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Morphology and mechanical properties of modified hydroxyapatite/waterborne

polyurethane composites

Jun-Kun Lee

Department of Polymer Engineering, The Graduate School,
Pukyong National University

To improve the mechanical properties of « hydroxyapatite | (HA)/waterborne
polyurethane (WBPU) composites, the hydroxyl group of HA was modified by using
urethane reactions. The hydroxyl groups of HA was reacted with aliphatic or
cyclic diisocyanate, and then the modified chain of HA was extended by adding
polyol and/or e-caprolactone. A composite was prepared by the prepolymer
process method: the modified HA was directly pured intothe urethane reaction of
isocyanate and polyol. The physical-properties of modified HA/WBPU composites
were Investigated by thermogravimetric analysis, tensile strength, and water
resistance. The results showed that the reactivity of aliphatic diisocyanate to the
hydroxy group of HA was faster than that of cyclic one. Comparing to those of
pure WBPU film, the thermal stability, water resistance, and mechanical properties
of the composite films increased with the reactivity of HA with an isocyanate and

a content of modified HAs in the composite.
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Table 1. Empirical formula of apatite : Mio(ZO4)eXo

T 4 # A x4 =

Ca?l, Cd4, sr**, Ba>| Pb4., Zn®", Mg™, Mn?", Fe®',
M Raf', HEN HaO P NA T AL, Yi'=~Cd>* Nd*,
La3+, CH

RO Cos” wCro Psof , va,S XU0S, S0,
S0 880,

X OH™, OD, F, CI', Br, BO,, COs*, 0%
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Table 2. Hydrothermal growth techniques of inorganic crystals

FAITYRE A TNl = e =
2 A £~ i
e G T AAE
10~100 7]¢t,
HAp H-0 150~300
70%
Na,COz3z,
SiOo(5=A) 360 80%
NaOH
Nas2COg,
a-Al203 400
Al2O3, 390~400 75~82%
(&Fu}) 500~540
Nas0O, «Ca0
Zeolite Si0z, SiO2 150~500 1,000 7]t
NaCl H-0 370 1,330 71¢+
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Figure 1. The sintering process of the hydroxyapatite particles.
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Table 3. Coating methods of hydroxyapatite

71 & W o &5 2 M acuum évaporation)
o o] =¥ *H(on plating)
o 2B E ®(jon spattering)
o xglzml &AM (plasma spraying)
o 22 Y ) 8AMH (flame spaying)
@ A 1o FJEA M (liquid phase epitaxy)
2. A (dipping)
1. a9k (solid state)
a gy 2. 48] (thermal decomposition)
3. &A= (alkoxide)
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0
HO — R'

Aleohol to urethane

Il
R=NH=C —0 — R’

NH,— R" Il
— - R=-NH —-C—NH—R"
Amine to urea

Ve ’
R-N=C=0 ¥ &
L/
[Socyanate Epoxide to oxazolidone \ 2
O

H,0 I
— »/ R-NH—C—NH— + CO,(2)
Water to urea 45

0

HOOC — R™ |

= R-NH—C —R" + COy(g)
Carboxylic acid to amide

Figure 2. Forming reaction of urea and urethane chains.
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NH,
3 Biuret link
RNHCONH NHCONHR NR'
Diurea link
COR’'
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/C\
+ 0 RN N-—R
N7
1 R\ /8\ 4 R C
/COR N N 8
R—NHCONH &
COR' 07~ n"T20 Urstidione ring
Amide link R
isocyanurate ring

Figure 3. Various reactions of isocyanate compound.
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Table 4. Applications of polyurethane

Elastomer

1% wAE, SA, AFNACRE, B, 9

=7 chip board, 4= film, A}7] E]o]3Z,

v &2 AHE- film &

Roller, 5%, ZH|OJRE, HU~ ZE,

FABEAE
AFA FEEA WS, A7) W) WE 2,
SHAE, S Hals

o
oX,
Sl
2
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o3l
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e
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=
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i
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20 FEHE 197 FER) viskel urk FHHY F2E ded §

o]t branchyt 7Fuw A3 22 F owkgo] AA dojur FFAY X

Aol golatth. Wekd Azkad WA ol ®A Azel Aol
FH40 aTHE R0 EsAwe 20 FHHOR Axse FH
ASl 242 B% §olsH o7 9ol §ulE Aol Fol o] Folxl

OCN—R—NCO + HO»wwaH + OCN— R—NCO+HO“""’¥WWOH+OCN R—NCO

diisocyange diol {polyol) tnol

R—NH—%—OWO—%—NH—R—NH—E—O O—C —NH—R4NCO
0 0 0 % 0

P repolymer (NCO tenninated)

Figure 4. Forming reaction of NCO terminated pre-polymer.

0ocC NWE"‘WNCO +H;N—R— NH; + OCNawmwNC O + HyN— R— NH; + OCN s NC O

polyisocyanste amine diisocyante

— OCNN?WNHCONH—HCO—HN—R——NHCO

Figure 5. Chain extension and cross-linking reactions by diamine.
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( OCNwwwNHC O— R— OCNHwwwNHCO— R— OCHNwwwNCO ) = OCN—R'—NCO

prepolymer
HO—R—OH + OCN—R"—NCO + OCN—R"—NCO + HO—R—OH
diol
0 0
— HO—R—OCNH—TR"— R'—NHCO—R—OH

High mol. wt. PU

Figure 6. Forming reaction of polyurethane by chain extension.

NCO + H—0—H.+ OCN NCO

NCO +H—O—H + OCN

water

OCN

NCO
— OCNWNHCONHMNH—CO—NNHCO—+ co,t

—+H2—O> Further reaction for crosslinkihg —— Crosslinked PU

Figure 7. Cross-linking by water.
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NCO urea

. biuret
diisocyanate —_—

NCO NH

I
e HN— C O —NH v c=0

I
s N (LIS NH v

biuret crosslinked PU

. urethane allophanate
NC
—_—
NH
NC (O diisocyanate Cll;zo

WO—E—NHW WO—E_NW

allophanate crosslinked PU

Figure 8. Cross-linking by biuret and allophanate reactions.
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(a)
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Figure 9. Chemical structures of polyurethane and polyurethane urea.
(a) Polyurethane : MDI/BD/PTMO, and
(b) Polyurethane urea : MDI/EDA/PTMO.
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OH + OCN—R—NCO
Acetone

HO

OCN—R—NHCOO

OOCHN —R—NCO
CH,

HO._A<_-OH

1 COOH

CH,

—OOCHN—R—NHCOWOOCHN—R—NHCOO-
COOH

i WATER

POLYURETHANE DISPERSED INTO WATER ACETONE MIXTURE

l REMOVE ACETONE
POLYURETHANE DISPERSION

Acetone process used to make urethane dispersion

Figure 10. Acetone process (solution process).
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HO——OH + OCN—R—NCO
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OCN NCO CHs
|
CH, HOH,C~C-CHOH
HOH,CH,C—N—CH,CH,OH \ COOH
CHs o
OCN C NCO
OCN——N NCO |
COOH
l RCOOH l N(C,Hy)s
P G
OCN ’;* L NCO OCN cI: NCO
H*€oocR c00”® NH(C,Hs),
HQN'R'NHQ - —
i o H,N-R—NH
4 H,0O
0 CH, 5 o,

I |
I |
WHNCNHWW WARAHNCNHAAN C A

|
cod™® NH(C;Hs);

Cationic Urethane AR .

Figure 11. Prepolymer mixing process.
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OCN—R—NHCO» " OCNH-R-NHCOCH,CCH,OCNH-R—NCO

= &
CO, HNR;

Hydrophilic Isocyanate-Terminated Prepolymer
KetimiJﬁe/ketazine

R! iR
>C:N—R‘—N:C
R R
Water 1|’
R\/\C=OH + ‘HsN—R —NH>
R
@ )]
\\ I

s OCNH-R-NHCNH-R=NHGNH-R-NHCOCH,CHCH,OCNHR-NHC O
[ e 3
CO;  HNRs

Figure 12. Ketimine/Ketazine process.
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OCN mmmm NCO + HO v\ OH  + HO—l— OH + OCN mmm NCO
l SO,Na
OCN —.rm_n_r_—l—— NCO
SO;Na
l N-Hy'ngO
H,N—CO—NH P ——TL L,

SQ;Na
¢ stir into water

ionomer emulsion

i CH,0

HO—C]—]TNH_CO—NH—AW——I—— NH_CO_NH—CHQOH
SO;H

l polyeondensation to polyurethane
@) 0o O o)
6]
[ [ E I

!
v OCNH—R—NHCHNHCHNH-CHy— NHC NHC NH- R— NHCOw W

Figure 13. Melt-dispersion process (Anionic type).
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Figure 14. Melt-dispersion process (Cationic type).
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Table 5. Merits and demerits of typical polyols

Polyether Peolyols Polyester Polyols
o Hydrolytically stable o Good abrasion
o Microbial resistant ° Good tensile strength
o Low mol weight Merits o Good tear strength
° Most are liquid ° Good oil and acid resistance
° Low Tg ° Good toughness

o Poor abrasion 3
) o Hydrolytically unstable
o Lower tensile strength : ) L.
Demerits | © Potential transesterfication
o Lower tear strength .
. . o Most are solid
o Poor oil resistance
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Table 6. Typical diisocyanates

NOTE g % 9 e Sl
BRIl
1,6-Hexamethylene
H-MDI 3 Y ocn—{—cHr Y nco Soft 4
Diisocyanate Y
OCN
CH,NCO 05 A
IPDI | Isophrone Diisocyante
H,C CH, W
CH,
4, 4-Dicyclohexylmethan BRIl
Hi2MDI s OCN CH; NCO .
Diisocyanate W4
Y oFE A
Norbornane }
NBDI B PR
Diisocyanate
CHa R
OCN NCO
TDI | Toluene Diisocyanate HE-3-4d
A7}
g
1,4’ -Diphenylmethane- Hk-g-Ad
MDI B OCN CH; NCO o
Diisocyanate 71 AR EA
A7}
CH,NCO N
XDI | Xylene Diisocyanate (Methyl”])
CH,NCO hlacues
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3. 4 &

FEA ZE$de g4 2 HA /fEWESo  AF8® isocyanate:
isophorone diisocyanate (IPDI, TCI), 4,4'-diphenylmethane diisocyanate
(MDI, TCI), hexamethylene diisocyanate (HDI, TCHZE A}-g&3stdtt. ¢
—Caprolactone (CL, 99%)< AldrichA}, hydroxy apatite®} triethyl amine
(TEA)S  Junseirbel AleES-  AFE-3FS9tE. Polyol  poly(tetramethyl
adiphate)glycol .~ (PTAd, Mw=2,000, Aldrich), polycaprolactonediol
(Mw=1,000, /Dow - chemical)= A}F838kH 3, FHulAI=ZA  dibutyltin
dilaurate(DBTDL, Aldrich), stannous 2-ethyl-hexanoate (sn-hex, Sigma)
= Abg3stgoh. vl =% dimethyl formamide (DMF, Junsei)E AF&3}$)
3 FE Y SdEe] A7 F o= 98] dimethylol propionic acid
(DMPA, Aldrich)¢} n-methyl-pyrrolidone (NMP, Junsei)S A}-&3Fith

L e A& AFAE S ethylene diamine (EDA, Junsei)< AF-83Fth
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3-2. HA 71&
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Figure 15. Experimental apparatus.
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Table 7. Syntheses of modified hydroxyapatites

Composition (molar ratie)

Sample
designation  HAp -~ e-caprolactone IPDI MDI. HDI “PCL DMF
HA-1 0.04 - - - - - -
HA-2 0.04 0.12 - - - - 410
HA-3 0.04 - R - <. 004 4.10
HA-4 0.04 - - 0127 - 004 4.10
HA-5 0.04 - - =012 004 4.10
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3-3. HA/WBPU 5734 A=

Z&9E xA8e] HAYAS isocyanate Woll L2 A A A 19 a1,
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Ao nFE g 30 wt= ot L Table 83 Figure 169] Z+z} =
=0 8 weag S YeEhalh
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o
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HIZZ HAlo] dAZFS D1 oA 547 AXA AL Aedzx7t &
Y HA/WBPU E&# 88 dFgoEo Yol 60 TolA 2447+ =

A 713 "A Aol Eloll g of Aol A ®is} .
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Table 8. Preparation of HA/WBPU composites

Composition (molar ratio)

Sample —
designation PTAD ' DMPA IPDI TEA EDA HA(1~5)

HA/WBPU 0.0177-  0.0272- 0.0566  0.0272 0.010° + 0~5wt%
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Figure 16. Polymerization process for HA/WBPU composites.

_46_



3-4. HA/WBPU &3¢ &4

A HASH HA/WBPU 531419 ¥hgo] = Jasco FT/IR 40002 ©]-&
ste] A9 21 400~4000 cm ' range, 4 cm ' resolution, 32 scans &
Azt A F4 At WBPU/HA H&A d&F9o vAlTx9 HAYAS #
AAEE skl f1gte] 05 mm T BEs HAALE o] &5t Tt
GA 7l & FZBEAHZE ] scanning electron microscope (SEM,
Tescan/VEGAIILSU)E o]&ste] vhdmie] g4S adsislvy, T3 &
A ZEd FAE e HA A9 Ca H9&E sty #sto
energy dispersive’ x-ray spectrometer (EDS)E ©] 83} Ca mapping ©]
A S ZFg skt

HA/WBPU =2E° 71414 5A-2 Universal test machine(UTM,
SES-1000 Shimadzu)S- ©] €3] ASTM D412 °| ¢ 73k 50mm/min<]
FEER | SN, HA 53] ol SAHA e HEg S HetlATh

HAZNEA % HA/WBPURE@A | B8 933 #4e 484y

o] $EHEERE FA3. HA/WBPU E5fA 259 §54& 25 C =

2wt §A9 Gzl A Z AE AR AFS B A4
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4, 43 9 1%

4-1 HA/WBPU 54 4 Wl HA £4H4

Figure 17¢] Webd vk} o] HA/WBPU & A Alx & /fdstA] &
HA-12 39 ool o] dojutAlwt, 7id " HA-2, 3, 4, 5= 39| A
UE el Ao dojubx &= Aoz vyt webA isocyanate,
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(b)

Figure 17. Time-dependent phase behavior of HA/WBPU composites.
(a) 0 day, and (b) 3 days later.

_49_



4-2. HAZN A A 9] FTIR &4
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Figure 18. FT-IR spectra of modified hydroxyapatites by different

chemicals.
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4-3. HAZW A A 2] TGA ¥4

gravimetric analysis, g A4S ¥ I A3}E Figure 199 e}
Wl =43 HAS TGA A& AHRd AAHoZ 600 TolA <F 4

%9 =% 7AE UeuEd ol HA 49 AAFx Wi 69 -
T o] 93 Aeojth HA /MAAEY TGA =41& HW e-caprolactone

MAZ HA-2& F3 FFE ALYt f7159 dzFo] oF 3 % <1 A

ol
il

Elwtom IPDIZ 73238 HA-3= ¢F 5 %, MDIZ 723 HA-4&=
9%, 18]al HDIY| a7 d® HA- 5= ¢F 14 %= 74 B& #7)
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Temperature (C)

Figure 19. TGA thermograms of modified hydroxyapatites.

(a) HA-1 (Pure HA), (b) HA-2 (HA-eCL), (c) HA-3 (HA-IPDI-PCL),
(d) HA-4 (HA-MDI-PCL), and (e) HA-5 (HA-HDI-PCL).
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4-4. HA/WBPU &34 259 SEM 4]

HA-1/WBPU E3%tA4 €E9 a b BF ¥4 10~15 pmA %= 27|19 HA

AA7F BARD SHA} YAHEJL HA o] F7Fe42 HA 349
WX 7 gl AL & & ATk Wkl HA-2, 3, 4, 5/'WBPU &3
A FE5d ¢, d e f, g h i jo 25 HAZF SAHUE SHAS] Z7]|¢ &
X FE a bt HuHS W oA er A glon, F4tE HA
AEo] & v gdeA EEFHI e AL L F UG o] AFHRA &
T HART 7/J4# HAS WBPU FApl Aol FA=HGITHE 2S¢
T AT
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80pm Electron Image 1

(a) (b)

80pm Electron Image 1 80pm Electron Image 1

(c) (d)

!

Figure 20. SEM images of HA/WBPU composite films.

To be continued.
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80pm =lectron Image 1 80pm flmage 1

80um

80um Electron Image 1

(g) (h)

Electron Image 1

Figure 20. SEM images of HA/WBPU composite films.

To be continued.
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80pm Electron Image 1

()

Ca kal

(k)

Figure 20. SEM images of HA/WBPU composite films.
(a) HA-1 2wt%, (b) HA-1 4wt%, (c) HA-2 2wt%, (d) HA-2 4wt%
(e) HA-3 2wt%, (f) HA-3 4wt%, (g) HA-4 2wt%, (h) HA-4 4wt%
(1) HA-5 2wt%, (j) HA-5 4wt%, and (k) Ca mapping images.
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4-5. HA/WBPU 534 259 TGA ¥4

A\

HA 32k wslol] w2 HA-1/WBPU 284 59 yWdA Wiz =4
at7] 918l TGARA S #stdlem A3 Figure 219l yebslt. HA
ek 0 ~ 5 wt%e B B 300~315 T Wl dF % it Az
Ha, 50 % EF5H A4 2xE HA dd= 7247 0 wt% (383 ), 1
wt% (389 C), 2 wt% (397 C), 3 wt% (402 C), 4 wt% (404 C), 5
wt% (410 C)2& HA o] $7F &5 ndd oz Udert 453
o, =4 WBPU Rth-HA 5 wt%l HA/WBPU-2] WdAo] 27 CTHE
F4E 2oz etk HA H7bel o ¢ HA/WBPU E3HA19] Wdd &
4 HA 94A¢ 7 98 _~OH 1§33 WBPU mEg29] olulo]=
(-NH-CO-0-) 2% 3t 7luZst B Faddd od Y7 28 57t

s HA 97 447 AW e WaAeld 7198 Ao Ass

1
5
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Figure 21. TGA thermograms of modified HA/WBPU composite films.
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HA 7§24 Hbg el wsle] we HA/WBPU E3x 229 WyaA wsts
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A A=A, 50 % T8 F4 25+ HA T7E=E 242 HA-1 5 wt%
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HA-57F #7he 54 259 WadAol 7 w2 A= yey
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Figure 22. TGA thermograms of various HA/WBPU composite films

with 5wt% HA content.
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4-6. HA/WBPU %34 d&°] UTM 4]
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Figure 23. Tensile strengths of modified HA/WBPU composite films.
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Figure 24. Elongation behaviors of modified HA/WBPU composite films.
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Figure 25. Water swelling of modified HA/WBPU composites films.
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