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Experimental Investigation of the Effect of Manufacturing and
Working Conditions on the Deformation of Laminated
Composite Structures

Pham Thanh Nhut*, Young-Jin Yum**"

ABSTRACT: Fiber-reinforced plastic (FRP) is applied to fabricate the main structures of composite boats. Most of
them are made from molds. These products deform after releasing from the mold and they also deform in high
temperature environment. Therefore, experimental investigation and evaluation of deformation of laminated composite
structures under various manufacturing and working conditions are necessary. The specimens of L-shape and curve-
shape were made from unsaturated polyester resin and fiberglass material. Input factors (independent variables) are
percentage of hardener and manufacturing temperature and four levels of working temperature and output factor is
the deformation which is measured on these specimens. From the results, it was observed that the higher the
hardener rate and temperature, the lower the deformation. When the working temperature increased, the specimens
showed great variations for the initial deformation values. Besides, the values of deformation or input factors could be
predicted by regression equations.
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A& o] E]= SPSS AL E 9] o] (Statistical Package for the
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2.3 = U A|H =H]|
Al Z-L L-shape 15 £33, Curve-shape 15552 U3t
(Table 1). $-E(Woven, density of 570 g/m*)x} ©jj E(Mat,
density of 300 g/m?) E-glass 437} AM&-E| 131 Z2]|of| 2]
24:2)2} 7 314 (Methyl ethyl ketone peroxide-MEKP-925)
7h AR i Ee o 2 H 2 9] &/d X £ Table 29] L&}
W gtk A-95-2]/2 2] o A E| 2 [mat/woven/mat/woven]| S
4702 5o] 3 mm T AHL WS Lshape A A
& U20lE B, Curve-shape AL REHA|R B
oA wHEol Ak
£ BEL E £70] AUY 8 REOR ol
Hrh. et e 7|5kt stebo| g5 2 Fig 10} Lhet
Wk SA AR BT o] 45559 FF vl 4
okc}. WAl 0.5%2t 1% vol. MEKP-925 ASHA|Z 2=7]of| 41}
a1 Zpz7re] ZEof AREE QI 18al IS 15°Co =
2ol @ Ho] 1417 54k Yol ot e LRol A T ul
A= ﬁﬁ}xﬂ H)8S 1.5%2} 2%, Al WA= 2.5%2 3h%ic).
A& 25°Ce} 35°Cof| A HTtH(Fig. 2). kA vl&} &
T AlRARS] 71Egkel 7128t ’HE“E]%{EHTable 2). 1

23 UhA] AJHE ] ThHA] 4 levele] H-S 715H}H(50, 60, 70 &
80°C).
Table 1. Code of specimens
Hard. Code of specimens
Types % 15°C 25°C 35°C
0.5 L-H0.5-T15 | L-H0.5-T25 | L-HO0.5-T35
1.0 L-H1.0-T15 | L-H1.0-T25 | L-H1.0-T35
Shl;;)e 1.5 | L-H1.5-T15 | L-H1.5-T25 | L-H1.5-T35
2.0 L-H2.0-T15 | L-H2.0-T25 | L-H2.0-T35
2.5 L-H2.5-T15 | L-H2.5-T25 | L-H2.5-T35
0.5 C-H0.5-T15 | C-H0.5-T25 | C-HO0.5-T35
1.0 C-H1.0-T15 | C-H1.0-T25 | C-H1.0-T35
CSE;V; 15 | C-HL.5-T15 | C-H1.5-T25 | C-H1.5-T35
2.0 C-H2.0-T15 | C-H2.0-T25 | C-H2.0-T35
2.5 C-H2.5-T15 | C-H2.5-T25 | C-H2.5-T35
Table 2. Properties of polyester resin
Parameters Units Values
Type - CF-180
Density g/cm’® 1.1-1.2
Viscosity at 25°C CP 450+50
Gel time at 25°C minute 12-15
Catalyst(MEKP) at 25°C % ~1.0
Peak temperature °C 138

Fig. 1. Geometric parameters of molds and specimens.
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Fig. 2. Manufacturing process.
E3t o] ST REsh F7he W2 A%, A

= 90% A 5 E] T 2 7} (L-shape) 4= 135 mmof A5
t] £ "7 (Curve-shape) . 2 =04}, L-shape A|# 2]
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2 Uhe MFHRE el 202 MES o Hue B
ok 4= A AETh B ] JE QAR (HO.5-T15)9
735 M H &> B =3k th(L-shape®] 7 - 4.75%, curve-

_Vll

rlo

temperature, °C
(a) L-shape specimens

0.0 05 10 1.5 20 25
%% hardener

temperature, °C
(b) Curve-shape specimens

Fig. 3. Results of deformation.
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Def /height ratio, %
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(=]

| ——L- HO®.TI5 —m—L-H05-T25 —a—L-H05-35T
2 T $=LHI0TI3 == LH0-T35 —a—LHBI0TS

B = 2 ——L-H1.5-T15 —=—L-H15T25 —a—L-H! 5-133
0.0 05 1.0 15 20 25 1 T=THOTIS —w—L"H DS =3 L-H2.0-T35
% hardener 0 —e—L-H25-T15 —&—L-H25-T25 —i—LI—L\-T‘*
Def /height ratio, % 40 50 60 70 80
3 7 temperature, “C
4 (a) L-shape specimens
3 Def., mm
2 —e—C-H0.5-T15 —=—C-H0.5-T25 —&—C-H0.5-T35
5 T—e—C-Hi{-Tt5 —8—C-H1.0-T25 ——C-HLI0-T35
1 ——C-H1.5-T15 —a—C-H15-T25 ——C-H15-T35
4 +—+~CHX-TI5 ~o—~C-HL0-P5 —+—C-H2L0-B35
0 : : , —e—C-H2.3-T15 —=—C-H2.5-T25 —-*—C-}D,S_-:I_'_Sé
5 15 25 35 § fomeemma- e et R
temperature, °C o - - -
(a) L-shape specimens T N ———
1 . oo T s, e s = T
Def flexure ratio, %
6 0 T T T 1
5 40 30 60 70 80
temperature, °C
4
3 (b) Curve-shape specimens
g Fig. 5. Results of deformation.
1
Ll o o 6 de A 21:)0] & A9 50°CollA] t] 22 wFo] WSkt 2
C hadens 7} 50°CA] 80°CE F7Hek wh L-shape©] A#le] w2
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Fig. 4. Results of deformation ratio.
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Def length ratio, % Table 3. Input data for SPSS
——L-H05-T15 —a—L-H05-T25 (a) L-shape specimens
5 +—a—L-HO3 35T —o—L-HIQTIS -
——L-HI.0-T25 —a—L-H1.0-T33 No. of spec. Hard., % Temp., °C | Def./height, %
4 +——LHLS-TIS- —a—L-HIS5-T25 - - - A
+L H1.5-T35 L-H2.0-T15 ! L-H0.5-T15 0.5 15 4.75
T SR U. L-H0.5-T25 0.5 25 3.58
L-H0.5-T35 0.5 35 2.06
L-H1.0-T15 1.0 15 4.03
L-H1.0-T25 1.0 25 3.08
L-H1.0-T35 1.0 35 1.83
e L-H1.5-T15 1.5 15 3.61
temperature, °C
L-H1.5-T25 1.5 25 2.89
(a) L-shape specimens L-H1.5-T35 1.5 35 1.64
Def /flexure ratio, % L-H2.0-T15 2.0 15 3.19
6 T ==CHOSTI =e=CHOST2S ~~~~~~""~" L-H2.0-T25 2.0 25 2.47
5 | —#—=CH05.T35 ——CHLOTI5 _________
—=—C-H1.0-T25 ——C-H1.0-T33 L-H2.0-T35 2.0 35 1.44
4 +—e—C-HI 515 —M—CHE5 5=
3 ——-.-*CYHI_j:'[‘_-‘._j : c.Hg_o_'nj L-H2.5-T15 2.5 15 2.94
> L-H2.5-T25 2.5 25 2.19
1 L-H2.5-T35 2.5 35 1.36
0 (b) Curve-shape specimens
No. of spec. Hard., % Temp., °C Def./flexure, %
C-H0.5-T15 0.5 15 5.53
C-H0.5-T25 0.5 25 5.30
e C-H0.5-T35 0.5 35 4.57
i C-H1.0-T15 1.0 15 4.98
(b) Curve-shape specimens C-H1.0-T25 1.0 25 4.66
Fig. 6. Results of deformation ratio excluding initial def. C-H1.0-T35 1.0 35 3.42
C-H1.5-T15 1.5 15 4.34
C-H1.5-T25 1.5 25 3.93
3.3 HExHeR MY o C-H1.5-T35 1.5 35 2.92
SPSS 2 E glojo QJelstr] 9lsf WP Aat=s A elst C-H2.0-T15 2.0 15 3.56
A tH(Table 3). & = JAIX}E(5H ¥ 4E)S Hard.(%) 2t C-H2.0-T25 2.0 25 3.38
Temp.(°C)0] i1, & 2 Q1 AH(F-4 ¥ 42)+= Def./heighta} Def./ C-H2.0-T35 2.0 35 2.15
flexure H]Eo|t}. F4-2 L-shaped} curve-shape AJHo| = C-H2.5-T15 25 15 3.15
oo g sYP= ek T 59 Atol9] dud H 9] C-H2.5-T25 25 25 3.06
= e e idgol A E A AP B B 1 C-H2.5-T35 25 35 1.74
= aejelan.
T3 ARG oA ZEHSf e ZF Q49] level Table 4. Simple regression analysis
B35 H7Esh7] Y8l F SHHeE 2 E o] aLd E Sl (a) L-shape specimens
t}. SPSS AT Egojo]| 4] Table 32] g|o]E]E Al8-3}o] Table Factors B, B, R R b
49} A& ghe Al Hard. | 3701 | -0643 | 0470 | 0221 | 0.077
714 RE A, R 528 AS, pe folew Temp. | 5285 | -0.102 | 0861 | 0741 | 0.000
o epdc).

(b) Curve-shape specimens

o S 717 Factors Bo B, R R? p
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7P (p-values o5 2He}) A8 QA 1A ekgreh
(p-value > 5%). 121} curve-shape®] 7-¢- £+2135] Wi ict.
A f-el= 2r o] A Abol el S A AlS AA S
T lﬂl\}»lxq_

AR AR BE Aol % o] SRR, x7) 8
7 312I5]gir}. SPSS AT Egole] ATk Table 59 Lielict.

APk A4S o2 2

L-shape case:

Def. = 6,249 — 0.643(hard.) — 0.102(temp.) (4)

Curve-shape case:
Def. = 7.356 — 1,258(hard.) — 0.068(temp.) (5)

A] (4)9} (52 Table 39] Hlo|E]2} &7 H|Zsto] 2} &
AE Table 60 LEF it}

Table 527 E] Ao tfgt F 7}9] ] @49 TA=
Table 5. Linear multiple regression analysis

(a) L-shape specimens

ol$ WAHSI AR > 0.9) LT EA L2 5 R p-
valuest= % = ol 77hgck T @G T 4
ATHA R 5% o4, 2, 4 @60 2 4
A TSI Aol W2 A FHle=
3l Zof|(Square, cube, square root, log, etc.) = 7}<] ¢
A6 &7)0] AU o] A S F2
I EAH O R ZQ3 level, 12|11 O X2 WEA|H
CHA ] 5%t S3). A= Table 73 8of LpEFW)
HIAE oS3 AN A A v Ak
L-shape case:
(Def)"? = 1.989 — 0.107(hard.) — 0.018(temp.) (6)

Curve-shape case:
(Def)"® = 2.062 — 0.178(hard.) — 0.01(temp.) (7)

A ()} (7)2 7oA Bl 2o tieh HEgt B

Table 7. Nonlinear multiple regression analysis

(a) L-shape specimens

Factors Bo B, R R? p Factors Bo B, R R? p

Hard. -0.643 0.000 Hard. -0.107 0.000
6.249 0.981 0.962 1.989 0.986 0973 +——

Temp. -0.102 0.000 Temp. -0.018 0.000

(b) Curve-shape specimes (b) Curve-shape specimens

Factors Bo B, R R? p Factors By B, R R? p

Hard. -1.258 0.000 Hard. -0.178 0.000
7.356 0.973 0.947 2.062 0.962 0926 ———

Temp. -0.068 0.000 Temp. -0.010 0.000

Table 6. Errors of linear multiple regression equation

Table 8. Errors of nonlinear multiple regression equation

Error, % Error, %
No. of spec. No. of spec.
L-shape Curve-shape L-shape Curve-shape

L-H0.5-T15 7.42 -3.31 L-HO0.5-T15 0.92 -3.00
L-HO0.5-T25 5.66 4.96 L-HO0.5-T25 2.89 1.33
L-H0.5-T35 -14.44 4.57 L-H0.5-T35 -2.60 2.42
L-H1.0-T15 -1.14 -2.09 L-H1.0-T15 -1.30 -1.45
L-H1.0-T25 0.78 5.41 L-H1.0-T25 1.57 2.32
L-H1.0-T35 -11.26 -9.12 L-H1.0-T35 -2.36 -1.58
L-H1.5-T15 -4.00 -2.65 L-H1.5-T15 -1.60 -0.76
L-H1.5-T25 5.38 3.84 L-H1.5-T25 3.22 2.25
L-H1.5-T35 -4.54 -6.27 L-H1.5-T35 -1.63 -0.86
L-H2.0-T15 -7.62 -7.47 L-H2.0-T15 -2.24 -1.82
L-H2.0-T25 2.31 6.80 L-H2.0-T25 1.98 3.14
L-H2.0-T35 3.26 -15.07 L-H2.0-T35 -1.40 -4.80
L-H2.5-T15 -5.83 -1.49 L-H2.5-T15 -1.33 0.01
L-H2.5-T25 4.50 17.61 L-H2.5-T25 2.09 6.00
L-H2.5-T35 21.21 -6.03 L-H2.5-T35 1.48 -5.07
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