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Melt and Glass Properties

FS08

Viscosity- chapter 9

Surface Tension- chapter 9
Thermal Expansion- chapter 10
Heat Capacity- chapter 11
Thermal Conductivity- chapter 12
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Supplementary References on Viscosity

Structure, Dynamics and Properties of Silicate
Melts, Reviews in Mineralogy, Vol. 32 (1995),
ed. JF Stebbins, PF McMillan and DB Dingwell
(Mineralogical Society of America)- several
outstanding reviews of viscosity, relaxation, etc.

CA Angell, Science, 267, (1995), 1924- concepts
of melt fragility, configurational entropy, etc.

JH Simmons and C Simmons, Cer Bull 68[11]
1949 (1989)- Non-Newtonian behavior

HE Hagy in Introduction to Glass Science, ed.
LD Pye, et al Plenum Press (1972)- nice review
of viscosity measurements
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Why should we care about melt viscosity?

1. Glass Forming Tendency
a. Nucleation, crystallization, phase separation kinetics

-
IV“O=NV°[ k-T )exp K-o

37Z-a03-77 _T-Asz_
2. Melt Fining 2
Stoke'sLaw: V = d*g(p, —p)
127

3. Manufacturing Process Control

4. Annealing Schedules/Permanent Stress

5. What else??
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Viscosity Definitions
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Viscosity =7 = F%V = (y
g

Shear stress (O)

Units:  (dynes-cm)/(cm?:(cm/s))

= dyne-s/cm? = Poise or
N-s/m? = Pa-s
1Pas=10P
1P =1dPa-s

Strain (€)
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Newtonian Liquids:

Time
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Practical Consequences
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Viscosity, Pa-S
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Some Useful Viscosity Reference Values?”

Log Viscosity

ASTM Melting
Range
Bottle Vacuum
Gathering
(Narrow Neck)
2 to 110 Ounce
Weight
To Heat for Hot
Sever or Shear 3.3
To Seal Glass To
Glass 3.5
Tumbler Vacuum
Gathering 3.5
Bottle Gob Feed-
ing Range
(Wide Mouth)
5t0 16 Qunce
Weight
Casting Plate
Glass
To Seal Glass to
Metal 3.8
Fourcault Sheet
Drawing
Begin Updraw
Tubing
Operation 5.3
Begin Downdraw
Tubing
Operation 53
To Flare Glass
Tubing or Form
alip 55
To Sinter for Solid
Body From
Powdered Glass 6.0

15-25

2.7-3.8

3.7-41
3.7-38

4.0-4.4

(approximate only)

Log Viscosity

ASTM Softening
“Point (S.P.) 76

To Sinter for Por-
ous Body from
Powdered Glass

Heavy Wall Tub-
ing Will Col-
lapse Under
Vacuum

Chain Marking
Can Occeur in
Lehr

Glass Will Deform
Under Gravity

Deformation
Range by Ther-
mal-Expansion
Measurement

Optical Flats will
Warp in a Few
Minutes

Practical Anneal-
ing Range

Stress Relief is
Almost Instan-
taneous or Zero
Time to a Few
Seconds

ASTM Annealing
Point (A.P.)

Transformation
Range

Full Range for
General Anneal-
ing 11.0-14.0

8.0-8.8

1.0

11.3-11.7

11.3-11.7

11.311.7

11.5-11.8

12.7-12.8

12.7-12.8
13.0
13.0-13.3-135

Log Viscosity

Setting Up Tem-

_ perature for
Giass to Metal
Sealing

ASTM Annealing
Range

Matching Temper-
ature for Con-
traction Curves
for Glass to
Metal Sealing

General Limit of
Measurement
of Viscosity

The Lowest Tem-
perature at
which Stress
Relief Can Be
Accomplished
in a Reasonable
(Commercial)
Time

ASTM Strain
Point(St. P.)

Positive Upper
Use Tempera-
ture Without
Destroying
Annealing

Safe Upper Use
Temperature of
Annealed Glass
if Cooled Slowly
to Avoid Tem-
porary Cooling
Stress

13.6-14.3

13.0-14.4

14.0-14.4

14.0-14.6

14.6
14.6

14.6

15.5-16.0
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Important Manufacturing Viscosities

Name n (Pa-s) Remarks

Melting pt (T,,) 101

Melting range 100-5-101> | Melting, fining

Working pt (T,,) 103

Working range 102-106 Forming

Liquidus temp (T)) ~104 No crystallization for T>T,

Flow point 104

Softening point (T,;,) 1066 Littleton, flow under own weight

Crystallization temp (T,) | ~107 No crystallization for T<T,

Deformation temp (T,) 1010-10"1 Dilatometric: expansion
compensated by viscous flow

Glass transition (T ) 1011-1012

Annealing pt (T,,) 1012 Internal stresses relieved <15 min

Strain pt (T,) 1013-5 Internal stresses relieved <15 hrs

Richard K. Brow
brow@mst.edu
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Defined Viscosities

16+ log Pa-s |log P
144 Strain point 10145 P Working Pt 103 10
T i o Littleton 1066 1076
'~ Annealing point 10130 p _
& Ve i Softening Pt
g w] Annealing Pt | 1012 1013
z Annea“ng Strain Pt 1013‘5 1014'5
fo) ]
3 8 Range
____________________________ Softening point 107.65 P
6 |
a v [ S\ Working point 104 P
2 Working Melting
. range :
< p

i | | " | | ] |
200 400 600 800 1000 1200 1400

~ Temperature (°C) n(T) for SLS melt

FIGURE 5.21 Viscosity 77 versus temperature for a typical soda-lime-silicate glass.
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Viscosity Classifications

« Working Range: Temperatures (AT) between ‘working
point’ and ‘softening point’

— Long glasses: large AT (shallow n(T) curves)
— Short glasses: small AT (steep n(T) curves)

— Hard glasses: Working range at greater temperatures
than for S-L-S glass
« Borosilicates, aluminosilicates, oxynitrides, silica, etc.
« Sometimes defined as CTE<6x10%/°C

— Soft glasses: Working range at lower temperatures
than for S-L-S glass

« Soda-lime silicate, Pb-silicates
« Sometimes defined as CTE>6x10%/°C

FSO08 Richard K. Brow
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From Seward and
Varshneya (2001)

Corning Codes:

8363: High PbO radiation
shield

0010: Pb-silicate tube

7070: Borosilicate

0080: SLS lamp glass

7740: Pyrex

1720: Alkaline-earth boro-
aluminosilicate

FIGURE 6.2 Viscosity versus temperature for some commercial glasses designated by glass
=F codes (see Tables 6.1 and 6.2). (Cowrtesy of Corning Incorporated.)
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Measurement of Viscosity

Range Method Viscosity Values
Melting  Falling Sphere/Bubble Rise n<104 Pa-s
Margules Rotating Cylinder n<10° Pa-s
Parallel Plate 10° Pa-s<n< 10° Pa-s
Softening Penetration Viscometer  10° Pa-s<n< 10° Pa-s
and Fiber Elongation 10° Pa-s<n< 10"-° Pa-s
Annealing Beam Bending 107 Pa-s<n< 102 Pa-s

Disappearance of Stress 10" Pa-s<n< 10'* Pa-s

FS08 Richard K. Brow
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Rotating Spindle: 10-10° Pa-s
(ASTM C965-96)
o 1 (1 1YT

Hedting 77 — —
— Elemants 2

Aa-L\r R* \ w

o onBaal
~ Thermsseeie

[ Pedostal /JJN T = torque
o = rotational velocity
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Littleton Softening Point: 10°-6 Pa-s
(fiber elongation- ASTM C338-93)

n= L-F Applied Stress= F/A
3A-(dL/dt) Elongation rate=dL/dt

Balance of gravitational force

w« (density) and surface tension

-.--.--'-"--1
EREERRRASRR |
" i
- Ueser's '
- PG N
i { o mrend 1
L]

[ |
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BT e AnNnealing/Strain Points: 1012, 10135 Pa-s

- (fiber elongation: ASTM-C336-69)
dL/dt = 2.5x10° |/d?
Temperature at 1072 Pa-s (anneal pt)
Slanal ) . .
Strain pt elongation rate is
0.0316 x annealing pt
elongation rate (1.5 log units)
Annealing Point
Temperature

FS08 Richard K. Brow
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Glass Beam Furnace

Beam Bending: 108-1013 Pa-s

0] 13 .
.L Temperature 77: g L M+AL'O
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]

@
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Signal 241 -V 1.6

V=deflection rate

Annealing Point
Temperature

Weilght
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Orton Instruments to Determine the
Viscosity as a Function of Temperature
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The temperature dependence of viscosity
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> Oyx velocity

layer gradient

O O O OO0 O w
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Consider the ‘activated’ motion of a hole under the action of a shearing stress

APRIL, 1934 JTOUURNAL OF CHEMICAL PHYSICS VOLUME 4

Viscosity, Plasticity, and Diffusion as Examples of Absolute Reaction Rates

Henry Evring, Princeton Universily
{Received February 3, 1936)
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Potential energy ———

Jump frequency (v,), no shear: Applied shear biases potential energy function
e Same I-r as r-l ° Va is atom volume

- Depends on barrier energy and » Forward jump frequency (v, ) exceeds
probability of finding suitable hole ~ reverse (v.) Y
as neighbor (Py) v, =[k;T /hlexp[—(AG, ——2-2)/k,T]-P,

2
v, =[k.T /h]exp[-AG, /k.T]-P

Oy

nyva
)/ KgT]-B,

v_=[k;T /hlexp[-(AG, + 5

v_=v,exp[-o,V, /2ksT]

FSO08 Richard K. Brow
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> Oyx The net ‘forward velocity’ is

(Ve =V ) = (0. =0 )oK

ov/oy=(v, —v )X/ =, -v)

ov/oy =2v,sinh(o,,V, / 2k T) = VOV, / KgT
shear strain rate is €,, = ov/dy,

n=0, /lo,o, V. /KT |= [0V, Jexp(AG, kTP, )

yx ' a

yx " a

Potential energy ——

Consider the energy required to create a hole
(AE,), then P, can be described by

P = exp[— AE, / kBT]

substituting P, into the viscosity equation,
=[h/V, Jexp(AG, + AE, )/ k,T |

Simplifying as an Arrhenius equation:

7 =n,exp(AH, /RT)

FSO08 Richard K. Brow
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Most glass-forming liquids are non-Arrhenius
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From P. Richet and Y. Bottinga, in Reviews in Mineralogy, Vol. 32, (1995), p. 67-93
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Melt —ero
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From C. A. Angell, Science, 267, (1995), 1924. TQ/T
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Why the non-Arrhenius
temperature-dependence?

1. Energy for hole formation (AE,) is low at high
temperatures

= AH, is greater at lower temperatures
2. Free-volume increases with temperature

3. Configurational entropy increases with temperature
(Adam-Gibbs description)

FS08 Richard K. Brow
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\What accounts for viscous flow In
a silicate melt?

What has to happen for flow to
occur?

FS08 Richard K. Brow
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What happens at the molecular-level that affects viscosity?

288 McMillan & Wolf: Spectroscopy of Silicate Liguids
K 510
T At the short timescales, ‘melt structures’ are
Q2 . similar to ‘glass structures'....

—/\v\}\/ﬁb « Raman spectroscopy- probing

Eﬁ; Mﬂ__,-\_/f’ﬁl'k\—' structure on timescales 10-12-10-14 s
___—._.—'r'f\\ i II . . . .
oz f.llf‘m_ « Si-0O stretching/bending modes remain

[ o7 Ml — dominate from room temperature into the

13 —‘/’|:|Il'-___ P

EEr AN/ :. melt
[ w/ﬁl

 Some evidence for some melt

_,ﬂ._._ﬁ"' ||"I|'|II"'=__._ o )
wﬁ'\a\ﬁ speciation reactions: 2Q3 — Q2 + Q4

- 4 I\
673 i
._—E'TH : —"J}_n\x___r'\a—-«fllll I|Iln
238 _H__,ff \ Figure 14, High temperature Raman spectra for
K251205 glass and supercooled liquid (McMillan et al.,
—— I I I — 1992). Temperatures are given in Kelvins. Spectra have
been corrected for first-order Raman effects. The
100 200 . 900 . 1300 melting temperature for this composition is 1320 K, and
Raman shift {(cm ) the glass transition is at 765 K. The QF peak is seen
increase in relative intensity with temperature, above T,
FS08 Richard K. Brow
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NMR provides structural information about glasses

Maekawa et al. 1991

Ql Q2

Q: Q

-80 -100 -120
ppm

-60

FS08

Gurman 1990

Q.4

0 0.1
xLi,O (1-x)SiO,

Fig. 2. Proportions of Q species 1n hthum silicate glasses.

 AE/EkT=1;

...... . AE/kT = 2. The aumbers indi-

cate experimental values of n,, i =0-4. Dala from Raman and

MNMR studies.
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Chemical exchange in
melts: silicate species

FS08

and viscous flow

NMR exchange
frequencies (kHz range)
are comparable to the
timescales for viscous flow
in silicate melts

The ‘lifetimes’ for Si-O
bonds in a melt can be
determined and compared
with timescales associated
with viscous flow

At high temperatures, the
Q3-Q* exchange (Si-O
bond rupture) is fast
compared to the
experimental time frame.

Stebbins: Dynamicy and Structure of Melts: NMR Studies

223

Experimental Simulated Spectra

2 kHz

10 kHz

774°C
800°C 25 kHz
2 i
847°C 50 kHz
Figure 18. Siatic (i.e. non-
‘ MAS) P95 spectea of KpSi 0y
glass and liguid (left) and
inulti-gite exchange simuola-
. . - tions (right). Temperatures:

=

JL 997°C |

-30 -100 -150 -200
FPM

Richard K. Brow
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FrM

: . , i
=30 -100 -150 -200

(@) 697°C; (b)) T74°C; {g)

BODPC; €y 347°C; (e) 997°CL

500 kHZ Exchange frequencies, in kHz

) 2 () 1 (h) 25; (0) 50; ()

500. and (F static CSA

patterns are labeled in the

i lowest tempersture spectom,

[Used by permission of the

editor of Jowraal of e

American Chemical Sociery,

from Farman and Stebbins
(1990a), Fig. 5, p. 36.]
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NMR exchange and viscosity timescales coincide

224 Stebbins: Dywamics and Structure of Melts: NMR Studies

Figure 19. Plot of log)y of
vIsCOsily and of shear relaxation
Hme for Ko5140g liguid vs. inverse
temperature, The solid corve is a fit
o observed viscosities and can be
comverted [ mean shear relaxation
ume (right side scale) by using
Equation (12). Open circles are
exchange times derived from 2953
NMR data; solid riangles are
viscosities caleulated from NMR
exchange times wsing an Eyring
model (Egs. 13 and 14, except with
a factor of 2 instead of 6); solid
circles are calculated using the
Stokes-Einstein equation. Redrawn
from (Farnan and Stebbins, 1994),

1. Maxwell relationship: 1 = 14,04 * G

2. Assume that t .. = 7.,
3. Calculate diffusivity (D) from 1, : D =d?/67, d is ‘jump distance’

4. Calculate viscosity from n = kgT/(dD)

Richard K. Brow
brow@mst.edu
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Stebbins model for viscous flow
Si-O bond-rupture through Q3-Q#

FS08

site exchange

Conversion of one bridging
oxygen to a nonbridging oxygen
‘Diffusion’ of modifying cation
from one silicate unit to another

Creation of an SiOg transitional

site?

Potential energy ——

transitional

initial

Q3

initial

o

1
4 "ii
transitional ;45 @

M

5
o &

final

OMTEEH 8 silicon @' alkali

Richard K. Brow
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NMR evidence for
transitional sites
‘frozen into’ quenched
glass structures

FS08

Figure 12. "Si MAS specira for
CazSi Oy and NapSiyOy glasses, with
vertical scale expandad greatly fp show
1515 peake, Mole that this fenbare is mon
iense da the fast-guenched sampls
{Thigher fickive emperbme), The sicep
slope o the beft is the side of the S0y
peak; that to the right i the sbde of dw
spimming sideband, [Lssd by permission
of ihe editor of Jourmal of Nox-
Cryefalline Solics, from Steblbins amd
Mebilkan (1993), Flg. 3, p. 120.]

=kFE =790 -13%

Richard K. Brow
brow@mst.edu
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Effects of composition on viscosity

Viscosity is determined by

 Molecular attractive forces, especially
associated with glass-forming oxides

- Si-0 vs. Ge-O

 Number of non-bridging oxygens in
structure
— Alkali oxide additions reduce viscosity

—Water (-OH) and fluorine reduce
viscosity

FS08 Richard K. Brow
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T, °C

17 25100 2(?00 I5100 {000 8?0 600 500
) |
15+ —
B 5i0, + 0.12% H,0 s
4 i
E’ He // =
T2 d
2 io, 680, -
@ 9 / - ]
> / e
wg e -
S 17 v
5_
3 ] | L | d |
3 4 5 6 [{ 8 9
10,000/T

Figure 9-7. Variation of log (viscosity) vs. 10,000/7 for simple glass-forming
oxides. (After R. H. Doremus, Glass Science, Fig. 2, p. 105. Wiley & Sons, New York,
1973. Reproduced with permission of the publishers.)
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Reminder: Effect of Modifier Additions on
Silicate Glass Networks

O O O e O
_ 0 Si—-0_Si-0_+R,05>—0-Si—0-0_Si—0—
R+
O O O O

BO +R, 0 — 2NBO
2Q*%+R,0 — 2Q3

FS08 Richard K. Brow
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500 Increasing the modifier

content reduces viscosity

INCREASING (Na, O)

« Water is a particularly effective

400— flux

300

ANNEALING TEMPERATURE (°C)

200 INCRE ASING (H20)

Na-K-Zn-Al-silicate
IOOH | | 1 | 1 | (Wu, JNCS, 41 381, 1980)

H,0 OR Na,O (wt %)

FS08 Richard K. Brow
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The effect of
water on Tg

(m=10"2 Pa-s) of
silicate glasses

:
|
|
}

silice
lithium disilicate
sadlum trisilicate

gadiurm barium silicate
float

andeasite

phonolila

trachyle

tephrite

basanite

granite

absidian

sodium trisilicale

sodium pentasilicale
sodium heplasilicate
ZnO-bearing alkali sllicate
godium trisllicate {gel-glass transition)

‘ i II||.|||| L ||IIIII| 1 l||III|| B _|_||||||| P i kLE

=
oo
|

=
i oY
|

Reduced Glass Transition Temperature 19
o
T
: ; :

v ApdPpOoEFFOTASIdFOD

0.2L v
1E4 163 001 01 11 0 100

Deubener, et al., JNCS 330, 268 (2003). Total Waterc,, (wi%)
FS08
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The effects of

content on melt viscosity

o

Log viscosity (Pa 5)

FS08

modifier
TI | 1 ] ] |
4 5]
If -
=
4 W
&
For
o
= o
B
MNa,0.8i0,| 2
1700°c | 9
Si0y
1700°C]
}m_
1500° C ‘?g«
=
] 1 1 | I |
0 10 20 30 & a8 10 12 14 16 18 =102
A0 (Mole %) Alkali (Moles [ cc.)

H. Rawson, Properties and Applications of Glass, Elsevier, 1980.



Isokom temperatures for mixed alkali melts

700 — Log n (Poise)

Temperature °C
n
th
=
|
—_—
N
®
\
L™

450 - a A
) 16 : '
400 “l\ﬂ\_ﬂ__ﬁ/a/{‘:l
0
350 T I | 1
0 4 8 12 16 20

Mol % Naj0 (X)
Nay0+(20-X) K5O 80 SiQ

Richard K. Brow
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Nemilov (1969) X
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Reminder: Effect of Alumina Additions on Silicate Glass

Networks

O
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Viscosity of alkali alumino-
silicate melts is greatest when

Al/Na=1- fully cross-linked

67mol% networks....
5102

log 101 (Pas)

22 [
2
114
18 | 1 o3
50mol% ] S
sio2 {13 2 _ |
T o Toplis et al., Geochim.
i L &L Cosmochim. Acta.
55 50 85 0 2 61[13] 2605 (1995)

Mol% Na/(Na+Al)

Fig. 2. Measured viscosities along the 50 mol%, 67 mol%, and 75
mol% SiO, isopleths at 1596°C. The accuracy of the compositional

—pTSna]yses and the precision of the viscosity measurements are both
smaller than the size of the symbols. Melt properties-41



Reminder: Effect of Alkali Addition on Borate Glass Networks

FS08

R+
-0 +1/2R,0 — o
B—0O > A 8 [O}/[B]=2.0
o _ o No_
[O]/[B]=1.5
l +1/2R,0
R*-O +1/2R,0 R*-O
\B—O-R+ — \B—O_
R* -O/ R+ -O/
[O]/[B]=3.0 [O)/[B]=2.5
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log viscosity (F) —*
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Mole % B0 —

Richard K. Brow
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2Bd, + Na,0 — 2(B® ‘Na*)

Alkali borate melt viscosity

Note the loss of the ‘borate
anomaly’ effect at high

P temperatures (low viscosity)
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J.oAm. Ceram. Soc., 89 [1] 13-19 (2006)
DOL: 1011 11/5.1551-2916.2005.00657 x

(© 2005 The American Ceramic Socety

1480
” Temperature-Induced Structural Modifications Between Alkali Borate

Glasses and Melts

L. Cormis—::r,‘*'f't 0. Majérus,i'* D. R. Neuville,f and G. Calas**

38.6Li,0-61.4B,0, glass and melt

B
£ 10 Raman spectra indicate that the
= BJ,O- triangles replace BA,
= tetrahedra in the melt
E 100
‘_Ts

670
0 520 1410

200 400 600 800 1000 1200 1400 1600 1800
Wavenumbers (cm ')

Fig. 3. Raman spectra for the 6LB2 glass from room temperature to

1359 K. The glass transition temperature (7,) is indicated. Cormier et al., JACGI’S, 89 13 (2006)
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Fig. 4. Rato of the relative area for the two high-frequency bands of
the Raman spectra for the LB2 sample. The temperatures of glass tran-
siton and melting are indicated. The line 1s a guide for the eve.

FS08 Richard K. Brow
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Raman spectra indicate that
the BQ@,O- triangles replace
Bd, tetrahedra in the melt

B®4-Li+ <> BQZO'Li+

Note that B-O bonds are
broken, and that such
configurational changes will
contribute to changes in
heat capacity....

Cormier et al., JACerS, 89 13 (2006)
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Effects of composition on viscosity

FS08

Component Effect on Viscosity |Glass
High Low
Temp Temp
Alkali oxide - - Softer
Alkaline earths - + Shorter
PbO - - Softer
Al,O, + Harder
B,O, - Shorter
OH-/F- - - Softer

Richard K. Brow
brow@mst.edu

Modifications to soda-lime silicate melt viscosity, after Beerkens, 1997.
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Viscosity dependence on
temperature and composition

* Vogel-Fulcher-Tamman (VFT) Equation
B

T-T,
« Lakatos Method*: empirical additivity factors
A=-2.4550+) a - p
For S-L-S melts, T (°C) and
B=57364+ Zbi P, n (Pa-s), p; (mole fraction
oxide per mole SiO,)
T, =198.1+ > t;- p,

logn=A+

*T. Lakatos, et al., Glass Technology, 13 88 (1972)

FSO08 Richard K. Brow
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FS08

Lakatos additivity parameters (after Beerkens, 1997)

Ch b t
Na,O +1.4788 |-6039.7 |-25.07
K,O -0.8350 |-1439.6 |-321.0
MgO -5.4936 |+6285.3 |-384.0
CaO -1.6030 |-3919.3 |+544.3
B,O, -15.880 |+7272.1 |+521.4
Al,O, +1.5183 |+2253.4 |+294.4
PbO +1.3058 [-5880.0 |-275.5

Valid for the log(viscosity) range 1-12 Pa's

Richard K. Brow
brow@mst.edu
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Not all liquids exhibit Newtonian viscosity behavior

Bingham Plastic

Pseudoplastic (decreasing n)

Newtonian (constant 1)

Dilatant (increasing M)

Shear Stress ()

Shear Rate

FS08 Richard K. Brow
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Non-Newtonian Viscosity

nNMar

0.7
0.61
0.5-
0.4

no=10""Pas 10°Pas 108Pas
o R TR TR TR A B
£ ins’ -

Shear thinning-
decreasing effective
viscosity with increasing
deformation rates

» fiber drawing

* press-and-blow

Greater problem at
higher temperatures

Figure 4. Normalized non-Newtonian viscosity as a function of

normalized deformation rate for glass melts H, I and J at three

Newtonian viscosities.

FS08

Richard K. Brow
brow@mst.edu

Yue & Bruckner
Glastech. Ber (1996)
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Simmons and Simmons, Cer Bull

Non-Newtonian Viscosity 68[11] 1949 (1989)

1'0 b - *@O‘ [ Z IR ER IR IR ERER N -leﬂ
E Fiber data
—~ v :538°C
£ m 0Q:567°C
e 08 e O:574°C
= Theoretical curve 3
= A 593°C
g I Ny O: 596°C
0.6 p
= VN V Cone and cup data
° v T H:710°C
D 0 @®:810°C
'-% 0.4 3
g =1/[1+ (8 /=
5 nin,=11+€)n/o,| o
Z
Be T]o is Newtonian viscosity N
. Is the cohesive shear strength
0.0
0 0.0001 0.001 0.01 0.1
Normalized strain rate (s')
FS08 Richard K. Brow
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Cohesive strength increases with viscosity

100 — : _
= .
L
by 10P — !
o Fiber alongation
=)
= - 0O
% 10 Parallal plate viscaomatar
g 0O Cone and cup rhesmater
@ 108
3

'l [JE' -rﬂ

I | | |
108 108 1010 1072 10

Mewtonian viscosity, n, (poise)

*Viscosity becomes nonlinear at high shearing rates
*Shear stress builds up if stress relaxation rate is sufficiently low
*If shear stress>c_, then ‘liquid fracture’ can occur

FS08 Richard K. Brow Simmons and Simmons, Cer Bull
brow@mst.edu 68[11] 1949 (1989)




Consequences of Non-Newtonian Viscosity

* High-speed glass processing
— Fiber attenuation
— Container processing
« Source for glass inhomogeneities

— Induced phase separation or crystallization in high
shear regions

FS08 Richard K. Brow
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JOURNAL OF MATERIALS SCIENCE 39 (2004 ) 6539 - 6549

Deformation, stress relaxation, and crystallization
of lithium silicate glass fibers below the glass
transition temperature

S. T. REIS, CHEOL-WOON KIM, R. K. BROW, C. S. RAY*

Ceramic Engineering Department and Graduate Center for Materials Research, University
of Missouri-Rolla, Rolla, MO 65409, USA
E-mail: reis@umr.edu

FS08

Fibers heated below T,
Stress in ‘bent’ regions
reduces ‘effective’ viscosity
Examine differences in
crystallization behavior

Inner Part
(Uunder compressian)

A

R

Bent Fiber—s=»/

=

ﬁnuter FPart [(under tensionl

ﬂ““\ Top 1.1 Otrim

— e — —

used for
ODTA experiments

Straight fiber———= 1

[

Refractory block

Figure | Schematic diagram of the glass fibers in a refractory block for
heat treatment. Length of the glass fiber: 120 mm. Diameter of the glass

fiber: 150 pm.

Richard K. Brow
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Outer (tension) Inner (compression)

Figure 4 Scanning electron microscope pictures of the (a) stressed and (b) un-stressed (straight) LS ¢ glass fibers after heating at 410°C for 12 h. (c)
and {d) are the enlarged view of the outer and inner part of stressed fiber at locations shown in (a). No crystallization is observed on the heat treated
straight fiber (b).
FS08 Richard K. Brow
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Another example

* Melts prepared in micro-gravity have
greater glass-forming tendencies than
melts on earth at comparable quench
rates
— Hypothesis™®: gravity-driven fluid-flow

Increases overall strain rate within melt

* Reduced ‘local’ viscosity through shear thinning
* Increased ‘local’ crystallization rates

*CS Ray et al, Trans. Indian Inst. Met. 60[2] 143 (2007)

FS08 Richard K. Brow
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An Analysis of the Differences in the Glass Forming Tendency of
Melts on Earth and in a Low - Gravity Environment

C.5. Ray, N. Ramachandran” and S. Sen’
"Marshall Space Flight Center, National Aeronautics and Space Administration, Huntsville, AT 33812, USA;
‘BAE Systems. Marshall Space Flight Center, National Aeronautics and Space Admimistration. Huntsville, AT 35812, TUSA.

Calculated for LS, melts at 1400°C and a 5°C temperature gradient

_ 10ED2 100E+H0 ~
© )
Q. 1.0B0F —
;’ T 1.00E-02 Q
@ 1DEDT ©
= L cC
» 1.0E-05 10004 £
e | -
o 5

O 10E=0F 1 .
_% 100E=08 c
—  OE-0T g
© T 1.00ED8 -3
< 1.0B-0 a
=

10E={5 T t T T T 1.00E-10

1.0E06 10505 1.0E-04 1.0E-03 1.0E02 1.0E-01 1.0E+0D
Normalized acceleration due to gravity

Fig. 6 : Maxmmum system wall shear stress and maximum system
stramn as a function of g level
Trans. Indian Inst. Met. 60[2] 143 (2007)

FSO08 Richard K. Brow
brow@mst.edu Melt properties-57



Normalized acceleration due to gravity
1.0E-03  1.0E-01 1E+00

1.0 -3 | Shear-thinning
| behavior is reduced
T T— when gravitational
' \ #= Thinnin
Neff oo} \ v effects are reduced.
N, | \
0.4 -
0.2
.D I. k. L 1
-6 -4 2 0

Log tr s)

Fig. 7 : Superimposition of calculated strain rate from present
study on experimental measurements 17 of viscosity as
a function of stramn rate.
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From J. H. Simmons, in Experimental Techniques
of Glass Science, (1993), p. 383-432.

14
10 Y ¥ T ) Y
(a)|(b)
Phase separation F ! )
affects viscosity £ !
» 102} 4 .
< 600 C
w0} . y
- |
S
1010 " ......0 { -
. n
10 ! I L ]
°1 1 10 100 1,000 10,000 100,000
Heat-Treatment Time (min)

Figure 11 - Viscosity change in Pyrex due
to phase separation. Period (a) is
dominated by spinodal decomposition.
Period (b) is dominated by coarsening[92].
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Crystallization affects \
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» Example: crystallizable
sealing glass .o \
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From H. E. Hagy, in Introduction 100 A B a0 e s0 480 460 470
to Glass Science, (1972), p. 343-
371 Figure 12. Parallel plate viscometer data for frit glasses.
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Viscosity Summary

* Viscosity is the most important melt property
— Critical for processing, from melting through annealing

« Compositional dependence can be understood in terms
of melt/glass structure

— Stronger networks = greater viscosity
» Fraction of NBO'’s on silicate tetrahedra
« Aluminosilicate networks
» Borate ‘anomaly’- tetrahedral sites

— Viscosity is sensitive to changes in melt structure
 Temperature dependence is non-Arrhenian
— VFT equation is a useful empirical description

— Fragile/strong classification can be related to configurational
changes

* Shear-thinning has processing consequences

FSO08 Richard K. Brow
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Glass formation is ‘crystal |zat|on avolidance’
13/4
. AT’ 0.3AH
Tex exp(— 0.2128)- 1 —exp| —
n(at 0.77T_) RT.
Kinetic Nucleation Free energy
barrier barrier driving force
Reduce critical cooling rate T.(°C) | n(T,)
to improve glass formation | geF, 540 | >106pP [t
* Lower T, B,O, 460 | 10°P Glood
* Increase nat T, GeO, | 1150 | 107P || formers
If T, (n=10"P)is near T, .
. . SiO, 1710 | 107P
then n(T,,,) will be high :
LiCl 613 0.02P Poor
glass
Glass formation expected Zn 420 0.03 11 formers
when Tg/Tm>2/3 Fe 1535 0.07 |

FS08
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Eutectic compositions are good glass-formers

From Dingwell in Rev. Mineral. W. Vogel, Chemistry of Glass, 1985
32 (1995) |

520

§ +3°C

| AT~30°C

773

o N P
’ 0 Mole% NaO L 00 &
TR S |3 | aT.~s00C
§ 7200_2\, | g} |
. _ | N 70:9’.‘9i = 2\' Tridymitel
Tg/Tqu is a maximum (~0.7) at the eutectic & 7000 =
§§ §70
~ 800} .814 an_‘[z
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