CHAPTER V

RESULTS AND DISCUSSIONS

Experimental results from several tests of fiber reinforced epoxy
composites are revealed and discussed in this chapter. The numerical data of

these tests are detailed in Appendix A.
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Table 5.1 displays an example of the experimental responses of

associated with the main e ectﬁi‘bf-‘*'k, <4

interactions namely AB, AC BC and @CJ% ,

Estimation jthe effects and th

fiber reinforced epoxy composites in terms of the flexural strength. Estimates
of the effects and corresponding sum of squares are exhibited in Table 5.2.
Estimates of all the effects and the sum of squares are detailed in Appendix
D.
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Aging condition Factors Responses,
A B C MPa (y)
1 - + + 95.811
2 - + - 106.315
3 - - 4 103.401
4 - - - 111.919
5 + 91.874
6 - 92.997
7 + 107.078
8 - - 95.984
Table 5.1: Flexural strengt ' ] ’r\n‘-h@ epoxy composites.
NN
Treatment combination | R 4 - ‘Bstimate of effect Sum of squares
® s S TN -
" spsd LT 737837 108.8771
- ‘ 6315 |, ., -1846: 1231273
ab 9] 92,;_.:{:4‘,. ¢ 3.1213
& 103.39';1:% T 10.2401
ac ~ 107.078 105.0743
be : o381l i £ 252157
.. - 91 874 -2.5578 13.0842

Table 5.2: Est.mﬂ,uﬂfﬁmﬂ nif‘m:ﬁ f]ffx] ﬁxural strength

of carbon fiber remforced epoxy composites.

ARIANN I 1RAINYAY

A multiple linear regression model with & predictor variables as

shown in Equation 5.1 can be applied fitting empirical model.

Yy =P tPx1+Paxst.. .t Xy +E (5-1)
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where y represents the responses variables, X, Xz, ... , Xk represents the coded
variables of the independent variables. & is the random error term. The
parameter B; is known as the regression coefficients and j = 0, 1, 2, 3, ..., k.
It represents the expected change in the response (y) per unit change in X;
when all the remaining independent variables x; (1#]) are held constant. From
the normal probability plot of effects, significance effects will not lie along
the straight line. Figure 5.1 depicts the normal probability plot of estimate

effects for the flexural strength of the carbon fiber-reinforced epoxy

composites. ) V/I//
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Figure 5.1: &ormal probability plot of estimate effect for the flexural

strength of carbon fiber reinforced epoxy composites.

It is obvious that the important factors influencing the flexural strength of the
composites are aging temperature (A), humidity (B) and the interaction

between aging temperature and UV (AC). Thus, the regression model for



50

predicting the flexural strength of carbon fiber reinforced epoxy composites

can be written as shown in Equation 5.2.

8 3783 8 .
y =100.6724 -(7 : }1—(7 ;63}!2+(72;83)x1x3 (5.2)

where the x;, x2 and x3 are the coded variables of aging temperature, humidity

and UV exposure, respectively. The x;x3 term is the interaction between the
aging temperature and UV exposure. \ Wﬂs of variance (ANOVA) is

summarized in Table 5.3. Thls ed in hypothesis testing

for the multiple linear regresm] E.Qua

Source of Fo
variation
A 8.4301
B 9.5334
AC 8.1356
Error :
Total . = + R? = 08671

In th1 wﬂ !?)(VJ?J O'STﬂﬁthe regression
is applied. This is a test to decide if there is a llnear relatlonshlp between the
flexural stre Q .ﬁigs 33 %’&m ﬁi g yand x3.
The proper h ﬂlﬁ)j:ae w W ﬁ

Ho Bl Bz .= Bk =0 (5.3)
Hy: Bj 0 for at least one j (5.4)

where H, and H; are used to check whether the multiple regression model is

null. Rejection of Hy in Equation 5.3 implies that at least one of the predictor
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variable, x;, x2 and x;X3, contributes substantially to the model. The test
procedure is to compute Fo and to reject Ho if Fo exceeds Fo, k, nk-1- The
confidential level in this study is set at 90%, in other word, the level of
significance is at 0.1. As a result, the critical F-distribution at the level of
significance at 0.1, Fo.1,3 4 is 4.19 while Fy is at least 8.1356 for this example.
Because Fy is greater than Fo 134, the hypothesis of Ho is rejected. Therefore,
this linear regression model appropriately fits the data and the regression
coefficients from the regression analysis are proper for the prediction of the
flexural strength of carbon ﬁber-rein&r&lf Szxy composites. Additionally,

the coefficient of determinatlok of 0. n in the ANOVA table
means that the linear regres sion-model ¢dn em 71% of the observed

flexural strength data. / .‘ \\

‘|

frqm he analysis of variance are

Before the
adopted, the adequacy of

analysis. The residuals ¢

€ Residuals

(1) 111,919 J113;.9089 0.0102
A tm 1NN S -1.2983
B q 106.315 T 104.0626 |0 22525
U R LR T G T L
c 77| T7T03l401 [ %9 046606 © T T UI12596
AC 107.078 104.5306 2.5475
BC 95.811 96.8143 -1.0033
ABC 91.874 96.6843 -4.8103

Table 5.4: Observed and predlcted flexural strength of carbon fiber

reinforced epoxy composntes and correspondmg reslduals
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A normal probability plot of these residuals is shown in Figure
52 The fact that the residuals remain reasonably close to a straight line
supports the prior conclusion that the aging temperature (A), humidity (B)
and an interaction between aging temperature and UV (AC) are the significant
effects of the linear regression model for the flexural strength of carbon fiber-

reinforced epoxy composites.
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Figure 5.2: Normal probability plot of resnduals for flexural strength of

e AW AMIOPNNINYA 2

All linear regression models derived from the regression
analysis of the mechanical properties in this experimental study are
summarized in Table 5.5 and 5.6. These linear regression models are suitable
for predicting the mechanical properties of carbon fiber-reinforced epoxy
composites and aramid fiber reiniorced epoxy composites that are exposed to

various climatic conditions. Specifically, compressive strengths applied for
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the regression analysis are values received from compressing the composites

in the direction paralleled with the principal axis of anisotropy.

Mechanical

properties

Linear regression model

Flexural
strength (MPa)

7.2483
2

7.3783 7.8463

2

y =100.6724 —(

Fo(5 el

},x

3

Compressive
strength (MPa)

3.848 3.362
o . X2t

3.872

}"2’53

Fracture
toughness
(MPa/m"'?)

Fracture energy
(J/m?)

Table 5.5: Linear regressic

carbon fiber reinforced epo3

Mechanical

properties

Flexural

strength (MPa)

Compressive

strength (MPa)

ﬁwﬁﬁ%ﬁﬁwﬂ%

Fracture

toughness a w
9

(MPa/m'?)

TSR e

Fracture energy

(J/m?)

12,7913

y =13.4226 +(

2

Table 5.6: Linear regression model from the mechanical properties of

aramid fiber reinforced epoxy composites.
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5.2 MECHANICAL PROPERTIES OF FIBER REINFORCD
EPOXY COMPOSITES

5.2.1 Flexural properties

Flexural test was performed to evaluate the modulus of
elasticity and the maximum strength of the carbon fiber and aramid fiber-

reinforced epoxy composites in flexur ode. Figure 5.3 illustrates the
carbon fiber reinforced epoxy. comp Q r flexural loading. The
composite has a crack at the of the spé,m the epoxy layer. The
fiber is not failed. Failure h aus d by tension at the outermost layer
according to the standard JIS 7,974. \\

Z,

AULAININTNYINT
f:ag::g’s(:) ﬁi}, ﬁgaﬂeifm eﬁx’]q c‘;/alosltes aﬁe‘r flexural

The effects of various climatic conditions on the flexural

strength of fiber reinforced epoxy composites are displayed in Figures 5.4 and
3.5,
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Figure 5.4: Effects of temperature (a), humidity (b) and the UV exposure (¢) on

the flexural strength of carbon fiber reinforced epoxy composites.
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Figure 5.5: Effects of temperature (a), humidity (b) and the UV exposure (¢) on

the flexural strength of aramid fiber reinforced epoxy composites.
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Firstly, for all results in Section 5.2, aging conditions shown in
all plots are arranged from mild to severe conditions. For carbon fiber
reinforced composites in Figure 5.4 (b), it is evident that the flexural strength
of the specimens aged with dry condition are higher than those aged with wet
condition. From Figure 5.4 (a) and (c), the flexural strength of the specimens
aged at a higher temperature and aged with UV are lower than that those aged
at a lower temperature and aged without UV. However, the flexural strength
of the specimens aged at high temperature with UV are higher than those aged

at a lower temperature with UV in Fx‘gv&{ ;Ea) and higher than those aged

at a higher temperature w1thou_____UV in (c). Thus, the combined
aging temperature and UV.sz.-s-T"Ito pldy s effect on the flexural
7 posxtes:-?ﬁ?'result is in agreement
| in Flgure 5.6 (a), in which the
pra{ sq'gngth of earbon fiber reinforce
] 1d-tty-(B), the aging temperature (A) and

_ cihU-y jr pectlvely

strength of carbon fiber

g &

with the regression analysi
significant factors affe

composites was found t

the combined aging tempe

& _.u.t.{p ¥
SV J"' [ |
For aramid fiber emfdtccd composites, from Figures 5.5

Haedeis -

(a) and (c), there is no consistent trend f Bé‘ four aging conditions. From
Figure 5.5 (b), the ﬂexqial streng‘tﬁ’of the - s{“‘ﬁx‘ens aged with wet condition

are lower than those a‘g ;_..A...,_.._.-mm__________;__ﬂ;_;‘_;_:z; s specimens aged at a

lower temperature w1thdr‘y and wet condition 1s:rp agreement with the

regression analysis for the flexural strength of ar?mld fiber reinforced
composites, as sh effects are the
humidity (B) andﬁ% Eﬁugd agﬁfﬂrﬁ ﬂeﬂj’lﬂﬁdlty (AB). The
main fact ﬂj reinforced
compositesgaleﬁf iﬁ:ﬁﬁﬁ( ﬂﬁnﬁiﬂgzr ﬁ ture and
humidity respectlvely

The effects of various climatic conditions on the flexural

modulus of fiber reinforced epoxy composites are displayed in Figures 5.7
and 5.8.
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Figure 5.6: Normal probability plots of estimate effect for the flexural

strength of fiber reinforced epoxy composites.
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Figure 5.7: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the flexural modulus of carbon fiber reinforced epoxy composites.
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Figure 5.8: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the flexural modulus of aramid fiber reinforced epoxy composites.
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For carbon fiber reinforced composites, from Figure 5.7 (a), it is
not clearly seen which factors affect the flexural modulus of the specimens.
Nevertheless, the flexural modulus tends to decrease when specimens are
exposed to more severe conditions. From Figure 5.7 (b) and (c), the flexural
modulus of the specimens aged with wet condition and aged with UV are
lower than those aged with dry condition and aged without UV. This means
that the aging temperature and UV exposure are the significant effects of the
flexural modulus of carbon fiber reinforced composites.

\\//

For aramid ﬁber‘réinqucé / omposites, from Figures 5.8

(a), the flexural modulus oﬂapnmnms a;gﬂa higher temperature are
a'lowertemn e‘atur"é:-'-EEMe specimens aged at a

higher temperature with U V_FfomBigu 5:8 (b), the flexural modulus of the
“ her than those aged with wet

specimens aged with dry \ ar
ﬁ__'_'

14
.
o

condition, except the

humidity and UV exposure are the 'ai'n@s of the flexural modulus of

aramid fiber reinforced ,ﬁompos'rtcsf;'-f- Vi

7

The effectsof various aging ¢

chFthe flexural strain at

yield of fiber reinforced €poxy composites are shown iff Figures 5.9 and 5.10.

. fa R o
For@rién&lbg rﬂﬂcﬂcﬁnmiujrmggure 5.9 (a) and
(c), it is apparent that t exural sfrain at yield»of the speciriens aged at a
v o o) 8 hb ] 44 o] Bk BV e

temperature and aged with UV. From Figure 5.9 (b), it is not yet distinct

which effects influence the flexural strain at yield for all four aging

conditions.
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the flexural strain at yield of carbon fiber reinforced epoxy composites.
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For aramid fiber reinforced epoxy composites, from Figures
5.10 (a) and (c), it is also not apparent which factors affect the flexural strain
at yield. From Figure 5.10 (b), the flexural strain at yield of the specimens
aged with wet condition are lower than those aged with dry condition, with
the exception of the specimen aged at a lower temperature with dry and wet
condition. It is thus assumed that humidity seems to play a significant role on

the flexural strain at yield of aramid fiber reinforced composites.

The effects of varlous w nditions on the fracture energy
of fiber reinforced epoxy compgb~h ode are shown in Figure

5.11 and 5.12.

From Figu : ignificant difference
tween the low level
ﬁaer reinforced epoxy
exural fracture energy of

) W -
the specimens aged at a hig rature’ lower than those aged

is the main effect of the ﬂexuraﬁﬁmtur% 2>f carbon fiber reinforced

composites. From Flglﬁes 5.11 {B;fand? “aging conditions show the

L

fracture energy at hight evel-of-asing-conditionsto-bendifferent from those
; e

at low level of aging corﬂtions,_

Foratami A 50 ites-in Figures 5.12,
all aging conditiﬂ:ﬂqﬂb‘a ﬂﬂmmmﬁ3 level of aging
conditions to.thos W level of a conditionst.Similar with
carbon fibaO ﬁ:j a dﬂﬁ mﬂ ﬁ’lﬁ a&la@ a&l&ctmg the
flexural fracture energy of aramid fiber reinforced epoxy composites within

the range studied.
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Figure 5.11: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the fracture energy of carbon fiber reinforced epoxy composites under flexural mod
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Figure 5.12: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the fracture energy of aramid fiber reinforced epoxy composites under flexural moc
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5.2.2 Compression test

Compression test is applied to estimate the maximum strength
and the modulus of elasticity in compression mode. Test specimen for carbon
fiber reinforced epoxy composites after compression loading is displayed in
Figure 5.13. The specimen deforms and buckles during the compression test,
and then it cracks at the center of the specimen. The epoxy layer is detached

from the reinforcing fiber at the interface after the compression.

‘,,h\‘ \If‘:w

fiber alignment

Figure 5.13: Carbon fibe¢ after compression

loading. The composite W i ection parallel with
fiber alignment.
In this experimental wor mposites were tested in two

9 . o . 5_;  Jik ¥,
direction, direction “1” and “2 "~ a8- shown/

analysis for the Sign n.'u-_—.‘—-u-.-u-‘w-n._m'nui“uuénnr'"‘ V ill be based on

" Figure 5.14. The regression

s il
AU INENINGINS
AN TN INGINY

compressive properties 1

anisotropy only.
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ns on the compressive

¢ '.-.:-" in Figure 5.15 (a),
' trend for all aging

'5.15 (b) the compressive str gth of the specimens

conditions. From Figure
aged with wet ¢ eﬁ fﬁ ondition except
the specimens ag@j j\‘Iﬂ ﬂﬁﬁ E‘Ptnﬁz in dry and wet
condition. This can be assumed that thumidity is.ome of the significant factors
o he comp ok BN ] RO UA ) @ Wbk sceng
of the specnﬁlens aged with UV are higher than those aged without UV except
the specimens aged at a higher temperature with and without UV. This
implies that UV exposure is one important factor affecting the compressive
strength of carbon fiber reinforced composites. The regression analysis, as
shown in Figure 5.17 (a), confirms this implication, it reveals all the

significant factors affecting the compressive strength of carbon fiber

reinforced composites to be humidity (B), the combined humidity and UV
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Figure 5.15: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive strength in direction ""1" of carbon fiber reinforced epoxy composite
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Figure 5.16: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive strength in direction "1" of aramid fiber reinforced epoxy composit
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(BC), UV (C) and the combined aging temperature and humidity (AB)

respectively.

For aramid fiber reinforced epoxy composites in Figure 5.16 (a),
the compressive strength does not show a consistent trend for all aging
conditions. However, the compressive strength tends to decrease in specimens
exposed to more severe conditions. From Figures 5.16 (b), it is obvious that
the compressive strength of the specimens aged with wet condition are lower
than those aged with dry condition. "l\h ;! | idity is the significant factor

for the compressive strength. From Figure the compressive strength

of the specimens aged with m@ewhanm,ged without UV except
for the specimens aged arﬂ"r_ erature in wet condition with and

without UV. UV exposur a 'iihportant role on the compressive

strength of aramid fiber s This was confirmed in the

regression analysis, as s

factors affecting the co ramld fiber reinforced

composites were identified. ), he combined humidity

and UV (BC), and UV (C) respgetively _".L_: L
VR f:':}-fogy

The effects of vafroﬁs'- agmgjjfoi'amons on the compressive
Y

.

modulus of fiber remfor et-epOXy-ComL SS-ALe-SHOWILL -Ficure 5.18 and 5.19.

®
-
=

For carbon ‘gber reinforced composites itJiJFigure 5.18 (b) and

(c), the compressi = ime i et condition and
aged without leﬂmjﬂm&sﬁﬁeﬂ aﬁmﬁ and aged with
UV. Howev ressive modulfis of those d at a highef.temperature
vy bl vl T ek 1K TTa b Y T
with UV in ry condition as shown in Figure 5.18 (b). The compressive
modulus of the specimens aged at a higher temperature without UV are higher
than those aged at a higher temperature with UV as shown in Figure 5.18 (c).

Therefore, humidity and UV seem to play the significant effect on the

compressive modulus of carbon fiber reinforced composites.
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Figure 5.18: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive modulus in direction "1" of carbon fiber reinforced epoxy composit
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Figure 5.19: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive modulus in direction "'1'" of aramid fiber reinforced epoxy composit
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From Figure 5.18 (a), it is indistinct which factors affect the compressive

strength of the specimens for all four aging conditions.

For aramid fiber reinforced epoxy composites, from Figures
5.19 (a) and (b), it is also not apparent which factors affect the compressive
modulus of the specimens. However, the compressive modulus tends to
decrease when the specimens were exposed to more severe conditions,
especially in Figure 5.19 (a). From Figure 5.19 (¢), it is clearly seen that the
compressive modulus of the specimens a?geﬂ ith UV is lower than those aged
without UV. Therefore, it can be conclu@ the UV exposure is the
significant factor of the compressive godulus‘fo'ﬂ_a,ramid fiber reinforced

composites.

strain at yield of fiber rein y cbmfgosites are shown in Figure 5.20 and
ﬂ'- & .»j:',* #

compressive strain at yield does *ﬁoll_show_fifﬁrt’:onswtent trend for all aging
conditions. From Flgux;i 5.20 (b) “the comﬁr&swe st}am at yield of the

specimens aged in wei;j, - hose aged in dry condition
except for the specimen aged at a higher temperature wﬁ\ﬁ UV in dry and wet
condition. From Figure 5.20 (c), the compressive sfram at yield of the
specimens aged with DY @are dower thanjthose aged,without UV except for the
specimen aged at aghigher-temperature in dry condition' with @nd without UV.
Therefore, it can be assumed that humidity and UV are s1gmﬁcant factors on

the compressxve straifl at yield of carbon-fiber reinforced composntes

For aramid fiber reinforced epoxy composites in Figures 5.21
(a), (b) and (c), the compressive strain at yield of the specimens aged with
high level of aging conditions are nearly equal to those aged with low level of
aging conditions. There is only one difference in the specimen aged with UV
at a lower temperature in dry condition. The compressive strain at yield of the

composites in this condition is higher than any other aging conditions. Thus,
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Figure 5.20: Effects of temperature (a), humidity (b) and the UV exposure (¢) on

the compressive strain at yield in direction "1" of carbon fiber reinforced epoxy

composites.
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Figure 5.21: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive strain at yield in direction '"1" of aramid fiber reinforced epoxy

composites.
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only UV exposure may be the significant effect of the compressive strain at

yield of aramid fiber reinforced composites.

The effects of various aging conditions on the fracture energy of
fiber reinforced epoxy composites under compression are shown in Figure 5.22

and 5.23.

For carbon fiber reinforced epoxy composites, from Figure 5.22, it

0l

is apparent that the fracture energy\: imens aged with high level of

vel of aging conditions. It

humiidity and UV are the main

ber reinforced epoxy

aging conditions are higher tha
can be concluded that the
effects of the compressiv

composites.

ik
those aged with low level of a g_" itions.“Nevertheless, from Flgures 5.23

aging temperature mﬂuences shghtly the fracture energy of aramid fiber

g TNUNTNYINT
“ﬁﬁ"Tﬁﬁﬂ“i‘fﬁsﬂ%Wma 3

The effects of various aging conditions on the compressive
strength of fiber reinforced epoxy composites are shown in Figure 5.24 and
3.23,
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Figure 5.23: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the fracture energy in direction ""1" of aramid fiber reinforced epoxy composites
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Figure 5.24: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive strength in direction ""2" of carbon fiber reinforced epoxy composite
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Figure 5.25: Effects of temperature (a), humidity (b) and the UV exposure (¢) on

the compressive strength in direction ""2" of aramid fiber reinforced epoxy composit:
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For carbon fiber reinforced epoxy composites, from Figures
5.24 (a) and (c), the results show that there is no significant difference in the
compressive strength of the specimens aged with high level of aging
conditions and those aged with low level of aging conditions. This is because
the direction “2” normal to the principal axis of anisotropy is not the direction
of fiber alignment. From Figure 5.24 (b), however, the compressive strength
of those aged with wet condition decreased slightly and hence were lower

than those aged with dry condition. So, humidity slightly affects the

compressive strength of the composnesk , //

For aramid ﬁbemrced.ppoxm,psnes the compressive
strength results in Flgu?-;; 3) | d (ci-aht exhibit significant
difference between those aged: Wi h eVel of ;;fl“g‘condxtlons and aged
with low level of aging igure 5.25 (b), it is apparent that

the compressive strength

strength of aramld fiber reinforeed o@ﬂmom Jk
a,|‘...-4'-a'-. ‘ .-.am,;?j!

ﬂ

The effecti of vahoﬁ's-chmafg mons on the compressive
modulus of fiber reinforoed-epoxy-oii ites are show n Figure 5.26 and
5.27. o | -

—

UI
] ‘

o A Tt
the compressive ﬁ n ):a’ ith 'h level of aging
conditions q:iﬁ a ﬁ ﬁ'ﬁl ﬁﬁd with lowe=level of ag conditions.
Y ! RIRNY TR o

temperature are higher than those aged at a lower temperature as shown in
Figure 5.26 (a). The compressive modulus of the specimens aged at a lower
temperature with wet condition are higher than those aged at a lower
temperature with dry condition as seen from Figure 5.26 (b). Additionally, the
compressive modulus of the specimens aged at a lower temperature with UV

are higher than those aged at a lower temperature without UV as shown in

Figure 5.26 (c). Thus, the aging temperature, humidity and UV may be the
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Figure 5.26: Effects of temperature (a), humidity (b) and the UV exposure (¢c) on

the compressive modulus in direction "2" of carbon fiber reinforced epoxy composit:
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Figure 5.27: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive modulus in direction ""2" of aramid fiber reinforced epoxy composit



86

significant effect of the compressive modulus of carbon fiber reinforced
composites. Moreover, the compressive modulus tends to decrease when the

specimens are exposed to more severe conditions.

For aramid fiber reinforced epoxy composites, from Figures
5.27 (a), the compressive modulus of the specimens aged at a higher
temperature are higher than those aged at a lower temperature except the
specimens aged with wet condition at a higher and lower temperature. Hence,
the aging temperature plays a mgmt'\c Z/e affecting the compressive
modulus of the aramid fiber remforced com rom Figure 5.27 (b), the

compressive modulus of the m:ns aged M condition are higher
cept the ‘:*:E_E:'E’M!cns aged at a higher

than those aged with wet Gm'-i
temperature with UV in a “gon itibn. He:c»humidity is another

_‘uf'u‘l; ‘Q the aramid fiber reinforced

¥a i

_

_gui;e 7 (e), the compressive modulus

factor affecting the co

composites. In the same w

éd’ .‘5 et tha those aged with UV except
u.‘ sad

¥ J""
UV. Thus, UV exposure lsou_'gﬁe A ificant factor affecting the

The effects=-of ' i tal _eonditions on the

compressive strain at yiel:i )t fiber reinforced Bﬁ

Figure 5.28 and 5.29.

- e Q/
For ca@FuE\J{ gitﬂ&ﬂ@oﬁﬂﬂﬂi;re 5.28 (a), it
is obvious that t essive strair at yield ofsthe specimenS aged at a
’m LoOT S B S B W A Ge. i

means that agmg temperature is the main factor of the compressive strain at

ites are displayed in

|

yield of carbon fiber reinforced composites. From Figure 5.28 (b), the
compressive strain at yield of the specimens aged in wet condition is lower
than those aged in dry condition except the specimen aged at a higher
temperature with UV in dry and wet condition. From Figure 5.28 (c), the
cempressive strain at yield of the specimens aged with UV are higher than

those aged without UV except for the specimen aged at a higher temperature
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Figure 5.28: Effects of temperature (a), humidity (b) and the UV exposure (c) on
the compressive strain at yield in direction "2" of carbon fiber reinforced epoxy

composites.
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Figure 5.29: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the compressive strain at yield in direction '"2" of aramid fiber reinforced epoxy

composites.
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in dry condition with and without UV. Therefore, humidity and UV are
possibly the significant factors of the compressive yield strain of carbon fiber

reinforced composites.

For aramid fiber reinforced epoxy composites, from Figures
5.29 (a), (b) and (c), most of the compressive strain at yield of the specimens
aged with high level of aging conditions are nearly equal to those aged with
low level of aging conditions. There are some differences in the specimens
aged with UV in wet condition at a ‘lbr.' r.and higher temperature. The
compressive strain at yield of .__t;t_if cpmpo@ his condition apparently
differs from other compressive Strain at yield ‘of the specimens aged with the
rest of aging conditions. PHTS, .. ‘id"y anE-Mposure may be the

significant factors affecti npre si{fre yield-‘s"l'rain of aramid fiber

-

reinforced composites.

and 5.31.

was found that the fracture energy unde NPIESSION-0 (“the specimens aged
with high level of aging coaditions are almost equ oj aged with low level

of aging conditions. From ?llgure 5.30 (a), ‘the fracture enérgy of the specimens

aged at a higher te ﬁ;ﬁ;‘jw ﬂfﬂﬂ r}fier temperature.
The aging temperalt@ s sl lah t ;1 f the carbon fiber
reinforced composites. Figures 5.30 (b} and ﬁ do=not exhibit any’ consistent

rnd ofthe o i o o bodk Fbtoked pbbbis.

In contrast with the carbon fiber reinforced composites, the aramid
fiber reinforced epoxy composites exhibit some differences between the fracture
energy under compression of the ones aged with high level of aging conditions
and those aged with low level of aging conditions. However, from Figure 5.31
(a), (b) and (c), it is not clearly seen which factors affect the compressive

fracture energy of aramid fiber reinforced composites.



90

300
o~ ® Agedat40C B Aged at60C
o 250
3
<200
~ -~ W - -
g 150 —o— * *
£ 100 —
3
S 50
[V
o T T t § T T
Unaged Temp. Temp.+Wet Temp.+UV Temp.+UV+Wet
Aging condition
300 = /
s 3 Dry condition = Wet condition
¢ 250 :
2 200 — -
= &
g 150
o -
© 100 -
=]
g 50
w @ —
0 , . - :
Unaged. g "m: 60 C+UV
’ - ;
b
TRIN Y
300 -
&~ | thout UV &/ with UV
o 250
5
=
2 200
) @ ' g
g 150 e
2 100 — ——
AUy nehTnean.
& 1ld
0 . , ; :
0760 C+Wet

TRIAN TIUN 7

(c)

914 ¢

Figure 5.30: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the fracture energy in direction '"2" of carbon fiber reinforced epoxy composites

under compression.
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Figure 5.31: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the fracture energy in direction ""2" of aramid fiber reinforced epoxy composites
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5.2.3 Double torsion test

Double torsion test is applied to estimate the energy required to
break the composites, i.e. fracture energy. This test can be done by
investigating crack initiation during fracture. The stress field around a sharp
crack in a linear elastic material can be defined by a parameter called the
stress intensity factor, K. Fracture occurs when the value of K exceeds some

critical values, Ki.. For this reason, K is a stress field parameter independent
’r aterial property that is often
ted specimens of carbon

=

of the material while K;. is a measu

referred to the fracture toughness.

fiber reinforced epoxy compq&wm in

was broken along the U-g

2. Epoxy composites
en into two halves.
The crack propagates sl “right end. Fracture
surface of the specime lly by a scanning

electron microscopy (SEM

(5.5)

ﬂ‘iJEJ’WIEJ“r’]‘JWEJ’]ﬂ‘ﬁ

where P is the load ¢ the break point, ow‘“ is the moment arm, v 1s poisson’s

wio, W is RGNS E"lﬁf"sﬁ"ﬁ%&f‘i Bt s

specimen and t, is the plate thickness in the plane of the crack
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Figure 5.32: Carbon fiber :ein.ﬁrced ‘;e_ﬁ;o_x;y_ composites after double

torsion test. o3 ‘J:_,
v A

The specimen configuration under the double torsion test in the
present work satisfied a plane stress condition. Hence, the critical stress

intensity factor, the fragture energy, Gic; canbe gvaluated by Equation 5.6.

K2
Glc i E{'" (56)

where E is the modulus of elasticity.

The effects of various weathering conditions on the critical
stress intensity factor of fiber reinforced epoxy composites are displayed in

Figure 5.33 and 5.34.
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Figure 5.33: Effects of temperature (a), humidity (b) and the UV exposure (c) on
the critical stress intensity factor of carbon fiber reinforced epoxy composites.
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Figure 5.34: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the critical stress intensity factor of aramid fiber reinforced epoxy composites.
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For carbon fiber reinforced epoxy composites, it is apparent
from Figure 5.33 (b) that the critical stress intensity factor of the specimens
aged in dry condition are nearly equal to the critical stress intensity factor of
those aged in wet condition. So, humidity is not the significant effect for the
critical stress intensity factor of carbon fiber reinforced composites. Figures
5.33 (a) and (c) do not show any consistency. However, it was found that the
critical stress intensity factor of the specimens aged at a higher temperature
with UV both in dry condition and wet condition are higher than those aged
with other aging conditions. The interaction of )p the aging temperature and UV
is possibly the significant factor for the crn/t/ )ess intensity factor. The
regression analysis as showilii Figure! 5.335 @-:evealed the significant

factors affecting the critiCa]/s'—T;)T;g‘"

composites to be the aging tature (A), UV exposure (C) and the

ensity factor of €arbon fiber reinforced

interaction of aging temp .y.e);gpgsure (AC) respectively.

For aramid fib

from Figure 5.34 (a) that fhe ri

orced e})_roxy composites, it is clearly seen
cal+ stress"iﬂtsnsny factor of the specimens

aged at a higher temperatur Le“hxgha!_ﬂlan }hose aged at a lower

7l
temperature. Thus, the aging tempefai;ure 1% ‘of the significant effects for
the critical stress mtensxty factor, From Flgm'e'"s 34 (b), the critical stress

b r)

intensity factor of the §p imens-aged 1 s lower than those
aged in dry condition. So, humidity is one of the s1gnrﬁcant factors for the
critical stress intensity fggtor. From Figure 5.34 (c), it does not show the
consistent trend for! all] aging, conditians. ~Additionally,~the- critical stress
intensity factor of the specimers aged™with UV are mearly'equdl to the critical
stress intensity factor of those aged without UV, From the regressnon analysis
as shown in Flgure : B 35 (b), it is found that 'the significant faétors affecting
the critical stress intensity factor of aramid fiber reinforced composites are
the aging temperature (A), humidity (B) and the combined aging temperature,

humidity and UV exposure (ABC) respectively.
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The effects of various aging conditions on the fracture energy of

fiber reinforced epoxy composites are displayed in Figure 5.36 and 5.37.

For carbon fiber reinforced epoxy composites, similar with the
critical stress intensity factor, from Figure 5.36 (b), it is obvious that the
fracture energy of the specimens aged in dry condition are closely equal to the
fracture energy of those aged in wet condition. From Figures 5.36 (a) and (c),
it does not show the consistent trend. Nevertheless, it is found that the
fracture energy of the specimens aged. H igher temperature with UV both
in dry condition and wet condit@:ri l;fgh )efracture energy of those
aged with other aging conditions: The combined: effect of the aging

temperature and UV may 1 ant"fh the fracture energy.
From the regression analysi ‘ |

n n"‘:;Figure 5.38 (a), the significant
e

nj

factors affecting the frac £ carb fiber reinforced composites are

the aging temperature ) and the combined aging

temperature and UV expos

For aramid fiber gein ctﬁ eF composites, from Figure 5.37

(a), it is apparent that the fractur ‘ _ gy ﬂ specimens aged at a higher
*

- & § e
. LA 2 NS
temperature are higher tﬁan thoseaged at a@?emaer ure. Therefore, the

aging temperature is oné-of-the-significant-effectsfo: He fracture energy.
From Figure 5.37 (b), tfi}; fracture energy spd imens aged in wet

condition are lower than those aged in dry condition but not much. Humidity

may be the signif"ﬁiuit‘r o rﬂ UWr .dl‘r igure 5.37 (c),
alike the critical strgss uﬁgﬁﬁo{ it Es not'e;jhowl the “consistent trend
for all agin iti From, t B 1ysis nﬁ%’jure 5.38
o e T AN S T TR

reinforced composites is only the aging temperature (A).
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Figure 5.36: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the fracture energy of carbon fiber reinforced epoxy composites.
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Figure 5.37: Effects of temperature (a), humidity (b) and the UV exposure (c)on

the fracture energy of aramid fiber reinforced epoxy composites.
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Figure 5.38: Normal probability plots of estimate effect for the fracture

energy of fiber reinforced epoxy composites.



102

5.3 SAMPLE CHARACTERIZATION

The glass transition temperature (Tg) can be determined by a
wide range of techniques such as the measurement of volume (dilatometry),
specific heat (calorimetry) and mechanical properties, especially the modulus.
Dynamic mechanical analysis (DMA) test can be applied in the study of

viscoelastic properties of polymer, for instance, the storage modulus (E’), the

loss modulus (E”) and the loss factor 8) These properties are generally
detected against the change in the //emonstrated in Figure 5.39.

040
- 0.35
——0.”
025
:'0.20
— 015

—0.10

Figure 5.39: D,ﬂrfu Ej 63 wﬂ %@rw H"i'ﬂ;ﬂ aramid fiber

reinforced epoxy ¢omposites.

W AINTUUIVINEDN e

on the Ty’s of fiber reinforced composites are displayed in Figure 5.40 and
5.41.

From Figures 5.40 and 5.41, both carbon fiber reinforced
composites and aramid fiber reinforced composites seem to have the same

thermal behavior. From Figures 5.40 (a) and 5.41 (a), it is obvious that the T,
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Figure 5.40: Effects of temperature (a), humidity (b) and the UV exposure (c) on
the T, of carbon fiber reinforced epoxy composites.
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Figure 5.41: Effects of temperature (a), humidity (b) and the UV exposure (c) on
the T, of aramid fiber reinforced epoxy composites.
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of the composites aged at a higher temperature are higher than those aged at a
lower temperature. From Figures 5.40 (b) and 5.41 (b), the Tg’s of the
specimens aged in wet condition are lower than those aged in dry condition.
From Figures 5.40 (c) and 5.41 (c), the Tg’s of the specimens aged with UV
are higher than those aged without UV except for the specimens aged at a

lower temperature with and without UV.

Another important property evaluated via the dynamic
mechanical test is the molecular %&j een crosslink or M. High Mc
means that epoxy resin has Qu:qre .‘)ty that results in higher
possibility of mobility amo xy dlal

An analy51/

w%ween crosslinks was
ry of Rubber Elasticity under the
dn{ubwr-like. The molecular
€ bithe relationship shown
) - mr 5 A b |

in Equation 5.7 (Collyer, 199 wat ‘Chansak 96).

(5.7)

where G’ is the modulufjat the oxy was in a rubber-

like state, p is the density d4n>‘f:__“?poxy and M&‘i’s the molecular weight between

e AUEINENTHEINT
oo ARSI AT R

and 5.43.

From Figures 5.42 and 5.43, most of the aged specimens
possessed lower molecular weight between crosslinks than those of the
unaged ones. This implies an increase in the crosslink density after physical

aging. For carbon fiber reinforced epoxy composites, in Figure 5.42 (a) and
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Figure 5.42: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the molecular weight between crosslink of carbon fiber reinforced epoxy composites.
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Figure 5.43: Effects of temperature (a), humidity (b) and the UV exposure (c) on

the molecular weight between crosslink of aramid fiber reinforced epoxy composites.
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(c), no consistent trend was observed for the change in their molecular weight
between crosslinks. Although the molecular weight between crosslinks of the
specimens aged in wet condition are close to those aged in dry condition as
shown in Figure 5.42 (b), the molecular weight between crosslinks of the
composites aged in wet condition is consistently greater than those aged in

dry condition by a small fraction.

For aramid fiber reinforceq j;poxy composites, from Figures
5.43 (a), it is apparent that the molecular“_,{g( ht between crosslinks of the
specimens aged at a higher temperature are hig‘fx‘g’f—t:h'aln those aged at a lower
temperature even in the speeimcn aged in wet eondition with UV. From
Figure 5.43 (b), identic

molecular weight betwee

the carbon fiber reinforced composites, the

ks ‘of the aramid fiber reinforced composite

4 TG .

(b) are nearly equal to those aged in dry

Betﬁvee& erosslinks of the composites aged
-d n!

1ﬂgu,§e_t5.4§:,"='gp)£‘ shows that UV has significant

aged in wet condition in Eigu
condition but the molecular
in wet condition is still high
effect on the molecular weight between ci‘bﬁ@_&links of aramid fiber reinforced

epoxy composites aged at hig er*i!eﬂ)eratu?g‘:edﬁdltlons.

- Y L

5.4 EFFECTS OF HUMIDITY AND UV ON TL@J,MECHANICAL
7 A

PROPERTIES AND-THERMAL PROPERTY OF THE FIBER

REINFORCED EPOH)%Y COMPOSITES.

Fronfithe experimental results in the present study, it was found
that the flexurabstreneth andsthe compressive strength-of the,carbonfiber and
aramid fiber reinforced epoxy composites had been ‘decreased upon physical
aging, especially in the humidity and humidity-related aging conditions
except for the interaction of humidity and UV. This is because humidity is
trapped between the epoxy matrix and the reinforcing fiber, resulting in a

poor adhesion within the composites.
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For aramid fiber reinforced epoxy composite, it can produce the
hydrogen bonding with water at the amide functional group as shown in
Figure 5.44. This brings about additional obstacles to molecular mobility
within the composite when it was stressed. Hydrogen bonding formed with
the water also influences adversely on the stability of the molecule of aramid
fiber resulting in the strength reduction of the composite. Another explanation
is that the hydrogen bonding formed in the aramid fiber molecule causes the

separation of the chains and increases their general mobility. This is the effect

of plasticisation that will cause a redgé{W //\/ i

Figure 5.44: Functional arami er that can form the

hydrogen bonding. F

/ OXy resin as was
verified by the Fourier ﬂansfor'r‘n‘ ectrosc,gblc study (FTIR) in
Figure 5.45. Carbonyl group AC=0) was found at the wavenumber range of

1715510 o onfPlhdeed PSR TS AE biTne -0 sroup,

found only in the %ed composites, gonﬁrms that thermal ox1gstlon of the

o e RRANE PSSR 4R TG ¢
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07

D& reinforced epoxy
composites derived fronijhe DMA test, it can be rt@r analyzed to predict
the relaxation modulus of the.composites for short or long term behaviors by

e

temperature depe&lence of the sh‘;& factor can be represented by the

i R R TRTITA A INYAY

The temperature dependence of the shift factor based on the

WLF equation is given by Equation 5.8 (Williams, 1955).

logaT :-M:logi (5.8)
C2 +T _TS tg
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where C; and C, are constants, Ts is the reference temperature and T is the
experimental temperature. When T, is adopted for Ts, it is well known that C,
= 17.44 and C, = 51.6 (Ferry, 1980) for a wide variety of polymers and glass-
forming liquids. By changing two parameters, C; and C, the temperaturé
dependence of the shift factor (log ar) can be determined experimentally
under the various aging conditions. Since the deformation mode utilized in
the DMA test is deformed by flexural loading, the thermal data of flexural

properties is chosen for the calculation of ar. Corresponding significant

factors in flexural properties are hensﬁ )
mg temperature and UV

(A), humidity (B) and the co@
1d#y (Bﬂhﬂ combination of aging

amely the aging temperature

(AC) for carbon fiber com

temperature and humidity (

The shift c estim g to Equation 5.9

factors.

(5.9)

fue ’J°‘ffTTﬂﬁ%mm
—_— ﬁjﬁgmmmﬁ Ay rdye

log St =log;—T— (5.10)
S

log log
‘g lg
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17.44(T -T 17.44 -T
_ ( g)+ s g) (5.11)
51.6+T —Tg 51.6 +Tg —-Tg

~E=A —o—B AC

' mﬂumwwwmﬂs -

Tegnperature (K)

R VAT RATINYA Y

Figure 5.46: ql‘emperature dependence of shift factor for fiber reinforced

g

epoxy composites when the reference temperature is fixed at 303 K.

The temperature dependence of the shift factor according to

Equation 5.11 is exhibited in Figure 5.47.
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Figure 5.47: Compariso fiber reinforced

¥ LN

composite obtained fro \\\ ~\ study and those
predicted by the WLF equa nce temperature.
M'&"
As indicated perimental poin §, ‘the experimental shift
factors are very different fr fhe< curve dicted by the usual WLF
equation. Therefore, the paramet: t:-“'zf 12 ,-w Ca.in Equation 5.8 have to be

ten to be BEquation 5.12 (Ferry,
)

Cyand C, are added,
yielding Equation 5.12. J

ﬂuﬂ’mﬂﬂﬁW&J’]ﬂ‘ﬁ

Sp = og—— og—

AW AINI0 NMTWH’)@ d

log Sy +logSg -log—:—
g C2 +T T

1980). New parameters

L @-T) ¢, @-Tp)
logS7 +logSg Cl’ Cll

(5.12)

where log Sg is given by Equation 5.13.
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Ci\(T -T
logSg =-——,,1(—gl=logti= Constant (5.13)
C2 +TS —Tg tg

where t; means the time when the relaxation modulus is measured at Ty and ts
is the time when the relaxation modulus is measured at a given reference
temperature Ts. In other words, log Ss is the actual shift factor from Ty to Ts.
Equation 5.12 can be plotted to demonstrate the relationship between —(T-Tg)/
in Figure 5.48.

(log Sttlog Ss) versus (T-Ty) as illustra ]7 }
‘ T—
] ———

g 8B

g Ss)
8

~(T-Ty)(log Sy+lo
8 8 8 8 B B
ok, 1 1 1 1

8
8

7 == 5
Figure 5.48: The plotm;tween —(T-Tg)/(log Sﬁlo@ Ss) and (T-T,) to
l','ﬁii‘;iff,.f:;i@uﬁﬁm"ﬁVﬁWﬁ‘Tﬁ PR
S bl bl N@Jt“nﬂ AR AR Bz canve

correlated w1th C, and C, following Equation 5.14 and 5.15.

Cy = (5.14)

1
a
£y =§ (5.15)
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As a result, both the C; and C, are estimated based on the

experimental shift factors. Figure 5.49 shows the comparison between the

experimental shift factors and the curves predicted by WLF equation in which

one pair of the modified parameters (C;=0.7409, C,=112.6188) are applied.

o A B B
15 AC — WLF (A)
| WLF (AC)
1 -
N, —\
&
o 0 n
kel
05 -
1
-15
2 T T
280 290 300 360 370 380

Figure 5.49: Comparison of th “—"{ of carbon fiber reinforced

FA ﬂ.ﬂw

t e ental _study and those

: - ’
predicted by the WLF eguation using the m fvand C, .

y U

Equation 5.9 ds.independent qf_,the choice of Ts. It is often

useful to choose ﬂ u)@] @ %ﬁ] t‘iq;% ‘weﬂ ’&' ﬂ’? the graphical

evaluation that prcwldes new parameters C, and C2 for a ney, Ty (= T )

(Ferry, msacﬁa &b 1obs) Thdsd; M’k’,}emﬂ’}ayﬁqmms

5.16 and 5. 17

composite obtained from

Cy =CiC} AC +Ty ~T}) (5.16)

C5=Ch+Ty ~T; (5.17)
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So, C{ and C; can be determined from C;, C; and T, for the

arbitrary 7, . The shift factor for any Tg, log St, can be represented when Cy

and C, are known for a given T,. For this reason, C{ and C; are given as a

function of 7, in Equations 5.18 and 5.19 for carbon fiber reinforced epoxy

composites.

_ 83.6555
467 385

(5.18)

(5.19)

The compa cital shift factors and

those predicted by WLF displayed in Figure
5.50 (a). The experimenta e in good agreement

with the predicted curves odulus of the carbon

aramid fiber reinforced epoxy

" = AN ; =
andy C, are given in § 0 and 5.21. The
comparison between the'experimenta

by WLF equation is illus{lted in

AUEANBBINENT

443 .‘1501 —Tg'

ARIAIATURRIINYIAY e

There are not significant differences between Figures 5.49 and

”

corresponding C

Figure 5.50. But the advantage of the curve predicted by Equation 5.18, 5.19,
5.20 and 5.21, as shown in Figures 5.50 (a) and (b), is that the modified

” ’

’
parameter C; and C, are related to the glass transition temperature, the

important material property that can be measured.
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composites obtained from the present experimental study and those

predicted by the WLF equation using the modified C| and C;.
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The life span prediction of the fiber reinforced composites in the
present study can be performed by using the DMA data and the flexural data.
Thus, the short term dynamic behavior of the fiber reinforced composite can
be utilized to estimate their long term behavior. Figures 5.51 shows the
relationship between the flexural modulus and the expected service life of the
fiber reinforced composites studied in the present work. This predicted
behavior revealed that a change of modulus would be drastic at the onset of
the twenty first year for carbon fiber reinforced composite and the twenty
fourth year for aramid fiber reinforce ' ‘ @ Critically abrupted change

" year for carbon fiber

in the modulus is predicted be gw :
reinforced composite and the 24" 29’ yeo—n-mmld fiber reinforced
composite. A change in thef-' N o . the fiber reinforced
composite will occur afte: : eoxy composite has
been used for about 24 y 1 : of's \\- reinforced epoxy

composite will after about

ﬂumwamwmm
amaﬂmm UAIINYA Y
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(b) aramid fiber reinforced epoxy composite
Figure 5.51: Predicted flexural modulus along the service life of fiber

reinforced epoxy composites.
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5.6 MICROSCOPIC OBSERVATION

The fracture surface of fiber reinforced epoxy composites are
depicted microscopically in their fractographs in Figures 5.52 to 5.54 broken

by torsion.

Figure 5.52 (a) shows a broad view of the fracture surface of
carbon fiber reinforced epoxy composi;e fracked in the double torsion test.
Fracture surface of the carbon fiber rei,éﬁ/)ced composite seems rough,
implying that it is quite a tough material. T‘ég’;faces of the aramid fiber
reinforced epoxy composiﬁs_,jalgo fracJured in _t}Te._double torsion test, is

shown in Figures 5.52 (b)),iﬂh/

ifilar to those of carbon fiber reinforced epoxy
X

composites, the epoxy m | a wvery rough surface, also indicating

that the composite is a tou ial’ It can be seen from the Figure 5.52 that

_— !
the fracture surface of the d/fibet rﬁnfprced composite is rougher than
o 3

.. implying that the aramid fiber
o, o . )
r than the carbon fiber reinforced composite.

Yy il

tef fracture toughness observed quantitatively

that of carbon fiber rei d fcomposi

reinforced composite was t

This was reflected by the gr

in the aramid fiber reinforced composite in E s 5.33 and 5.34.
OmPOFIS TN

W
L ——

Further observation revealed river mafEiﬁgs:‘formed abundantly

in the epoxy matrix, a;_-j'shown in Figure 5.53. Specifically, the fracture
surface shown in Figure 553, was the epoxy layer at the middle of crack.
River markings were observed both in the gar‘bon‘fiber‘ reinforced composite
and in the aramid fiber reinforced composite. It is obvious that the formation
of the river " markings “résulted" /from| local| ‘plastic’’ déforiation (Jarun
Chutmanop,71994). Ii is an important:morphological clue for locating local
crack propagation. It can be utilized to indicate the direction of local crack

propagation.
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- Epoxy matrix

Carbon fiber

Epoxy matrix

Aramid fiber

(b) aramid fiber reinforced composite

Figure 5.52: Fracture surface of fiber reinforced epoxy composites.

Arrow indicates the direction of crack propagation.
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(a) carbonfiber einforced composite

" #

(b) aramid fiber reinforced composite

Figure 5.53: River markings in the epoxy matrix of fiber reinforced epoxy

composites. Arrow indicates the direction of crack propagation.
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Figures 5.54 demonstrate the adhesion between the fiber and the
epoxy matrix. The epoxy resin seems to adhere well to both carbon fiber and
aramid fiber. From Figure 5.54 (b), the epoxy matrix of the aramid fiber
reinforced epoxy composite has an elongated groove, representing a
morphological clue on the matrix and revealing the position where a fiber had
been placed prior to fractures. A part of the aramid fiber still lies on the
fracture surface of the specimen. This is a clue that indicates the quality of

adhesion between the epoxy matrix and the aramid fiber.

AULINENINEINS
RINNIUUNINIAY
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S8em 168526

(b) aramid fiber reinforced composite

Figure 5.54: Adhesion between fibers and epoxy resin in the epoxy

composites failed by double torsion test.
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