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Hot-Stage Microscopy: a thermo-optical tool
for many fields of application
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Introduction

Viscosities commonly evaluated by viscometers

* depending on the temperature range (rotation for HT and fiber elongation for LT)

depending on the composition of the glass (one curve / composition)
require large amounts of sample

Indirectly method by heating microscopy firstly developed by Scholze in 1962
* viscosity-temperature curve established from three characteristics temperatures
using the VFT relation : transition point, Littleton point and working point

relationship between viscosity and temperature in float and borosilicate glasses as
a function of specific shape during heating

Nieto et al. (1997) & Pascual et al. (2001) established the relation between the

characteristic points of viscosity obtained by HSM and the corresponding values measured
on the viscosity curve for different glass compositions



Hot-stage microscope (HSM): apparatus

UCGCS

r B |

Support sample
/ thermocouple

Camera

Characterization of sample
evolution:

— area (S/S,)
— shape factor
Furnace — wetting

Light
source




Measurements parameters

» AL/L: thermal expansion

» AS/S — AV/V: sintering / deformation
» Shape factor: viscosity

» Wettability

» Surface tension / density

DTA / DSC

Dilatometry |«

HSM

Viscometer




Hot-stage microscope (HSM): sample

UCES:

3.5 mm

3.5 mm

Ilmm




UCCSi: Hot-stage microscope (HSM): software

New measurement

]|

I Fleaze enter the properties of the new measurement.

Identification: | Test 5

Data folder: [M3811170 .
Heating prafile:
Group: Fuercise measurements Fate Endtemp. | Dwelltime o
['Cimin) [C) [hi:rmimi)
Operator. [KT ~] 5 1200 | 0000 —
- *
Device: |Erhit2ungsmikrnsknp 1 =
t aterial |
MNotes:
™ Determination of sphere and flow temperature according to DINASO
v Determine start of sintering fallowing the measurement This form requests you to fill in some informations conceming the taking of this measurement. At

+Conditions for new image«, you set the conditions for storing a new image. At sEnd criteria, you set
the .conditiuns far automatically finishing the data acquisition. Please don't forget to check the cecle time

Help | << Back | | »» Mest | Cancel | settings!
~ Conditions for taking a new image: End cntena:

Area change: |9 %  Comer angle change: |12 % || [ Flow tempersture detected
Shape factor change: |5 % Temperatwe change: |30 °C | [ Final temperature:
Start images at: |EUU ‘C ™ Atleast every |U s |1':IDD C
Named setting; |Slandard :I 7 Elo time:
Giore I [YElEtE I |5 s 3
Help | << Back | i
T — — . — -_—



Heating microscope measurement: Sample "Test 5

Measurement;

|T est

Cond. for autom, shooting:
Area change: |5 #- 4

Group: [Exercise measurements

Device: |E thitzungsmikroskop 1

Shape factor change: |3 .- =

Cormer angle change: |'|U i o

:i: Hot-stage microscope (HSM): software

Operator: [T
Messages: Results 20 far
Cumrent data:
Elapsed time: | Temperature: I
Width: Height: I cormet atigle: it cotnet anale:
| | |
Shape [actor; drea I_contact angle: 1t contact angle: Storel
— Trends
---------- 1055 == ======= T T
---------- 0 e e e e mm e b e mmmee W immmemmeaa
—————————— R mmmmm - b e B e m = m e
— Wlidth Height —— . Cormer . Cormer
—— Shape factor — Area

Help |

ST == = =

= teEp [f| === =)

I© Smouthitg

LCancel

| Adjust test piece. Continue with ‘Choose comer’.




UCGS

~Print:
¥ Results ™ Allimages
— T &+ Grey images
aé& ARARR
= B A
AR RARX
" Binary images
I~ Measured data [~ Dicgrem
TN — il

— Page marging
Above: [2 cm
|
Left | :‘____an Right
|2_2 | | |2_2
cm ! | cm
_: - __: -
I—I L]
Below: [2 cm

Cancel I

Hot-stage microscope (HSM): results

Results of measurement "g03fi° Ed |

|dentification: |r|l]'.ﬂf1

Matenal |FI|:nh;|Iasu| 380

Mates:
Operator: |1 | =l Data folder [M3807060
Greup:| o = Complete path of data folder:
Device: ||'-|.- ungsmikioskop 1 d:\whhemi\daten' T est\M 3807060
Heating prafile: ~ Results:
Rate Temp. Dwell | = Sintenng temperature; 556°C
p | 80°C/min | 1450°C 0o:10 | Deformation temperature; 1069*C
Sphere temperature: 1103*C
Hemisphere temperature: 1184°C
= Flow temperature: 1398°*C
Meazrement date: 060798 Data count 589 Image count: 45
Reason for finishing. Flow temperature reached
_ teb | Cance
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Hot-stage microscopy curves
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Area /%

First shrinkage

# Start of sintering

deformation temperature : first temperature at which the shape factor has
changed by 1.5% with respect to the first image and the tracked corner angle has
increased by 10%.

o sphere temperature : first temperature at which the upper corners of the test
piece are completely round and the test piece’s height equals its width.
hemisphere temperature : first temperature at which the shape factor of the test
piece is greater than or equal to 0.98, and the test piece’s height is less than or
equal to half the length of the base line.

o flow temperature : first temperature at which the test piece is melted to either a
third of its original height or a third of its height at hemisphere temperature.

/

Maximum shrinkage

Shape factor : measuring for the difference between the test piece’s shadow image and a
semicircle. In order to determine the shape factor, the circumference of a perfect semicircle

_| with the same area as the test piece’s shadow is calculated. This ideal circumference is then .
put in relation to the actual measured circumference of the test piece. This relation gives the

shape factor.

Shape Factor

1.0

- 0.8

Temperature /°C

I
1000

I
1200

0.7
1400



» Heating rate

» Granulometry

» Atmosphere (Air; Ar; N,; H,/H,0)
» Substrate

» Composition
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Picture-Analysis

Influence of the composition

Hessenstruments

dentification: P2 UCCS Printed: 3/20/2022
Material: Group: VERRES Date of measurement: 1/24/2023
Degree % s AB D
1263 QQE . . . . . : . . 4 . . . . .
EITE . N . . . . .
1 1003 4 f . f . 4+
105 s K . . . . .
o5 553 j . . . . . .
i =] . . . . . . -
20 E fre=
] 5] " X B " ? " * {(2) Shape factor
857 E
3 703 . - - . - - - ) Test piece height
50; es] " . . . . . B Contact angle rt
7] eod . . . . . . . . . . . . . Contact angle It
3 =5 . . . . . A . . . . . . . .
605 45 . . . . . i . . N . . . . .
] 40% . . . . . R . . \ {1} . . . . -
55 E
1 a5 . . . . . . . . |- . . . . .
53: E (3)
1 =03 B . . . . f B . | . . . . B
407 3 — T — T — S T T — T T
100 200 400 600 700 00 =) 1000 1100 1200 1300 1400 1500
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45Si0, - 10B,0, - 27Sr0 - 18MgO (Tg = 653°C)



Influence of the composition

Floturs-analysis Hesse-Inctruments Picture-Analysis Hesse-nstruments
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e tar - 1 ] i - . ’ :
g T ] E
5] 45; . - - . -
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1 a0 . . B . B
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700 0D 600 1000 1100 1200 1300 14EIEIT 1501
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45Si0, - 10B,0, - 27SrO - 18Ca0 (Tg = 608°C)



Phys. Chem. Glasses., 2005, 46 (5), 512-520

A new method for determining fixed viscosity points of
glasses

M. J Pascual® A. Durdan

Instituro de Ceramica y Vidrio (CSIC), Campus de Cantoblance, 28049 Madrid,
Spain

M. O. Prado

Centro Atomico Bariloche-Comision Nacional de Energia Atémica, 8400 S.C. de
Bariloche, Rio Negro, Argentina

Influence of:
= Glass composition < surface tension (calculated by Dietzel coefficient)
* Heating rate: 5—10°C.min*
* Particle size / relative density: ¢ < 20 um; 20-40 um; 40-60 um

» Viscosity values at the first shrinkage temperature TFS
Frenkel model (based on the particle size)

» Viscosity values at the maximum shrinkage temperature TMS
Mackenzie-Shuttleworth model (based on the softening of the glass)
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Viscosity points

Scholze ™/

Fixed viscosity points vs. models

Pascual et al

4

This work

lognto (P) lognta(P) lognto (P)
First shrinkage 10-0£0-3 B-9£0-25 9-1x0-1
Maximum shrinkage Be2+0-5 7-940-2 T-810-1
Deformation 6-1%0-2 6601 b-3%0-1
Sphere - - 3401
Half ball 4-610-1 4-5101 4-1x0-1
Flow 4-1x0-1 31015 3-4x0-1

4 4 ‘
qualitative guantitative
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Requirements

— Tiiieton (N = 1076 Poise) = 800°C

— Low viscosity at 900°C

— No crystallization at 800°C

— Limited interactions with other components
of electrochemical systems

logn/ poise

Selection criteria (Sciglass software)

—T,>600°C
—5 750°C < Tieren < 900°C
—> TEC>5X10° K1 0

i 600 800 1000 1200
— Limited amount of P,O. Temperature, °C

Coillot et al, International Journal of Hydrogen Energy, 2012



Requirements
— Tlittteton (N = 1076 Poise) = 800°C 12 -
— Low viscosity at 900°C 0
— No crystallization at 800°C
Q
— Limited interactions with other components S 8- _
. o [T TL (lOgn—7,6)
of electrochemical systems = ] |
A |
Selection criteria (Sciglass software) 4 :
— T,>600°C :
—5 750°C < Tyjeron < 900°C 27 |
— TEC > 5 X 10° K1 0 | . .
600 800 1000 1200

— Limited amount of P,O. Temperature / °C

Molar % SiO, zrO, B,0, ALO, Ga,0, La,0, Y,0, Na,0 K,O

Vscl 70.24 - 1.92 5.26 5 > - 3.60 1.19 0.60 3.32 9.05 4.82 = Yes 650
Vsc2 63.30 - - . = - 499 20.72 6.81 4.45 - 2 - = Yes 566
Vsc3 67.46 13.34 - = - 1.03 - 13,67 4.50 - = = = 2 No 765
Vsc4 6139 - 6.14 - 1434 - - 13.67 4.46 - = - = - No 580

Vsc5 66.01 3.43 557 4.21 = z = 2.16 0.71 12.21 5.70 Yes 686



Requirements
— Tlittteton (N = 1076 Poise) = 800°C 12 -
—> Low viscosity at 900°C 0
— No crystallization at 800°C
]
— Limited interactions with other components S 8- _
. o = TL (lOgn—7,6)
of electrochemical systems s ,
A |
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Vsc5 66.01 3.43 557 4.21 = z = 2.16 0.71 12.21 5.70 Yes 686



Requirements
— Tlittteton (N = 1076 Poise) = 800°C 12 -
—> Low viscosity at 900°C 0
— No crystallization at 800°C
]
— Limited interactions with other components S 8- _
. o = TL (lOgn—7,6)
of electrochemical systems s ,
A |
Selection criteria (Sciglass software) 4 :
— T,>600°C :
—5 750°C < Tyjeron < 900°C 27 |
— TEC>5X10°%K? 0 | . .
600 800 1000 1200
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Vscl 70.24 - 192 5.26 - - - 360 1.19 0.60 332 9.05 4.82 - Yes 650
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Vsc3 67.46 13.34 - - - 1.03 - 13.67 4.50 - - - - - No 765
Vsc4 6139 - 6.14 - 1434 - - 13.67 4.46 - - - - - No 580

Vsc5 66.01 3.43 557 4.21 = z = 2.16 0.71 12.21 5.70 Yes 686



Requirements

— Tlitieton (N = 107 Poise) = 800°C
—> Low viscosity at 900°C
— No crystallization at 800°C

Objective =--=mm) decrease of thermal characteristics
— Zr0, substituted by SiO, and/or B,0,

Molar %  SiO: Zr0; B20s La;0s Na:0 K20 Crystallisation T;/°C T./°C

Vsc3 67.46 13.34 - 1.03 13.67 4.50 No 765 854
Vsc31l 64.52 7.09 10.03 0.99 13.07 4.30 No 616 675
Vsc32 69.78 7.03 4.98 0.98 1287 4.27 No 630 692
Vsc33 74.95 6.97 o 0.97 12.87 4.23 No 610 675

Vsc34 65.96 10.14 513 1.01 13.36 4.40 No 668 750




log 1 / Poise

Viscous seal for SOEC

L HSM Measurements
— Applying the method to Vsc glasses B

—> Least-square refinement by Vogel-Fulcher-Tammann equation: logn=A+ ————

BRE R T T T T T T T-T,
12
11
10
9

54 Vsc31
4_- Vsc32
3] Vsc33

Vsc34
2

T T T T T T T T T T T T T
600 700 800 900 1000 1100 1200 1300
Temperature / °C



log 1 / Poise
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Viscous seal for SOEC

L HSM Measurements

— Applying the method to Vsc glasses B
—> Least-square refinement by Vogel-Fulcher-Tammann equation: logn=A + ———
13 - T T T T T T T T T T T T T-"-ro
12 4
11—- ] m
10 a -2.19 -1.00 224  -3.58
9a{ T, Lo =7.6) =800°C
] Littieton (LOB10 1 ) b 4917.52 4053.35 5863.19 6809.79
8_
7_'< t 293.96 341.80 224.28 262.17
6 T,/°C 796 813 820 871
5 - Vsc3l Log 1) at 900°C/ Poise 5.9 6.3 6.4 7.1
3] Vsc33
Vsc34
2

' | ! ! 1 T T T T T T T
600 700 800 900 1000 1100 1200 1300

Temperature / °C



log 1 / Poise

L HSM Measurements

— Applying the method to Vsc glasses B
—> Least-square refinement by Vogel-Fulcher-Tammann equation:  log n=A+——
13 4 T T T T T T T T T T T T T T - TO
124
11: . n
104 a 219 <100 -2.24 | -358
94 T, Lo =7.6) = 800°C
] Littleton (LOB10 N ) b 4917.52 4053.35 5863.19| 6809.79
8
. 1€ t 293.96 341.80 224.28 | 262.17
6] T,/°C 796 813 820 871
5 Vsc31 Log 77 at 900°C/ Poise 5.9 6.3 6.4 74
3] Vsc33
Vsc34
2 1

! | | ! | ! | ! | !
600 700 300 900 1000 1100 1200 1300
Temperature / °C

- Only Vsc31, Vsc32 and Vsc33 appear suitable



UCCS?

Viscous seal for SOEC

L HSM Measurements

—> Is the viscosity low enough to allow the seal forming at 900°C ?
— Heat treatment: 10h at 900°C

T T T T T T T T Glass name Initial Pellet Pellet
1009%y - Temperature / °C 1400 ELD pellet before the after the
i Vsc3l Vsc32 ’/ L viscosity at plateau at plateau
20 Vsc33 Vsc34 /1200 i i
80 /L1000 Vscal
| , o 1059 Poise
X 704 | 500 5
~ 2
©° 1 I @ Vsc32
v o604 / -600 5 1052 Poise
4 ’r" - ~
: S
50 - - 400 Vsc33
1! I 1054 Poise
40+ - 200
0 10000 20000 30000 40000

Time /s



L HSM Measurements

—> Is the viscosity low enough to allow the seal forming at 900°C ?
— Heat treatment: 10h at 900°C

T T T T T T T T Glass name Initial Pellet Pellet
100 Jﬂ 777777777 Temperature / °C - 1400 and pellet before the after the
i / viscosity at plateau at plateau
90 Vsc31 Vsc32 il 1200 900°C 900°C
Vsc33 Vsc34
804 /L1000 Vsc3l
| = 10°% Poise . .
. 1 g ‘
X 704 | -800 o
~ )
@’ 1 i 9 Vsc32
[%5) 4/ | c 6.3 :
60 600 S 10°° Poise . . .
4 ’r' - S~
50! 400 O
! " Vsc33
{i - 10%4 Poise L L ‘
40+ y o L 200
[ Vsc34 .
30 f T T T T T T T 0 e
0 10000 20000 30000 40000 107 Poise —'.— -
Time /s

—> Seal elaboration: easy at lower viscosity
7 = Good wettability for Vsc31 and Vsc32 (6 < 90°)



> Elaboration

Heat treatment . Expansion
Glass Foaming | > Formation of gas > Glass foam
waste agent bubbles (CO, or N,)
» Glass waste 4 Temperature
- CRT: Cathode Ray Tube glass Operating temperature

- SLS: Soda-Lime Silicate glass
Cooling phase

» Foaming agent

Temperature ramp

e.g. AIN, CaCO;, SiCor C Time

»

Furnace temperature vs. time



Category Foaming agent Mechanism

Carbonates Na,CO, Reactive- / Thermal
/ sulfates CaCO, decomposition
MgCa(CO,), (Dolomite)
Na,SO,
CaSO,

Metal oxides Mn,O, Redox reaction in melt
Fe,O,
Cr,0,
PbO

Nitrides AIN Redox reaction
TiN
Si;N,

Carbonaceous SiC Surface reaction
Carbon Solid-Gas reaction

Water glass
Virgin glass Redox



Gas bubbles prisoners of the
viscous melt

— Expanded glass

Temparature in °5 ——

viscosity curve




Viscous window

Glass Foaming agent Viscosity window
Float Dolomite ' ' o
Bottle SiC IP :
CRT panel MnO, | G
CRT panel Na CO, |
SLS CaCO, I - ——
CRT panel CaCoO, | c—
E-glass CaCO, #I :
Labware CaCoO, |
Float/bottle SiC O
Bottle N/A | (
Bottle BaCO, CaCO,, MgCO, ! cummm !
Bottle N/A ' —
Float CaCoO, : -:

2 4 6

Petersen et al, JNCS, 2017

log n[nin Pa s]



Foaming ability CRT panel + MnO,

- Heating

Y
A

Cooling -

Maximize A/A,,
best performance ?

21 A/A,

+ i -

700 800 900 1000 1100 1100 1000 900 800 700
Temperature [K] Petersen et al, INCS, 2017



Foaming reaction CRT panel + MnO,

105 MnOZ 7;ecomp,1 Mn203 7;eCOmp,2 Mn304

100-
1 TGA
|—*—Pure $-MnO,

90 {—— Glass/B-MnQ,

%Mass

| ! | ! II ! |
6 ] Heating microscope |

5_' —e— Pure glass

1—=— Glass/B-MnQ,

AIA, [

N
!
T

1 ] —e » =9 : ! +
600 700 800 900 1000 1100
Temperatu re [K] Petersen et al, JINCS, 2015




Foaming reaction

MnO,

CRT panel + MnO,

decomp, 1

1 TGA
|—*—Pure $-MnO,
—=— Class/B-MnQ,

85
2Mn** (melt) + O*~ (melt)

Mn,O; 7. Mnz0,

o 2Mn?* (melt) + 1 O, (gas)

6 -| Heating microscope
5 _|—e— Pure glass
: 4_- —=— Glass/B-MnQ,
< 3
< 2-
600 700 800 900 1000 1100

Temperature [K]

Petersen et al, JNCS, 2015



UCCS Volume expansion CRT panel + MnO,

>0 L] o 10 20 40 80 mint
0.5+ L 82
— ~Gom
ks -84
2 - |
[s) 0.4 - o o\o
é 1063 K PUEEN
Q o
0.3- 1083 K
- 90
| | _
® - 92
024+—————ri

0O 20 40 60 80 100 120 140 160 180

fH [m | n] Petersen et al, JNCS, 2015



