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Abstract The effect of compaction and preforming parameters on the Fiber Volume Frac-
tion (FVF) and the Residual Preform Thickness (RPT) of bindered textile preforms during a
compaction experiment was investigated by using Taguchi method. Four compaction and
preforming parameters of compaction temperature (A), binder activation temperature (B),
binder content (C) and binder activation time (D) were selected and optimized with respect
to the FVF at specified compaction pressure (0.2 MPa) and the RPT after compaction. The
results reveal that the compaction behavior of bindered textile preforms has been signifi-
cantly influenced due to the presence of preforming binder. From all the selected experiment
parameters the compaction temperature is the most influential factors on the FVF and RPT.
The significant sequence of the parameters for the resulting FVF can be concluded as
ABDC, which represents compaction temperature, binder activation temperature, binder
activation time and binder content respectively, while this sequence is changed as ADCB
as far as the RPT is concerned. The FVF during compaction and RPT during release were
correlated with the compaction and preforming parameters using a modified four-parameter-
compaction-model which has been proposed for describing the compaction behavior of
bindered textile preforms.
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1 Introduction

For composites manufacturing processes, in particular Liquid Composites Molding (LCM) like
Resin Transfer Molding (RTM) and Vacuum Assisted Resin Infusion (VARI), it is of great
importance to understand the compaction behavior which describes the response of textile
reinforcement under normal loading conditions. Because the compaction response of the textile
reinforcement can affect both the manufacturing parameters like permeability and the mechanical
properties of the final product due to the variation of Fiber Volume Fraction (FVF). In a typical
RTM process a representation of the reinforcement stress profile, which can be obtained during a
compaction experiment, is required in order to predict the distribution of forces applied to the
RTM mold and thus to optimize the dimensioning of the tooling. Additionally, the Residual
Preform Thickness (RPT), which is the difference between the initial preforms thickness and the
permanent deformation after compaction, is also interested. This is because net shape preforms,
which have nearly the same thickness as the impregnated parts, are essentially required in the
cases where the cavity height can only be fixed so as to avoid complex mold design. In resin
infusion processes like VARI, the permeability of the textile reinforcement is changing with the
deformation of the textile reinforcement due to the use of flexible tooling. The impregnation of
the textile reinforcement is then influenced by the variable permeability as a result of the variation
of the FVF, which can be expressed as a function of the compaction pressure.

Many studies have been conducted on the compaction of textile reinforcement under various
conditions [1-6]. In order to assess the influence of the temperature on the compaction behavior
of textile reinforcement, Aranda et al. [1] applied different pre-heating conditions to preforms
made of textile reinforcement layers with thermoplastic toughening fleece as interlayer in
between. It has been observed that the thermoplastic toughening fleece undergoes a geometry
change after heat treatment, leading to a contractive and wavy preform with increased initial
preform thickness and therefore lower FVF. Interested by the influence of infiltration state on
the compaction behavior of textile preforms, Hammami et al. [2] and Kelly et al. [3] studied the
compaction behavior of different kinds of fabric preforms under dry und wet conditions. The
compression and relaxation characteristics were found to depend on the structure of the textile
preforms and the infiltration conditions as well. Similar investigations were also performed by
Robitaille et al. [4—6] with dry and H,O-saturated textile preforms made of woven fabrics. The
compaction cycle number and the compaction rate respectively were confirmed to have the
most pronounced effects on the compaction and relaxation behavior of the textile reinforce-
ment. In addition, the compaction behavior of different textile reinforcements was investigated
in [7-12], in which the mechanical behavior of textile preforms under normal load and the effect
of diverse processing parameters on that behavior were extensively studied.

To identify the relationship between FVF and compaction pressure, a two parameter
power law model was usually used to fit the experimental data [4]. During the investigation
on a new sandwich textile reinforcement preforms developed for LCM processes, Luo et al.
[13] used the two parameters power law model and a dissipated energy method to model the
compaction and relaxation behavior respectively. It was found that when evaluating the
compressibility of the multi-mat, mat, and woven fabrics, it is necessary to take the
relaxation into account. The fabric relaxation behavior can be understood in terms of
volumetric dissipation energy and fabric stiffness. In order to create a model for inclusion
in flow simulations of LCM processes, Kelly et al. [3] and Bickerton et al. [14] investigated
the viscoelastic compaction behavior of textile preforms. The studied textile preforms have
displayed complex time-dependent response, including loading hysteresis, stress relaxation,
and strain rate dependent loading behavior under no resin conditions. The significant
influence of preform viscoelasticity was demonstrated by mold filling experiments [3].
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And the viscoelastic response and the difference in behavior between the dry and wet
samples observed were incorporated into a model of textile reinforcement deformation in
[14]. The sample model is then used for both compaction and relaxation phases, and matches
well experimental data over a range of FVFs and compression speeds. Furthermore, a three
parameter power law model applied in [15, 16] for modeling the compaction behavior of
textile reinforced reinforcement in VARI process (compaction pressure lower than 0.1 MPa)
was found to be better than the two parameter power law model used in [4, 13].

Recently, in order to improve the process efficiency and preforms handling stability,
bindered textile preform containing thermoset or thermoplastic binders between fabric layers
was developed. At room temperatures the binders are usually in a solid state with powder or
granulate form, which will melt at the so called activation temperatures so that the textile
plies can be bonded together after a preforming cycle. In this way, the bindered textile
preform can be transported or handled without damaging its textile structure such as fiber
orientations. As a typical example, Greb et al. [17] developed an automated preforming
center based on this concept. Considering the effect of the thermoplastic toughening fleece
on the compaction behavior of the textile preform presented in [1], the compaction behavior
of bindered textile preforms could also be affected because of the introduced preforming
binder. Therefore, as an initial trial, Aranda et al. [18] studied the influence of preforming
binder on the compaction behavior of textile preforms. The effects of binder type and binder
content at higher temperatures on FVF, deformation and compaction pressure were analyzed.

Besides the compaction parameters such as compaction temperature, a number of process
variables like binder activation temperature, binder activation time and binder content, are
involved during the preforming stage, leading to a more complex compaction behavior of
bindered textile preforms. Therefore, the purpose of this work is to investigate the effect of
various compaction and preforming parameters on the interested performances such as FVF
and RPT. Taguchi [19] parameter design method was applied for planning the experiment in
order to save the experimental effort. Experimental data during the compaction and release
process were analyzed and modeled for correlation between the compaction and preforming
parameters and the FVF and RPT. The analysis of signal-to-noise (S/N) ratio and variance
(ANOVA) were performed to specify the relevance of compaction and preforming param-
eters according to their importance on the FVF and the residual preforms thickness.

2 Experimental Procedure

2.1 Materials

2.1.1 Textile Reinforcement

Tri-axial glass fiber Non Crimp Fabric (NCF), provided by Institute of Textile Technology,
RWTH Aachen, was used as the reinforcement material in the present research. The fiber
orientations, glass roving and areal weight information are illustrated in Fig. 1. The preform
configuration was according to the symmetric stacking sequence of [+45/—45/90];.

2.1.2 Binder

Epoxy powder binder EPIKOTE® Resin 05390 from HEXION special chemicals with

melting point of 90+15 °C, average particle size of 68.89 um and epoxy equivalent of
905.5+94.5 g/eq, is applied between two layers of reinforcements.
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Fig. 1 Textile reinforcement

2.2 Specimen Preparation

A lab based binding process as shown in Fig. 2 was developed to prepare bindered textile
preforms. With the help of an analysis (ISO 3310-1, 100 um) sieve the required amount of
binder was uniformly applied on the surface of the reinforcement. The amount of the binder
is calculated as weight percentage referring to the weight of a single fabric layer. After
applying binder, the other layer of reinforcement was put on the first layer with binder in
between. Then the preform was laid carefully in a heated plate mold which was placed
between two heated press plates to activate the applied binder with an activation temperature
of 90 °C.

The preforms were cut into compaction test sample with 70 mm X 70 mm after
activation of the binder. A schematic description of the compaction equipment is
shown in Fig. 3. The samples were tested under controlled temperature conditions.
The compaction area was defined by the size of the steel plated (50 mm X 50 mm)
under the preforms. A preload of 400 Pa was used for the compaction experiment.
The whole compaction process was divided into three stages which are compaction,
holding deformation and release based on position control as shown in Fig. 4. The
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Fig. 2 Lab based binding process
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Fig. 3 Compaction experiment

FVF is calculated from the thickness data recorded during compaction experiment
with the formula:

nAf-
Vv, =—L 1
(s (1)
Where 7 is the number of fabric layers, 4, is the fabric areal density, p is the fiber density
which is 2.55 g/cm® and 4 is the preform thickness. The RPT is the last data point recorded
from the compaction experiment.

2.3 Design of Experiments
2.3.1 Taguchi Method
Generally, a lot of experiments have to be carried out when the number of parameters

increase [20, 21]. And the traditional experimental design methods are too complex and
difficult to use. In this context, Taguchi’s experimental design method was adopted in this
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study to provide a simple, efficient and systematic approach for optimization of experimental
design for performance quality and cost [22, 23]. In the theory of Taguchi, the deviations
between the experimental value and the desired value can be calculated by a loss function,
which can be further transferred into a signal-to-noise (S/N) ratio, 1. Depending on the type
of characteristics, there are usually three S/N ratios available: the smaller the better (SB), the
higher the better (HB), and the nominal the better (NB). The S/N ratios for each type of
characteristic can be calculated as follows [24]:
Nominal is the best:

Larger is the better (maximize):

1 1
/N = —1000g (1 31, ) G)

Yi

Smaller is the better (minimize):

1
S/New = ~1010g (1 317 ) @

Where ¥ is the average of the observed data, Sy2 is the variance of y, n is the number of
observations, and y is the observed data. Regardless of the category of the performance
characteristics, the greater S/N ratio corresponds to the better performance. Therefore, the
optimal level of the process parameters is the highest S/N ratio.

In compaction of textile preforms, higher FVF at specified compaction pressure and
lower RPT after a compaction cycle are indications of better performance. Therefore, the
“HB” and “LB” ratios were selected respectively for FVF and RPT to obtain optimum
compaction performance.

2.3.2 Experiment Design

Table 1 indicates the compaction and preforming parameters (factors) and their values
(levers). The factors chosen for the compaction experiments were: (1) compaction temper-
ature, 1., (2) binder activation temperature, I, (3) binder content, ¢ and (3) binder
activation time, z. Each parameter has four levels, denoted 1, 2, 3 and 4. Worth to mention is,
a wider range of compaction temperatures starting from 25 °C up to 190 °C were considered

Table 1 Compaction and pre-

forming parameters used in the Levels  Factors
experiments
Compaction Binder activation Binder Binder
temperature temperature content  activation time
A [°C] B [°C] C [wt.%] D [min]
1 25 90 1 0.5
2 60 100 3 1.0
3 125 110 5 1.5
4 190 120 7 2.0
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for the corresponded four different material states of the binder including solid (25 °C),
partly melted (60 °C), fully melted higher viscous (125 °C) and fully melted lower viscous
(190 °C). The compaction behavior of bindered textile preforms was studied under the four
material states of binder which can be further corresponded to different applications such as
the highest level of 190 °C is interested for LCM processes with thermoplastic resin [25].

To save the experimental effort, orthogonal arrays, in which the columns for the inde-
pendent variables are orthogonal to one another, are often employed in industrial experi-
ments to study the effect of several control factors. In this study, an L, orthogonal array with
four columns and 16 rows was used as shown in Table 2, where the FVF results were taken
when the compaction pressure increases up to 0.2 bar. And the RPT results were taken after
the compaction cycle. Each experiment was conducted at least three times in order to
ascertain the effect of material and test system variability. Since the influence of the
interaction between the preforming parameters such as the activation temperature and the
activation time on the results was not clear, a more complex interactive experimental design
was not considered in the present study.

3 Results and Discussion

3.1 Fiber Volume Fraction (FVF)

3.1.1 Compaction and Preforming Parameters Effects Analysis

The experimental results for the FVF, corresponding standard deviation and S/N ratios are as
shown in Table 2. The mean S/N ratio for each level of the parameters was calculated and

Table 2 Experimental design using the L16 orthogonal array and experimental results

Exp. A[°C] B[°C] C|[%] D [min] Evaluation

no.
FVF (%) Std. S/N for RPT (mm) Std. S/N
of FVC FVC of RPT for RPT

1 1(25) 1(90) 1(1) 1(0.5) 64.65 0.28 36.21 1.94 0.03 =5.75
2 1 2(100) 2(3) 2(1.0) 64.35 0.33 36.17 1.93 0.01 =5.71
3 1 3(110) 3(5) 3(L.5) 62.83 0.72 35.96 1.94 0.02 =5.75
4 1 4 (1200 4(7) 4.0 61.75 0.43 35.81 1.99 0.02 —6.02
5 2 (60) 1 2 3 65.10 0.66 36.27 1.84 0.02 -5.31
6 2 2 1 4 63.30 0.89 36.03 1.93 0.04 -5.69
7 2 3 4 1 63.25 0.38 36.02 1.85 0.01 -5.33
8 2 4 3 2 63.61 0.34 36.07 1.85 0.01 -5.34
9 3(125) 1 3 4 67.13 0.53 36.54 1.88 0.03 —5.49
10 3 2 4 3 66.78 0.36 36.49 1.87 0.02 —5.45
11 3 3 1 2 66.44 0.66 36.45 1.89 0.01 —5.54
12 3 4 2 1 67.74 0.15 36.62 1.85 0.01 -5.35
13 4(190) 1 4 2 69.33 0.13 36.82 1.85 0.01 -5.32
14 4 2 3 1 69.56 0.59 36.85 1.81 0.01 -5.18
15 4 3 2 4 67.66 1.67 36.61 1.89 0.05 -5.53
16 4 4 1 3 68.85 1.12 36.76 1.87 0.04 -5.41
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summarized in Table 3. Additionally, the total mean S/N ratio is computed by averaging the
total mean S/N ratios. Based on the data presented in Table 3, the optimal compaction
performance for FVF was obtained at 190 °C compaction temperature (Level 4), 90 °C
binder activation temperature (Level 1), 3 % binder content (Level 2) and 0.5 min binder
activation time (Level 1) settings. Figures 5 and 6 shows the comparison of the predicted and
actual and residual and actual S/N ratios for the FVF using regression analysis. Most of the
points are close to the line and the deviations are very small and negligible. With respect to
the coefficient of multiple determinations (R*) of the fitted model, also known as R*-
statistics, the value of R? obtained for the FVF is 0.989. This means that the model as fitted
explains 98.9 % of the variability of FVF.

The compaction temperature represents a positive effect on the FVF. The average value of S/
N ratio of compaction temperature increases with increasing compaction temperature as shown
in Table 3. This result means that higher FCF can be achieved with higher compaction
temperature. The positive effect from the compaction temperature can be further confirmed in
Fig. 7, where the relationship between FVF and compaction pressure was record under various
compaction temperatures (Exp. No. 2, 5, 12, 15). As shown in Fig. 7, although there are
meanwhile effects from preforming parameters (Binder activation temperature and binder
activation time), the FVF indicates an obvious increase with increasing compaction temperature
under the same compaction pressure. This can be attributed to the higher range of S/N ratio of
compaction temperature (0.72), which is about 2.6-3.2 times higher than the range of the other
two preforming parameters (Table 3). The higher range of S/N ratio from compaction temper-
ature means more significant influence on the FVF so that the effects from the two preforming
parameters cannot readily be shown up. It is believed that the effect of compaction temperature
on the FVF can be related to the four material state of the binder. Because the four selected
levels of compaction temperature correspond to the four material states of the binder, which is
solid (level 1, 25 °C), partly melted (level 2, 60 °C), fully melted higher viscous (level 3, 125 ©
C) and fully melted lower viscous (level 4, 190 °C). The compressibility of the bindered textile
preforms can be tailored by the compaction temperature due to the fact that the re-organization
of the fibers can be facilitated by the lubricating effect from the melted preforming binder.

3.1.2 Correlation Between Compaction and Preforming Parameters and FVF
Several studies have been shown that the compaction response of fabrics can be expressed

by a three parameter power law model representing the FVF as a function of the compaction
pressure [15, 16]:

Vi=a P’ +c (5)

Table 3 Response table mean signal-to-noise (S/N) ratio for FVF factor and significant interaction

Symbol  Processing parameters Average value of S/N

Level 1 Level2 Level3 Level4 Range (max-min)

A Compaction temperature 36.04 36.10 36.52 36.76" 0.72
B Binder activation temperature 36.46" 36.38 36.26 36.32 0.20
C Binder content 36.36 36.42°% 36.36 36.29 0.13
D Binder activation time 36.42° 36.38 36.37 36.25 0.17

Total mean S/N ratio = 36.35; * Optimum level
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Fig. 5 Comparison of actual and predicted S/N ratios of FVF using linear regression analysis

where V;is FVF, P is the compaction pressure and c is referred to the initial FVF under
0 MPa compaction pressure.

As for the non-crimped fabrics preforms with or without binder used in this study, this
three parameters model can only express the compaction response in a limited range
(<0.1 MPa) as shown in Fig. 8. To approximate the FVF with more accuracy, an improved
model muss be developed for bindered textile preforms. Therefore, the authors propose a
modified four parameters model by multiplying formula 5 and an exponential function as:

Vp=(a-P"+c)e” (6)

where V; and P have the same meaning as Eq. 4, and a, b, ¢, and d are constants, e
is the number such that the function ¢* is its own derivation. The fitting results with
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Fig. 6 Comparison of residual and predicted S/N ratios of FVF using linear regression analysis
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modified four parameter model are as shown in Fig.

9. As we can see the modified

four parameters model can make a better prediction of compaction response of bind-
ered textile preforms. To show the modeling ability of the proposed model in higher
compaction temperatures, further attempts to fit the experiments data with 60 °C,
125 °C and 190 °C were performed. Again good agreement between the experimental

data and the fitted results is as shown in Fig. 10.

adopted to correlate the FVF and the compaction and
in Table 1.

90
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Fig. 8 Fitting of compaction curve of textile preforms with three parameters power law model
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Fig. 9 Fitting of compaction curve of bindered textile preforms with proposed model

The equation of the model proposed for correlation between the FVF and the compaction
and preforming parameters is according to Eq. 6 by correlating its four parameters with
compaction temperature, binder activation temperature, binder content and binder activation
time using linear regression as shown in Eq. 7. The FVF at specified compaction pressure
can be estimated by Eq. 6 with the four parameters calculated with Eq. 7 and the compaction
pressure equals to 0.2 MPa in the present study.
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~2.236 —3.74E — 03 1.468 2.45E — 03 Toer
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(7)
3.2 Residual Preform Thickness (RPT)

3.2.1 Compaction and Preforming Parameters Effects Analysis

The experimental results for the RPT, corresponding standard deviation and S/N ratios
are also as shown in Table 2. The mean S/N ratio for each level of the parameters
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Fig. 10 Fitting of compaction curve of bindered textile preforms with proposed model

was calculated and summarized in Table 4. Additionally, the total mean S/N ratio is
computed by averaging the total mean S/N ratios. Based on the data presented in
Table 4, the optimal compaction performance for RPT was obtained at 190 °C
compaction temperature (Level 4), 90 °C binder activation temperature (Level 1),
5 % binder content (Level 3) and 0.5 min binder activation time (Level 1) settings.
In Figs. 11 and 12 the actual and predicted S/N ratios and residual and predicted S/N
ratios for RPT were compared using linear regression analysis. Here, R* of the model
is 0.999.

As the FVF, the performance of higher mold temperature is positive for RPT as
well as shown in Table 4. The range of S/N ratio of compaction temperature again
results a maximum of 0.45, indicating that the compaction temperature has the most
significant influence on the RPT. Figure 13 shows the effect of the compaction
temperature and the binder content on the RPT after a compaction cycle. It is

Table 4 Response table mean signal-to-noise (S/N) ratio for RPT factor and significant interaction

Symbol  Processing parameters Average value of S/N

Level I  Level2 Level3 Level4 Range (max-min)

A Compaction temperature —5.81 —5.42 —5.46 -5.36" 0.45
B Binder activation temperatur ~ —5.47% —5.51 —5.54 —5.53 0.07
C Binder content —-5.60 —5.47 —5.44° —5.53 0.16
D Binder activation time —5.40° —5.48 —5.48 —5.68 0.28

Total mean S/N ratio = —5.51; * Optimum level
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Fig. 11 Comparison of actual and predicted S/N ratios of RPT using linear regression analysis

obvious to see that the RPT was influenced by the compaction temperature and this
influence is further strengthened for the bindered textile preforms. For each com-
paction temperature, the RPT of the bindered textile preform is smaller than the one
without binder. This may be attributed to the limited relaxation because of the
bindered fiber bundles. Starting with a lower compaction temperature of 25 °C,
the RPT of bindered textile preform undergoes first a decrement when the compac-
tion temperature increases up to 60 °C. This phenomenon can be explained that the
partly melted interlayer of binder are compressed into the fiber bundles of both
upper and lower fabric layer and act as binder so that the relaxation of fiber bundles

Fig. 12 Comparison of residual = 0.02
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using linear regression analysis g
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is greatly limited. However, at higher compaction temperatures where the binder is
fully melted, instead of decrement the RPT compressed at 125 °C shows a slight
increment which becomes more remarkable at 190 °C. It is believed that the
increment of RPT may be attributed to the inertial effect of the binder melt with
lower viscosity. Large amounts of binder melt flow into the lower fabric layer,
leading to a less bindered upper fabric layer with larger relaxation because of the
released fiber bundles. As shown in Fig. 14 the weight change of lower fabric layer
is obviously higher than the upper fabric layer when both of them were placed in
the oven with 500 °C for 1 h, which further shows that there are more residual
binder in lower fabric layer.

3.2.2 Correlation Between Compaction and Preforming Parameters and RPT

During the release process the correlation between the preform thickness and the compaction
pressure can be derived from Eq. 1:

Ar X n
h=1 (8)
Vixp
Fig. 14 Weight Change of both 5 = -
fabric layers after compression at #Upper fabric layer
190 °C and burn down at 500 °C 4 u Lower fabric layer
g
g 31
2
[#]
E 24 ; .
k=4 Z %
=
14
0

Sample 1 Sample 2
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Fig. 15 Fitting of release curve of bindered textile preforms

Substituting Eq. 6 into Eq. 7 with consideration of the density of glass fibers and the
preform configuration, the preform thickness / as a function of the compaction pressure P
during the release process is:

1.0776
~ @ Pt oe? ©)

where a, b, ¢, d and e have the same meaning as Eq. 6. The RPT is obtained when the
compaction pressure equals to the preload. Fitting trials with Eq. 9 to the release curves of
compaction experiment are as shown in Fig. 15. The fitted results show good agreement with
the experimental results. The RPT from the experiment and calculated with Eq. 9 are
compared in Fig. 16. These results confirm that the proposed model can make a good

Fig. 16 Comparison of the RPT 2.1
from the experiment and the

model
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N
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18 ’////
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Table 5 Results of ANOVA for FVF

Parameters Degree of freedom Sum of square Mean square F ratio Contribution (%)
Compaction temperature 3 82.02 27.34 690.34 88.17
Binder activation temperature 3 5.07 1.69 42.67 5.33
Binder content 3 1,77 0.59 14.88 1.77
Binder activation time 3 3.92 1.31 32.96 4.09
Error 3 0,12 0.04 - -

Total 15 92.89 - -

prediction of the RPT. Therefore, the model will be further applied to correlate the RPT and
the process variables.

The equation of the model proposed for the RPT is according to Eq. 8 by correlating its
four parameters with compaction temperature, binder activation temperature, binder content
and binder activation time as shown in Eq. 10. The RPT after a compaction cycle can be
estimated by Eq. 8 with the four parameters calculated by Eq. 10 and the compaction
pressure equals to the pre-load.

0 0 0 0 1M 1
6.59E — 05 0.0034 0.0077 —0.0008 Teomp
0.0045 0.0009 0.0035 —0.0007 Tyt
58.7168 —28.2973 —68.7473 6.5201 c
—1.0823 0.6539 2.12 —0.0326 t
a 375E —063 —339E—-05 —7.58E—05 8.23E—-06 Teomp X Taer
b| | —0.2995 0.1327 0.3606 —0.01777 Teomp X €
c| 10.0109 —0.0071 —0.0199 0.0011 Teomp X t
d —0.5817 0.2638 0.6519 —0.0581 Taet X C
0.0093 —0.0061 —0.0199 0.0003 Tyer X t
—11.3092 6.2629 10.7919 —1.9508 cXxt
0.0028 —0.0012 0.0034 0.0001 Teomp X Taer X €
—0.0001 6.63E — 05 0.0002 —1.02E — 05 Teomp X Taer X t
1 0.1204 —0.0574 —0.0978 0.018 1 [T xext ]
(10)
Table 6 Results of ANOVA for RPT
Parameters Degree of freedom Sum of square Mean square F ratio Contribution (%)
Compaction temperature 3 0.0233 0.0078 134.59 65.67
Binder activation temperature 3 0.0006 0.0002 3.68 1.32
Binder content 3 0.0027 0.0009 15.88 7.32
Binder activation time 3 0.0084 0.0028 48.28 23.24
Error 3 0.0002 0.00006 - -
Total 15 0.0352 - -
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Table 7 Results of the confirma-

tion experiment for FVF Initial Optimal experimental parameters
experimental
parameters Predicted Experiment
Level A1B2CID1  A4B1C2D1 A4B1C2D1
FVC (%) 64.88 - 67.95
S/N ratio (dB) 36.24 36.72 36.64
Improvement — — 0.40 -

of S/N ratio

3.3 Significant Sequence Analysis

The statistical analysis of variance (ANOVA) was conducted to determine more
accurately the optimum combination of the experiment parameters and to specify
the relative importance of the design parameters on the FVF and RPT. The analysis
is carried out for the level of significance of 1 % (the level of confidence is 99 %)
[26, 27]. Tables 5 and 6 show the results of the ANOVA analysis for the experiment
output, respectively. The last columns of Tables 5 and 6 indicate the percentage
contribution of each factor on the total variation, indicating their degree of influence
on the results. The greater the percentage contribution, the greater the influence a
factor has on the performance. According to Table 5, the compaction temperature was
found to be the major factor affecting the FVF (88.17 %), whereas the binder
activation temperature, binder content and binder activation time affect the FVF by
5.33 %, 1.77 % and 4.09 %, respectively. The change of preforming parameters in the
range given in Table 1 has an insignificant effect on the FVF. Table 6 shows the
results of the ANOVA for RPT, it can be found that the compaction temperature again
is the most significant design parameter for affecting RPT (65.67 %). The binder
activation time affects the RPT by 23.24 %. The binder activation temperature and
binder content has an insignificant effect on the RPT (1.32 % and 7.32 %,
respectively).

3.4 Verification Experiments

To validate the conclusions drawn during the analysis phase verification experiments were
performed to predict and verify the improvement of the performance characteristics using the

Table 8 Results of the confirma-

tion experiment for RPT Initial Optimal experimental parameters
experimental
parameters Predicted Experiment
Level A1B2CI1DI A4B1C3D1 A4B1C3Dl1
RPT (mm) 1.93 - 1.86
S/N ratio (dB) —5.71 —4.94 -5.39
Improvement  — 0.32 -

of S/N ratio
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optimal level of the experiment parameters. The predicted S/N ratio 7 using the results of
regression analysis can be calculated with Eq. 11.

[6.47 —-10.789 1711
—0.006  0.062 Teomp
—0.002  0.052 T et
14284  —168.588 | |c
0.108 9.052 t
0.0001  —0.0006 Teomp X Tact
{ﬁm} ~10.0195  0.675 Toomp X € (11)
Trer | | —0.0008  —0.076 Teomp X t
—0.205  1.527 Toet X €
—0.003  —0.091 Tpet X
4.861 30.117 ext
0 0.0065 Teomp X Tt X €
0 0.0007 Teomp X% Tuet X t
10 —0.194 | |[Tuexcxt

Table 7 shows the results of the confirmation experiments using the optimal
experimental parameters for FVF. The increase of S/N ratio from the initial experi-
mental parameters to the level of optimal experimental parameters is 0.40 dB. The
FVF is improved by 4.7 %. Table 8§ shows the results of the confirmation experiments
using the optimal experimental parameters for RPT. The increase of S/N ratio from
the initial experimental parameters to the level of optimal experimental parameters is
0.32 dB. The RPT is reduced by 3.6 %. Good agreement between the predicted
experimental performance and actual experimental performance was observed. The
FVF and RPT are both improved by using the approach.

The experimental results confirmed the validity of the applied Taguchi method for
enhancing the experimental performance and optimizing compaction and preforming
parameters. However, the FVF (67.95 %) with optimal experimental parameters is
about 2.3 % lower than the value (69.56 %) from experiment number 14 and the
difference for residual preforms thickness is 2.7 % (1.86 mm vs. 1.81 mm). It is
believed that the concluded optimal experiment parameters combination in this re-
search is not really optimal with the current experimental plan. Because the inter-
actions among the experiment parameters like the binder activation temperature and
binder activation time were not considered in the current study, which may also have
an influence the analyzed optimal result. Moreover, there are a great number of steps
in the serious experiments starting from the bindered preforms preparation to the
compaction experiment. There could be in each of the steps a human error source
that could have an influence on the final results. Therefore, it is necessary to consider
the parameter interaction and the accumulating human error effect for further research
to acquire a better optimal experiment parameter combination.

4 Conclusion

In this study, an investigation on the effect of the compaction and preforming parameters on
the FVF and RPT based on the Taguchi method has been performed and presented.
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Summarizing the mean experimental results of this study, the following generalized con-
clusions can be drawn:

(1) Based on the signal-to-noise ratio results, the optimal compaction and preforming
parameters settings for FVF and RPT are compaction temperature 190 °C, binder
activation temperature 90 °C, binder content, 3 %, binder activation time 0.5 min
and compaction temperature 190 °C, binder activation temperature 90 °C, binder
content 5 %, binder activation time 0.5 min, respectively.

(2) The compaction behavior of bindered textile preforms has been significantly influ-
enced due to the presence of binder. Instead of the commonly applied three parameter
model that correlates the FVF and the compaction pressure during compaction of
textile preforms under 0.1 MPa, a modified four parameter model was proposed to
extend the modeling range up to 0.9 MPa. The fitted results have shown that the
proposed modified four parameter model can make more accurate prediction of
compaction and release response of the bindered textile preforms. Based on the
proposed model the FVF and RPT can be correlated well with the compaction and
preforming parameters with the help of linear regression method.

(3) Based on the analysis of variance results, the highly effective parameters on both the
FVF and RPT were determined. Namely, the compaction temperature is the main factor
that has the highest importance on the FVF. The preforming parameters, that are,
binder activation temperature, binder content and binder activation time does not seem
to have much of an influence on the FVF. The RPT is affected strongly by the
compaction temperature (65.67 %), whereas the binder activation time, binder content
and binder activation temperature have a significant statistical influence.

(4) The improvement of the FVF from the initial compaction and preforming parameters to
the optimal compaction and preforming parameters is about 4.7 %, whereas the RPT is
improved by 3.6 %. The regression results showed that the deviations between the
actual and predicted S/N ratios of both FVF and RPT are small for each parameter.

(5) The optimal experiment parameter combinations for both FVF and RPT do not lead to
optimal results due to the interaction among the factors. Taguchi method with interac-
tive parameter design and accumulated human error should be considered for further
research to acquire a more accurate optimal experiment parameter combination.
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