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Abstract This study is focus on the parameters sensitivity of winding process for composite
prepreg tape. The methods of multi-parameter relative sensitivity analysis and single-
parameter sensitivity analysis are proposed. The polynomial empirical model of interlaminar
shear strength is established by response surface experimental method. Using this model, the
relative sensitivity of key process parameters including temperature, tension, pressure and
velocity is calculated, while the single-parameter sensitivity curves are obtained. According to
the analysis of sensitivity curves, the stability and instability range of each parameter are
recognized. Finally, the optimization method of winding process parameters is developed. The
analysis results show that the optimized ranges of the process parameters for interlaminar shear
strength are: temperature within [100 °C, 150 °C], tension within [275 N, 387 N], pressure
within [800 N, 1500 N], and velocity within [0.2 m/s, 0.4 m/s], respectively.

Keywords Tape winding process - ILSS - Process parameters - Sensitivity analysis - Stability
range - Optimization

1 Introduction

Composite prepreg tape winding and placement products have been widely used in aerospace
industry due to the favorable characteristics including high specific strength, superior high temper-
ature performance, and design flexibility [1-3]. As the amount of composite products increasing,
more attention to the product quality has been paid. The parameters selection in the molding process
plays aprofoundly importantrole in the quality of tape winding and placement. During the parameters
selection process, the specific values corresponding to the process parameters are provided by
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extensive tests, and many recommended parameters are specified as well. There is no reference range
for process parameters adjustment. However, in practical production process, some necessary
adjustments of parameters setting might be performed by the experienced operator based on the
actual situation (e.g. environment temperature and humidity, tape storage situation and so on).
Therefore, the operator would prefer to have a reference range of parameters rather than a specific
value.

Nowadays, tremendous efforts toward investigating the influence of process parameters on
product quality in composite molding process have been devoted. For thermoplastic filament
winding process, the influence of temperature on mechanical behaviour and properties of carbon
fiber reinforced thermoplastic polyimide composite is characterized in [4]. Results show an out-
standing stability in mechanical properties on a temperature range within [-50 °C, 200 °C].
Vishwanath R. Kedari et al. investigated the effects of vacuum pressure, inlet pressure, and mold
temperature on the void content and fiber volume fraction of polyester/E-glass fiber composite and a
series of experiments were conducted with a heated dual pressure control the vacuum-assisted resin
transfer molding (VARTM) setup [5]. The experimental results show that high vacuum, high mold
temperature and reduced inlet pressure can produce a VARTM part with high fiber volume fraction
and low void content. In order to shortening the production cycle time, microwave radiation was used
to cure carbon fiber/bismaleimide composites [6]. The optimum process parameters for microwave
curing were established based on analysis of the mechanical performance. The testing results show
that a cycle time reduction of nearly 63 % was obtained compared to thermal processing. And the
physical and mechanical properties of microwave cured samples were found to be superior to those
cured in a conventional oven. According to He H W et al., the effect of processing parameters on the
interlaminar shear strength (ILSS) of carbon fiber/epoxy composites is investigated [7]. Aim at
optimizing and statistically determining the significant factors that influenced the mechanical
propetties of the composites, taguchi methodology and analysis of variance were applied. It was
found that the content of curing agent and temperature were equally the primary important factors in
controlling the ILSS of the composites. The robotic fiber placement process parameters are analyzed
and therefore optimized using response surface method [8]. With respect to fiber reinforced thermo-
plastic, the critical parameters to determine the laminate quality are identified [9—11]. Therefore, an
approach of setting up an optimized placement process is proposed. In addition, a process optimiza-
tion scheme for tape placement is designed in [ 12]. The results of the process optimization show that
1) the maximum residual stress of the laminate can be reduced considerably, and 2) expected quality
can be guaranteed only in the case of slow lay-down speeds.

As can be observed from the previous studies, composite molding process has been a focus
of research interest, and the interesting results in the optimization of process parameters have
been obtained. However, there are several open issues in the winding process. 1) How to
evaluate the process parameters relative sensitivity in order to identify the sensitive process
parameters; 2) How to divide the stability range and instability range of each parameter; 3) If
the adjustment for process parameters is necessary, how to maintain the stability of product
quality during the adjustment process and how to determine the optimum range of process
parameters, those questions cannot be solved by existing method.

The study of this paperis exactly motivated by the afore-mentioned factors. The major work ofthis
paper includes: 1) The empirical model of ILSS is established by experimental dates. 2) The methods
of multi-parameter relative sensitivity analysis and single-parameter sensitivity analysis for key
winding process parameters are proposed based on above model. 3) The stability and instability range
of each parameter are divided. 4) The optimization method for tape winding process is proposed to
obtain the parameters optimized range. The contribution of our study lies in the fact that the sensitivity
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analysis and optimization methods can be used for winding process parameters adjustment to control
the ILSS of products, and provide the basis for parameters selection.

2 Sensitivity Analysis Method

Process parameters sensitivity is the sensitive degree of optimization objective to the change of
each process parameters. The purpose of sensitivity analysis is to identify the significant and
insignificant process parameters on optimization objective function [13]. In this study, the
ILSS of composite winding product is chosen as the optimization objective. The sensitivity of
the main winding process parameters is studied in order to optimize the process parameters.

2.1 Interlaminar Shear Strength Model

For composite winding products, the ILSS is not only the quantitative indicators to measure the bond
strength of laminate, but also an important criterion to evaluate the product quality [14]. Figure 1 shows
the composite prepreg tape winding process. In this process, after heating by hot compaction roller, the
incoming tape enters the molten region with constant velocity and bond with the laminated layer. The
magnetic powder brake can provide tension for tape. The cylinder applies positive pressure to ensure the
tape intimate contact with laminated layer, and the void in molten region can be extruded by roller to
reduce the void content of the product. Based on the analysis of this process, the key parameters which
mainly affect the ILSS of winding product include temperature, tension, pressure and velocity.

The common polynomial empirical model of interlaminar shear strength obtained by the
response surface experimental method is given as:

n

ILSS = f(ki) = a0 + > ik + > aykik;+ > ok (1)

i=0 i=0,/=0 i=0

where /LSS is interlaminar shear strength, &; is the process parameters, and « is the polynomial
coefficients. The study of process parameters sensitivity analysis method is based on this model.

Magnetic powder
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Fig. 1 Composite prepreg tape winding process
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2.2 Multi-Parameter Relative Sensitivity Analysis Method

Multi-parameter relative sensitivity analysis can comprehensively reflect the sensitivity of
ILSS on each process parameters change. Thus, the sensitive and insensitive parameters can be
determined. For the insensitive parameters, the value can be chosen within a wide range; while
with respect to the sensitive parameters, the value should be selected within a limited range.

The traditional parameter sensitivity analysis method can only analyze one parameter by
once, and this method is deployed based on a particular set of other parameters. The correlation
among the parameters has not been taken into account [15]. In practical winding processes,
however, the mutual coupling between the various process parameters can produce interactive
effects on the quality of winding product. Hence, the traditional parameter sensitivity analysis
is not available on winding process. Multi-Parameter Sensitivity Analysis (MPSA) is a natural
option for determining the relative sensitivity of winding process parameters.

The MPSA method varies the values of all parameters simultaneously based on Monte-
Carlo simulation, and the sensitivity of each parameter can be obtained by considering the
results of running model multiple times. Moreover, the measure of sensitivity is not dependent
on the comparison of the variable values of outputs. The judgment about sensitivity of each
parameter is generated according to calculate the cumulative frequency distributions of
acceptable and unacceptable cases, which are divided by comparing subjective criteria and
objective function values [16, 17]. The MPSA includes the following steps [18]:

—

) Selecting the process parameters k; (i=1, 2, 3, ..., n, n is the number of tested parame-
ters.) to be tested.

2) Setting the range of each parameter based on the practical production experience.

3) For each selected parameter, generating a series of N independent random numbers £; ;
(G=1,2,3, ..., N) with a uniform distribution within the setting range.

4) Running the established model using selected N parameter sets and calculating the
objective function values y;.

5) Determining whether the N parameter sets are ‘acceptable’ or “‘unacceptable’ by compar-

ing the objective function values to the criterion (R). The criterion R can be given as

N
1
R==—Y y. (2)
The cumulative value of ‘acceptable’ (p,) and ‘unacceptable’ (p,) is given by
[ 1ify;<R
Pa (yf) - { 0, otherwise’ (3)
_J Lify; >R
Pu (yj) - { 0, otherwise (4)

6) Statistically evaluate parametric sensitivity: For each parameter, the distributions of the
parameter values associated with the acceptable and unacceptable results (calculate the
cumulative frequency, illustrate the cumulative frequency curves) are compared. The
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cumulative frequency distributions of the acceptable (S,) and unacceptable (S,,) cases are
computed by

Sa(r):N% XN: pa(yj), (5)
iijii
N
s =5 3 nly) (©
Nl
kij<r

If the two distributions are not statistically different, the parameter is classified
as insensitive; otherwise, the parameter is classified as sensitive. The sensitivity
of each parameter can be presented by separated degree KS (Kolmogorov-
Smirnov distance) of the two cumulative frequency distributions curves. The KS
is given by

KS = Slrlp |Sa(r)_Su(r)|' (7)

2.3 Single-Parameter Sensitivity Analysis Method

Multi-parameter relative sensitivity analysis can comprehensively reflect the relative sensitiv-
ity of all process parameters. But the influence mechanism of each parameters change on ILSS
cannot be obtained. Single-parameter sensitivity analysis method is used as a complementary
solution in this case. The change rate of ILSS within the range of each process parameters can
be learned to provide the basis of selection and adjustment of each parameter.

According to the mathematical definition of sensitivity [19], the sensitivity model of single
process parameter is written as

)
- L)

8
St = i (Té;,p ) v
. af(T; P, v)
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here T is the temperature of roller, ¢ is winding tension, p is pressure of roller, and v
is winding velocity. 7, 7z, p and v is the mid-points of the range for each process
parameters. Equation (8) is associated with the polynomial empirical model which is
obtained by response surface experimental method. Sensitive and insensitive range of
every single parameter can be intuitively obtained by draw the sensitivity curve of
each parameter.

3 Experimental Procedure

The prepreg tape in the experiment is carbon fiber (T-300)/epoxy matrix (YH-69)
composite product by ZhongFuShenYing carbon fiber Co., LTD. The size of the tape
is 80 mm in width and 0.2 mm in thickness. The fiber volume fraction is (63 +1)%.
Winding device is NC tape winding machine. Curing equipment is autoclave product
by TEDA industrial equipment Co., LTD. The ILSS is tested by electronic universal
testing machine (CSS-88010).

The experiment is designed by Box-Behnken design (BBD) theory of response
surface methodology. The winding process parameters including temperature, tension,
pressure and velocity are treated as independent variables, whilst the ILSS is consid-
ered as dependent variable. The experimental scenario is indicated in Table 1. In the
first step, the flag stacked winding process is carried out for each set of parameters
which designed by BBD theory. Then, the tape winding ring specimens must be cure
and demould. The mandrel used in winding process is cylindrical steel column with
radius of 75 mm, and the radius of winding ring specimens is 80 mm. In the curing
process, the pressure and the heat-up rate is 0.15 MPa and 2.5 °C/min, and the curing
temperature should be kept for 120 min once the temperature reached 150 °C.

In the second step, the test method for mechanical properties of ring of filament-winding
reinforced plastics is used to test the ILSS based on the GB/T 14582008 standards [20]. The
cured ring specimens should be cut to obtain the standard NOL (Naval Ordnance Laboratory)
ring as shown in Fig. 2. The dimension of NOL ring is the inner diameter with 150 +0.2 mm,
width with 6 0.2 mm and thickness with 3 + 0.1 mm. Three curved test sample should be cut
out from each NOL ring. Figure 2 shows the tape winding experiment and test samples
obtained process.

As shown in Fig. 3, the test samples are mounted in the special fixture, and the
three-point bending test is produced to measure the ILSS of tape winding specimens.
For the purpose of eliminate the negative effect of the friction on test results, the
combination of antifriction bearing and sliding support is applied for free elongation
of samples and the supporting position unchanged. Therefore, the fixture should be
manufactured specifically for this test.

Finally, the load is applied on the test specimens at a speed of 1.0 mm/min until the
specimen failed, and the interlaminar shear fracture load data is recorded during the test as
shown in Fig. 4. The ILSS can be calculated by the Eq. 9.

3Py
™= b ®)

where, 7 is the ILSS of specimen, P, is the fracture load, b and /% is the width and thickness of
test sample.
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Table 1 Design and results of Box-Behnken design for temperature, tension, pressure and velocity

Test Factor 1: temperature Factor 2: tension Factor 3: pressure Factor 4: velocity

Response: ILSS

no. °C N N m/s MPa
1 150 275 1500 0.4 61.4
2 100 275 800 04 89.4
3 100 50 1500 04 71.2
4 150 275 800 0.6 85.3
5 50 275 100 0.4 29.0
6 100 50 100 0.4 40.8
7 150 500 800 0.4 66.2
8 100 500 800 0.6 56.7
9 100 275 100 0.6 42.6
10 100 50 800 0.2 63.2
11 150 275 800 0.2 62.6
12 100 500 1500 0.4 70.0
13 100 275 800 0.4 87.2
14 50 275 800 0.6 28.1
15 100 275 1500 0.6 60.4
16 100 275 800 0.4 86.0
17 100 275 800 0.4 92.6
18 50 275 1500 0.4 59.3
19 150 275 100 0.4 61.5
20 50 50 800 04 37.9
21 100 50 800 0.6 50.8
22 50 275 800 0.2 80.4
23 100 500 100 0.4 65.3
24 50 500 800 0.4 57.4
25 100 275 800 0.4 83.6
26 100 275 100 0.2 68.5
27 100 275 1500 0.2 74.2
28 150 50 800 0.4 64.7
29 100 500 800 0.2 71.6
Tape winding process NOL ring
Cure, Qemould
and cut

st}

-

20mm

aEs

Test sample

Fig. 2 Tape winding experiment and test samples obtained
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Loading rod

Sliding support

Antifriction bearing

The fixture for three-point
bending test

Fig. 3 Three-point bending test

The experimental data of ILSS are analyzed by the software of Design-Expert. The
polynomial regression model about the effect of process parameters on ILSS can be obtained as

ILSS = f(T,1,p,v) = =35.05 4+ 1.05T + 0.25¢ + 8.52 x 10 p—33.70v
—4.00 x 1047-+-2.17 x 10 *T-p + 1.88T-v 10
—4.08 x 1073£:p—1.39 x 10 2£-v +2.16 x 10 2p-v (10)
—6.68 x 10°T%-2.76 x 107*2-3.14 x 10°p*-2.59 x 10%?

In order to verify the reliability of the experimental data and the significance of the
quadratic regression model, a series statistical test should be proposed which include analysis

Fig. 4 The load curve of three- 2000 -
point bending test | Interlaminar shear fracture load @ 1546N
1600

g 1200 l/

el

@

S soof

Maximum load
400 |
0 1 1

" " 1 " 1 " 1 " "
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Displacement (mm)
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of residual, analysis of variance (ANOVA) and predicted versus actual plot. The normal
probability plot is shown in Fig. 5a. One can see that the points follow a straight line which
indicates the residuals follow a normal distribution. And the plot of residuals versus run is
given in Fig. 5b, which plot of the residuals versus the experimental run order. This plot shows
the points are scattered without forming any specific trend found in the data. The analysis
results of residual indicate that all experimental data follow a normal distribution and there is
no abnormal data.

According to ANOVA, the p-value of model is less than 0.0001 means that the quadratic
regression model is significant. And the p-value of the lack of fit is 0.2975 and is greater than
0.05 which indicate the proportion of abnormal error can be ignored when quadratic equation
fitting with the actual. The actual versus predicted plot shows the actual response values versus
predicted response values. This plot is given in Fig. 6 and a straight line shows that the model
is predicting the response correctly. A detailed discussion on the validation method of response
surface model can be found in [21].

Fig. 5 Residual analysis results a
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4 Process Parameters Sensitivity Analysis
4.1 Multi-Parameter Relative Sensitivity Analysis

Based on the polynomial regression model, the relative sensitivity of winding process
parameters are calculated by MPSA method. The procedure of MPSA is illustrated in
Fig. 7. The repeating times N of Monte-Carlo simulation is 2000. The MPSA
statistical results of winding process parameters are shown in Fig. 8. The solid lines
indicate cumulative frequency distributions of the acceptable cases, and dashed lines
indicate cumulative frequency distributions of the unacceptable cases. The greater the
separated degree of the two curves, the greater the relative sensitivity of the process
parameters.

The Fig. 8 shows that there has different degree of separation of two distributions
curves on each process parameters, which means that all process parameters (temper-
ature, tension, pressure and velocity) have caused a certain degree of influence on the
ILSS of tape winding product. The separated degree KS of each parameters distribu-
tions curves is: KSy=0.33, KS,=0.19, K§,=0.31, KS,=0.23. As shown in Fig. 9, in
the process of prepreg tape winding, with respect to ILSS, the relative sensitivities of
temperature, pressure, velocity and tension are decreasing successively.

4.2 Single-Parameter Sensitivity Analysis

The sensitivities of temperature, tension, pressure and velocity are calculated based on the
sensitivity model of single process parameter. Here T=100 °C, 7=275 N, p=800 N, ¥=0.4 m/s,
the sensitivity of each parameter can be written as

Shss = [1.45-1.28 x 10727
Sirss = [1.18 x 107'-5.34 x 107
Sh s = |2.58 x 1072-7.42 x 10|

Shes = |1.54 x 10*-4.83 x 10%v)|

(11)

The sensitivity curves of each parameter are drawn by Eq. 11 as shown in Fig. 10.
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Fig. 7 Flow chart of MPSA Select parameters
to be analyzed

Determine the range of
each parameter
Make parameter set by N
> random number

generation
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Run the modle

Y

Calculation of objective
function value

Monte-Carlo
Simulation

Comparison of the
distribution between
acceptable and un
acceptable cases

v

Evaluate the
sensitivity of each
selected parameter

The single-parameter sensitivity analysis results are show in Fig. 10. In this part, the
sensitivity value of each parameter is dimensionless, and cannot be compared with the
sensitivity of other parameters. It can be seen from those figures, the sensitivity of the all
process parameters are fluctuations in the process range. The sensitivity mean values of
temperature and pressure in the (i) range is greater than that in the (ii) range. However, with
respect to the tension and velocity, the sensitivity in the (i) range is less then the (ii) range.
Then, the division of stability and instability range for each parameter can be produced using
the single-parameter sensitivity curve.

4.3 Stability and Instability Range Division
The stability range of process parameters is where the ILSS is insensitive to the change of

parameter. And the instability range means that the ILSS is sensitive to the change of
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parameter in this range. Based on the analysis of sensitivity curves above, the method of
stability and instability range division for winding process parameters is proposed as:

(1) Dividing m levels for the selected parameters (N, N, ..

surface experiments.

Fig. 9 The separated degree KS
of process parameters
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(2) Tlustrating the sensitivity curves based on the single-parameter sensitivity model.
(3) Measuring the sensitivity mean values by sensitivity curves: For each process parameters,
the sensitivity mean values in the range of [M;, M;], [My, Ms], ..., [M,,.1, M,] is

measured as A;, A,, ..

WAL
(4) Calculating the mean value of Ay, A,, ..

.» A1, and it can be presented as Ag. If A(j =

1,2,...,m-1) <Ay, the range of [M;, M;,,] is classified as stability range; otherwise, the
range is classified as instability.

In the experimental range of each parameter, the stability and instability ranges of those winding
process parameters are obtained by this division method. The division result is shown in Table 2.

5 Optimization

Based on the polynomial regression model obtained by response surface method,
combine with the parameters sensitivity analysis and stability and instability range

Table 2 Stability and instability
range of each parameter

Process parameter

Stability range

Instability range

T(°C)
t(N)
p(N)
v (m/s)

[100 °C, 150 °C]
[50 N, 275 N]
[800 N, 1500 N]
[0.2 m/s, 0.4 m/s]

[50 °C, 100 °C]
[275 N, 500 N]
[100 N, 800 N]
[0.4 m/s, 0.6 m/s]
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division, the optimization method of winding process parameters for ILSS can be
proposed as following steps:

(1) Analyzing the relative sensitivity of each process parameters by MPSA, determining
whether the parameter is ‘sensitive’ or ‘insensitive’.

(2) For insensitive parameters, selecting the experimental range as the optimized range. For
sensitive parameters, analyzing the single-parameter sensitivity, and dividing the stability
and instability ranges.

(3) Using N parameter sets random generated in MPSA and corresponding objective func-
tion values (ILSS), calculating the mean value of those objective function values in the
stability and instability ranges.

(4) Comparing the mean value of objective function values associated with stability range
and instability range. If the mean value of stability range is greater then that of the
instability range, the stability range is identified as an optimized range; otherwise, the
instability range is classified as an optimized range.

(5) For the case of optimized range is instability range, dividing the instability range by
dichotomy, determining a smaller range of stability and instability range, then return to
step (3) to continue the calculation until stability range is found as optimized range.

The optimization of winding process parameters for composite prepreg tape is
conducted. First of all, according to the MPSA results, all winding process parameters
(temperature, tension, pressure and velocity) are ‘sensitive’. And the stability and
instability range of each parameter are divided as well. Secondly, the mean value of
ILSS in the stability and instability ranges are calculated using 2000 parameter sets
random generated in MPSA. As can be observed in Table 3, in the first round
optimization, only the instability range of tension is classified as the optimized range,
the other parameters stability range is classified as the optimized range. Therefore, the
further division and optimization is required for the tension. In the second round
optimization, the ILSS mean value of stability range is greater then instability range
for the tension, which means the stability range of all parameters are classified as the

Table 3 Optimization for winding process parameters

Parameters Range division Mean value MPa Stability

The first round optimization

T (°C) [50 °C, 100 °C] 64.2 stability range
[100 °C, 150 °C] 73.1

t(N) [50N, 275 N] 66.5 instability range
[275 N, 500 N] 70.7

p» (N) [100 N, 800 N] 64.8 stability range
[800 N, 1500 N] 722

v (m/s) [0.2 m/s, 0.4 m/s] 72.8 stability range
[0.4 m/s, 0.6 m/s] 65.1

The second round optimization

t(N) [275N, 387 N] 73.1 stability range

[387 N, 500 N] 68.7
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optimized range. So far, the process of optimization for winding process parameters is
completed.

According to the process of sensitivity analysis, stability and instability range division and
optimization, the optimized ranges of winding process parameters for composite prepreg tape
are: temperature with [100 °C, 150 °C], tension with [275 N, 387 N, pressure with [800 N,
1500 N, velocity with [0.2 m/s, 0.4 m/s].

For validation purposes, three groups of process parameter sets are selected randomly from
inside and outside of the optimized range, respectively. The winding experiments should be
performed and the ILSS of the winding products is tested. The values of selected six group
process parameters and the corresponding model prediction and experimental data are shown
in Table 4. It’s easy to found that the ILSS of the winding specimens which product using the
process parameter sets in optimized range is obviously better than that out of optimized range.
And the fluctuation of those three group experimental results is only within 5 %. The
validation results indicate that the optimized range of the process parameters for tape winding
is reliable and stable.

6 Conclusion

This paper analyzes the multi-parameter relative sensitivity and single-parameter sensitivity of
key parameters for the composite prepreg tape winding process. The stability and instability
range of each parameter is determined, and the optimization of all parameters is conducted.
The analysis results can be concluded as:

(1) The ILSS of the prepreg tape winging product is sensitive to temperature, tension,
pressure and velocity. Through the MPSA analysis, the separated degree KS of each
parameters distributions curves is: KS7=0.33, KS,=0.19, K§,=0.31, KS, =0.23.

(2) For the single-parameter sensitivity, the sensitivity of all parameters is decreased at the
beginning, however the sensitivity is increased if the parameters exceeds the specific
thresholds.

(3) For the ILSS of prepreg tape winging product, the optimized ranges of the process
parameters are: temperature within [100 °C, 150 °C], tension within [275 N, 387 N],
pressure within [800 N, 1500 N], velocity within [0.2 m/s, 0.4 m/s]. And the experimen-
tal results validate that the optimized range of the process parameters is reliable and
stable.

Table 4 Validation of optimized range

Test no. Selected range  Temperature °C Tension N Pressure N Velocity m/s Experimental — Simulated
value MPa value MPa

In-1 Stability range 112 301 1386 0.29 82.7 79.2
In-2 Stability range 107 339 1247 0.38 86.3 85.2
In-3 Stability range 128 386 913 0.33 84.1 824
Out-1  Instability range 61 241 376 0.45 473 47.5
Out-2  Instability range 66 164 738 0.47 559 56.4
Out-3  Instability range 91 56 773 0.46 62.2 61.8
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