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Abstract: The mechanica properties of PA66/GF composite were investigated with respect to moisture exposure, drying
temperature (23, 100, 150, 200 °C), and drying time (0~7 hrs). The tensile and flexural strength of the composite
decreased after moisture exposure; however, they were recovered as the drying temperature and time increased, respec-
tively. The sorption of moisture on amide chain reduced the interfacia interaction between amide chains, and then firgt,
acted as a softening agent, which resulted in increased mobility of the amide chain, and second, helped recrystallization
of amide chain, which resulted in increased mechanica property. We discussed the mechanism of recrystallization of

PAG66/GF composite with respect to drying temperature and moisture exposure.

Keywords. polyamide66, glass fiber, moisture, mechanica property, recrystalization.
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Table 2. Operation Conditions of Injection Molding Process

Rear Middle  Front
zone zone zone
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Temperature
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Table 1. Polyamide66/Glass Fiber Composite(DTRamid® AG50TB) Properties

Test items 1SO Sandard Unit Measured value
1 Ash 1SO 3451-1 % 49.8
SO 3451-4
2 Density SO 1183-1 glcm® 157
SO 1183-2
Flexural modulus 1SO 178 MPa 13300
Tensile modulus 1SO 527-1 MPa 16766
1SO 527-2
5 Tensile stress at break 1SO 527-1 MPa 265
1SO 527-2
6 Moisture content 1SO 15512 % 0.07
7 Unnotched charpy impact (23 °C) ISO 179-1 KJIm? 120
8 Notched charpy impact (23 °C) ISO 179-1 KJIm? 12
9 Melting temperature I1SO 3146 °C 261
10 HDT (heat deflection temperature under load) ISO 75 °C >250
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Table 3. Moisture Level of PA66/GF 50% Composites with respect to Drying Time and Temperature

Moisture level (%)

Oh 1h 2h 3h 4h 5h 6h 7h
23°C 158 157 1.88 1.59 117 0.91 0.95
100°C 0.39 0.27 0.10 0.05 - 0.03 -
150°C 190 - 0.04 - - - - -

200°C - -

XAverage moisture level before immersion: 0.32%.
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Figure 1. Tensile strength of PAG6/GF 50% composites with respect to drying time and temperature.
Table 4. Tensile Modulus of PA66/GF 50% Composites with respect to Drying Time and Temperature
Before immersion Tensile modulus (drying)
(MPa) Oh 1h 2h 3h 4h 5h 6h 7h
23°C 17098 15872 17055 16996 15976 16128 15784 15800 16277
100 °C 17098 16045 17741 17621 17943 17718 19114 16687 19012
150 °C 17098 15442 16391 16422 16661 15737 16057 16126 16227
200 °C 17098 14474 16526 16093 16676 16091 16838 16619 16952

s Error: £5%.
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Figure 2. Flexual strength of PA66/GF 50% composites with respect to drying time and temperature.
Table 5. Flexual Modulus of PA66/GF 50% Composites with respect to Drying Time and Temperature
Before immersion Flexual modulus (drying)
(MPe) Ohr 1hr 2hr 3hr 4hr 5hr 6 hr 7hr
23°C 14051 10723 11412 11302 11489 11490 11844 11767 11916
100 °C 14051 11229 13392 13730 14446 14147 13970 14120 14397
150 °C 14051 11029 13772 13734 13801 13768 13975 13592 13948
200 °C 14051 11554 14360 14068 14723 14295 14170 14478 14634
¥ Error: +5%.
200°C)lIAE AZAITI0] E7184% FHAE EF 2715 H\
£ 7%e B, ol RS Al A5E ehich, e wy "
EZEMEE. Table 50 AZx2=9F A7kl wp2 Eg]o}r] H EL \H
=66 BgaAe] FHHEMPYS Hsiert. ok
A2 & Azxsr] AOd =43 %} © 10723~ H ‘
11554 MPa 915 e e, A A S48 gholl vis) —C—C—C—~—N—C—C—C—
16-249% 7431915 015 & THUAES] Bhi S O
— &
PP el Ao PhE), 100, 200°CE AI9IE Lxx v o/H
(23, 150°C)I ZA4F 2TV E FES mF A A < “H
Z}o] vls] 2R ColM= 3A|7F oColl = 1A 7F
glell wlsh =jsket. 100°CoIlM = 347L, 200°C7 1‘* gk Figure 3. Interaction of polyamide molecule with water molecule.”
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Figure 4. Interaction between water and polymer molecules (a)
water molecules strongly attached to the polar groups of the poly-
mer chains by hydrogen-bonds in two layers (b) microscopic voids
inside the polymer filled with excess water (c) individua water mol-
ecules attached to the non-polar region of the polymer by weak
interaction forces [redrawn from 20].

0 strong binding sites of polymer chains

@ water molecules

Figure 5. Mechanisms of water vapour absorption into hydrophilic
amorphous polymers at the initial stage of water absorption (a)
water attached by clusters of molecules to polymer chains simulta
neoudly absorbing to binding sites of different strengths (b) water
molecules first bounded to the strongest binding sites of the polymer
chains [redrawn from 20].

¥ BEAE7re] A8dElE i) non hydrogen-bonded, ii)
weskly hydrogen-bonded, iii) medium hydrogen-bonded, iv)
strongly hydrogen-bonded® 5191t} B3t zkzke] A3
glo] ofsfl EAIT 5 e FeH A4 A i EAE
o] AFAAZ Figure 42 T3 =, (a) 3 EAE0)
Tzl o8l Een At AlEe] FA #Aeld 2 F
o= At JH, (b) T <t Al F5 i A
o] |71 e, (c) Z2te] i wA oFgh AdE Akl <]
3 Zejme] u|FA FEo EA)shs Jejolt}

o|e} o] o] Ew A} Al R (sorption) AL
b AkEe] 7Y AR AR wigEe] vt 2 AA Y
(crystaling) F-9l . th= AkEe] 271 B4r2 A9 v AA

4 h

. —: Polymer chain
Crystalline region  Amorphous region V!

O : Polar functional group

K @3 : Water molecule /

Figure 6. Effect of water sorption on the free volume of polyamide
[redrawn from 20].
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A EeH 22 AREel R EAF FAEEE 2704 R
A A 24 Aksoll AL 2§ 24 Akse] 7P
78k A3 F¢(binding sites)oll 233t} Figure 55 3%
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F&EE WAUSE eI &, (@] 229 B4 A
<ol 7] FEHE 22 F e A71e] ARl &, (b)

A7 F9e FE A gig g R ofn|=7]
7re] AghEo] § Zslr] witol gl AT F7ke] §lof
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f S (natura frequency)s A7 Wb, oldR] &
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capability) A3 2 A0 Z ARSATEY jE 20} A
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f e d skl e8] mjER X sawo] 7t
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Table 6. Crystallinity of PAG66/GF 50%
Respect to Drying Time

Composites with

Before Crystallinity (drying)
immersion Oh 3h 6h
AH,, (Jg) 33.18 3257 35.32 39.15
AH, (Jg) 24.82 24.46 28.01 26.20

X. (%) 3530+226 34.66+1.12 37.58+2.16 41.66+2.1

Aol e HrR= Al Woll F-u)583(swelling)ell <3 <l
EZy Hsl A7} oW AYsrt o] 18 o]
ZAREE Aow T 4 9?2

AG=AH-TAS (29)

(AG: 722 Aol UA] (Gibb's free energy) W3}, AH: g
v W3}, T &%, AS dEZY] W3})

=U+pV (2b)

(H: dlg=], U: Wi oA, pr g, v 7-9))

=, AR 22 Aol e (folding) W 28 = sh= W
- Aol R] (interna free energy)e] S717F A4 ] P4
AX BEEE oUR] 9 Zhae] oa)] BAE]7] wEolthel
E 299} gecific volumee] 74). 8 o= 0] B4} A&

Atolel] 2FE o] ALEA} AREZH] o] FAd o] FThsHHA Al
o] FEME (A7t STkl A AU A 7E aE=
ZO= M Hrt

A T A A9 HHE e, #e A4
o]e] Ea} Az Aujdo] dofut ¢t Zéxﬁ“ﬂ As B4
Ut} o] ARt A8 Al AF M A S o
el sliAdebH o] dadol oJal nAA FHe] Ak A
=9] olgAdo] FTlsl] Tt o ® FH2Ql ujd e Sl

Eg5 Fox ARt S Ao R e gk ¢
Al 2= E SAE] 227t S7HES ofd Y Al 9
311 AAstE T3 Frkehe ZoR delAd k¥ ole 4

Aol A BoAFAR0] AL} AlZke] S7ters 2
X*E}JJ} S7FsPHA, B4 3 S7kshe As AsiEtt
, ol eall B2} AREZE o5 gl Sk AdEjellA A
2 Al VRS A st Aol ofsf A7Es)

=
7F S7kek7] wiiEel 9 2 S54ET Sk Jles

;ﬂ Il FPN JIN
Mk o m
[
nd}

]

&, Flgure 7o Ik FAAAEC] TS SEM
Rt gto] EeE]otv| =66 534
oA #atr] flste] AlAS 73
313 b 739-(24R7Y), el oJg
O}U]E% /\}’594 do] S7kste] Aol F7kebaA 1t
e FEjo] TR (d)e] HFE o, T mjERXofA

mlo

b2 o
e 2 o
=Y\
Yoo
rlr ok

| O
of
il

2, >~
i
ol OE,

do
of

]

n&
N

¢

A



T B 2ETF EElom|=eerel e Sgade] AAAs 2 Sl niAe dF 887

Before immersion

After immersion (90C, 24 h)

Magnification :
x 500

$3400 15.0kV x500 SE

Figure 7. SEM photographs of fracture surfaces of PA66/GF 50% composites. (a), (¢) no immersion/ (b), (d) immersion in water.

@ ()

Figure 8. Elongation bresk of tensile specimens of PA66 resin: (a)
no immersion; (b) immersion in water.

Feldf7h i WA Fl 1 B4R A %
o vjs) grhHoz ol BAUULh o] e B
o lg oz o, %, FelolEg SR A
F, 52 A7} Belopuls 2 ARze] S92

AN

o
o,
o

Lo
rl
&

oft I+
2 ot

3]
Sl
51

H

m_ﬂirlo

A} AR AS FstAT1AL AT E SR ©]
2 18] A} ARz o]EA o] FUet] EEn e A gl
BB 7Aasla dAe st

Figure 8(a)¢} (by= =3t EElobr =66 7419 itk <l
A FEE Y3 ARleltt AR IAE 3 AS-(b), F
ot =66 TR0 9A4o] FtElo] Tk 1gA o
A Eolxt FejZ AT ol Eelolu =667}
ofaff o] STtk Ag HojFErt

N

2d
=

ru

B AT AxeE L ARA whE SE g
Felopl=eatel i h B2l BAUE 2AIL,
S| w2ARE A BEAe) A L BFEHE
ol ¥j3) FHEBAA ARLE) A700] ZAESE 21
W FFYEsk Fohske el vehgeh 5, 2E(150,
200°0) 2 AzAI] F7HEFE ARSE EG Sheke
2& DSC A@deIA] B1skgn Eelotr =669t 2l
F ARAFH S FRFF s 2o, B vE
Y2 e Qo] Z7heke e SEM ZA o 4
oA BB, oz ol SJs) 24 AT ol
7HEL el Az 9 Aklo] SKSS AAAE &

—

Polymer(Korea), Vol. 39, No. 6, 2015



883 e -
g oo ARsREs} S0 o] g 2SI
F7kske Aow e,

10.

12.

13.
14.
15.
16.

17.
18.

19

20

2
=

P

S|

—_

. R. J. Pamer, “Polyamides, Plastics’, in Encyclopedia of Polymer
Stience and Technology, H. Mork, Editor, John Wiley & Sons,
Hoboken, 2003.

. J. L. White and K. J Kim, Thermoplastic and Rubber
Compounds, Hanser, Munich, 2007.

. W. H. Jang and J. S. Go, J. Ind. Eng. Chem,, 10, 1136 (1999).

. W. H. Carothers and G J. Berchet, J. Am. Chem. Soc., 52, 5289
(1930).

. B. D. Viers, Polymer Data Handbook, Oxford University Press,
Oxford, 1999.

. B. J. Holland and J. N. Hay, Polym. Int., 49, 943 (2000).

. D. Forsstrém and B. Tersdlius, Polym. Degrad. Sab., 67, 69
(2000).

. W. Y. Jung and J. |. Weon, Polym. Korea, 36, 712 (2012).

. J. H. Park, W. N. Kim, |. H. Kwon, S. H. Lim, M. B. Ko, and C.

R. Choe, Polym. Korea, 23, 681 (1999).

B. S. Yoon, D. J. Woo, M. H. Suh, and S. H. Lee, Polym. Korea,

24, 701 (2000).

. W. Wat and B. V. Perov, Srong Fibres, Elsevier Sci.,

Amsterdam, 1985.

P. K. Gupta, E. Kennal, and K. J. Kim, Polymer Nanocomposites

Handbook, CRC Press, Boca Raton, 2009.

S. M. Kim and K. J. Kim, Polym. Korea, 39, 107 (2014).

K. J. Kim, J. Appl. Polym. &ci., 116, 237 (2010).

K. J. Kim, Asian J. Chem, 25, 5119 (2013).

K. J. Kim and J. VanderKooi, Rubber Chem. Technol., 78, 84

(2005).

K. J. Kim, J. Appl. Polym. ci., 124, 2937 (2012).

K. J. Kim and J VanderKooi, Composite Interfaces, 11, 471

(2004).

. H. Domininghaus, Plastics for Engineers. Materials, Properties,
Applications, Hanser, New York, 1993.

. G Szakonyi and R. Zelko, Int. J. Pharm. Investig., 2, 18 (2012).

2], 21394 A|63, 20154

33A

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

X. Zhang, Y. Li, Y. Zuo, G Lv, Y. Mu, and H. Li, Compos. Part
A-Appl. Si. Manuf., 38, 843 (2007).

W. Howard, J. R. Starkweather, and A. Glover, J. Polym. i,
Part B: Polym. Phys, 3, 467 (1981).

N. Sombatsompop and K. Chaochanchaikul, Polym. Int., 53,
1210 (2004).

M. Kohan, Nylon Plastics Handbook, Hanser/Gardner, New
York, 1995.

A. Lasagabaster, M. J. Abad, L. Barra, and A. Ares, Eur. Polym.
J., 42, 3121 (2006).

S. Cotugno, D. Larobina, G Menditieri, P Musto, and G Ragosta,
Polymer, 42, 6431 (2001).

A. M. Olsson and L. Salmén, Carbohydr. Res., 339, 813 (2004).
R. Thibert and B. C. Hancock, J. Pharm. ci., 85, 1255 (1996).
N. Abacha, M. Kubouchi, and T. Sakai, Express Polym. Lett., 3,
245 (2009).

J. L. Thomason, Compos. Part A-Appl. Sci. Manuf.,, 40, 114
(2009).

N. M. M. Abd. Rahman, A. Hassan, and R. Yahya J. .
Technal., 3, 47 (2011).

D. Lévéque, A. Schieffer, A. Mave, and J. F. Maire, Compos.
Sci. Technol., 65, 395 (2005).

33. W. Schnabel, Polymer Degradation: Principles and Practical

Applications, Hanser, Munich, 1982.

34. D. Ferer-Baas, M. L. Maspoch, A. B. Martinez, and O. O.

36.

37.

39.

Santana, Polymer, 42, 1697 (2001).

. J. L. Merino-Pérez, S. Ayvar-Soberanis, E. Mersonc, and A.

Hodzic, ECCM16 - 16 th European Conference On Composite
Materials, Seville, Spain, 2014.

C. E. Mgewski, H. Zarringhalam, and N. Hopkinson, SFF 2008
- 19th Annual International Solid Freeform Fabrication
Symposium, p.45 (2008).

M. E. Cagiao, F. Ania, F. J. Bdta Cdlga, M. Hirami, and T.
Shimomura, J. Appl. Polym. ci., 77, 636 (2000).

. L. A. Dissado and J. C. Fothergill, Electrical Degradation and

Breakdown in Polymers, Peter Peregrinus Ltd., London, 1992.
V. B. Gupta and V. K. Kothari, Manufactured Fibre Technology,
Chapman & Hall, London, 1997.



