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ABSTRACT

Recyclable Polymer Composite with High Thermal
Conductivity

Shin Haeun

Advisor : Prof. Lim, Jong Kuk, Ph.D.
Co—Advisor : Prof. Goh Munju, Ph.D.
Department of Carbon Material,

Graduate School of Chosun University

Polymers have been widely adapted as matrix incorporating relatively heavy
but functional fillers to produce more practically useful materials with lighter
weights in composite industries. To address tremendous needs for developing
efficiently heat dissipating material with lightweights, a new class of polymer
poly (hexahydrotriazine) (PHT) possessing recyclable and malleable
characteristics was synthesized for incorporating model functional hexagonal
boron nitride (#~BN) filler. A unique mechanical property (such as plasticity) of
the PHT at elevated temperatures was confirmed by dynamic mechanical
analysis (DMA). The final composite with highly aligned filler was prepared via
simple hot pressing, as a result of a good interfacial interaction between the
matrix and the filler along with shear force generated upon manufacturing the
composite. the composite exhibited a high thermal conductivity of 13.8 W/mK.
By chemically depolymerizing the matrix, the #~BN could be recovered from the
composite without physical/chemical denaturation of the filler. Quality of the
A BN was evaluated by performing raman spectroscopy and X-ray
photoelectron spectroscopy (XPS), indicating the recovered filler can be used

again for the future in various composite fields.
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2.1. 24 &

2.1.1. A °f

Formaldehyde solution (ACS reagent, 37 wt. % in H.O)9} p-phenylenediamine
(PDA)  (=99.0% (GC/NT))= Sigma-Aldrich Co. (USA)lA  Fulstt)
N-methylpyrrolidone (NMP) (>99.0% (GC))< Tokyo Chemical Industry Co.
(TCI) (Japan)ollAl w3ttt Acetone (Extra Pure, 99.5%)3 Sulfuric Acid
(Extra Pure, 95%)& WAst=(F) (MHu=)S F3  Foisksict. BN
(BN-XGP, A7 °F 30um)& Denka Co. (Japan)ell A w3}l

10
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2.1.2. Polyhexahydrotriazine (PHT) ¥4

A BN Hel& zte 9HdEA HF2AE et A Aa d7bad 18
TFAE FANAH. EA= /A7 A gle] HlaA
p-phenylenediamine (PDA)¥ formaldehyde 7+¢ =34r¢S E3a) Ay u=
&% Aol 7tsstth 250 mL 27 = Hte ZekA~=9] p-Phenylenediamine
(PDA, 2 g, 0.018 mol)& WA ¥t} PDAY formaldehyde?} w2 A 2 wlg&
do 7= 2 formaldehyde solution (3.0 Z%, 1.65 g, 413 mL, 0.055 mol)¥} =&
(15 9%, 5 g, 5 mL), N-methylpyrrolidone (NMP, 30 mL)S FA}7]E o]&3}]

AR Wel shm WYY BE ZAe] EFBo 5
a

ool EFE el W AHE AT AAHNAW, FEE WS
Fob ALeelth g FR ¥, WgUE Ao Wi W

ot EC® Fatdl AH B ot o3d whe AH=S 60 °Co
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2.1.3. ~BN-PHT 534 A Ax

P9 1EAE ABNI #detA £3str]l s wAAPEE o] §ake] m A%
7VF2 Z9gth. AFBN-PHT H42A4E A% ol A-BN¥ PHT ghaFd A
Zzko] Mg o] g3ty AtEAdoem, A-BN e 0, 6, 11, 18, 34, 43, 55 vol%
(Ztz+ 0, 10, 20, 30, 50, 60, 70 wt%)= ZAAsIt FLsA &3 PHT
ABNE 28% 9 1 g5 A4 2 cme 98 ExXo Yi 120 °C, 5 MPaolA]

30 &<t 3 Zelsw gt RIS AxsArh Alxd AP EFA4A

12
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2.1.4.

N\

%

A" adAY A FxE FAE7] s FrEel ¥ HojHd #3337
(Fourier Transform Infrared Spectroscopy, FTIR, Nicolet iN10, Thermo
Scientific)S &3 ATR (Attenuated Total Reflection, 74 Z¥FAL) mode®
=43k 4000 cm' - 500 cm' W el 4 em 'Y FHYER 1283
2Bt WEFoz |2HYT. BEaAe] Suhd W oA dARE:
transient plane source method (Hot-disk AB, TPS-2500s)% =7A 3ttt} 3
2 cmolal FAZE ¢F 2 mml €F AEF IR AFE Alol9 ¢k ) FE 9

=

ME G oA ddE:

Ll

g =A5= g Fad 259 wdLe 7b A

[e] his =

=
TA e Fu D Az FAF DA (Differential Scanning Calorimetry, DSC, Q20),
TA instruments Inc)Z Ztz}b ZAHFAvk %3k DSCE o] &3 nEA 4] 9
fre] dol &&= AAx di7] stel 10 °C/mine] & £E2 F43to] At
54 4 7|4 #417] (Dynamic Mechanical Thermal Analysis, DMA, Q800, TA
Instruments Inc.)E &7] &tol 1 Hz9 3, 3 °C/ming & SE& 435}
A gAY fy el B VAA SAS 4%t DMA SAo AREH
AEL Z 5 mm %, 29 30 mm, 774 ¢ 50 ym=Z A2 E AT fEH A g
ABNO AE AH= 534 A4E5s dF «’JrJH?fL 5, GHES FAF AA dAvA
(Scanning Electron Microscope, SEM; Nova Nano, FED< %3 &<13%t}
AMEFo] dA 9 omA= 4 3 Zhulel (Testo, 875-1D)E ©]-&3te] AE 3
Fake] 1 m AFA H9sdt 4 BN-PHT 2§ 4AA22E 4BNS 84307
1 1 M %9 sulfuric acid £d& #Axste] EFdLA AZES T}
fstler, 71& ABN 3 EFaA2FY gdE § BN 5AS
sz 9 2k E3Ws Y .
Renishaw)© 514nm 3}739] #o]AE ALg3le] AoA SA4sh X-A Fxx}
339 (X-ray Photoelectron Spectroscopy, XPS; AXIV-NOVA, Kratos Inc.)<
o]-§sto] A-BNO F4& F7t2 sttt 149 keV &5 AgolA Fdo=
Al Ka (14856 eV) X-Ad& AM&3st9a, 46 A HepWE dF % 20 mA ¥=
AF7F A& E AT

ok

2o
ofr

o

ot
32
ul
AL
(2
Mo
o
Mo
2
XN
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=
O
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22. A3 ¥ nF
2.2.1. PHT &4 ¥ &4

Poly(hexahydrotriazine) (PHT)®¢] 34 NZFEE Figure 201 YEHT AR
T A7 Zv7) gl 50 °Co A Hoer 2358 oA PDAY amine’] =
formaldehyde®} ¥H-$-3}o] hexahydrotriazine o7} WHE&E &= UEYT Fx29
PHT 2#5 A8k [1, 21 4% PHT 33t 7% 545 ATR-FTIR®
ettt (Figure 3). %9 formaldehydeZ} wWh$-o A&E x| wk A ¥ PHTY
ATR-FTIR 2271°] w|4kE amine % aldehyde] &A1& &3 Wkgo] 45X
okSS stk o] AL amine stretch?l 54 33 % formaldehyde?]
carbonyl &9 ¥ =7} 7z+z} 3300 - 3500 cm'}, 1600 em ' 2 1850 cm ! #}Ao|
Uepgo =z FHAY 28y o] FHAE 120 °CelA 157 7FEstH A

AF3 mukE s 7)ol thE W Ar A4Sk wbE 1200 cm el C-N stretch)
54 "3zt AsEe= eF Rel Aol © & PHTE FAdISS
Shlstitt. 7t Alzto]l AojA ~FER o] T o]4 WakA 7] wjitol] 15%1F
7kt F7HAlA RE wHkS amined  aldehyde’} PHT®Z A gHE 7]
STttt As 9T 5 AT 2k 2o A wrgo] JFTAOE
AR A= AME S UiF kS 9 PHTE dA &4 5 oS 9 gh

e
Diamine #8715 2zl 499 dFAe= 974 B F de ke 2o
formaldehyde¢} 37 PHTES &
dekAel wah =27 A9 (1, 2l

14

Collection @ chosun



lnN Kl
/H NMP, H,O :
HZNONHZ + o=¢c —— N
H 50 °C, 24 hr )
N_N
p-Phenylenediamine Formaldehyde —1,,N/©/ \©\NJ
(PDA) S S

Poly(hexahydrotriazine)
(PHT)

Figure 2. Poly(hexahydrotriazine) (PHT)2] A 7 =.

15
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As synthesized

15 min pressed at 120 °C

60 min pressed at 120 °C

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3. PHT® FT-IR spectra.
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29 Bs o 1x=2 YEL A Ho] Qo] A dAs
T At (Figure 2 #%). 18y PHTS DMA +#4

=
ZFEdS w oA A ©HAE  (storage modulus)e] T HE oA

=
AEstes AS o4 4 dAt (Figure 4 %), Figure 4, 50 ¥A1¥9 A3 PHTY
=1

249 7,9 QA9 wH, weoN PHTY W@ @ 4AL
)

Aadte RO Wol PHTE meold A=A oA

110 °Cx &A=, Alak FAF A (DSC) =

AP ZAN PHT LAY A7EAAS F712 &8ttt (Figure 6 33).
olelgh A= H du® HATEe PHTS 543 $ddH o aiAe
triazine core®] C-N Agto] & <& 794 S= bondingZ de-bondingS

solA Ueb: nEAd 4dz Asdd Bl @49 FA9 4 F3
(TGA)E Fdhe] 150 °C7HA) dA o 43S FeAstelrt (Figure 7 22,

17
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Figure 4. PHT2] DMA curves.
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Figure 5. PHT¢] DSC thermogram.
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Figure 6. PHT®| (a) 271, (b) 3}, (c) A4+ Al
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Figure 7. PHT9 TGA curve.
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:.°:

. PHTS} ABN ZW Apole =
2 zte= A B BN W Alole] At Wit A4
3 oy go= H]E’.’Eﬂ-%{.ﬂ, ﬂ@?i-@r hBN

av)
ey
ot
QL
N
2o
2

V

)
S
2
2
i)

s}oq CEEE A}ou A7} 7w PHT94 A
2} sto =4 PHT wWiE= 29 Aot ABNO &4 Alold
gt do 8ol &S YHElAY (Figure 8(e - 1)).
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Figure 8. PHT®} ABN ¥W Alo]e] A% 285 oldslr] 3 (a) PHTS} (b)
PHT®} Ha AbA O] @ aw w9 A}

A7 A a9 o
BHE, (e), () /BN x4 9
il

T%2k (¢), (d) BN 4 9

\_4
7<‘C_'
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ABN " mdlel d¥e @@er] flel, hFBN-PHT Hiadel w4

H [¢]
dAELEE 4 Ao, A" e g3 dA==+= Figure 99
UelWlith B aAe] ddExEE BN o] ZrlaE Hx FrlsleE AS
gtolst = gt b =& dEo ABNoA dHdEEE 13.8 W/mKo|th ol &
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Thermal Conductivity (W/mK)

Figure 9. 2/ BN-PHT &34 A9 A9 Nielson W34S A
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Figure 12. #/BN-PHT 53249 @ SEM o] 1| %],
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2.2.3. PHTY 334 &3 & 53 A BN 3+
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Table 1. 71& % A BN-PHT 5FAA=HH 3]4%H A BN

o
b

Reference A-BN

Recycled 1-BN

B1s
N1s
Cls
O1s

Sum

42.81%
40.74%
13.48%
2.97%
100%

41.74%
40.65%
13.20%
4.41%
100%

Collection @ chosun

39

o,



Acetone NMP THF DMF DMSO

Figure 18. PHTY 2] 7] &ufjelle] WA,
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Recyclable and Malleable Polymer/Hexagonal Boron j&

Nitride Composites for Efficient Heat Dissipation
Haeun Shin'2, Chae Bin Kim', Jong Kuk Lim2, Munju Goh"

Carbon Composite Materials Research Center, Institute of Advanced Composite Materials, Korea Institute of Science and Technology (KIST),

Jeollabuk-do 55324, Korea, ?Dep of Carbon Materials, Chosun Universit ju 61452, Korea
‘E-mail : goh@kist.re.kr

Introductlo ~

< High thermal poly it < Recyclable polymer

—
Recrtie

Polymer (Matrix) Filler (h-BN) Polymer Composite

« Processable « Lightweight « Flexible « Low price = Decomposable polymer under acidic conditions

\ » Recycle undegraded h-BN /

Experimental ~

< Recyclable PHT synthesis [ < PHT/h-BN composite preparation
9 o = e i
H N~< }NH + — L
AR T & -O- v’ - -
P-Phenylenediamine  Formaldehyde i H“ ‘
(PDA) ® ! Miing
et w gy ’ !
\ Puw(hnx:::'d_rr;mlaxlm) ol /
Results and Discussion ~
< Thermal Conductivity <« Filler alignment
2
< W Isotropic Thermal Conductivity COM . e - 08| |
£ /\ Radial Thermal Conductivity O - Perfect alignment| ||
" S
=3 15F O Axial Thermal Conductivity P 6IC 76T ®IC 85T G 0.4 (o)
z " = o ©0OOQ
|2 " 10wt ) D
= radial ” " yF X
S 10 I W wic mic woe wic § 03
3 ig A - ) . & ¥
® pad
S " ST T wmen meo wae X 02
5 5 7m‘f,’ %
E AN @) LT W% nrc mec wmac sssc X
2 n ® © -
£\ 80 R
0 10 20 3‘0 4‘0 5‘0 6‘0 7'0 "0 10 20 30 40 50 60 70
h-BN Content (wt%)
h-BN Content (wt%)
» The thermal conductivity increased as a function of h-BN content. » High h-BN orientation was confirmed by
= Upon adding more h-BN, axial thermal conductivity increases relatively far less than the radial rough estimation based on anisotropic
thermal conductivity. thermal conductivity.
= h-BN has high alignment in the radial direction of the composites.
< Recycling h-BN < XPS < Raman
] . Nis
- ' ' . a z RecyclecLBN_JL
& ]
Neat Polymer  fomin  1hr 17he 20he > e
§ £ Bis £
N T ¥ y g Recycled BN| =
€ Reference BN
- Reference BN
h-BN composite 1omin  1hr 7he 2h
200 400 600 800 1200 1300 1400 1500
Binding Energy (eV) Raman Shift (cm™)
\- Based on XPS and Raman spectra , it was confirmed that the recycled h-BN had the same quality as the reference h-BN. /
K3 y and thermop i I was ized for preparing composites incorporating h-BN filler.

Ry Y
< The composites exhibited high thermal conductivity of 13.8 W/mK.

< The h-BN with equivalent quality as stock was recovered from the composite by decomposing the matrix under acidic
conditions.

Q—L Shin, S. Ahn, D. Kim, J. K. Lim, C. B. Kim, M. Goh, Composites Part B: Engineering, 163, 2019, 723 /
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