing teodewy but are 
not used because of unfavorable behavior during decoaposltlon* They 
are merely sited to illustrate that salts other than sodium ere 
effective in stopping tearing. The sodium salts are not at all 
unique in their behaviors# and if the exposition of enamel frits 
gave something other as a soluble product than the sodium borates, 
the came conditions of tearing could be produced and remedied en* 
tirmly without them. Salts of boron have long been considered to be 
alone in their capacity to produce tearing# but this is only because 
enamel frits are compounded of soluble borates. A boron free enamel 
has bean prepared by the authors# and ha# been found to tsar as bad* 
ly as any normal enamel to which Ma been added.

Sf MOSS M jU&K SB S& -OttiSS SteSSSSE M

As has bean pointed out# We firing treatment seems to 
have only the effect of enhancing any film defect that exists after 
drying is complete. It the packing Mtn re of the dry enamel is such 
that drying strain Ms been introduced, with or without release# 

We firing treatment and consequent shrinkage appear to enhance 



tM** to tw that weal* b» #xp$eta&. It la pmbably in thia 
©opacity that the màe Mà aeture of crye tall lastion of the various 
soluble salts is most important. Burst and Anurews^ have a i sou seen 
the nelted viscosities of the various salts during fælon, aM they 
report the effects to be such that the tearing tendency is enhanced 
by heating, the separate patches of tom enasal being drawu away 
from the previously formed rupture *•
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of tbl# $&n ^roboKly M
MmAorl&e^ la « flow sheet 1% which the wlou# pm^ertles sal 
^ItloAS governing these properties are relate to the ehar&oterls* 
ties 8tuaie<« Figure 21 is auoh a flow sheet, listing waeh variable 
la the ee^ueam aebeiderW logleal la this atu^y.
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of th* result* of thi# #Wty of for ths 
follovlag (KmolusiaAs:

1* 8#wol tearing le & ^ofwt from the shrink*
ase stresses set up in an eaeæl film &urla^ drylag and very early 
firing aoablned with the inability of the film to properly tokorh 
these stresses.

2. The oepwlty of a non-tearlag ehomel to resist tearing 
is due to the absence of % strain gradient during drying oovpled 
with a loose & wax, texture.

5. the characteristic shrinkage and recul tant strain 
gradient in touring enamel is due to the p&ekiag character of the 
enamel during drying.

4. the poking oMrwter of m enamel is determined pri* 
airily by the state of aggregation of the slip as determined 
by the kind and quantity of adsorbed lone pressât. The lea meet 
effective in enamel slips Is the Ma* ion freed upon solution of frit 
glass. The final state of aggregation of a dry enamel is influenced 
in extreme osses by the total quantity# disposition, and crystalline 
char as ter let los of the soluble salts present. la meet ce eso, how* 
over, the film strength depends upon the physical structure of the 
dried enamel so fixed by the behavior of ionised salts in the slip.

5. Berio acid, when added to an enamel slip, causes 
tearing by forming a buffer salt (borax probably) that disperses 
the slip, allowing it to pack so that strain and tearing result. 
Sodium nitrite, and a number of other salts, prevent tearing by 
properly repressing the buffer and balancing the Xa* ban concentre* 

tien to give the enamel the proper packing characteristics.
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