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Abstract

The main aim was to measure and evaluate the absorption ability of resinsin glass fiber mats most
often used in Hungary since pore size influences the absorbance process and the absorbed quantity
of resin during composite production when the resin is still in aliquid phase. The average value of
pores and their distribution function were estimated using the mat statistic model and the measured
geometrical parameters. The measurement and evaluation method developed can be used to model
the liquid absorbance process of glass fiber mats and to measure the mass of absorbed resin and
the rate of absorption. A good theoretical approximation was aso obtained for describing the resin
absorbency of glass fiber mats. It was found that there is alinear relationship between the pore sizes
estimated with the help of the statistic fiber mat model and the uptake rate.
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1. Introduction

Polymer composites consisting of a matrix and reinforcement are more and more
frequently used as structural materials. The reinforcing material is usually glass or
carbon fiber, and theimportance of natural and basalt fibersalso increases, whilethe
matrix isgenerally akind of resin. In case of large surfaces or laminated composite
plates glass fiber mats are often applied [1]. In order to provide a strong adhesion
between the matrix and the reinforcement the latter should be soaked with theresin,
hence the quality of the reinforcing effect depends on the interaction between the
two elements [2].

During our experiments glass fiber mats that are most often used in Hun-
gary were tested. The average value of pores and their distribution function were
estimated using the mat statistic model and the measured geometrical parameters
[3]. Pore size influences the absorbance process and the absorbed quantity of resin
during composite production when the resin is till in aliquid phase [/]. A repro-
ducible measurement and eval uation method was devel oped in order to compare the
absorbency properties of glass fiber mats of the same specific weight but bonded
in different ways (powder, emulsion). The relation between the resin absorption
process characteristics and the structural properties of fiber mats was investigated
using the theoretical considerations and the measurement results. The main aim
was to measure and eval uate the absorption ability of resins in glass fiber mats.
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2. Experimental
2.1. Materials

The polyester resin applied in the measurements was Viapal VUP 4627 BEMT/56
type provided by Novia

The glass fiber mats (GFM) used were provided by Novia Kft, Hungary and
their nominal data are summarized in Table1. The fiber mats can be bound chem-
icaly with two different bonding agents, either powder or emulsion.

Table 1. Nominal data of glass fiber mats

Glass fiber mat sample GFM1 GFM2 GFM3

Nominal fiber diameter

(um) —do 125 12 12

Linear density of the

roving (tex) — do 25 30 30

Length of the chopped

roving(mm) —| 50 50 50

. Polyester powder  Polyester powder

Bonding agent yGFMgP yGFMgP Polyester powder
Emulsion GFM1E Emulsion GFM2E GFM3P

Surface mass of the mat

(@m?) - Qo 450 450 450

Mat standard width

(cm) 125 125 125

Density of E-glass

(o/ cmd) - p 2.6 2.6 2.6

Producer Johns Manville Scottbader Ahlstrom

The powder bonding agent is made of polyester powder that iswell-solublein
polyester resin, hence mats bonded thisway are usually used in manual lamination.
The bonding agent of emulsion GFMs is polyvinyl acetate and this type of mat is
used in continuous processes [5].

2.2. Methods
2.2.1. Viscosity Measurement of Resins
The viscosity of the polyester resin used is a very important characteristic since it
influences the resin absorbance capability of the fiber mat. Only arange of viscosity

is given among the product data of resins but exact data are necessary for studying
how resin viscosity affects the absorbency of mats.



PORE SIZE AND RESIN ABSORBENCY IN CHOPPED STRAND MATS 133

The measurements were carried out on a Rheo-Viskometer at the Department
of Plastics and Rubber Technology, BME. The method is the following: a cuvette
of given length isfilled with resin and aglass ball of given diameter immersesinit.
Viscosity is derived from the resistance against the resin. The time when the ball
sinks 30 mm deep in the cuvette is measured.

2.2.2. Geometrical Properties of Fibers

The diameters of 100 single fibers (cy) were measured with a Projectina projection
microscope and an image analysis system [6, 7]. Programme Yarn_93, developed
in cooperation with KFK I, Research Institute for Technical Physics and Materials
Science, was used in the measurements. The measurement principle wasthat inflec-
tion points of the gray level distribution histogram were determined from the outer
part of the curve and contour width (W =~ dy) was measured. Thisisillustrated in
Fig. 1.
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Fig. 1. Micrograph of asingleglassfiber and theillustration of fiber diameter determination

Thelength (1), width (a) and thickness (b) of the fibers gained from the mats
were determined with alength measuring device, while mass (m) was measured on
analytical scales.

2.2.3. Method of Liquid Absorption

A welded stedl frame (see Fig. 2) was prepared for this purpose and the glass fiber
mat was placed on it.
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T T

Fig. 2. Welded steel frame

The measurement was carried out on a Zwick 1464 tensile tester, with the
help of which the force that comes from the mass can be read. The measurement
process is the following: the fiber mat sample is immersed in the resin and then
lifted and thisis repeated until the sample becomes saturated. The time of reading
the force was 10 sin case of quickly saturating samples and 20, 30, 40 and 60 sin
case of slower absorption processes.

3. Theory
3.1. Theory of Pore Sze Determination
Pore size, i.e. the diameter of the circle that can be inscribed in the voids among

fibers, isa characteristic of the fiber structure (that of a glass fiber mat isillustrated
in Fig. 3) and determines the liquid absorbance properties of the glass fiber mat.

If the center lines of fibers are considered, avirtual pore can be defined but if
the thickness of the fibersis not neglected real pore dimensions are obtained. The
explanation of these pores can be seen in Fig.4.

The formula below gives away to determine K, fiber centroid density [2]:

qOKnI = Qoo (1)



where
Qoo

To
n
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Fig. 3. lllustration glass fiber mat structure
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Fig. 4. Interpretation of poresin aglass fiber mat

is the average surface density,

isfiber linear density,

is the expected value of the number of elementary fibers in the
roving, while

denotes the expected value of roving length.

The value of the characteristic fiber number, ny, i.e. the number of fiber
centroids that fall into aradius around the fiber centroid:

no = 2KI2%/x )
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The value of E(po), i.e. the expected pore radius, can be determined with the
help of astandard normal distribution [2]:

No

E (po) = = [1— @ (/)] = g (o) 3
= — — n = n
00 N 0 g (N
If ng >1 an upper estimation is obtained for E(py) due to the exponential
characteristic of the density function:

1
E (:00) = m =E (IOO)max (4)

Virtual pore diameter (d,) can be determined from the expected value of the
pore radius:

dp = 2E (0) max (5)

3.2. Model of Liquid Absorption

Liquid absorbency processes usualy follow the curve shownin Fig.5. Onthisbasis
aliquid mass that is absorbed in infinite time can be determined. Thisis referred
to as saturated mass. Since measurements are carried out in a given time interval,
time tr and a correspondent my can be defined.

v

Fig. 5. Liquid absorption diagram

Liquid absorption processes in fibrous structures can be described with the
help of the Lucas-Washburn formula [8]:

dh b
E:hzﬁ—a (6)
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where
h isthe height of the meniscus,
t denotes time,
aandb areconstants,

defined in the following expressions:

r?pg
a=—> 7
8 (7)
b cosf ®
4n

where

istheradius of pore or capillary,

is gravitational acceleration (g = 9.81 m/S),

is surface tension,
andn arethedensity and viscosity of theliquid

is the contact angle between the liquid and the sample.

If themass (m) or weight (w) of theliquid is measured, thefollowing formula

isvalid for the meniscus height:

dDdxRQ T

m=hAp €)

w = mg (10)

Intheinitial and last phase of liquid absorption processthe Washburn equation
takes the following simplified form [9]:

dh b
— = 11
d h (1D

the solution of which for theinitia phaseis:
h(t) = v/2bt = ky/t (12)

where k is a constant.

The initial Washburn eguation is integrated and transformed on the basis of
(6) and the following implicit form is obtained [10]:

at 1 w

he ~ 100 hy

o0

(13)
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Themodified explicit solution that has asymptotically exact solutionsfor botht —0

andt — oo IS
1
(2at>R
h =
ﬂ: 1—e hoo

1
n

14
hoo > ( )
and related to mass (Fig. 5):
1 1
(F)

mi)=my|[1—e \ Mo , (15)

where the following condition must be fulfilled:
nk =2 (16)

4. Results
4.1. Viscosity Measurements

The measurement results summarized in Table 2 are obtained with the help of the
following simple Eq. 17 found in the device manual:

n=K -t p[mPas] (17)
where
isthe cuvette constant (in this case K=0.1),
t  isthetimeduring whichthe measuring ball immerses 30 mm deep
into the resin in the cuvette [9],
denotes loading [p/cn¥].

The most optimal value of viscosity iswhere the immersion timeis closest to
30seconds. Thisconditionisrealized when p=100, hence most measurementswere
carried out under this loading and viscosity was considered to be n ~ 290 [mPas]
at 20°C room temperature (see the first row in Table 2).

4.2. Geometrical Properties of Fibers

The mean, minimum and maximum val ues of the single fiber diameters were exam-
ined and standard deviation as well as relative deviation were determined. These
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Table 2. Measured viscosity

Time(t)[s] Loading (p) [p/cm?]  Viscosity (1) [mPas]

28.9 100 288.7
31.8 90 286.4
26.1 110 287.1
229 120 2749
34.5 80 276.4
27.2 100 272.0
274 100 274.3

values were compared to the nominal values and the difference was not more than
2% (see Table 3). The linear density of the single fiber (¢p) can be determined if

Table 3. Fiber diameter data (measured and nominal)

do Nomina Measured Min Max St deviation Relativedeviation

[um] [um] [um]  [pum] [um]
GFM1P 125 1251 980 1523 1.03 0.083
GFM2P 12 12.14 943 15.00 1.26 0.104
GFM3P 12 1197 927 1457 1.15 0.096
GFM1E 125 1246 980 15.07 1.15 0.092
GFM2E 12 1229 940 14.97 1.23 0.100

the density (o) and the measured diameter (d)) of E-glass fibers are known using
the following equation, where dy ~ W:

dzn
Go=pA=p=p= (18)

The number of single fibers (n) in aroving was determined in two different
way's (the results are summarized in Table4).

First of all, the value of n, can be determined using the average linear density
and the average length of fibers:

h =+ (19

ng=— (20)
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Then aless accurate way is to use the width (@) and thickness (b) of rovings
and to determine how many fibers can fit theoretically in thisterritory (a x b). This
method was used for checking since the previous method gives a better estimation.

a - b: q - b:
nz = TI = dg_nl (21)
4
02 = N2Qo (22
Table 4. Number of fibersin GFMs (n)
I [mm] a[mm] b[mm] m[g] n N Ing/my|

GFM1P 50.39 0.44 0.033 0.0019 13434 12952 0.964
GFM2P  49.68 0.40 0.043 0.0023 16369 160.48 0.980
GFM3P 50.11 0.34 0.043 0.0020 14161 133.05 0.940
GFM1E 48.53 0.27 0.047 0.0017 12254 11610 0.947
GFM2E  49.07 0.44 0.061 0.0034 20851 21758 0.958

The two methods show higher accordance than 94 %.
The average pore diameter can be calculated based on ) and its values are
summarized in Table5.

Table 5. Average poresizein glass fiber mats

K [L/em?] No dp [pem]

GFM1P 23.83 385.28 83.26
GFM2P 19.78 310.80 101.94
GFM3P 2311 369.37  86.35
GFM1E 27.46 411.72  75.04
GFM2E 13.16 201.78 154.82

The average pore diameter in sample GFM 2E is significantly higher than the
other. The cause of this difference lies in the structure of the mat that should be
studied further.

4.3. Liquid Absorption of Glass Fiber Mats

The graphs show the weight of the absorbed resin related to the weight of glassfiber
mat (Fig. 6). Thesaturatingtimeof glassfiber mats(tr ), themaximal absorbed resin
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weight (my) related to the weight of the glass fiber mat (my) and the correspondent
relative saturating time (kr /mg) are summarized in Table6.
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Fig. 6. Resin absorption of glass fiber mats as afunction of time

In order to determine the speed of saturation the absorbed relative resin weight
(my/mp) is graphed as a function of the square root of time (/tr) in Fig. 7. The
explicit solution of the simplified Washburn equation for the initial phase:

m k
e s (23)
Mo Mo

where kt isthe saturation value of k already defined.

The k1 /mg constants can be determined from the diagrams in Fig. 7, since
they are the same as the steepness of the trendlines (y). The resin absorbency
characteristics of the different mats can be analysed and compared in Table6.

4.3.1. Theory Fitting

Evaluation of resin absorbency with the help of the explicit form of the Washburn
eguation, and the initial part of the curve have been approximated with a tangent.
The solution has been reached through steps of iteration. Since the curves did not
start from the origin (Fig. 8), the diagrams were shifted along the time axis.
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Fig. 7. Theinitial phase of resin absorbency as a function of the square root of time

Table 6. Characteristics of resin absorbency

k /mo=y [Yo/sqrt(s)]

GFM1P
GFM2P
GFM3P
GFM1E
GFM2E
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56.21
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25.75
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Fig. 8. Initial part of resin uptake (example of GFM3P)

The correction of the initial part of the curve was carried out on 3 points in case
of the quickly saturating powder bonded mat, and 6 points in case of the slowly
saturating emulsion bonded mats. Thetime axiswas shifted with an adequate value
(to) - kg initial tangent steepness was determined fromthediagraminFig.9 (Table7).

The initial tangent compared to the whole process isillustrated in Fig.10.

500

400 4 y =90.121x + 0.6003
R =0.9975
300

200 -
100 -
0 T T

0 1 2 3 4 5 6
Squreroot(time) [sqrt(s)]

Relative resin weight [%]

Fig. 9. Fitting alineto theinitial part of resin absorption with zero point shift (example of
GFM3P)
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Fig. 10. Initial tangent compared to the total data series (example of GFM3P)

Z. GOMBOSet al.

Table 7. Shift values (t)o and the steepness of the initial tangent (k) )

to[s] ko'
GFM1P 0.9 103.52
GFM2P 48  59.38
GFM3P 3.1 90.12
GFM1E 0.6 47.12
GFM2E 115 27.09
°\E 1000
£ 800 ]
3 600
2 s o oo
g 400 = Lo A
2 200 /
2 o : : : :
0 1 2 3 4 5 6 7 8 9 10
Squareroot(time) [sqrt(s)]

Since the measured results (see e.g. Fig. 6) are related to mass my, Eq. (15) was
transformed in the following way:

where

w (1) = Wee

el

29 - t

=

1
k

=

(24)

(25

(26)
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for the initial part:

w(t) ~ kov/t (27)
where
ko = /2bp (28)
b
by = m (29)

then the value of w,, was estimated from Fig. 6 for each glass fiber mat. The p =
1/k exponent was chosen and the scale parameters of the explicit approximation
were determined.  On the basis of Eq. (15) a curve is fitted on the measured

4
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Fig. 11. Fittingtheexplicit Washburn egquation and the determination of constant C example
of GFM3P)

points then the relative average sguare error of the measured and estimated value
(RASE%) was calculated in the following way: the value of w.,was changed at
fixed p = 1/Kk, the final value was changed until the relative square error became
minimal (if possible, a minimal value of SHRASEY is also redlized). Sk is a
deviation-like quantity and is calculated in the following way:

S% = 100 y/1— R2 (30)

where R isthe correlation coefficient in Fig. 11.

A curve was obtained thisway for the saturation processes that givesasmaller
RASE% value than 2% and provides a good approximation for the measurement.
The average error (S% - RASE%) of the approximation process is shown as a
function of the final valuein Fig. 12. Table 8 reveals the results of the calculations
of the best iteration of the above mentioned quantities including kg, the resin uptake
rate as well.
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Fig. 12. Fitting optimization with fix exponents (example of GFM 3P)

Table 8. Parameters of fitting the explicit Washburn equation

W Pp=1k Ko RASE%  bg a  Sort(a)

GFM1P 725 20 108.41 143 5877 811 285
GFM2P 520 7.0 61.30 1.13 1879 361 1.90
GFM3P 543 15 99.21 1.95 4922 9.06 3.01
GFM1E 720 24 48.59 1.75 1180 1.64 1.28
GFM2E 522 7.0 27.68 1.80 383 073 086

Fig. 13 illustrates the results of the estimation process, where the initia ap-
proximation was made according to (25), while the global one on the basis of
Eq. (23).

The relation between the structural characteristics of glass fiber mats and the
parameters was determined during resin absorption. Since average pore diameter
(dp) characterizes mats well, this value was compared to resin uptake rate (k) in
Table 9. It can be concluded that the smaller the average pore size, the faster the
resin uptake is. This phenomenon can be explained with the capillary effect.

5. Conclusions

The method worked out for resin uptake can be used to model the liquid absorbance
process of glass fiber mats and to measure the mass of absorbed resin and the rate
of absorption as revealed in Fig. 13.

A good theoretical approximation was obtained for describing the absorbed
resin mass val ues using the eval uation process based on the Washburn equation. As
aresult alinear relationship was experienced between the pore sizes (d,) estimated
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Fig. 13. Measured (¢) and estimated (initial estimation: dotted line; global estimation full
line) processes of resin uptake for each mat

Table 9. Average pore diameter and resin uptake comparison

dp [um] ko [%/square root(s)]
GFM1P  83.26 108.41
GFM2P 10194 61.30
GFM3P  86.35 99.21
GFM1E 75.04 48.59
GFM2E 154.82 27.68

with the help of the statistic fiber mat model and the uptake rate (l) proportional
to the hydraulic pore diameter according to Washburn.

It can also be concluded that the smaller the average pore size, the faster the
resin uptake is, due to the capillary effect.
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