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I. SUMMARY

The Surface layer of heat—treated borosilicate glasses exhibited lower

HF etching rate compared with the bulk. The chemical analysis of the same

glass indicated an excess A.L,03 concentration in the surface layer. The

low HF etching rate was attributed to the lowering of the inuu.iscibility

dome by the excess Al
203 

and the consequent shift of the composition.

A prolonged heat—treatment of glasses produced a surface stress layer.

This surface stress was found to change its sign when the glass was heat—

treated in wet atmosphere. The surface stress was attributed to the dif-

ferent water content in the surface layer from that in the bulk.

chemical durability, especially the etching rate of a glass in hot NaOH

solution was found to be reduced by coating the glass with Zr alcoxide. The

Zr compound appears to deposit on the etched surface continuously protecting

the glass,

Direct confirmation of the stress corrosion, i.e., the stress—accelerated

reaction of glass with aqueous solution was attempted . Preliminary investigation

showed that reactions are accelerated by tensile stress and retarded by

compressive stress.

II. RESEARCH AND RE SULTS

1. Surface Structure of Glasses

The Surface layer of some commercial glasses was found to have different

properties from those of the bulk. The origins of these phenomena were

• investigated.

(a) ~F_e~c~ !\!.e_~L Ehase se~arated glasses.

The Surface layer of heat—treated borosilicate glasses showed a

higher chemical (HP) durability compared with the bulk. This surface layer

H
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was observed only for as—received glass rods and only for glass compositions

which give the interconnected microstructure upon heat—treatment. The chemical

analysis revealed the excess A1203 
concentration in the surface layer . The

Al ,03 is known to suppress the immiscibility tendency of borosilicate glasses.

Thus the excess Al,03 
content in the surface layer is expected to reduce the

composition range of the phase separation , reducing the alkali—borate concen—

tration of the alkali—borate rich phase. Since the chemical durability is

primarily controlled by the composition of the continuous alkali—borate phase,

the higher chemical durability results.

(b) Surface stress

Whe n a glass containing alkali was heat—treated for an extended

period of time the surface layer showed a residual stress which cannot be

eliminated by annealing . This stress layer was observed regardless of the

presence of phase separation or of the prior etching of the original surface.

The sign of the surface stress was observed to reverse itself when the glass

was heat—treated in wet atmosphere. The origin of this surface stress was

attributed to the decrease (or increase) of water content in the surface layer

of the glass. Although the evaporation of Na from the glass surface can

cause the similar stress , this effect was considered secondary because of

the stress sign reversal due to wet atmosphere and the comparatively thicker

stressed layer than the alkali deficiency layer.

These investigation on the glass surface will be published in July — August

issue of the American Ceramic Society (1979). The manuscript is attached

to this report as Appendix I.

2. Chemical Durability Improvement by Coating

Zr02 component in glass is known to improve the chemical durability

of glasses substantially. Here coating of glass with Zr containing compounds
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was studied. Soda—lime slide glass was coated with Zr alcoxide by dipping it

into the alcohol solution of Zr alcoxide. The etching rate of the slide glass

in lO~ NaOH at 80°C was determined by measuring the weight loss per unit surface

area . With the Zr alcoxide coating the etching rate was observed to become

l ower by 20 ‘\~ 30%. This is shown in a figure as Appendix II. Similar result

was obtained for fused silica also. Since the coating thickness is far less

than the etched layer , Zr compound is probably seeking and depositing itself

on the etched glass surface. To confirm this possibility, a small amount

of Zr alcoxide was placed in NaOll solution and detching experiment was con-

ducted and similar improvement in durability was observed . This result will

be presented at the 81st Annual Meeting of the American Ceramic Society, to

be held in May 1979, in Cincinnati , Ohio . At present , the exact mechanism

of durability improvement by Zr alcoxide coating is being investigated .

3. Stress Corrosion

Even though the static fatigue of glass is believed to be caused by

the stress accelerated reaction of glass with atmospheric water , very little

experimental evidence exists on the stress accelerated reaction itself.

Here , the direct study of the stress accelerated reaction of glass with

various aqueous media is made. To this end , glass plate is subjected to the

known amount of stress in a specially designed four point loading cell and is

immersed in various aqueous solutions. So far preliminary results Indicated

that the ion—exchange reaction rate of water and alkali as veil as the leaching

reaction rate of a phase separated glass with IICl were stress dependent . With

the aid of an ellipsometer , to be purchased , it is anticipated that the

• quantitative measurement of the reacted layer thickness will become possible

and that the stress rate dependency of the reaction will be clarified .

- — - - ~~~~~~~~~~~~~~~~
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RELATION OF SURFACE STRUCTURE OF GLASS TO I 
-

lIE ACID A f l  ACK AND STRESS STAl  
~

Minoru Tomozawa

Materials En~inccriuig Dept.

Rensselaer Polytechnic I n s t i t u t e

lios . N ew \ o r L  I I ~~I

and

Takcshi Takamori

I I%M Corpoi ’ati on

Thomas j .  Watson Rcs~arch Center

\orktov~ n I kighis . New \ork I

AR S 1RACI

The surlaecs oF c mmeresal glasses. matnl~ t~orosiIic.itc glss es, wer e iur. e’ ug.~tcd b~ Il l

etching and surf ace stress measurement. The I F etch rate ss as slow at the surface (or some

phase—separated glasses; this was attributed to escess alum,n.i in th e  sm (ace hi > er produced

during the ~I.ics manuFacture . After heat treatment of the glass tods either with or si itlio ut the

~as—rcce,se,l surf ~~~~~ compi escis c (tangential ) st i  esses were observed in a l l  the glasses studied

I hus is most likel~ due to the evaporation of water From the surIau e ilit i tog t h e  heat -Lue.i tnwutt
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I. IN FRODUClk)N

‘1 rhe surface condition of glasses has a strong influence on the chemical and mec hanica l

properti es of the bulk samples. IIøo~l and Nordherg noted during the production of \~ ~or —

type g lasses t h a t  the leaching process of a phase-separated horosuhteate glass us hindered by the

surface l a ser ;  if the or iginal  surface layet u s r emoved prior  to heat t r e a t m e n t  th i s  e f f ec t  is

almost compl etely e l i m i n a t e d .  E guchi  ci al e s tabl ish ed For a glass~~~ a t e r n a r y

N a , O-t~ sO~~-SiO. composition that  select ise evap or at ion of th e components . ~~~~~~~~~~ and Lt ,O~ ,

tak es place From the  h~ dr a te d  surface dur ing  heat  t r e a tmen t , leas ing .t silica l a y c i  of Up to

I 00 )A thickness on th e glass sur face .  A much t h i c k e r  sur l  .iec la er of I O )  on u ~% .15 repoi ted

by U t su m i  ci af on a phase- separat ed glass of similar composition on the bas is of bend ing

strength measurements. In the course ol a siud~ of t he rma l  s t ra ins  i a k a m o r i 4 obser sed t h e

formation of .t s u r f a c e  layer after the heat treatment for phase separation.

In the present work , two experimental methods. i.e . chemical etching rate and s t res s

m easu remen t s , are employed to reveal su r face  cha r ac t e r i st i c s  d i f f e r e n t  f ron i  the  hulk properti es

of selected commerci al  glasses. par t i cu la r ly  in lw case of ph a se-separate d horos uluca t e  g lasses

~~~ is made to c l a r i fy  the separate ro les of va r i ous  components in th e f o r m at i on  of

such surfac e lay er s .

Ii EXI ’E R ) M E N  1AL PROCEDURE

ih e  compositions (most l y obtained Fr om the  published I u t e r a t  t ir e of the  e~’ninierci.il

glasses used in t h e present esperiments .ire ~h~wn in I able I Glasses I to  I ll .ir c bor os u luca t e

glasses which  can he phase—sepai ated by appu opt  i.u ic  lw. i t  i i  c .it n i cu i t s . s~ b i le ( l .us s I \ IS .1

mm in d iameter  wer e cut into an approximate l eng th  of ~Omm ~~tl h ea t  -treated in ,iir at

soda—lime glass which has no t en dcn c> low aid  phase separation. As-i ~~ eu ~ e~i gI.iss ro ds ~f 4-ri

for vari ous lcn gths of lime to induce phase separ at ion (cc here possible), and ‘c crc lurn.tcc

cooled (cooling rate ~ SO °C~ hr ) For cQnlparuson . some samples cc crc simply annealed h~
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furnace-cooling Fro m th e ir  anne a l ing temperatur es.  The I-I F etch rate of th e sur face layer of

the hea t -t reat ed glass specimens was determined as a func t ior  of the depth from the gla ss

surface. Each specimen was exposed to the etching solution , I0 ” a or 2% HF . for 30-60 sec.

at 20 ± 1 °C and was washed with alcohol . The etch rate was determined from the weight

change per unit  area and the density of the glasses.

t

Afte r h e at  t reatment  the surface layer (to a depth of 50- 1 00Mm) showed compress ive

(ta ngential )  stresses ,4 as i l lustrated in Fig. I for a cross section of Glass I rod. This surface

stress on the rods of 6mm in diameter was measured as a funct ion of heat t r ea tm en t  t ime by a

po larim eter. ’ The chemica l composition of the surface layers was determined for a s~lccicd

glass specimen as a (unction of the depth from the surface. Specifically for G lass I . Si and K

were analyzed wit~ an electron microprobe analyzer, Na and Al with an atomic absorption

spectrometer. For the latter ,  samp le rods were etched off with 10% HF successivel y f r om the

surface, and the Na and Al cont ents in each HF solution were determined as a funct ion of the

depth from the sample surface. The similar measurements were made for Na and Ca in Glass

IV . Two stage replica electron microscopy~’ was used to look into the microstructures.

111. RESULTS

I ) Etch Rate Measurement

Typical results of chemical durabil i ty are shown in Figs. 2 , 3, and 4 for Glass I. II and ill .

respectively. The I I F  etch rate of Glass I and Il increases wi th  the depth from the surface

alt er the glasses were heat-treated for phase separati on (Fi g. 2 . curve IL and Fig. 3). The

specimens simply annealed show a constant  etch rate (Fig. 2, curve A). Thus in Glasses I and

II. surface layers 4-5 g~m th ick  have a d i f f e r e n t  chemical durab i l i ty  fron t the bulk.  This

Modcl C36 comparator po larimeter , Polarizing Instrument Co., Inc.. lr v ington -on -Hud son .

New York.

- - S • A ~~ -, ~~ -
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di f ference is reveale d only a l te r  the specimens ~ ere hea t —tr ea t ed  for phase sepa r at ion 1 hc

th ickness  of the stirlace layer was f ound  to S ar y sl ig h t l y  depending upon the specimen lot as

well as on the spec imen  diameter .  \\ ‘hen t h e  s u r f a c e  layer  of the as-received gla ss ro ds ‘sas

etched off prior to the heat t r e a t m e n t , th i s  change of the HF etch rate w i th  depth cc as almost

en t i r e ly  el iminated.

In coni~as~ to Glasses I and LI , in Glass II I  the etch rate is independent of depth , even

a f t e r  the  heat  t r e a t m e n t  for phase separa t ion .  1 i s  is also t r u e  b r  G l.iss IV , cs Inch sho ~~ not

phase separate

(2) Stress Measurement

The surface stress in all four glasses examined a f t e r  the heat treatmen t for phase separa-

t ion was Found to inercase wi th  the dura t ion  of th e heat t r ea tmen t  ..\s shown in curves A and

B in Fig. 4 for Glass I . the magnitude of the surface stress varies From lot to lot. In cont ra c t

to the e tch rate , the surface stress produced by the heat t r e a t m e n t  was not al te r ed by th e

elimination of the ori ginal surface lay er (through HF etching ) prior to th e  heat t r e a t m e n t  The

thickness of the stressed surface was estimated to he 1 00Mm

(3 )  Surface Composi t ion and S t ruc tu re

The concen t ra t ions  of selected components  ( Si , K . N a t  in the  sur face  layer  ol the

heat—treated Glass I as a func t ion  of the depth  from the  sur f ace  c~ cie fou nd  cons ta nt  w i t h i n

exper im enta l  er rors  On the other  hand , the A! coit es’nt rat i on was Foun d to he higher  in the

— surface layer of Glass I. as shown in Fig. 5 l’hc concentration of Na and Ca in Glas s l \

showed a sli ght  decrease in the surface  lay er of 2um depth  alter h e a t — t r e a t m e n t  at 550~
’C for

100 hrs., similarly to the reported data by Siegcr7.

The electron nticrographs of fractured and etched surfaces of Glasses II and II I  shown in

Fig. 6 (A) and (B) provide evidence about the structure of these glasses. The heat t rea tment

- -  -— 
-
~~~~~ 
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fo r phase separat ion in duces  an interconnect ed s t ruc ture  in Glass II  (1:1g. 6 ( A ) ) .  and a

disc rete s t ruc tu re  in Glass I l l  (Fi g. 6 ( B ) ) .

IV. DISCUSSION

Only some of the phase-separated glasses exhibit a variation in etch rate as a funct ion  of

depth f rom the surface. However , i n all glasses an increase in heat t rea tment  time results in a

corresponding increase in surface strain. Since it is evident that  the two ph enomena do not

share th e same ori gin , they will  be discussed separa t e l y .

( I )  Etch Rate

A) Effect  of Microstructure

fi
Among various commercial borosi licate glasses . Glasses I and II showed a surface

¶ layer with an etch rate diflerent from that of the inside , whil e Glass III did not. This etch

rate characteris t ic  correlates well with the microstru cture of phase separated glasses.

Simmons et a!.8 observed an interconnected micros truct ure for Glass I heat-treated at

600 °C; Fi g. 6 (A) shows that Glass II also disp lay s an interconnected structure upon

phase sepa ration. With this type of micros tructure , the HF etch rate of the bulk sample

has been shown to vary with composition chang es of the chemicall y less d urable (lower

Si0 2 co nten t )  phase. 9 On the other hand , Fig. 6(B )  shows that  Glass l i t  produces a

dispersed minor phase embedded in a silica-ri ch matrix. With this micros tructure , the i-I F

etch rate of the bulk sample has been shown 9 to remain essentially constant throug h the

progress of phase separation.

. H
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It Composition S h i f t

As ment ioned above , an excess ol Al .O~. a p p a r e n t l y  produced dur ing  glass n ia i t u l  ac .

lu re , ~~as ohscrcetj  in the  su r f a ce  l,i~ er .  tiThe dcn sit ~ change caused h~’ t h i s  comp os i t ion

change is small , t h e re fo re  the etch ra te  me asurement  in Figs. 2 , and 3 is not a f f e c t e d . )

The ohserved v ariat ions in th e  surface etch rat e  can he explained by th i s  hig h concentra-

t ion of Al~ O It is k n o w n  tha t  the add i t i on  of sma l l  amoun t s  of At ,O~ to a l k a l i -

ho r os i i i ca t e  gl a s s  ~ system as well  as a lka l i  s i l ica te  sys tem s 1 I su 1lpre sses th e imm scihtl i t~

dome - The sun .icc Li ver cc - ith hi g her Al , t .) con ten t  cc- i l l  t h cu  elore ha s e smal ler  compos—

) i t i on  va r i a t ion s  than  the bu lk  when heat—treated at th e same t e m p e r a t u r e .  I lcnee . fr ont

the d i rec t i on  of the t i e  l ine in the  phase diagram ,9 L the composition of th e  c l i e n r i ca lhc
.4 

I

less durable phase in the  surface layer  wi l l  have a hi gher  Sic..)~ content  t h a n  the  h u l k .  Thi s

is i l lus t r ated schemat ically in I~ig. ‘~ - Since the l IE  etch rate of the se phasc sep ara t e d

gl .isses 1 an d l b is p r i m a r i ly  control l ed hy the  SiO, con t en t  of the chemically less s lu r ah lc  -

p hase .9 at t c r  ph .isc separat ion the  surface  layer  will brave a lower etch rate than the hulk

For Glass I I I . the sh i f t  o1 composition of ( lie chemi ca l l y  less durabl e  phase has no e f f ec t

on the  111 e tch  ra t es hceau sc of i ts  n i l c r o s t r u c t L i r L’ cvith d i s c r e te  second phase p ar t ic l e s .

.‘\ l k abu osidcs and boron ox ides a re  known  to v o l a t i l u , e  t o ge t her  Since th e  a ;r.il ~ t i c . t l

resul ts  ind i ca te  no a lka l i  de f i c i ency  lit LIr e  st inla e c of the  ho ros ib i ca t e  g lass rods it is an t i c i l i .It ed

that  there  is also cry l i t t l e  boron def i c i ency .  Fu r the rmore ,  the  s h i f t  of the chemica l l y  less

durable phase composition would he sma l l  even if th e  s l ight  boron siefic ienc s exis t e d (ci .  b ig.

7 ) .

( 2 )  Surface Stre ss

Surfa ce  stresses were produced by an ex t ens i ve  heat  t r c a t n . e n t  regardless of wh~ t h cr ~‘

not the specimen is phase separated. Since the prior e tching of the surface of glass rods did

not cause an) - change in the surface stress. ,  is app aren t  tha t  c a r i at i ons  of composi ti on in the

-~~~~~~~~~ 
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surface layer produced during manufac tu r in g  is not the  cause of the stress. 1 he decrease in

‘concentration of Na in tIr e surface layer observed in hea t - t r ea t ed  Glass IV ma y  he invulv~d lit

the surface stress Format ion .  The alk al i  de l ic ienc y  would reduce the the rma l  expans ion

coefficient  of the surface layer producing the surface compressive ( t a n g e n t i a l )  stresses whic:

are observed. This possibility can not be rejected since a glass specimen wi th  no alkal i

component showed practicall y no surface stress after  the heat-treatment.
4 —

However , the major cause of the surface stress lorn iat ion has to he looked for elsewhere .

si nce no alkal i  deficiency was observed in Glass I a f t e r  the h e a t - t r e a t m e n t  and also the

thick ness of the surface strain layer was far  greater (~ 
) 00,~m ) than  the  th i ckness  of Na

def iciency layer (~~2~Lm ) observed in Glass IV alter hea t - t rea tment .

It is suggested that  the cause of the surface s t r a in  is the difference in water content

between the surface layer and the bu lk. The specimen heat- treated in dry atmosphere is

expected to have a low water content in the surface layer. The low water content in the

surface layer of glass leads to the low thermal  ex pan sion t4 (or con t r ac t i on )  which , upon

cooling, produces surface compressive (tangential) stresses.

To test this hypothesis , sam ples of Glasses I and IV were heat- t reated in an a tmosphere

of water  vapor in order to increase the sc’ater c o n t e n t  ol the  surface layers . As expected . the

j  resu l t ing  sur face  stresses were  reversed in si gn in compari son with tI r e sur face  stresses

observed in specimens heat- t reated in air. Thus , the compressive stress in the surface of

glasses a f t e r  an exten s ive heat t r ea tment  in air can he at t r i bu t ed  to a decrease of wa en content

due to evaporation.

________________________________— IAI
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Ficure Captiuir ~

Fig. I An exampl e of surfac e  stress ob served by polar iscope . Cruss-sccti~in Of (ilass I ,

hea t - t r ea t e d  at 600°C for I (10 hours , and r ate .

Fig. 2 I0”~ 1fF  etch ra te  of th e surface layer of Glass I

(A )  annealed at S~~Q D
C for I hour , a? d

4.13) heat - t r ea ted  at 600° C for 24 hours .

Fig. 3 2~’II HF etch rate  of the surfac e layer of Glass II

( A )  heat- t r eated at 600°C for 2 hr s.

(11) hea t -t r e a ted  at 600°C for 11 hr s .

Fig. 4 Sur face slICss ~s. h e a t - t r e a t m en t t in r e  at 600 °C (or Glass I. A and 13 refer  to two

d i f f e r e n t  lots of th e same gla ss.

Fig. 5 Al~O~ concent r a t i o n  as a func t io n  of t ire depth from the surface for Glass I , as
received.

Fig. 6 Tcvo -stagr’ rep lica el ec t ron nu cr ogr ap h of fractured and etch ed sur fac e  of ( A )

Glass II and (B )  Glass I l l , both hea t - t rea ted  at 600°C for lo t )  h our s . The latex

sphere has a d iam eter  of 0.5~ ni.

Fi g. 7 M etas tah j e  imm i s c ib i l i t y  bound ary of SiO~ -I3 ,~)~ — N ~r ,()  svst e~~ (w t ’ ’ , , a l t e r  R e f .
0) 1)otted line indica te s  a lik ely position of the inrr~ri scihiIity houndar)- at b00~ C

wi th  a sma ll  addi t ion nI Al~O c. The chemic ally bcs ~ durab le  composition will

move front point  A to B with Ak01 addition at 600°C.
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- 20. Abstract  (continued)

A prolonged heat—treatment of glasses produced a surface stress layer.
This surface stress was found to change i ts sign when the glass was heat—
treated in wet atmosphere. The surface stress was attributed to the dif-
ferent water content in the surface layer from that in the bulk.

Chemical duarabi l i ty, especially the etching ra te  of a glass in hot
NaOH solution was found to be reduced by coating the glass with Zr alcoxide.
The Zr compund appears to deposit on the etched surface continuously protect-
ing the glass.

Direct confirmation of the stress corrosion, i.e., the stress— accelerat- I
reaction of glass with aqueous solution was attempted . Preliminary investiga-
tion showed that reactions are accelerated by tensile stress and retarded by
compressive stress.
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