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After-class reading list

m Fundamentals of Inorganic Glasses
0 Ch. 20

m Introduction to Glass Science and Technology
0 Ch.13



Crystal Glass

“Viscosity makes things happen essentially in slow motion. If you are trying to
melt a crystalline solid (like ice or an aluminum oxide ceramic), as soon as you
reach the melting point, a drop of liquid forms and falls away from the melting
surface. Glass, on the other hand, ... gradually transforms from a hard solid to
a slowly softening liquid. This soft liquid gradually stiffens as it cools (because
of its increasing viscosity), allowing glass blower time to shape and manipulate
the glass.”

http://madsci.org/posts/archives/2007-09/1188944613.Ph.r.html
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“Viscosity makes things happen essentially in slow motion. If you are trying to
melt a crystalline solid (like ice or an aluminum oxide ceramic), as soon as you
reach the melting point, a drop of liquid forms and falls away from the melting
surface. Glass, on the other hand, ... gradually transforms from a hard solid to
a slowly softening liquid. This soft liquid gradually stiffens as it cools (because
of its increasing viscosity), allowing glass blower time to shape and manipulate
the glass.”

http://madsci.org/posts/archives/2007-09/1188944613.Ph.r.html
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Fiber drawing © Gateway Fiber. All rights reserved.
This content is excluded from our Creative Commons

Viscosity reference points

https://ocw.mit.edu/help/fag-fair-use/

Lehr annealing © Pennekamp. All rights
reserved. This content is excluded from our
Creative Commons license. For more
information, see

Workin g range PGM https://ocw.mit.edu/he p/fag-fair-use/

Glass
blowing

Lehr

Fiber
drawing

Pitch: 2.3 x 108
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Float glass © Villum Window Collection. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/
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Basic properties of common silicate glasses

-

CTE (ppm/°C)

Working point

. 1005 1252 N/A
(°C)

Softenlng point 696 821 1650
(°C)

Annealing point 510 560 1140

("C)

Strain point (°C) 475 510 1070
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m Crown glass was produced by

Early flat glass process: crown glass

making a hole in a molten glass
bubble, then spinning the glass to
create a flat, circular sheet with a
distinctive “bulls-eye” pattern
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Flat glass manufacturing: float glass process

m Forming of a continuous ribbon of glass using a molten tin bath
0 Melting and refining (homogenization and bubble removal)
O Float bath: glass thickness controlled by flow speed
O Annealing: stress release
O Inspection, cutting and shipping

' :'i;rsr;-: 3 mefting furnace float bath anvssaling lehr

/ /]
.~ sec  100c !i“" c
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Ultra-thin, ultra-wide glass by float stretching

0.12 mm thick, 4 m wide

float glass

Int. J. Appl. Glass Sci. 10, 275 (2019)

Zone 1 Zone 2 Zone 3 Zone 4

Spreading/polishing Forced stretching Unidirectional stretching solidification
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Flat glass manufacturing: down-draw methods

m Preserves pristine surfaces: no subsequent polishing required
m Broad range of thicknesses from millimeter to tens of microns
m Mostly used for flat panel display glasses

Annealing
Furnace

--7‘;'_

. to microns thin 7
© SCHOTT

© Schott. All rights reserved. This content is excluded from our Creative Screenshot © Corning, Inc. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/  Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/. [Watch the
Corning video on YouTube <https://www.youtube.com/watch?v=q4ZU7zUxdM8>]
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Glassblowing

This image is in the public domain. Source: Wikimedia Commons.

© iStockPhoto/Windzepher. All rights reserved. This content
is excluded from our Creative Commons license. For more
information, see http://ocw.mit.edu/help/fag-fair-use/.

© Science Museum/Science & Society
Picture Library. All rights reserved.
This content is excluded from our
Creative Commons license. For more
information, see

© UFOlabglass. All rights reserved.
This content is excluded from our
Creative Commons license. For more
information, see
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Glass container production

m Narrow-neck containers (e.g., bottles): blow-and-blow process

m Wide-mouthed jars: press-and-blow process

na/ \aa_

Diagrams © Beaston Clark. All rights reserved. This content is excluded from our Creative httD://WWW_beatsonda rk.co.uk/
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/ 13
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Glass container production
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© Peter Scheid. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/
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Glass caneworking

Reticello

Millefiori

Types of caneworking images © unknown. All rights
reserved. This content is excluded from our 11
Creative Commons license. For more information, see

Zanfirico
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Glass caneworking

m Canes: thin glass rods (often with color); can be of a single color,
or contain multiple strands arrayed in a pattern (murrine)

m Basic glass work technique for adding intricate stripe patterns to
glassware or blown glass

|

l ‘; & —— vfﬂ(f"l
Gather glass Cane
with pontil drawing

Images © unknown/zzionkitty on YouTube. All rights reserved. This content is excluded from our Creative Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.
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Vil'tll alGlaSS virtualglass.org I- B

computer-aided design of blown glass, specifically glass cane

e s

MEIFBE 00 0 —w
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-

o W ) [ st

Download this design: front-page.glass

Source: Public Domain

The Virtual Glass software lets anyone, with any or no glass experience, design and visualize glass cane, and to get a sense
of what that cane will look like on a blown piece, all on your computer (without lifting a pipe!). The goal is to allow the
exploration of cane designs, especially new cane designs, and settle on a nice-looking design before going through the effort
of making it.

Status

The software is freely available and open source. We ofter versions for both Windows and MacOS, and the software runs on
Linux as well. The software is the early stages of development, so it lacks certain features (for instance, pickup
customization) and certain compatibility (graphics acceleration is only supported on reasonable NVIDIA graphics cards).

17
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Millefiori — “1,000 flowers”
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© Coming. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/
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Stability of drawn cane structures

Scaling analysis

m Scale-invariance of viscous flow: strain
rate € remains invariant if the externally
applied stresses are kept constant
regardless of system size

Are you
breaking my
lovely canes?

Same strain rate!

19
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Stability of drawn cane structures

v Cane diameter D change:
— ) “ oD 1 Necking develops if

oC

viscosity is independent
ot npo of diameter D

Are you
breaking my
lovely canes?

F c/A?
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Stability of drawn cane structures

U Stability threshold:
A

1 oD 1
oC = constant

D ot nD’

Are you
breaking my
lovely canes?

F c/A?
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Stability of drawn cane structures

|
|

Are you
breaking my
lovely canes?

Now consider heat dissipation:
m Radiative heat transfer dominates
m Stefan-Boltzmann law
Heat flux: ¢ =ecT® e : emissivity
c =5.67 x 108 W/m2K*
m Temperature change rate
or — g§ 4ecT"
Ot c,V cp,D
m Viscosity dependence on temperature
AE, (7)
k,T

T =1, eXP{ } High T range

22
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Modeling outcome

Assumptions:

= Uniform temperature
distribution along the

cane cross-section 000
m No heat or mass 880 |
exchange between 8601
cane sections 840 |

oo
S

m Only considers
radiative heat transfer
from glass cane to the
surroundings

Temperature (C)
-~
g 3

2

740

m Constant drawing
speed

720

700

Time (s)

23



"

Modeling outcome

Conclusions:

m Thinner section cools
faster

m Viscosity increase in L
thinner section 0.951
prevents necking 09

m Cane diameter non-
uniformity damps out

Cane diameter {cm)
=
o

It works
beautifully! 06}

Time (s)

10
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3-D glass printing

3D Printing
Wlth Glass




Precision glass molding (compression molding)

+ (RT )

g
Purging
Heating
Soaking
Pressing
Cooling

g

g

Force (N)

g

Lamp
heaters

Time (min)

m Viscosity: 1006 — 108 Pa-s; pressure: ~ MPa

m Mold sticking and damage: TiN or SiC low friction coatings
m  Non-uniform temperature distribution

m Post-molding deformation: thermal shrinkage, viscoelasticity

http://www.rpoptics.com/wp-content/uploads/2015/01/Precision-Glass-Molding-Technical-Brief 21.pdf

Temperature (°C)
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Comparison of key properties between
molded glass and plastic optics

Property

Glass Plastic

Available material options

=100 <10

Quantitative properties

Index of refraction (nd}

1.434 < n,; <2144 1.491 < n,; < 1.682

Abbe number Eurd}

17.8 < v < 95.0 18.9 <v, < 58.5

CTE (@) (107/°C) 49 < a < 160 558 < a < 720
Glass transition temperature (T.) (°C) 288 < T,<618 77 <Ty<210
dn/dt (104/°C) 10.9 < dn/dt < 23.4 -14.3 < dn/dt < -8.5
Specific gravity (SG) 24 <5G <71 1.0<5G <13
Qualitative properties
Environmental durability Excellent Poor-Good
Integrated features Limited Extensive

Typical commercial product properties

PGM glass
asphere lens

Focal length (%) +1 +2-3
Radius of curvature (%) +1 +2-3
Power/irregularity (fringes) 3/1 5/2
Scratch/dig 40/20 60/40
LFW 47, 42-45 (2011)
Center thickness (mm) +0.050 +0.050
© China Gooc_j Quiality Optical _Glass Lenses Supplier. All rights reserved. This content is excluded from our Creative Commons license. For more information, see 27
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Making extremely large telescope mirrors

Great Paris Exhibition i

Telescope :
(lens at the same scale)
Paris, France (1900)
L]
Yerkes Observatory
(40" refractor i M'[_." g.]:gtAFTb?er < y

lens at the same scale Spectroscopic

Williams Bay, Telescope Gran Ihlaﬁsa:upin I(eck 'lblescop
g . - e
Wisconsin [ 1883) Hebei, China Cal IPa'almas. Mauna Kea, Hawaii

12009) Canary Islands, (1993/1996)
. Spain (2007)

Hooker
(100")  Hale (200")
Mt Wilson, Mt Palornar,

California California

(1928 Sy ‘Gemini North Suhanl
g@h“. { Mauna Kea, Thirty Meter Tel escope
Ll Hawaii (1999) Mauna kb3, Mauna Ked, Hawail (planned 2022)
. ‘J Hobby-Eberly Southern African Hawaii (1999)
& Telescope Large Telescope
(1979-1998) (1999-) Davis Sutherland,
Multi Mirror Telescope Mountains, South Africa

Mount Hopkins, Arizona Texas (1996) (2005)

-

Gemini South
Cerro Pachon,
Chile {2000)

BTA-6 (Large
Altazimuth Telescope)
Zelenchukslgv. Russia
(1975)

Large Binocular Telescope
Mount Graham,

Artzonal(2005) Large Synoptic
Survey Telescope
El Pefidn, Chile
(planned 2020)

Large Zenith Telescope
British Columbia, Car?gga

Gaia Kepler
Earth-Sun L2 point  Earth-trailing
(2014) solar orbit

(2009} European Extremely ¥
I.arge Telescope *;'-t";”hae“

ro Armazones,
Chlle {planned 2022} same scale

o 5 10 m
e ]
0 10 o 30ft

@ (. ] Very Larye mresrfolepe
Hubble Space cgna;aranamt]: I

James Webb Telescope

Space Telescope  Low Earth
Earth-5un L2 g Orbit
(planned 2018 (1990}

llan Telescopes Glant Magell Telescope
s Campanas, Las Campanas Observatory,
Chile (2000/2002) Chile (planned 2020)

© Coming Inc. All rights reserved. This content is excluded
from our Creative Commons license. For more information, see
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Image from Wikipedia

Tennis court at the same scale Arecibo radio c escope at the same scale Basketball court at the same scale

© Cmglee. All rights reserved. This oontent is excluded from ourCreatlve Commons
license. For more information, see -fair-
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Making extremely large telescope mirrors

© University of Arizona, Richard F. Caris Mirror Laboratory. All rights reserved. This content is excluded from our Creative. Commons license. For more information, see

https://ocw.mit.edu/help/faq-fair- © University of Arizona, Richard F. Caris Mirror Laboratory

> Initial paraboloidal shape is formed by casting the mirror in the spinning

furnace, followed by milling and polishing down to 25 nm accuracy
» A honeycomb mirror structure leads to low weight and high stiffness
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" JE

Mechanical properties of bulk metallic glass (BMG)

metal

Metals 3, 1 (2013)

Figures courtesy of MDPI. License: CC BY. Source: Louzguine-Luzgin, D.V., et al."Mechanical Properties and Deformation Behavior of Bulk Metallic Glasses." Metals 3 (2013) 1-22.

m Absence of dislocations and slip planes/directions in BMG

0 Large elastic limit and high yield strength (2% and 2 GPa in
Zr-based BMGs)

00 Poor global plasticity: absence of strain hardening, strong
tendency towards shear localization

m Cold working is not a viable processing solution
30
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Mechanical properties of a commercial BMG
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Data from Liquidmetal® Technologies

© Liquidmetal Technologies, Inc. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/

v" High yield strength, hardness, and elasticity
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BMG process design

1100 ' ' T oo & Solidification Shrinkage (%)
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412" 138125 V100" 225 5 B lizotion

1000 A 7.5 Coefficient of Thermal Expansion
g 09 6.25
o 9007 crystalline 5
=) si\percooled
o
% 800+
Q. ]
5
+ 7004

600

Iog time (S) Aluminum Titanium llgUlDMfTAl Steel Copper

Data from Liquidmetal® Technologies

m Casting: suction casting, die casting
0 Reduced volume shrinkage (< 1%): net-shape forming
0 Cooling rate control: mold filling and crystallization mitigation

© Liquidmetal Technologies, Inc. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/
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BMG process design

temperature (K)

1100 T T - T — 10000000
Zr41.2Ti13.8CU‘1Z.SNi10,OBe22 5 A °
1000 + g i . ° R ,
L J
@ 1000000 - 3
@ ° A
900 , e s
crystalline o a .
supercooled % .
liquid 3 " -
800 2 100000 A ® Pd,Ni,,Cu, P,
A - A ¢ Pt‘.n’;\Nihv}cuH‘JPlit\
A Z(‘_‘Ti 1 1Bez‘-NiwCU 10
700+ 2, Ti Be,, Cu,,
T My ! 10D€,; t-CU«' b
7 g 10000 T T T T T
glass 0 100 200 300 400 500 600
600 ‘; ' 2‘ 5 4 Time to crystallize [s]
Thermoplastic log time (s)
forming (TPF) 2 Scripta Mater. 60, 160 (2009)
Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with pemission.

m Thermoplastic forming: compression & injection molding,
extrusion, rolling, blow molding, 3-D printing

1 Thermal embrittlement: free volume decrease
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BMG process design
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1 . 3 4 0.2 0.4 0.6 0.8 1.0
Thermoplastic .
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forming (TPF)
Adv. Mater. 22, 1566 (2010)

m  Glass-forming liquid fragility
O Liquids with low fragility have better temperature tolerance

© John Wiley & Sons, Inc orrelated companies. All rights reserved. This content is excluded from our Creative Commons license. For more information, see hitps://ocw.mit.edu/help/fag-fair-use/
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Compression molding

Tprocess Pprocess = Stiow

SR Tprocess
tprocess< tcryst

Tprocess

Sample size Shape Aspect ratio

Mold release and mold

mmtocm  Open structures 110 10
wear

Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with pemission. AdV Mater' 22’ 1 566 (201 O)
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Injection molding

Process Stage:

PlLoad
Remove
Close
Vacuum

Heat
h Plunge

Cool
Mold Plunger
Heating Unit

Open
Degating

\
Q) N

© Liquidmetal Technologies. All rights reserved. This content is excluded from
our Creative Commons license. For more information, see
https://ocw.mit.edu/help/faq-fair-use/

mm to cm Open structures

injection moulding of
> o high-quality metal components
—

© TECHSPANONLINE. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/

Mold release and mold
wear

1to 10
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Blow molding

Parison Final shape

Materials
Parameter

Plastics BMG
Processing temperature [°C] 160 — 260 160 (Au-based)

280 (Pt-based)
350 (Pd-based)
430 (Zr-based

Processing pressure [Pa] 1-10=x10°Pa 1-4x10°Pa

Maximum strain [%] = ~10 000
Typical strain rate [5'1] 1071 -1 1071
K [W/mK] 0.3 10

Sample size Shape Aspect ratio
10 umtocm  Hollow shapes 10 to 1,000 Temperature control,
mold sticking
Courtesy of Elsevier, Inc., hitps://www .sciencedirect.com. Used with permission. Mater. Today 14, 14 (2011)
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3-D printing of BMG
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Continuous softening behavior of BMGs enables extrusion-

based 3-D printing through fused filament fabrication (FFF)

Mater. Today 21, 697 (2018)
Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with pemission.
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ing of BMG
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Mater. Today 21, 697 (2018)

Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with pemission.
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