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Thermal characteristic of polycarbosilane 3D printing
and properties of thermal deformation during pyrolysis

Jeong Ae Kim

Department of Materials System Engineering, The Graduate School,

Pukyong National University

Abstract
Additive Manufacturing (AM) does not require a mold, so it has the

advantage of simply implementing various shapes. However, compared to
metal and polymer materials currently in the commercialization stage,
ceramic materials require sintering steps after molding, and the development
speed is slow due to the deformation characteristics that occur in this
process. In order to apply SiC, a representative sintering material, to a
lamination molding technology, a method to which a polymerized ceramic
(PDC) technology is applied is being developed together in addition to a

classical powder molding method.

In this paper, ink capable of photo—molding was blended using
polycarbonosilane (PCS), which is well known as a precursor of SiC, and the
ink was molded with a digital light processing (DLP) type printer. Forming
characteristics and errors of printed matter were confirmed after printing
various phenomena, and it could be seen that the molded matter differs in
deformation behavior depending on the shape, size, hardening, and heat
treatment conditions of the model. The deformation was minimized by
controlling the gas partial pressure generated during the pyrolysis process

based on the results of the thermal properties of the printed materials



obtained using the TG—DSC, DIL, and high—temperature microscope. Then,
in order to control the shrinkage rate that occurs during pyrolysis, SiC was
used as the filler to blend in ink capable of photo—molding, and then printed
out the mixture to carry out thermal treatment. The densification and
defects of the heat treatment molded product were verified using X-—ray

tomography.

Key words : Polycarbosilane(PCS), Additive Manufacturing(AM), Pyrolysis
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through the PDC process



Preceramic Organosilicon Polymers

Polysiloxanes Polysilsesquioxanes
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Fig 2.2. Types of PCP based on Si



Synthesis of Organosilicon Polymers
Properties of Polymers:

-sufficiently HIGH MOLECULAR WEIGHT in order

to avoid volatilization.of low molecular

components

-suitable RHEOLOGICAL PROPERTIES

(viscoelasticity) and SOLUBILITY for the shaping
" processes

SLATENT REACTIVITY {presence of functional
groups) in order to gain thermosetting or curing
properties

-polymeric structure with CAGES or RINGS to
reduce the volatilization of the fragments due
to backbone cleavage

Fig 2.3. The basic mechanism for synthesizing PCP



2.1.1. Z387}5 2 & (Polycarbosilane, PCS)

PCSE Wi®Z <l SiCe ATAZ Fig 2.4.9 x4 F+x27F Yelg
Atk F =7 ((CH3)2SiCH2)n:((CH3)HSICH2)n=1:1 H] &= o] Z0o]A]
Qlon Si-CH2-Si ¥ Si-H Zgo] whef g/do] Aloj=nt.

PCS+ Polydimethylsilane(PDMS) S a3t A A&-&5te] kumada
AMEE T3l FEAFE = Avh o] BAS Yajima TFNA HEE AA]
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(a) (b)

S-i*-l: Hﬂ-

CH; n

Fig 2.4. (a) Molecular formula of PCS (b) Molecular formula of PCS
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2.2. A& A Z(Additive manufacturing, AM)

Additive manufacturing(AM)S ASA|Z=E ABE 3HHo =H H

.
ol wob] HYAE Azt Yotk olelF AFARE BoE B

&-&3t7b o] Fol A Abglel A& o|HaL AR At €

Alelgr A ZA At dAAd=R ls] /Y dAe Aok
w40 AgH AFTA Y WAL Fig 2.5.9 YeEpUSlE A7 ol
= 4 Atk IA directed energy deposition(DED), powder bed
fusion(PBF)& Wo]AY FH+  selective laser melting(SLM),
direct metal deposition(DMD) <Jol% thFst whalo =z HZAzx7F 3
P m JYop. ¥ R & vtete BRE SA7IAY 1S S
WA o8 A&7t o]Fo A Itk Fig 2.6. & A5 A&y AEAl
o AHgEE WAS B Ut Ao m JAE Axste] Fe o]
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EN
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.| Direct metal laser sintering
(DMLS), EOS

Selective laser melting (SLM);
LaserCUSING, Concept Laser

Selective laser melting
(SLM), 5LM Solutions

> [ Laser melting, Renishaw
r bed

Pow
fusion (PBF)

Selective laser sintering

== (5LS), 3D Systems
Eleetron beam melting
Fi (EBM), Arcam

Laser metal fusion (LMF),
== Trumpl

Metal additive
manufacturing processes

Direet manufacturing (DM),
— | Sclaky (uses electran beam
as heat source)

Laser-engineered net
shaping (LENS), Optomec

Direct metal deposition
== (DMD), DM3D Technology
(uses laser as heat source)

L
[ Wire and arc additive
manufacturing (WAAM)
Laser metal deposition
= (LMD), Trumpf
. Direct metal printing,

3D Systems

Fig 2.5. Method of application of metals to laminated manufacturing
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Fig 2.6. Application of ¢
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2.2.2. gA49 Fst 23 (Digital light processing, DLP)
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- [Builder]
I S— ___I [Vat]

Using LED
© 409nm

- [Projector]

Fig 2.7. The modeling method of DLP—type 3d printer
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2.3. PCS¢ AM

ato] A A S Agst=d o= 1400CoA 22 &&= Aty
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Fig 2.8. AM-—related thesis trends
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M process

m printing technigue
w filler effect

~ characterization
m composite

m REVIEW

Fig 2.9. A paper using AM in SiC manufacturing using PDC

method
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A 3T AP
3.1 37334 Polycarbosilane 43 gt

3.1.1 37334 PCS 43 g

2 AFAAME N9 carbosilaned AWAE 7|Hto R FA st 7}
3 JAE wgskith. Carbosilanedl ¥ AA] FAI S AAto
Polycarbosilane (L—PCS, Mw 800—900)%} A& = )|
allyl—hydrido—polycarbosilane (AHPCS, ASMP-10, Starfire system,
USA)= 6:4 Hl&=2 Z&8to] ALEellen, B33t SviAl= Diphenyl
(2,4,6—trimethylbenzoyl) phosphine oxide(TPO, Sigma Aldrich, USA)
£ Agsigith. Al 4 FAol A Aks whgo] dojus A WA
at7] 18], WA L-PCS 16.2g¥% TPO 0.57¢ £3=& UV 2§ u}
oletd] yol A ukzlsh 253 AHIE Wikek ALEERA 2047 B

T |

Sigma Aldrich, USA) 1.5g& F7} H7F8lit}l. o] =3t=2] SHujAl
7bFE 2%, 73k £XA190 HDDAS] 4& 5%7F H %

Jfu
2L
32
o
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3.1.2 3733 PCS £E9 A4 HFAY H71

ke JAe] ANkEAEE @lsky] 918l photo DSC(U-4100,
Hitachi High—Tech, Japan)& ©]|&3}], wave length 350~500nm,
mode 5mW/cm* power ZZolA 54L& sttt ol =FH EFE
B3k Agoly #@edes  fal FFddEded E371(FT-IR,
PerkinElmer, Spotlight 400, USA)E ©o]&3l%+=d wavenunber

4000—400cm—1 H$olA ATR(Attenuated total reflection) ==

o

o
Ot
—_
38

=
t}, &3E9 HE+= Rhemeter(MCR 102, Anton Paar, USA)E

o,
oo

off
-

Fow A AL A(25C)oA cup—bob methhodo =2 #A

.

ol
32

_2‘]_



A wigt AxFE JAE o]l ATAEE APs=d, & AT
o A= F=x3d wk2lel DLP type9 3d printer(CeraFabs S25, Lithoz,
Austria) & A&t 3d printing ©AIE Figell AAlE =A<k 2ol
CADE eol&ste] 32 gd= EAFstal Zeho]d ~ZE9 o] (Lithoz
cerafab control, Lithoz, Austria)E ©]&ste] 45 F7 25im o=
slicings 1 #@3k3Ath. o] slicingd 3o S-S AHS3AHt. Printer
o] FPL UV light(409nm)7}F AMEEHoH, A ZHOZE light
intensity 40mW/cm?, power 280mJ/cm?c] HE=E AAs}onm=z 7}

AEZHLE 724 UV lighto] =F= A0k
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stol UV-light(405mm)ol A 37 Ashitg-g frstgld, ot e
s

Nano Indentation(NHT—T—AE—0000, CSM Instrument)& ©]-&3}¢]
AR EAS ZAE0TY. 54 o2& targer loae 50mN, hold
maximum  load  time  1s& & T. ol AHES EF
TG(thermogravimetric, STA  449F3, NETZSCH, Germany),
DSC(differential scanning calorimeter, DSC Q10, Waters, USA),
DIL(dilatometer, DIL 402 C, NETZSCH, Germany), i=&W|7
(LeicalLeica, DM2500/Linkam, TS1500)& o]&dl] €4S 24519
dl, TG 4% 4°C/min® $24=2 900°C7HA] Ak of= #917]

< 5t¥al, DSC= 5°C/min S2&5 =04 600°C7HA] F&FH e}
£ FAst¥th DIL2 QIMz9 EHAES &Rlshy] Heh 2ez 350°C
ZHA] 4°C/min®] S$2&%2 523 ZI°YstH 15cN9| load Z=0JA &
A2 AP =0 Bl agolA DA
ohe WS WEsH] g Zolf, 5°C/min®] =% %== 800°C7HA <
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Fig. 4.1. Photo—DSC of blended photocuring ink

_27_



(a) (b)

3
Fig. 4.2. (é{\ Three—dimensional gn shapes (b) ;Print Results

Using Blended Tk

I o

_28_



%T

100

80

60

40 H

20 S

(o]

—

v

¥

R

=C-H

—— UV Curing
Solution

4000

3500

T T
3000

2500 2000
Cm-1

1500

Fig. 4.3. FT=IR of blended ink and printed green body

_29_



4.1.2. 373} J39 H&=

DLP type® 3d printer® 7% buildere} vat7}

o
T
el

HH

PCS

Aeksirt A ol

9

ol
ol

ol
oh

o webd &
wol )

A%

J=12
=

i

Fig. 4.4.] YEFSIt}. Rhemeter

=
=

7
™

!

255 HE7} oA

=
YA

1otk PCS] A9 Bkl

5]

o]
o, d4 2 ditolM Algstar

A&7} 130cP=

3lo
=

e <Mw 9000

PCS9| #

o) =
AR -

_30_



Non meltable
~Mw 5,300

Liquid
Mw 900

% as filler as binder
1000 —

] B

N 2 4 6 8 10 12 14 1'5 18 Zlﬂ ZIZ QIA

T Time (min)
g '\'qth.::}(—- ‘ 110~150cP
> 1004
= 1
Q i
o i
L
= i

10 S — — et
0.1 1 10 100

Shear rate (1/s)
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Fig. 4.5. A large—area green body with mixed ink applied to a 3d

printer
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(a)

(b)

Fig. 4.6. (a) Design molding results with holes when mixed ink is
applied to 3d printers (b) Design molding results without support

when mixed ink is applied to a 3d printer
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Fig. 4.7. TG results of molded body
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(organic-inorganic (SiC) Decomposition

conversion)

Fig. 4.8. The process of converting the molded body according to

the temperature range
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Fig. 4.9. XRD measurement results for each temperature interval
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Fig. 4.10. Changes that occur during heat treatment (a) green body
(b) after heat treatment (c¢) CT
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Fig. 4.11. Heat treatment results for Waffle type designs with
different wall thicknesses (a) green body (b) After heat treatment
(¢c) CT
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Fig. 4.14. Heat treatment results (a) 35C (b) 60C
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Fig. 4.15. TG, DSC, DIL (a) 35C (b) 60C
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Fig. 4.16. High—temperature microscope (a) 35C (b) 60T
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Fig. 4.17. Pyro—GC—MS results of 60C green body
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Fig. 4.18. TG, DSC analyzed based on Pyro—GC—MS results

_53_



oH

/g—

EaEE

Ak PCS7}

°©

Ay
T2 250C~400C F 719 F+7to=

al
=

A% o)
T-ZFolt}. Fig. 4.20.

R

-

o &7 e

Fig. 4.19.¢} o] 250C7HA] +3+& 2C/min, 4C/min F7FA] =74

4.3.1. <250C

K

3 3o

=
=

file)

el

Ueldl adolt}, 4C/mine s S

k3L, 2C/mino.2

}o
5 A

o114 &

o]
=l

AR s

I<]

A

T

F53 foig BN =

Z] o

3

ox

e
ol
o
o
o

il

o

_54_



800
— 4°C/min

— 2°C/min

600
%)
<
o
3

© 400~
[
Q.
5
|_

200 -

The zone in which expansion and shrinkage

deformation occur at the same time

I % 1 4 I K I B
200 400 600 800 1000
Time (min)

O g

Fig. 4.19. Rate of temperature rise to 250C
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Fig. 4.20. Variation of the green body when the
different up to 250C
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Fig. 4.21. A schematic diagram of a bubbler
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Fig. 4.22. The result of the heat treatment using a bubbler to

control the flow rate
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Fig. 4.23. Rate of temperature rise to 250—400C
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Fig. 4.24. Heat treatment results performed at a heating rate of 2

0C/min to 250-400C
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