CHAPTER IV

EXPERIMENTAL WORK

The following experimental work was progressed in order to
examine the physical aging effects on the mechanical properties of fiber-

reinforced epoxy composites. This chapter explained the characteristics of the

materials used in this research as , | experimental techniques such as
mechanical testing and sa charact &
—_— 2=,
4.1 MATERIALS )
4.1.1 Epoxy resins /;‘ )~ \

y industries and could easily
react with most curing arbon or aramid fiber,

laminated epoxy comp is k ) 1 ‘excellent performance. The
epoxy resin employed in _en ork w. gmented diglycydyl ether of
bisphenol A (DGEBA). It waé_nﬁﬁﬂfg:’ ired by Master Builders Incorporation
under the trade namé-of MBrace Saturant, Part A_The-structure of DGEBA is

"eps at 25 °C. The density

presented in Figure 4.1. Its

I
is 984 kg/m’. \
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Figure 4.1: The chemical structure of diglycydyl ether of bisphenol A
(DGEBA).
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4.1.2 Curing agents

MBrace Saturant, Part B, also manufactured by Master Builders,
Incorporation, was utilized as the curing agent in the present work. It is an
aliphatic polyamine adduct in which the polyoxypropylenediamine is the
largest of its part. The chemical structure of polyoxypropylenediamine is
depicted in Figure 4.2. The polyoxypropylenediamine was selected to be the

curing agent in concrete application due to its reaction with epoxy resin to
form crosslinkages at room tem w, lyoxypropylenediamine is a clear,
colorless to slight amber li & 1ty and ammoniacal odor. It

has an amine content of Qma dqsuy;m,kg/m approximately.

Carbon fiber mﬁ{l}iat}i ced composites have been used as

aerospace M&ﬁ

ight, hlgh tensil

structural material i plications, especially

those in which light
are required. PAN-b

trade name of@()ﬁléj 3 t was Ghosen for this present study. Figure
4.3 shows the b %ihwgaj ’rlﬂ ﬁn It was made of
carbon fiber strands bundled and ©riented in unique directional arrangement.

thas JdgRHY B2 gt Joid Bhr | arpaly g | o wim The

thicknessqis 0.111 mm.

n-corrosive propertles

d carbon fiber mat from Tormn Corporation under the
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Figure 4.3: FORCA Tow/Sheet, L 4
Fd

4.1.4 Aramid fiber . ,' o '
2 dda

—
I =
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Aramid fiber _l}a_s_.,fl)een u?gg,;gg composites to prepare light

weight, strong and;l%gtiff composites. Aramid compés}tes are known to be

resistant to fatigue,“umpact failure and stress rupture;ahd they have excellent

wear resistance. In this study, the aramid fiber tow mat was obtained from

Tonen Corporation. Figtire,4.4 displays the structure of the aramid fiber tow

mat. It has a |density/"of 145 g/em’ and the fiber weight of 280 g/m?. Tts

thickness is 0.193 mm.
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Figure 4.4: Aramid fibe

4.2 EXPERIMENTA

factorial design is thermost e ' his type of experiment. It

is widely used in research work because all poss ble combinations of the
levels of factor f replication of the
experiment. If @ﬁg ‘;aﬂ'ﬂ ﬁa oﬂ‘ffjﬁi of factor B, then
TS BTN A Y

In this research, there are three independent variables for the
aging conditions. The quantitatively independent variable is the aging
temperature, while the two qualitatively independent variables are the
presence of humidity and the presence of UV light. Each variable is designed
with two levels. Though qualitative, the amount of these variables were kept
constant at each level. The design applied in the present study is a 2? factorial

design. The eight possible combinations of the three variables, represented by

12416DH4D
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a, b, ¢, shown geometrically as a cube in Figure 4.5, would be investigated.
For the aging temperature, the high level was set at 60°C, the highest
temperature expected on the composite applied on  strength concrete
structures under outdoor service as well as the highest temperature operatable
on the Accelerated Weathering tester. By the same consideration, the low
level was 40°C. This is approximately the average temperature observed
mostly in the concrete exposed to daily sunlight in Thailand. Since the

carbon-reinforced composite and the aramid-reinforced composite in the

present study are widely useQ\!cj Wrcing concrete structure, the

aforementioned temperature...g-t4~09 ’)‘()e selected as the low aging

d‘en}udy The' hurﬁ;:;:&the specimen at high level
1f1

temperature for the pr

whlle the low level was

was kept in wet con % \
jum o en thatpou d be considered as close
mxpp%n é each\'gng condition with UV,

operated with dry conditi
to 0% relative humi
exposure was achiev
W/m?/nm for 168 hou

level was that without UV’ e Gsure atJ n ing condition.

Fi

quﬂaWﬂMﬁwaﬁﬂi
ran QA AT O] 2198 e e o

factorialidesign with three varia

From the geometric notation in the factorial design, the + and -
designated notations were used to signify the high and the low factor levels
respectively. A list of the eight conditions in the geometric notation for this

work was exhibited in Table 4.1.
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From Table 4.1, the aging conditions could be translated from +

and — to real conditions for the experimental work as depicted in Table 4.2.

Aging condition Factors
Aging Humidity UV exposure
temperature (A) (B) ©)
1 - “+ +
2 - T -
3 ) - %
4 - -
5 + +
6 . -
TN
7 \ 2 -
8 i _ -
Nz P\
Table 4.1: The desig -7 \
PR '**
elely .
Aging condition i = s Responses
P
AgingT— idit uv
L TRR y 67)
rature (°C) | exposure
1 | Yes V1
% j_u None V2
3 ¢ 40 o Dry Yes y3
4 "i ” EI BOP _ml j erl I ”I !jNone Va
5 W 60 . We Yes Vs
TQ 1ﬂ?‘ [ ﬁu, r] ﬂ Ve
A 60 Dry ~ Yes y7
8 60 Dry None y8

Table 4.2: Aging conditions from 2° the experimental design.
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4.3 PROCESSING TECHNIQUE

4.3.1 Curing of the epoxy resin with curing agent

In order to cure the epoxy resin, a stoichiometric amount for
both the resin and the curing agent was used. This was calculated as 100 part

by weight of the epoxy resin to 33 by weight of the curing agent. Both

the epoxy resin and the curmg\ @poured and mixed by stirring

thoroughly. Subsequentlyi sferred to an open mold that

had b d fi terial
ad been prepare or co/ tpa ia m

4.3.2 Preparation of co

d for manufacturing fiber-

Many
Ehrface to yield a desired

reinforced composites

..-.-___,H____’,. "‘

hand laminating proc@} It is the sim: and ¢ ea;ﬁst method of fabrication

that involved the manu%l lacement of t fiber reinforcement layer and the

mixed resin 1ﬂ H‘EJ’Q“WE’%% stﬂ "‘;ﬂlﬁ essential to place

several successive layers. Three- I%yered lammate was prepared in the present

A AL T TR

epoxy resin and curing agent, was applied to the metal mold with the help of a
brush for a thickness of about 0.5 mm. The resin was left for curing at room
temperature for six hours. Then, the epoxy resin mixed with the curing agent
was added again to form the first ply of cured epoxy resin until it met the

desired thickness of about 1 mm.
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Next, the carbon fiber tow mat was laid on top of the wet resin
to form the second ply. Any bubbles trapped between the resin and the carbon
fiber were eliminated with the assistance of a solid-haired roller and a rubber
brush. Then, the third ply, which is the epoxy resin coat, was applied. Like
that of the first resin coat, the mixture of epoxy resin with curing agent was
transferred to the mold with the aid of a brush till it reached the desired
thickness of about 3 mm. Subsequently, the composite was left to cure for one
week at ambient temperature. After the hand lay-up process was finished, the
composite was cut to the desired shap’e’i/ dimensions. They were then
ground and polished.

All composi j‘n_lex‘xs@l in this experiment were aged
according to the condition S ayed Table 4.2. They were aged in the
QUYV accelerated weathgfin .'g
Figure 4.6 shows the QU . ce’lerated %ai"henng tester used in this study.
Figure 4.7 exhibits the top view é‘f‘ihe spe&xen racks within the tester.

¢ J 8 .:i'f‘

el "

—
—

tdster for prlods up to one week (168 hours).

The QU\{ accelerated the aéi"hg of the c?mposnes by exposing

them to alternating c sc] ul -aj controlled, elevated

temperature. It s1mu§1}ed the effect of sunhght by using fluorescent
ultraviolet (UV) lamps.  Simulated dew and rain was achieved by using
condensed humiidity |aid ‘walet $prays ~For lthe| aging <Conditions without
humidity and UV eprsure (or the Aging conditions 4 and 8 in Table 4.2), the
carbon and the aramid-reinforced,epoxy composites were .age_“d‘in‘ an oven that
controllea orﬂy the temperature for identical duration.‘Both the 'vacuum oven
and the air-circulating oven were used to cross check the amount of humidity
remained in the air-circulating oven. For this reason, there are a total of ten
aging conditions investigated in the present study as were summarized in

Table 4.3.
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Aging condition Factors Responses
Aging Humidity uv (y)
temperature (°C) exposure

1 40 Wet Yes Vi
2 40 Wet None Y2
3 40 Dry Yes V3
4 40 Dry None Va
5 40 Dry None ys
6 60 ‘w / / ot Yes Y6
7 60 \Q“ W None y7
8 . - Yes Vs
a N G

107 ‘ AW/,‘E‘;\ \‘\1 None yio

* tested in air-circulating ove

** tested in vacuum OVé

Table 4.3: All aging conditions fro : ac rs, each was controlled at

two levels.

4.4 MECHANICAL TESTING

i

4.4.1 Flexural test fn | o/
AUYINYNINYING
Flexural testing was mostly carréhd out for ¢ posxtes under

ey RGP BEAINNT 112 Ay
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m J_2mm
T

@

15 mm

100 mm

P ——

Figure 4.8: Three-point bending test where (R),(R’) are supports and (L)

is Loading.

Test specime
| — ——

into a rectangle of 15 mm_in.wi 100 m h and 2 mm in thickness,
as illustrated in Figure 4" en the flexural test was
1 [ A " R
o A8 ; Ny

conducted by using a OYD model 2000R).
The specimens were pre
method specified for car ' f lastic (CFRP). It was also
applied for testing ara

three-point loading in thi

and R’ was 80 mm. The crosshead speed was/set constant at 5 mm/min. Five
specimens were tested for eagh;gg‘q_jg; condition. The testing temperature was
2542 °C and relative idi verage values were

reported.

VEINENINEINT

Compression test of spolymeric materials wasgnot as widely

oSG 55 Tl 4 o8 g bbdse i s

not very siﬁlple to perform and to analyze. However, during the service life of

4.4.2 Compressﬁp test ¢ L
4

most composites, they are often subjected to compressive load.
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Compression test of polymers was performed following the
standard test procedure in ASTM D695. Test specimens in the form of a
square of 12.7 mm x 12.7 mm with a thickness of 3.2 mm were individually
compressed between two parallel plates at a constant crosshead speed of 1.3
mm/min. The test specimen and the compression anvils were demonstrated
schematically in Figure 4.9. The compression test was conducted by using a
universal testing machine (Shimadzu model AG 2000G). The test was carried
out at a standard condition of 25%2 °C and 50t 5 % relative humidity. For
anisotropic materials, ten specimens, ngxﬁ ﬁve normal to and five parallel
with the principal axis of amisotropy, w d for each condition. Mean

values were reported and-analyzed in S.’ectlon 52.’"
—

feszmn

fiber alignment

QB —

® fiber alignment
L__@:
HA

specimen; (a) is a spfclmen “toaded pax‘iﬁ'é‘l with thf fiber alignment and

hj

Tl i
4.4.3 Double torsion fgst

(b) is a specimen lo}I

The fracture toughness of a material can be mieasured by testing
a specimen of finite.size containing a machined-niotch. The notch, itself can be
extended by propagating under appropriate loading'so that the tip-of the notch
is sharpened. Double torsion test is one type of tests designed for the

determination of the critical stress concentration factor under mode I (Kjc).

The double torsion specimen was a rectangular plate supported
on two parallel rollers of distance 34 mm apart. Two hemispheres were placed
on each side of the notch or a pre-crack at one end of the specimen. Their

function was to apply compression load so that the two halves of the
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specimen were in torsion. The specimen was also grooved on the lower
surface along its length to ensure that the crack would propagate along the

midplane. Figure 4.10 showed the shape of the double torsion specimen.

- 50 mm

<
«

v

110

fiber alignment

110 mm in length, 50 i th-a d in thickness. It was grooved
along its resin face to in width and 1 mm in
depth. One end of the g the crack initiation. The

double torsion test was p lg,;a Al test specimen on the double

fixture and the specimen were then

e

speed of 0.5 mm/m'ﬁ'.} All double torsion '
2 °C and 50%5 % relative humi an 40 hours prior to the

double torsion test. Thiee specimens were examinemfor each condition and

UEINENIWEIng
AMIAN TN INYAE

average values ﬁre furthersanalyzed in Section 5.2.
U
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Specimen

Crack .
T

4.5 SAMPLE CH

4.5.1 Dynamic mech
Dynamic test'is ﬁﬁimpdm in the case of polymeric material

th 11-k t d of loadi Such i
due to their well-known SCHS}UVI T %_spee of loading. Such is a
consequence of poly_fﬂers being v1scoelastlc The Maﬂl}c test is often applied

when a polymeric t or repeated (cyclic)

specimen is su

"

loads that are not designed to cause - ¢, i.e. nondestructive testing. For

dynamic mechanical test,.the polymer sample is deformed cyclically under

- amplmﬂ | gitusoidal/| foady'| Wnilé! fthe | felnperature is  raised

simultaneously. The deformation d.nduced by the small amplltude sinusoidal
ot SR AREYRGEIS B4 YLD oo o
linear vistoelasticity. They are the storage modulus that tends to reflect the
elastic response of the material, and the loss modulus or tan & that tended to
reflects the viscous response. This technique is also used to determine the
glass transition temperature (Tg), an important characteristic of amorphous
polymers. It is called the “glass transition” because the structure and
properties of polymer below the T, are reminiscent of those of ordinary glass

that is hard and rigid. Above the T, the molecules have more energy and
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hence the movement of molecular segments becomes possible. In the glass
transition region, polymer is soften considerably. The T, was estimated at the

peak of tan & curve obtained from dynamic mechanical testing.

In this research, the dynamic mechanical test was performed by
using a Netzsch DMA 242. The dual cantilever bending mode was selected.
The specimen was 10 mm in width, 60 mm in length and 3 mm in thickness.

The test was proceeded at a frequency of 1 Hz over a temperature range from

30°C to 200°C with the heating ‘;’#})ﬁn.

— :

4.5.2 Morphological iwn
The micos/ N
could be viewed b e ero y.
n
SEM

electron beam to ex

used a focused electro
composites in the prese
to study the fracture surfa .
kV was used. The fracture surfaces w uttered with 300 A° in thickness of

P w5
gold. Fiber orientat’iﬁn and adh f th / resin matrix phase to the
( :

fiber were observed ¥o-verity-the-existence ot intertacial attachment and also
to seek evidences of ﬁfa‘ e W

AUEINENTNYINT
AMIAN TN ING I
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