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Abstract: Prepreg stickiness is the adhesion between prepregs or between a prepreg and a mold in lay-up process. It
is critical for automated fiber placement, because the stickiness should be small for smooth transport, as well as
large enough on the laying surface for a good placement performance. To ensure prepreg stickiness always being in
the optimum laying window. placement temperature should be changed according to the laying speed. In our work,
the relationship between laying speed and emissive power of heating lamp was studied. The heat transfer process
between heating lamp and laying surface was analyzed and the control equation of dynamic temperature was de-

rived. Finally, the infrared heating system was built and its effectiveness was verified based on placement experi-
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ment.
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0 Introduction

Automated fiber placement is one of the key
technologies of forming composite materials with
complex surface and its application has become

6] Thanks to its high forming efficiency

wide
and reliable forming quality, the technique has
been widely used in aeronautics and astronautics.
Its advantages depend on advanced forming equip-
ments and precise automated placement process.
The high quality and efficient placement of auto-
mated fiber placement machine is dominated
mainly by those three factors;Prepreg stickiness,
placement stress and placement tension,

Prepreg stickiness is primarily controlled by
adjusting the temperature of the placement sur-
face. Heating methods for thermosetting prepreg
in placement process include hot air heating and
infrared heating. Infrared heating is superior at
controlled heating direction and heating tempera-
ture, fast response, high efficiency and energy

saving. Therefore, it is a preferred choice for au-
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tomated fiber placement heating. Currently,
many scholars abroad have focused on infrared
heating for automated fiber placement. The Elec-
troimpact Company has studied infrared heating
technology on thermosetting composite under
high-speed placement. The Ingersoll Machine
Tool Company has developed two series of auto-
mated fiber placement machines with infrared
heating systems, and the radiant intensity of the
heating mechanism could be automatically adjus-
ted according to placement speed. Other scholars
abroad have studied the effect of temperature on
the quality of placement!™’. Domestic researches
on infrared heating technology basically focuces
on their uses in heating, medical, drying and oth-
er industries. Hot air heating has been applied in
automated tape placement. Yu Yongbo et al. have
conducted a preliminary exploration of infrared
heating technology for automated tape place-
ment"*" . However, the infrared heating for au-

tomated fiber placement has not been reported
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yet. Therefore, we applied infrared heating to au-

tomated fiber placement.

1 Stickiness Control for Automated

Fiber Placement

The prepreg used in automated fiber place-
ment is a composite made of resin matrix and con-
tinuous fiber. The placement speed is high, so
the resin "island” between two prepreg surfaces
does not have enough time to spread. Therefore,
the bond between prepregs cannot be guaran-

teedH?,

stickiness should be adjusted to increase the flow-

In order to solve this problem. prepreg

ability of the resin.

The relations between resin stickiness and
temperature can be expressed by Arrhenius expo-
nential equation''*’

/1:/*‘»1 . eXp(E/RT) (])
where 4, is a constant, E the stickiness flow acti-
vation energy, R the gas constant and T the abso-
lute temperature.

Eq. (1) illustrates that adjusting prepreg
temperature on placement surface can suitably
change the stickiness of prepreg. In fact, when
the temperature is rising, the mobility of the res-
in molecular chain is being enhanced; the interac-
tion between molecules is weakening, the fluidity
of resin is increasing and the placement perform-
ance of prepreg is being improved. Therefore,
heating the prepreg surface is necessary when lay-
ing the prepreg. The structure of heating system

is shown in Fig. 1.

Detecting placement rate

I Prepreg being laid
epreg after laid

I Heating

*— zone ™|

Pressure
roller

/
’

Fig.1 Heating system

The infrared heating system should detect

laying speed, recognize non-placement, being

heating adaptive, and rapidly response, etc. The
work condition of the heating system is shown in

Table 1.

Table 1 Work condition of heating system
Placement . Empty Cut Feed
Laying
status move prepreg prepreg
Heating Stop Stop Stop
Heat . . .
status heating heating heating
Placement End Suspend for End
status track malfunction placement
Heating Stop Stop Stop
status heating heating heating

Therefore, an infrared heating system was
designed for the automated fiber placement ma-
chine. This system included a placement speed
detection mechanism, a control unit and a heating
unit. The placement speed was measured by the
encoder which engaged closely with the pressure
roller. The status of pressure roller could be mo-
nitored by the encoder in real-time. The control
unit received the speed signal detected by the en-
coder, and output the control signal to adjust the
heating lamp radiation intensity by monitoring the

power of the output module.

2 Infrared Heating Energy Transfer
Model

In the placement process, the infrared heat-
ing device is at open state. The outside tempera-
ture changing and airflow will have an impact on
the thermal energy transfer of the infrared radia-
tion. Besides, the temperature and the physical
properties, even different types of prepreg can
affect the calculation process’'*’. Therefore, a
simplified radiation calculation was chosen in-
stead of a complicated one for engineering appli-
cation.

In order to convert filament radiant energy
into prepreg heat energy, the radiant energy must
reach the effective radiation surface in two ways:
One is being directly projected to the placement
surface from the filament; the other is being e-

mitted from the filament and reflected by the re-

flective coating, as shown in Fig. 2.
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Fig.2 Schematic diagram of radiation

2.1 Infrared heating lamp radiation theory

The filament surface can be regard as diffuse
surface. The heat radiation of the filament sur-
face is weaker than the black body surface. Ac-
cording to Stefan-Boltzmann law, the radiation
intensity can be expressed as

E, =e,T! (2)
where E, is the radiation of the filament, ¢ the e-
mission rate of the filament, g, the Boltzmann
constant and T, the temperature of the filament.
The total radiation of the heating lamp is propor-
tional to fourth power of the filament tempera-
ture. The temperature of the filament depends on
the power of the heating lamp. When the heating
lamp is in thermal equilibrium with the environ-
ment, the radiation of the filament can be ex-

pressed as''™
E[ —_ = (3)

where P is the power of the heating lamp, and S
the effective radiation area of the filament. Eq. (3)
shows that the radiation intensity of the heating
lamp can be changed by adjusting the power of
the heating lamp.

2.2 Computation of radiant energy for heating

lamp

The radiant energy emitted from the filament
and directly projected to the effective radiation
surface in unit time can be expressed as

Qi :Ez-\'gﬁl,s 4
where ¢, ; is the angular coefficient between sur-
face 1 and surface 2, that is the efficiency of the
radiant energy emitted from the filament 1 and

falling on the prepreg surface 3.

The radiant energy which is reflected by the
reflective coating and finally reaches the prepreg
surface in a unit time can be expressed as

Qs =EE 51005 5
where ¢, , is the angular coefficient between sur-
face 1 and surface 2, that is the efficiency of the
radiant energy emitted from the filament 1 and
falling on the reflective coating surface 2, ¢, ; the
angular coefficient between surface 2 and surface
3, that is the efficiency of the radiant energy re-
flected by the reflective coating surface 2 and fall-
ing on the prepreg surface 3, £ the reflectance of

the reflective coating.

2.3 Computation of radiant energy prepreg-
absorbed

The radiant energy that is projected to the ef-
fective surface from the heating lamp is the sum
of the direct radiation and indirect radiation. Con-
sidering the usual range of thermal radiation used
in the placement, the prepreg surface can be re-
garded as gray body, so the prepreg absorption
ratio is constant. The radiant energy that the
prepreg absorbed in a unit time can be expressed
as

Q=060p1.202.5 T ¢1.3) P (6)

where § is the prepreg absorption ratio.
2.4 Dynamic temperature control equation

Automated fiber placement is a dynamic
process. The heating device sweep the placement
surface in placement rate. The heated surface of
the prepreg receive the radiant energy from the
heating lamp. The vibration of the resin mole-
cules increases and the temperature of the prepreg
rises. The relationship between the temperature
change of the prepreg surface and the received ra-

diant energy can be expressed as
OnAT =3(sg g0 + 0P o 2 (D

where C is the specific heat capacity of prepreg, m
the prepreg mass in the effective radiation sur-
face, AT the temperature values in placement sur-
face, L the length along the track direction on the
effective radiation surface and v the placement

rate along the track direction.
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In order to maintain the prepreg on the place-
ment at a optimal temperature, the relationship
between the power of the heating lamp and the
placement rate can be expressed as

p— cm .
6(&01.2502,3 + 501.3)1«
Due to the introduction of the hypothesis of

vAT (€]

diffuse surface, the angular coefficient is geomet-
rical. It only relates to the size and the shape of
the filament surface and the prepreg surface, and
the relative position between the filament and the
prepreg, instead of the properties and tempera-
ture of the prepreg. This property of angular co-
efficient is also suitable for the system which is
not in thermal equilibrium. During automated fi-
ber placement, the laying fiber head is usually
perpendicular to the common tangent of the
placement surface. The relative position of the
heating lamp which is on the laying fiber head and
the placement surface is unchanged, and the ef-
fective heating surface remains unchanged, and
the angular coefficient ¢, s @.5 s ¢i.; are con-
stants. So the control equation of the heating
lamp can be expressed as

P=kAT 9

on
0s (&01.2902;% + ©®1.3 )L
Thereby. the relationship between the place-

1s a constant.

where k& =

ment rate and the power of the heating system
has been established, and the control coefficient £

can be established by placement test.

3 Infrared Heating System

The infrared heating device is located at the
black of the pressure roller. Two infrared heating
lamps were adopted, each of which was with gold
reflective coating and with an effective heating
length of 80 mm. The power of each lamp was
1 kW. The infrared heating device was shown in
Fig. 3.

The control program, based on the dynamic
temperature control equation, was loaded in the
control unit. The control unit output appropriate
analog and adjusted the power of the output

model to mornitor the temperature of the place-

ment surface in real time. The control principle

is shown in Fig. 4.

Infrared heating]
device

Fig. 3 Infrared heating device

Start
3
Heat placement
surface
Detect placement rate l
l End tack
Output appropriate
analog
Adjust the power of “
the heating lamp
L

Fig. 4 Control process

3.1 Power adjustment mechanism

Heating system adjusted the heating lamp
power by a voltage regulator module, therefore a
relationship should be established between the
heating lamp operating voltage and the heating
lamp power. After heating lamp started to work,
the filament temperature was greatly increased.
The greater the heating lamp power was, the
higher the filament temperature was and the
stronger the radiation was. On the contrary, the
less power heating lamp held, the lower the fila-
ment temperature was and the weaker the radia-
tion became. It was exactly because the filament
temperature affected by the filament resistivity
and the filament resistance was not fixed, since
the heating lamp power voltage was not applied to
the simple linear change. Testing with an infrared
lamp quartz halogen lamp, lamp temperature in-
creased with tungsten resistivity increasing. Ac-

cording to the characteristics of the resistance of
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the filament, the filament resistance can be ex-
pressed as
R, =p L (10)

2
v

where p is the filament resistivity. Resistivity is
the physical characteristics of the filament, mainly
with the filament temperature T varies linearly,
the relationship between p and T can be expressed
as
p=dl,+p an
where a , fare the constants for the same infrared
heating lamp.
Heating lamp power versus voltage can be
obtained by experimental measurements. A eight-
tow-fiber placement machine heating lamp power

and voltage curve is shown in Fig. 5.

2501 u

200f "

. 150F
100} _.-".f.
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Fig. 5 Heating lamp power and voltage rela-

tionship

Relations between power and voltage can be
obtained as

P =0.004 12U% + 0. 192 82U — 0. 923 39

az

where U is heating lamp operating voltage.

According to the target power, the control
unit calculated the heating lamp operating voltage
by Eq. (12). And then direct ratio relationship
calculated the control voltage and outputs based
on the ratio of input control voltage and output

voltage of voltage regulator module.
4 Experimental Verification and A-
nalysis

The experiments were conducted with the
T700/603 epoxy unidirectional prepreg where pa-

rameters are listed in Table 2.

Table 2 Parameters of the prepreg

Gel Areal
Width Thicknes:
Parameter Model idth/ content/ density/ ickness/
mm " mm
% (gem®)
Value T700/603 6. 35 34 180 0.15

4.1 Control coefficient

The control coefficients are different with
different prepregs and different ambient tempera-
tures, so they need to be amended before laying
prepreg. In order to determine the control coeffi-
cient, the placement speed was set at 6 m/min,
the value of the control coefficient was adjusted to
adapt all kinds of placement experiments. Then
the temperature of the placement surface was
measured by infrared thermometer. The experi-

ment data are listed in Table 3.

Table 3 Relationship between control coefficient and tem-
perature
Averz Avers
Num- Control verage Num- Control verage
.. temperature, .. temperature/
ber  coefficient o ber  coefficient o
C C
1 0.0 16.5 6 5.0 40.5
2 1.0 18.6 7 6.0 43.1
3 2.0 26.2 8 7.0 44.0
4 3.0 27.9 9 8.0 49. 8
5 4.0 33.4

From Table 3, we can get the curve and the
fitting equation between the control coefficient
and the temperature of the placement surface, as

shown in Fig. 6.

Temperature of the
placement surface/C
W
(=)

?0 y=4.2633x+16.28
5T 2 _

10k R =0.9803

5 +

O 1 1 1 1 1 1 L J

0 1 2 3 4 5 6 7 8

Control coefficient
Fig. 6  Relations between control coefficient and

temperature

The placement surface temperature of epoxy

composite prepreg should be at 35 CM% . Ac-
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cording to the fitting equation, the control coef-
ficient should be 4. 39. Therefore, The control
coefficient was set at 4. 39 and the placement ex-
periment was conducted at different placement
speeds. The placement surface temperature
could be measured. Other parameters are shown

in Table 4. The experiment results are shown in

Table 5.

Table 4 Placement parameters

Placement Placement Prepreg Ambient
parameter pressure/MPa tesion/N  temperature/C
Value 0.1 5.0 16.5

Table 5 Surface temperature at different placement speeds

Number Speed/(mm ¢ s~ ') Surface temperature/°C

1 50 33.8
2 100 35.2
3 150 34.1
1 200 34.2
5 250 33.5

Tables 4,5 show that the power of the heat-
ing lamp matched the placement speed. The tem-
perature of the placement surface was maintained
at less than 32—35 °C. Therefore, the theory
temperature model p =kvAT , namely the linear
control model between the power and the place-

ment speed, is reasonable.
4.2 Heating effect on inter-layer property

The peel force was adopted to evaluate the
inter-layer adhesion properties of epoxy prepreg.
Put the specimen on the peeling tester machine,
one end of the up layer prepreg was fixed in the
chuck of the machine. Move up the chuck at the
speed of 100 mm/min until the peeling length be-
tween the upper and lower prepreg was 60 mm.
Record the "force-displacement curve’, and then
calculate the average peeling force. Experimental
device is shown in Fig. 7.

The stickiness value between the prepreg

layers can be expressed as

PA/J
B

where S,.. is the stickiness value between the

Spacc - ( 1 3 )

prepreg layers, just representing the interlayer

adhesive properties of the prepreg, with a unit of

Fig. 7 Peeling experiment device

N/mm, P, the average peeling force, B the
width of the prepreg.

With a placement speed of 6 m/min, the
control parameters changed with different place-
ment tests. Other placement parameters are lis-
ted in Table 4 to determine the peeling force. The

experimental data are listed in Table 6.

Table 6 Control coefficient effect on peel force

Number Control coefficient Average peel force/N
1 0. 00 0.578
2 1. 39 0. 750
3 2.39 0. 780
4 3.39 0.791
5 4.39 0. 813
6 4.59 0.790
7 5.19 0.752
8 5.39 0.739

The value of the peeling force can character-
ize the sticking performance of prepreg layers.
The better the sticking performance of prepreg
layers was, the less the warp and poor inter-layer
combination would appear. We could see from
Table 6 that the peeling force had been signifi-
cantly improved after heated and the peeling force
increased with the control coefficient increasing.
When £ =0, the heating lamp did not work, then
the peeling force was significantly lower during
heating. When £ = 4. 39, the peeling force reached
the maximum, but when the control coefficient con-

tinued to increase, the peeling force was decreasing.
4.3 Heating effect on curing degree of prepreg

Due to the large power of the heating lamp,

excessive radiant energy may damage the

prepreg, especially at the positions where the lay-
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ing fiber head has sharply stopped, such as cut
prepreg point and feed prepreg point, as shown in
Fig. 8. In these suspension points, placement
speed is zero, the heating lamp is out of power.
But the lamp and the filament is still hot and will
continue to heat the placement surface until they
are totally cooled down by convection heat trans-
ferring and radiation transferring. It is necessary
to take full account of the heating impact on the
prepreg performance at the special positions.
Therefore, we measured and analyzed the curing

degree of the laid prepreg.

Heat Cut prepreg Feed prepreg Heat Stop point

point point point / point
Q [N q JARRN

Placement track

Fig. 8 Segment of placement track

In order to characterize the curing degree,
the differential scanning calorimetry was adopted
to measure the thermal effect during raising tem-
perature in equal rate of the prepreg at different
points with different characteristics. There were
three kinds of attributes of laid prepreg: Not
heated, heated at regular point and heated at
short stop point with control coefficient £=4. 39.
These enthalpies of these three specimens at the
heating rate of 5 K/min were tested, and the cu-
ring degree was calculated. The experiment re-

sults are listed in Table 7.

Table 7 Enthalpy and curing degree of different segments

Number Segment Enthalpy Curing degree
1 Not heated 209. 2 10. 24
2 Heated at regular point  197.9 15.09
3 Heated at short stop point 179.0 23. 20

Table 7 elaborates that the curing degree of
the not heated prepreg was 10. 24% and the cu-
ring degree of the prepreg which was laid with
heated at uniform velocity and at the short stop
point was slightly increased. The curing degree of
prepreg which was laid with heated at uniform ve-
locity was increased 4.85% more than the

prepreg which was not heated, the curing degree

of prepreg which was heated at the short stop
point has increased of 12. 6%. Although the ini-
tial curing degree of the laid prepreg has changed,
the effect of the curing degree change was rela-
tivelly very small, so heating did not damage the
prepreg, and the placement quality has greatly
improved after heated. The change of the curing
degree at the shot stop point was greater, because
when the heating lamp was out of power, the
lamp and the filament were still hot and could not
immediately cool down to room temperature. The
longer the laying fiber head stops at the short
stop position, the more calories the prepreg ac-
cept, and the higher the curing degree of the

prepreg is.
4.4 Heating effect on placement quality

The placement experiments were conducted
with £ = 4. 39 at different placement rates. with-
out heat, £ was 0. Other placement parameters
were listed in Table 4. Fig. 9 is the placement
effect under different placement conditions.
Without heat, warp was enormous and inter-layer
combination was poor. The surface was almost
uneven at low ambient temperature. After heat-
ed, the temperature of the placement surface in-
creased, the placement quality had a very signifi-
cant improvement, the placement surface was
smooth and the prepreg layers sticked closely.
The placement quality was consistent under
placement rate of 100, 150, and 200 mm/s. The
experiment verified the feasibility of the dynamic

temperature control equation and the heating device.

(a) 100 mm/s without heating

(b) 100 mm/s after heated

(¢) 150 mm/s without heating (d) 200 mm/s after heated

Fig. 9 Placement results with different parameters
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5 Conclusions

(1) Placement performance of the prepreg at
the placement surface can be adjusted by infrared
heating during automated fiber placement.

(2) According to dynamic temperature con-
trol model, a heating control system was built.
The experiment results showed that the proposed
control system could match the power of the heat-
ing lamp with the placement speed, which veri-
fied the feasibility of the system.

(3) The placement quality and the curing de-
gree of the laid prepreg showed that the heating
system could improve the placement quality effec-
tively without damaging the prepreg on the place-
ment surface. The heating system is fully appli-

cable to automated fiber placement machine.
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