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The plain and satin fabrics were weaved with 66.67 tex flax yarns. With flax fabric as the
reinforcement and Unsaturated Polyester Resin (UPR) as the matrix, composites of two, three
and four layers were fabricated respectively by the Vacuum Assisted Resin Infusion (VARI)
technique. The wetting capability of the composites was tested firstly. The wetting rate illus-
trated that the weight of the composites were fast increased when immersed in the water. And
the impact property of the composites after saturated in the water for different duration time
was tested. The impact property of the four-layer plain fabrics composites was decreased af-
ter immersing in water for one-, two-and three-month. After reaching the minimum impact
property, the impact property was found recovered after six-month water immersion. For the
two- and three-layer plain fabrics specimens, the impact property was increased in the whole
experiment process. For the two-layer satin fabrics specimens, the impact property was in-
creased initially for one-month, decreased for two-month and three-month and increased in-
stead for six-month after water immersion. Scanning electron microscopy (SEM) confirmed
that the enhancement effect of the wet flax fibre may be over-weighed by the degradation ef-
fect of the materials. The results indicated that the materials had experienced some forms of
physical damage and/or chemical degradation. The weakening of bonding between fibre and
matrix and softening of matrix material were also reasons of the decreased composite property.
Keywords: Flax/UPR composites, wet aging, impact property.

TlosryueHbI KOMITO3UTHI U3 ABYX, TPEX W YETHIPEX CJI0EB OOBIYHBIX W ATJIACHBIX TKAHEN COTKA-
HBIX C JIbHSHBIMA HUTAMHU 66.67 tex ¢ momorbio meroga Bakyymuou uHQysun cvmosbl (VARI).
Brauaute uccienoBanu cmaynBasue KOMII03UTOB. CKOPOCTH CMAYMBAHUS ITOKA3aJIa, YTO BEC KOM-
IO3UTOB YBEJIMUUBAJICA IIPU IOTPYKEHUU B BOJAY. 3aT€M HCITBITAJIM CBOMCTBA KOMIIO3UTOB II0C-
JIe HACHIIIEHUsS B BOJle B T€UEHHE PA3JIMYHOTO BPEMEHHU. Y UYeTHIPEXCIIOMHBIX OOBIYHBIX TKAHEN
CBOMCTBA CHHUKAJIUCH II0CJIe BHIMAYUBAHUSA B TeueHue 1-3 mecsies. [locae mocrusxeHnss MUHU-
MyMa CBOMCTBA BOCCTAHABJIMBAJINCEH Uepe3d 6 MecsiieB BEIMauuBaHUsA. J[J1g9 IBYX- M TPEXCIIOMHBIX
OOBIYHBIX TKAHEU CBOMCTBA BO3PACTAJIM HAa IIPOTSAKEHUM BCero okcmepumeHTa. [ia mByxciroi-
HBIX aTJACHBIX TKAHEU Bo3pacTaHue ObLIO 1 Mecsll, 2 Mecsilia — CHUKEHUE U OIISITh BO3pacTaHue
mocJie 6 mecsieB. CkaHUPYOMIAA 9JI€KTPOHHAS MUKPOCKOIIUS IIOATBEPINIIA, YTO YIPOUHSIIOIITUN
a(pperT BIIAKHBIX JIBHSIHBIX BOJIOKOH MOKET yCTynaTh 9 eKTy merpamamuu marepuasa. Pe3yis-
TaTHI TTIOKA3aJIH, YTO MATePUAaJIbl II0IBEPTIINCH (PU3UUECKUM ITOBPEIKICHUIM W/ WM XUMUYIECKON
nmerpamamuu. OciabieHre CBA3W MeskIy BOJIOKHOM M MAaTPUIIEH U pasMardeHre MaTeprasa MarT-
PHIBI TAKKe OBLIN IPUINHON CHUKEHUS CBOMICTB KOMITO3UTOB.

JocaigskeHHsa IPUIIBUAIIEHOTO0 BOJIOroro crapiaua kommoauris HIIC, smimmenmux

asoHOM. Ban Ioxyn, Ilzu Inuao, Ban In, JIi Xyn

OTpuMaHi KOMIIO3UTH 3 JBOX, TPH 1 YOTUPHOX IIAPIB 3BUYANHHUX 1 ATJIACHUX TKAHUH COTKAHBIX
3 IbHAHUMY HUTKaMu 66.67 tex meromom Bakyymuol iudy3ii cmosu (VARI). Criouatky mocmiqumm
aMoueHHs KoMII03uTiB. [IIBUAKICTE 3MOUYyBaHHS ITOKA3aJIa, [0 Bara KOMIIO3UTIB 301IbIIyBasiachk
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mpu 3aHypeHHl y Boxy. Jlasi TecTtyBasu BiacTUBOCTI KOMIIO3UTIB MICJIsT HACUYEHHS Y BOJI1 IIPO-
TSATOM PI3HOTO Yacy. Y YOTHPHIIAPOBUX 3BUYANHNX TKAHWUH BJIACTUBOCTI 3HUKYBAJIUCH IIPOTSI-
rom 1-3 micsiis. Ilicisa mocsirHeHHS MIHIMYMY BJIACTHBOCTI BITHOBJIIOBAJIUCH uepe3 6 MICSIIIB
BUMOUYBaHHA. JJIg 1BO- 1 TPUINAPOBUX 3BUYAWHUX TKAHWH BJIACTUBOCTI 3POCTAJIN POTATOM
BCBOTO eKCIepuMeHTy. J[Jis ABOIIapoBUX aT/IACHUX TKAHWH 3pocTaHHs Oyso 1 micarms, 2 mics-
Il — 3HUYKEHHS, 1 3HOBY 3pOCTAHHs Iricysa 6 micamis. CKaHyBaJibHA €JIeKTPOHHA MIKPOCKOITLA
MATBEPAMIIA, 10 3MIIHIOBAJIBHUN e(EeKT BOJOTHUX JIbHSIHHUX BOJIOKOH MOYKE IIOCTYIIATHCS
edexrry gerpamarii marepiany. Pesynbratu mokasasu, 1o MaTepiaiy 3a3HAINA (PI3UIHUX YIII-
KoIsKeHb Ta/abo ximiunoi merpamarii. [lociabieHus 3B’A3Ky MisK BOJOKHOM Ta MATPHUIIEIO Ta
PO3M SIKIITEHHS MaTepiaay MaTPHUILl TAKOK CIIPUYNHSAIN 3HUKEHHS BJIACTHBOCTEM KOMIIO3UTIB.

1. Introduction

In recent years environmental problem
has become one of the major concerns about
the composite research. The high performance
synthetic fibres such as glass, aramid, nylon
and carbon are expensive and non-renewable
although they are used extensively for the re-
inforcement of plastics. The disposal of the
abandoned composite materials has become one
sources of environmental pollution when these
high performance fibers are involved. Eco-
materials based on renewable resources have
attracted growing attention. In many parts of
the world, apart from agricultural uses, differ-
ent parts of the plants have been found to be
viable sources of raw materials for industrial
purposes [1].Natural fibres, as a relatively
new group of environmental friendly materials
and a substitute of glass fibre in the composite
components, have gained renewed interest
in the last decade, by unifying technological,
economic and ecological aspects [2,3]. Natural
short-fibre reinforced polymeric composites are
finding applications in many fields ranging from
construction industry to automotive industry.
The use of natural short fibre in composites has
increased due to their relative cheapness, their
ability to recycle and for the fact that they can
compete well in terms of strength per weight of
material. Over the past decade, cellulose fibres
of a fibrous nature have been of great impor-
tance, because they can improve the mechani-
cal properties of composites compared to those
containing non-fibrous fibres [4-10].

Despite the attractiveness of natural fiber
reinforced polymer matrix composites, the
disadvantages are moisture absorption leading
to fibre swelling and local or seasonal variations
in quality that prevent wider use of the compos-
ites. The possibility for the outdoor applications
makes it necessary to analyze their mechani-
cal behavior under the influence of weather-
ing, which is not a well-studied area. Exequiel
Rodriguez et al. have reported that glass fibre
composite absorbed ten times less than the jute,
sisal and flax composites. Moisture absorption
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studies of sisal fibre reinforced polypropylene
composites have been reported by C. P. L.Chow
et al. It has been concluded that the mechanical
strength decreased continuously by hot water
immersion treatment. Rouison D. et al. studied
water absorption of hemp fiber/unsaturated
polyester composites and found composite
samples immersed in water reached saturation
levels after about eight months and showed no
signs of cracking due to swelling [11-13].

The flax plant is a member of the Lina-
ceae family which is important for the pro-
duction of low density fibre. Different variet-
ies of flax are grown in Netherland, Belgium,
France and North China. Flax is one of the
major natural materials with great potential
application in the composite field. Compared
with the high performance fibers, such as
Kevlar, carbon and glass, the main flax fiber
has much higher moisture absorption ability
because of its chemical composition and mo-
lecular structure. Questions have been raised
regarding the property of the flax reinforced
materials after long time exposure to high
humidity environment. The effect of moisture
on the composites is an important matter since
such environmental factors are often present
in actual service conditions. It is indispensable
that the composites retain their mechanical
properties with less degradation in the moisture
environments [14-17].

It is believed that in the humid environment,
water molecules will enter the interface of
the composites because of the capillarity [18-
19]. The polymer matrix and the fibre/matrix
interface can be degraded by a hydrolysis
reaction of unsaturated groups within the resin
[20-23]. Debonding may occur at fibre/matrix
interface [24]. A concern with using flax fibre
composites in high humidity conditions is the
limited understanding and small database of
information of their durability.

The aim of this study is to find out the
mechanical behavior of the flax/UPR composites
after long term water damage and compare
the impact property variation of different
composites. In this investigation, two-, three-
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a) Plain b)  Satin

Fig. 1. Fabric structure

and four-layer flax fabrics constructed by plain
and satin weave fabricated with unsaturated
polyester resin (UPR) by using the vacuum
associated resin infusion (VARI) technique
firstly. Moreover, the laminates were put into
a water tub. After different duration of soaking
time, the impact property of the samples was
tested. At last, SEM is used to investigate
the degradation mechanism of the flax/ UPR
composites after immersed in water for certain
period of time.

2. Experimental

2.1 Fabrics weaving

The flax yarns used in the experiments were
provided by the Jamusi Textile Company (Hei-
longjiang province, P. R. China). The yarn fine-
ness was 66.67 tex with the tensile strength of
944.8 cN and elongation at break of 1.48 %. The
fabric was woven on a rapier loom developed by
the Tianjin Polytechnic University. The plain
and satin fabrics were weaved with the warp
count of 100 ends/10cm and weft count of 100
picks/10cm. The plain fabric area weight was
127.95 g/m? and thickness 0.59 mm. The satin
fabric area weight was 118.68 g/m? and thick-
ness 0.75 mm. Figure (1) illustrated the fabric
structure.

2.2 Composites fabricating

Vacuum Assisted Resin Infusion (VARI)
technique was used to fabricate the two-, three-
and four-layer laminates, separately with the
size of 300 mmx300 mm. UPR 196 s was se-
lected as the matrix, which viscosity was 0.22-
0.44Pa-S at 25 °C and corresponding hard-
ener methyl ethyl ketone peroxide (MEKP) as
well as promoter cobalt naphthenate were in-
cluded in the ingredient. The percentage was
100x1.2%1.5 in weight. VARI technological pro-
cess is shown in Fig. (2).
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Fig. 2. VARI technological process, where,
1 — resin entrance; 2 — resin distribution (three
sections); 3 — skimmed film; 4 — rigid mold; 5 —
fabric; 6 — air tube (connecting vacuum pump);
7,8,9 — flexible molds.

2.3 Wetting rate testing of the compos-
ites

According to the GB1034-86, laminates
were cut into the size of 20 mmX20 mm and im-
mersed in distilled water at room temperature.
The specimens were taken out from distilled
water, wiped and weighed. The wetting rate
was calculated using the following equation:

_I/Ift_WO

R % 100% (1)

0

where, R — the wetting rate; W — the compos-
ite weight before wetting; W, — the composite
weight after wetting.

2.4 Wet aging of the composites

According to the HB7401-1996, 48 hours after the
fabrication of composites, samples were divided into
five groups corresponding to different water immersion
periods. In the experiment, five time intervals were
used, i.e. 0, one, two, three and six months respectively.
The composite panels were immersed in a large tub
containing distilled water. The room temperature
during the experiment was within 25~30 °C. The
panels were withdrawn from the water at planned days,
wiped dry to remove the water on the surface. After
weighed, impact property was tested within 30 minutes
after the withdrawal of the samples from the tub.

2.5 Impact property testing of the com-
posites

Laminates were cut parts of 95 mmXx95 mm
in accordance with ASTM D3763 rules. The
impact property was tested with the Universal
Impact Tester (INSTRON Dynatup 9250HV,
United States). The weight of impact hammer
was 5.7806 kg, form was bullet and speed was
2.5 m/s. For each group of composites, the val-
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Fig. 3. Wetting rate of composites

ues of the impact property were the arithmetic
mean of at least eight specimens.

2.6 SEM Testing of the Composites

The broken sections of the flax/ UPR composite
before and after the water immersion were investigat-
ed by SEM (Quanta-2000, Czech).

3. Results and Discussion

3.1 Wetting capability of the composites

The wetting rate of different layer compos-
ites was shown in Fig. (3).

From Fig. (3), it can been seen that the wet-
ting rate of flax-reinforced UPR composites in-
creased fast during the prime 24 hours, with
2-layer specimens 3.23 %, 3-layer 2.98 % and
4-layer 3.11 %. From 1- day to 6-day, in spite
of the data fluctuating, the total trend of wet-
ting rate curve raises and reached to the maxi-
mum, i.e.2-layer 5.19 %, 3-layer 5.58 % and 4-
layer 6.2 % on 9-day in this experiment. The
reasons were as follows. Firstly, hydroxyl cova-
lent binding occured between water molecules
and flax fibre or resin matrix. And at the same
time, water molecules arised capillary infiltra-
tion along the inter-phase between fibre and
resin and the holes in materials. Moreover, the
weight of materials decreased owing to water
dissolution and degradation. Therefore, it was
obvious that the weight changes of the flax-re-
inforced UPR composites were affected by the
two aspects above.

3.2 Effect of impact property

The two-, three- and four-layers plain fab-
rics-reinforced UPR composites and two-layers
satin composites were immersed in distilled
water for one, two, three and six months respec-
tively. The impact properties were tested and
the results were shown in Fig. (4) and Fig. (5).

From Fig. (4) and Fig. (5), it can be seen that
the impact property of different composites was
different. The impact property of the two-layer
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Fig. 5. Impact energy of composites

satin composites was decreased for two- and
three-month. The impact property of the four-
layer plain composites for one-, two- and three-
month was decreased obviously but recovered
for six-month. From the original specimens,the
impact property of the four-layer composites
was the best. The decline of the impact prop-
erty of the composites obtained in this experi-
ment may be a consequence of the different in-
fluence effects: the (1) material decomposition;
(i))interfacial debonding; (iii) voids and cracks
in the material. When the composites had been
immersed in water, water molecules firstly en-
tered the free space of voids and cracks in the
composites, at the same time, water molecules
could rapidly pass through and diffuse along the
interface between the fibre and matrix owing to
the capillarity. The inter-facial bond strength
had been weakened by the plasticization effect
of the absorbed water. On the other hand, wa-
ter molecules would be attracted by the hydro-
philic groups in the flax fibre and the unsatu-
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Fig. 6. Original two-layer

rated polyester. After longer time immersion in
water, hydrophilic groups of the polyester and
the flax fibre would have chemical reactions
with water molecules. The result suggested an
irreversible process might be the cause of the
property deterioration of the materials.

Compared to the original specimens, the
impact property of the two-and three-layer
plain composites for one-, two-,three-and six-
month was increased after immersion in water.
And the two-layer satin composites for one- and
six-month were increased. As was discussed
above, the deterioration of the matrix, the re-
inforcing material as well as the interface was
also unavoidable. However, the water may act
as a plasticiser to favor the impact property.
Compared with the original air molecules
trapped in the voids before water immersion,
water molecules would be more active in resist-
ing the impact action. Moreover, the specimens
tested after the withdrawal from the water
were not completely dried, this promoted to
the impact property because the wet flax was
swelling adequately and wet strength of flax is
much larger than its dry strength. Finally, the
complex curing and fabricating processes leaded
to the consolidation of the composites was in-
complete. After longer time immersion in water,
the unsaturated polyester may have oxidation
reactions with the oxygen in the water, which
may lead to an increase of the cross-linking
density of the matrix and further enhance the
impact property of the composites.

From Fig. (4) and Fig. (5), we can also see
that the two-layer plain and satin composites
appeared different results. The impact proper-
ties of the two-layer plain composites were in-
creased after immersion in the water. Those of
the two-layer satin composites was increased
for one-month and six-month and decreased
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Fig. 7. Two-layer for six-month

for two-month and three -month after immer-
sion in the water. The reason for the difference
of impact properties was owing to the fabric
structure. The plain was of the most crossing
point and the satin was of the longest float. The
plain and satin fabric with same warp count
and weft count were of different area weight
and thickness, the former 127.95 g/m? and
0.59 mm and the latter 118.68 g/m? and 0.75
mm, which were the major factors influencing
the impact property of composites. The two-
layer plain fabrics-reinforced composites were
possible of more voids and cracks and poorer in-
terface between fibre and matrix than the satin
fabrics-reinforced composites. In other words,
the plasticization effected by the water may be
contributed to the improvement of the impact
properties.

There was one exception of the data in the
Fig.4, compared to the other two-layer plain
specimens, the impact load of the two-layer
plain composites was increased a great deal
after two-month soaking in water. The higher
standard deviation showed an unsteady trend
which might be arisen by the experimental
error.

The panel layers and fabric structure may
influence the impact property testing results in
water durability studies if the duration of the
immersing time was relatively short.

4. Failure mode

Figure (6) and Figure (7) showed the SEM
images taken from the broken sections of the
two-layer plain specimens before and after the
water immersion respectively. Figure (8) and
Figure (9) showed the broken section of the
four-layer specimen before and after the water
treatment.

Functional materials, 23, 1, 2016
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Fig. 8. Original four-layer

From Fig. (6) and Fig. (8) it can be seen that
the matrix was closely adhered with the flax
fibre bundle. Delamination between the fibre
and the matrix can’t be detected. During the
impact property test, no pull out of the fibres
from the matrix was found. All of these results
prove that the interface between the flax fibre
and the polyester matrix was perfect.

After six-month water immersion, Fig. (7)
showed that the flax fibres were still closely
been held by the polyester resin, no obvious
debonding had been found. The enhancement
effect of the wet flax fibre may be overweighed
by the degradation effect of the materials.

From Fig. (9), it can be seen that the inter-
face between the flax fibre and the UPR matrix
in the four-layer specimen was bare with fewer
adhered resin particles. This may illustrate that
debonding happened between the fibre and the
matrix. During the moisture absorption, water
molecules came into the free space of polymers
or micro-voids formed by cavities and cracks,
which induced more new macro-cavities and
cracks with time prolonged, thus the interface
was gradually damaged.

The results indicated that the materials had
experienced some forms of physical damage
and/or chemical degradation. The weakening of
bonding between fibre and matrix and soften-
ing of matrix material were also reasons of the
decreased composite property.

5. Conclusions

In this research, flax plain and satin fabrics
were used as reinforcement and unsaturated
polyester as matrix. The composites of two-,
three- and four-layer were fabricated respec-
tively by the VARI technique. The experiment
was illustrated that water molecules played a
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Fig. 9. Four-layer for three-month

significant role influencing the impact property
of the composites.

Most of the two- and three-layer plain and
the two- satin fabric-reinforced composites had
a relatively better water durability by the ex-
perimentation. Although the impact energy of
two-satin fabric-reinforced composites after
immersion was decreased by 5.1% for two-month
and 16.5 % for three-month, it was increased
by 34.6 % for six-month. The change of the im-
pact property of four-layer plain composites
was more outstanding than others. The im-
pact energy of the laminates after immersion
was decreased by 30.5 % for one-month, 33.8
% for two-month, 44.5 % for three-month and
2.0 % for six-month. The reason might be that
the water immersion aging affected the micro-
structural integrity of the laminated plates
causing numerous defects.

For the flax fabric composite aimed as im-
pact property in the humid environment, it was
not beneficial if the layer of material was added
in this experiment. It could be illustrated by
the reduced impact energy of the four-layer
composites resulted from the deteriorated
fibre, matrix and interface. The maximum
decrease rate of the impact property was
44.5%. For the four-layer laminates employed
in the research, the chemical reaction of the
water molecules with the fibre and the matrix
and the delamination damage caused by the
penetration of the moisture into the materials
would be faster and earlier.

For the material with suitable layers, the
serrate change of the impact property revealed
that there were conflict effects in the material.
When the composites were immersed in water,
the voids and cracks in the material would be
gradually filled with water molecules, and the
capillarity effect would encourage the water
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penetration. With time prolonged, it was un-
derstood that chemical reactions would hap-
pen between the water molecules and the flax
fibre as well as the matrix. This would damage
the impact property of the laminates. On the
other hand, the water molecules were consid-
ered responsible for the increase of the impact
property with longer time water immersion.
The material was more even than the original
penal because of the filled voids and cracks by
the water molecules and the fibre and matrix
would be bonded with the hydroxyl group of
the water, this would resist the damage during
the impact testing. At the same time, the wa-
ter might work as a plasticizer for flax fibre to
resist the impact action resulting an increased
impact property. So the moisture durability of
the composites may be improved by the appli-
cation of the flax fibre.

Therefore moisture absorption should be
taken into consideration when flax fibre was
employed as the reinforcement in the compos-
ites because of its hydrophilic nature in order
to obtain reliable composite materials.
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