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Complete Solution for Customer’s Problem:
from Measurement to Simulation

NETZSCH
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Complete Solution for Customers Problem: NETZSCH
from Measurement to Simulation

3. Simulation
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NETZSCH

High-quality ceramics

SEM image with microcracks [1]

'j '

Qualfty of ceramics depends on production temperature
Slow heating and cooling enhanced the quality of ceramics, but makes it more expensive

[1] Rashed Adnan Islam Y. C. Chan, January 2004 Materials Science and Engineering B 106(2):132-140 , Structure—property relationship in high-tension ceramic insulator fired at high temperature
DOI: 10.1016/j.mseb.2003.09.005
Pictures are from internet: gelenk-klinik.de, www.avonvalleydental.com.au



http://www.avonvalleydental.com.au/

How to optimize the sintering of ceramics? NETZSCH

How to get the best quality in the shortest time?

— Above 700°C:
Below 700°C:

Debinding Densification

A Dilatometer gives you
A Thermobalance gives you information

information about the sintering

about the binder burnout! shrinkage and thermal expansion!




Measurements for kinetic analysis below 700°C:
Thermogravimetry method detects the mass loss

A Mass

fast heating

/
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slow heating

Temperature

Thermogravimetry: mass change is measured during heating

kinetics.netzsch.com 10



Debinding below 700°C: Kinetic Analysis for TG data NETZSCH

5= KINETICS
N NEO

Model Based

eeeeee
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98

92

STA 49 F5:

90
Measurement at three given o 50 100
temperature programs

150 200 250
Temperature / °C

300 350 400 450 500

One kinetic model with two steps can fit all measurements
kinetics.netzsch.com

This model will be used for process optimization
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Theory: one Kinetic Model is used for predictions NETZSCH

at any temperature
1. Measured data for the process

Model Based at different temperature conditions = . KINETICS
H'm NEO
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— Fit
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— Fit
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2. Kinetic Model for the process o 100
Simulated curves must fit experimental data 91 50
%0 0 5 10 15 20 25 0
One kinetic model can fit all measurements a different Time / hour
temperature conditions )
Th del will b gt dicti 3. Simulated:
tenlnsprenr(;tfreWI e used for prediction at any For any temperature program reaction for new temperatures

the result is calculated immediately
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Optimization of temperature below 700°C based on TG

NETZSCH

Prediction
iplestep
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Optimized 18 hrs, max 0.16 %/min

kinetics.netzsch.com
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Measurements for kinetic analysis:
Dilatometry method detects the length change

[

: 2 4 length fast heating
T
- W————
{ { | I
\q slow heating

Temperature

Dilatometry: length change is measured during heating

15



Densification above 700°C: Kinetic Analysis for DIL data

NETZSCH

DIL 402:

Measurement of porcelain
at four given temperature
programs

100 Legend
98 All Curves
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96 — Fit
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One kinetic model can fit all measurements
This model will be used for process optimization



Optimization of temperature above 700°C based on DIL  NETZ5CH

Prediction Legend
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New material NETZSCH

by

| ppep—

Advance d Materials

HALDENWANGER

Production time was reduced more than by 50%
By applying of process optimization in kinetics

Ceramitec, Munich, 2018, NATAS conference 2019
Additional information is on kinetics.netzsch.com 19




NETZSCH

Additive manufacturing of ceramic components

Lithography-based ceramic 3D manufacturing (LCM)

Source: Lithoz

Analysis and Optimization of the Binder Burnout of 3D-Printed Ceramic Components| C. Strunz,
Thermal conductivity conference ITCC, 2021

21



TG on crushed Alumina sample at different heating rates

NETZSCH

TG %

100

-0.48% -0.51%
-049% -0.51%

95 +

90 +

85 1

80 A

Sample:
Sample mass:
Crucible:
Atmosphere:

-10.47 %
-10.43 %
-10.43 %
-10.49 %

Alumina (crushed)
~49,35 mg

AI203 85I, open
Air 40 ml/min

Heating rate 2,5 K/min
Heating rate 5 K/min

Heating rate 10 K/min
Heating rate 20 K/min

-1.86% -1.83%
-1.83% -1.80%

Temperature /°C

Analysis and Optimization of the Binder Burnout of 3D-Printed Ceramic Components| C. Strunz, ITCC, 2021
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Binder burnout —TGA Results (kinetic analysis) NETZSCH

Model Based Legend
p:; f with Cmn ] All Curves
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Analysis and Optimization of the Binder Burnout of 3D-Printed Ceramic Components| C. Strunz, ITCC, 2021 24



Binder burnout —TGA Results (kinetic predictions, isothermal) NETZSCH

Prediction Legend
[ All Curves

p:; i with Cmn: Isothermal
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Analysis and Optimization of the Binder Burnout of 3D-Printed Ceramic Components| C. Strunz, ITCC, 2021 25



Cracks because of temperature gradients in big volume NETZSCH

wa

\

Simulation for big volume is necessary

28



Complete Solution for Customers Problem: NETZSCH
from Measurement to Simulation

~

(3. Simulation

0, kg, tons, temperature gradients,

== TERMICA
m NEO

\_

2. Chemical Kinetics

mg, uniform known temperature,
measurement impossible

5 ¢ KINETICS
=(l NEO
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1. Laboratory measurements LFA,
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Finite elements are used in Termica Neo software
Heat balance for small element with reaction heat as the heat source

NETZSCH

dx

dS =dydz Area
dy dV = dx dy dz Volume
dSs dm =pdV Mass
aT Heat flow in
i T — G =dSAG L apanie
: yA X -2
Heat flow in Heat flow out aT Heat flow out
Uin Qreaction Gout = AS A= at point x+dx/2
Qout Ox|_, dx
2
dT da :
L= . . — Reaction Heat
Cp-dm- E = Qin — Qout + Qreaction Qreaction = AH - dm dt
Cp - dm ar Self-heating
oT 0°T da e
T = a5 + ATad - d_a =A -f(a)-exp [__E] Reaction rate
ot 0°x dt dt RT
Qin — q =dS A 62_T Heat flow
oT 92T 92T 92T da e Hout 0%x difference
— = + + + AT, — a=A1/(Cp-p) Thermal diffusivity
ot d’x 0d%y 0°z ad ¢ Adiabatic
ATqq= AH/Cp Temperature increase

30



Technical ceramics:
Data: Dilatometer measurements for sintering of Si;N,

NETZSCH

Model Based Legend
as: V1 All Curves

102 < 20,0 K/min
— Fit
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98 — Fit
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1100 1200 1300 1400 1500 1600 1700 1800 1900
Temperature / °C

Kinetic model contains 4 individual reaction steps, two last of them are competing

31



Library of mostly used reactive and container materials

NETZSCH

. Material Library
FE 1 (FOIYELNYIENE 120
PP (Polypropylene) lic
PP (Polypropylene) sc
PS (Polystyrene) solic
PVC (Polyvinylchlorid
Pyroceram
Si3N4 green body
Si3N4 sintered
Toluene

Water

¥ Container
_Mo Container
Al203

Aluminium

Project Material Library

Physical properties of mostly used materials are in the material library

Properties I

Material: Si3N4 green body
Name: | Si3N4 green body

State: | Solid / High viscous

I ~ | Specific Heat

w | Density

~ | Thermal Conductivity

1,057

<095

=

=09
0,85
0,8

0,7

Si3N4 green body
Specific Heat

200

400 600 800 1000 1200 1400 1600

Temperature / °C

Legend

All Curves
Wy < Cpdata
Wy — Fit

32



Physical properties of green body and sintered ceramics for Si;N, NETZSCH

Green body: before sitntering

Si3N4 green body

'Si3N4 green body'

Thermal Conductivity

Si3N4 green body

Specific Heat Density
1,15 Legend 179 Legend 10 Legend
e ACurves e
11 e 178 o 9 T
¢ Thermal
: 177 7 d s
o _.| conductivity
el 5 Es
4 2
~09 21,75 ; 4
0.85 3
- - 1,74
Specific heat capacity _ 2
0.75 3 DenSIty 1
o7 172 0
200 400 600 800 1000 1200 1400 1600 -400 100 600 1100 1600 -500 0 500 1000 1500 2000
Temperature / °C Temperature / °C Temperature / °C
. . . .
Ceramics: after sintering
Si3N4 sintered Si3N4 sintered 'Si3N4 sintered'
Specific Heat Density Thermal Conductivity
1,15 Legend Legend 14 Legend
prov—. AlCurves A
11 311 13
C?dlm Density Th Candustivity.
105 === == 12 .
1 3,09
1
095 -
=3 23,07 : 10
209 i <
0,85 =
3,05 8
Thermal
075 Sf: H 303 - 4 - =
Specific heat capacity Density . conductivity
065 301 5
200 400 600 800 1000 1200 1400 1600 -400 100 600 1100 1600 -500 0 500 1000 1500 2000
Temperature / °C

Temperature / °C Temperature / °C
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Physical data for simulation: reacting media and containers NETZS5CH

Properties
Reactant Dimensions .
) Surface properties:
R 10 m . -
went| s [em Heat transfer coefficient
Container Surfaces and emissivity
Surface: 1 Top
Material Si3N4 with radiation o] . .
S All physical properties are

temperature-dependent

Surrounding: | Air (5m/s, rough surface) |

Surface: S2 Side
Material: 5i3N4 with radiation ko]

Thickness: | 0 |em —
Surrounding: | Air (5m/s, rough surface) | Materlal ||brarv
contains mostly used
materials like polymers,

metals, alloys

Surface: 53 Bottom
Material: | Si3N4 with radiation ]|

Thickness: 0 |em

Surrounding: | Air (5m/s, rough surface) |

If necessary, then containers of different materials can be added

34



Results: Temperature vs time at any point of the reacting volume:

Vertical or horizontal

NETZSCH

Axial view

Prediction: Sintering Cylinder
Temperature, Axial

1800

Face 51 Top
Face 52 Side:
Face 53 Battom

1200

1000+

Temperagure /fFC
2]
=]
o

3 — x-somz-sox
89 — x-stmz-eox
4 — x-souz-100%

40 60 80 100 120 140

Radial view at the selected height =

Prediction: Sintering Cylinder
Temperature, Radial, z = 80%

Face 81 Top
Face 52 Side
Face 53 Battom

0 20 40 60 80 100 120 140
time / min

Possible to show:

Temperature, conversion, conversion rate, concentrations vs time

35



Different thermal conductivity before and after reaction

NETZSCH

W/ (m*K)
o

'S$i3N4 green body'
Thermal Conductivity

Reactant:
0.5 W/(m*K) at RT

T~

W/(m*K)

o

0 500 1000 1500 200!
Temperature / °C

'Si3N4 sintered'
Thermal Conductivity

Product:
13 W/(m*K) at RT

-500

0 500 1000 1500 2000
Temperature / °C

Legend
Al urver

0 © T Conductviy
g

Physical Properties

Product has different physical
properties

Material 5i3N4 green body

Product Material = Si3N4 sintered

<) (€

Legend

.

8 © T Conduetviny
M

Conversion
e e o o o
ha w - wn o

e

o

Prediction: Sintering Cylinder
Conversion, Axial

o

1800

1600

1400

1200

=]
S
2

©
=]
S

Temperature / °C

@
=]
S

400

200

20

40 60 20 100 120 140
time / min

Prediction: Sintering Cylinder
Temperature, Axial

Properties change
from reactant to product "~

20

40 60 80 100 120 140
time / min

Legend

e

) — sz
M — sz
¥ — oz
¥ oz
¥ — conzan
g — oz
¥ — ooz
g — xonzom
% oz
) — oz
W — wsonze

W — x=soxz-100%
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Changing of density during sintering NETZS5CH

Si3N4 green body Frediction: ceramics
179 pensiy Legend
4 aicuves
Reactant 178 "
Name | Si3N4 v
m 1,76
Physical Properties ) ) 5
| | before sintering =
Product has different physical
properties p(20°C)=1.77 g/cm3 "
Material Si3N4 green body &7 " < >
172
Product Material | Si3N4 sintered 2 e 1 Tompatue ¢ 1600 green bOdy
\ ft . t . Si3N[;te :Si:::ered v il
after sintering
3,1 “““’;’:w 1
p(20°C)=3,10 g/cm? -
3,09
Ea,m
Reasons for linear changes: 305
1. thermal expansion .
2. different density properties for reactant and < >
final product (here) s 100 W e 1600 sintered

37



NETZSCH

Material has different density before and after reaction

Prediction: Sintering Cylinder
Conversion, Radial, z = 50%, t = 40,0 min

Horizontal Section

Y /cm




Material has different density before and after reaction NETZSCH

Prediction: Sintering Cylinder
Conversion, Axial, t = 40,0 min

Vertical Section

X/icm

39



Concentration

of each component during sintering

NETZSCH

1800

1600

1400

1200

=)
3
3

®
8
3

Temperature / °C

@
=)
3

ti

60

Prediction: Sintering Cylinder
Concentration, Radial, z = 50%, t = 55,0 min

Concentration A

Prediction: Sintering Cylinder

Temperature, Axial 1 Prediction: Sintering Cylinder
Legend Cancentration, Axial
1 — — manzun.s
Allcums . —
‘Surounding 1 Top. \ .

i O -

— Surunding$1Ton \ =

== G 08 \

Conai St 2500 | I -

— — Container Surface 3 Bottom | [+

R 07 \ o —

— sz \ I i

-
xeson z-20%
= <06 \ % —

— xesouza0n 5 \

— xesonzean = \ I =
Koo ze50% E05 \ =
ey Z05

— X=50%2=60% 2 1 -
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— x=s0%2=80% “o4
Koo ze90%

— xeson z-to

03 I \
0.2 I
me=55 min o -

80 100
time / min

120 140

Prediction: Sintering Cylinder
Concentration, Radial, z = 50%, t = 55,0 min

Prediction: Sintering Cylinder
Concentration, Radial, z = 50%, t = 55,0 min

10 10
lDS
=08
54
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> >
=04
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54
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Concentration B Concentration C

time=55 rﬁln middle of cylinder

Prediction: Sintering Cylinder
Concentration, Radial, z = 50%, t = 55,0 min

Prediction: Sintering Cylinder
Concentration, Radial, z = 50%, t = 55,0 min

Y/cm
¥ /cm

Concentration D Concentration E
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Rotation geometry of arbitrary profile NETZSCH

Properties (£)

‘Container

Name! | poe

Shape: | Rotation ©
Rotational Dimension

Vertical Profile

X — (sright), Y | (+down)
::ig"' |R:dins ‘

em

W 20

| 10 20

| 20 22

| 30 25

| 40 35

| so 44

| 60 49

| 70 50

| 9.0 46

| 130 40

| Import | | Export |

XX %X X X %X X X X X
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Rotation geometry of arbitrary profile

NETZSCH

Properties

Container
Name: | pottle
shape: | Rotation s
Rotational Dimension
Vertical Profile
X — (+right), ¥ | (+down)
Height | Radius
| em |
00 20
10 20
20 22
30 25
40 35
50 44
60 49
70 50

90 46

XX %X X X %X X X X X

130 40

Import | | Export

Surface: 51 Top

Isothermal

|+

A
b

Temperature

Prediction: bottle
Temperature, Axial, t = 171,2 min

Y/cm

Surface: S2 Side Surface: 53 Bottom

Isothermal

<>

~ Isothermal
W h,

Temperature

Time

60,00 °C

250,00 min

Temperature

Time

60,00 °C Temperature 100,00 °C

250,00  min Time 250,00 min

160
I 150
= 140
& 130
— 120

=10

= 100

Conversion Conversion rate

Prediction: bottle
ConversionRate, Axial, t = 173,7 min

Prediction: bottle
Conversion, Axial, t = 190,0 min
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Rotation geometry of arbitrary profile

NETZSCH

Properties
Container
Name: | pottle
Shape: Rotation
Rotational Dimension

Vertical Profile
X — (+right), Y | (+down)

Height | Radius
m
0w 20 x
10 20 x
20 22 x
30 25 %
20 35 x
50 2 %
60 49 x
70 50 x
90 46 x
130 4,0 x

Import | | Export

Y/cm

Temperature

Prediction: bottle
Temperature, Axial, t = 100,0 min

Yicm

Conversion

Prediction: bottle
Conversion, Axial, t = 100,0 min

Y/cm

Conversion rate

Prediction: bottle
ConversionRate, Axial, t = 100,0 min
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Simulation results for rotation shape NETZSCH

Prediction: Rotation_Spin
Temperature, Axial, t = 10,1 min

Xilcm

Shape Temperature Shape Concentrations Shape Temperature

44



General functionality of Termica Neo NETZS5CH

1. Simulation of the chemical reactions in big volumes

2. Calculation of the following properties at each point of volume as the function of time
Temperature

Degree of conversion

Conversion rate

A

Concentrations

45



Unique: Kinetics Analysis must fulfil ICTAC kinetics recommendations

NETZSCH

ICTAC: International
Confederation for
Thermal Analysis and
Calorimetry

® Model free analysis

m Multi-step model-fitting (model based)
m Diffusion control for curing

m Crystallization kinetics

m Kamal model for curing

B Deconvolution analysis (sum of peaks)

=¢' KINETICS
i 'm NEO

Thermochimica Acta
Volume 689, July 2020, 178597

Review

ICTAC Kinetics Committee
recommendations for analysis of multi-step
kinetics

Sergey Vyazovkin ¢ & B, Alan K. Burnham ®, Loic Favergeon ©, Nobuyoshi Koga ¢,

fElenc: Moukhina é] Luis A. Pérez-Maqueda |, Nicolas Sbirrazzuoli €
-

¢ Department of Chemistry, University of Alabama at Birmingham, 901 S. 14th Street,

o

Birmingham, AL, 35294, USA
Alan Burnham Consultant, 4221 Findlay Way, Livermore, CA, 94550, USA

© Mines Saint-Etienne, University of Lyon, CNRS, UMR 5307 LGF, Centre SPIN, F-42023 Saint-

Etienne, France
Department of Science Education, Graduate School of Education, Hiroshima University, 1-

1-1 Kagamiyama, Higashi-Hiroshima 739-8524, Japan

N0

NETZSCH-Geratebau GmbH, Wittelsbacherstrasse 42, Selb 95100, Germany )

g

Instituto de Ciencia de Materiales de Sevilla, C.5.I.C-Universidad de Sevilla, C. Américo
Vespucio No. 49, 41092 Sevilla, Spain
University Céte d’Azur, Institute of Chemistry of Nice, UMR CNRS 7272, 06100 Nice, France

Received 18 March 2020, Accepted 19 March 2020, Available online 16 May 2020, Version of Record
5June 2020.
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NETZSCH Kinetics Neo Web Site,
NETZSCH Termica Neo Web Site

NETZSCH

Users Guide, Training examples,
Webinars: Thermokinetics (pdf and video):

& G @ hitps//kinetics.netzschcom/en/learn/how-te.. @& AN [ ¥y & | 0 = 5 - O
T
| L _ (.3
i€ ol -
How To: Create a Three-Step Kinetic
Model for Dilatometer (DIL) Data
|« ¢ Ninetic etzseh com /e T G Mt @B

Sintering of Si3N4 5

8. Within the Reaction Step: A->B, create a con:

Contents B omsenes - ig

secutive step by clicking on *->->".

Introduction

Load the Sample Data Project

Check the Loaded Measurement Data

After - Import Sample Data Preparatic

Create a One-Step Kinetic Model

L]
- a |
o
&

<« O %) https://termicanetzsch.com/en/learn/simulation-of-.. A [4} % Lic] m = 2

&3 English v -

.

[ - SR~ |

How to: Simulate the Sintering of *
Ceramics

Sintering of high-tech ceramics Si| < ¢ S T e o0 e e S - O
. o
Requires Termica Neo version 1.1 or later. ] = -
-
horizontal ditance:

Contents

1. Introduction

2. Create New Project in Termica Neo

3. Check Initial Reactant and Final Product in the ”

kinetics.netzsch.com

Trial Version 30 days

4. Check the Thermal Radiation for Ceramics int| l

5. Create New Reactant with Different Propertie|

6. Create Container and Surrounding I

e -e|
termica.netzsch.com 47



https://kinetics.netzsch.com/
https://kinetics.netzsch.com/

NETZSCH Kinetics Neo Web Site: How to get a trail version “ETZStH

B Go to: https://kinetics.netzsch.com

What Contact,
licatie F.
ishew  Feawres | leam | Applications  Documents AQ ice, Support Q

m Trial Version 30 days

Kinetics Neo
. Software for Kinetic Analysis and Simulation of Thermoanalytical Data for Chemical Processes
Kinetics Neo software fully supports “ICTAC Kinetics Committee recommendations for analysis of multi-step kinetics”
NEO e

Octaber, 23, 2024 Webinar Ceramics Sintering; Kinetics, Simulati o Py O Using the Kinetics Neo and Termica
Neo Software

th ps sintering of gifferent ceramic materials in order to get the
highest quality at lowest costs. They indude kinetic modelling of the process by the NETZSCH Kinetics Neo software and then the
simulation of this process far the user's geometry by the Termica Neo software, This 1dl your d saves alot of
time and efforts compared 1o the way of trial-and-efror.

Register for Webinar

Soptamber 25-27, 2024 Kinetics Neo and be presented on 507 GEFTA annual conference 2024 in GieBen, Germany
is 2 talks:

= Elena Moukhina, Jan Hanss. Kinetic Modeling of Metal Reduction at Different Temperature Conditions and Hydrogen
Concentrations
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Training examples for sintering
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10. Select the second step and set its contribution to 0.92.

In "Step B > C* region dlick "Recalculate” button.

11. Now the simulated data for the initial part of the model are placed right to experimental data. Select the first step A->B and move
it t0 the left by pressing the Adjust button: *<-"

Model Based

Ve Sranic Lngth Orrge R )
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How to: Simulate the Sintering of Ceramics

Sintering of high-tech ceramics SizNg4.

Requires Termica Neo version 1.1 or later.

Contents

1. Introduction
2. Create New Project in Termica Neo

3. Check Initial Reactant and Final Product in the Material Library

4. Check the Thermal Radiation for Ceramics in the Material Library
5. Create New Reactant with Different Properties for Initial and Final Materials

6. Create Container and Surrounding

7. Create Prediction

8. Simulate Sintering_Process

1. Introduction

Topic of presentation | Analyzing & Testing | Date created
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