Modeling Induction Heat Distribution in Carbon Fiber Reinforced Thermoplastics

Robert C. Goldstein, John K. Jackowski, Valentin S. Nemkov
Fluxtrol, Inc., Auburn Hills, MI, USA
rcgoldstein@fluxtrol.com, 248-393 2000

Abstract

Being contactless and volumetric, Induction heating has
proven to be an effective method for producing high strength
weld joints between Carbon Fiber Reinforced Thermoplastic
(CFRT) components. There are inherent challenges with the
implementation of this technology due to the anisotropic
nature of CFRT. The anisotropic electrical and thermal
properties of CFRT plate are described. The properties are
inputted to a FEA program for electromagnetic and thermal
simulation. The program is used to design an induction coil
with a goal of achieving uniform temperature distribution in a
lap joint between two CFRT plates. Effect of frequency,
material orientation, and coil design is examined.

Introduction

Induction is an established method for heating of carbon fiber
reinforced polymers. Induction offers a clean, fast, and
efficient method for heating that integrates well into a mass
production line. While autoclave is the leading method for
thermal processing of CFRT, induction is an emerging
alternative. Alternating magnetic fields are used to induce
eddy currents in the load (in this case carbon fiber), making it
contactless by nature and local to where the field is applied.
Depending on the electrical and magnetic properties of the
load and the frequency of the alternating field, the eddy
currents can be induced volumetrically to produce heat within
the bulk of the material. Other common methods such as
resistance, infrared, or convection apply heat to the surface of
the material and a significant time lag is required to reach the
desired temperature in depth without overheating the surface.
The benefits of induction and a comparison to other well-
known heating methods are described by Da Costa et al. [1].
The focus of the studies in this report is intended for lap joint
welding CFRT. For welding CFRT a joint interface
temperature that exceeds the melting temperature of the
polymer matrix is needed, along with applied pressure.
Induction can also be used for tape
placement/curing/consolidation, forming, repairing, and
surface finishing of CFRT.

The main drawback to induction is the difficulty of generating
uniform temperature at the weld interface, especially for larger
geometries [2,3]. The coil design and process parameters have
not been well examined when utilizing induction for CFRT.

An in depth understanding of the technology is needed to
consider the many effects and factors involved when targeting
a certain thermal profile.

Induction heating is possible for CFRT only when there are
closed loops for eddy current to flow. Current flowing along
the carbon fibers must return back along another set of fibers.
If there is a sufficient galvanic connection between the fibers
due to their contact, a conductive loop is created. This is the
scenario used for the examples in this paper, assuming the
carbon fiber is in woven form. When there is insufficient fiber
contact the only way for current to flow in a closed loop is to
flow through the plastic due to capacitive coupling of carbon
fibers. This can only happen at high frequencies (well within
the MHz range for most polymers). In this case, additional
heat generation can occur due to dielectric losses in the
polymer [4,5]. In our case we completely neglect additional
heating contributed by the polymer since the frequency range
of interest is from .01-2 MHz. This assumption is supported
by the findings of Rudolf et al. [6] and Miller et al. [7].

Metal mesh has been used to help provide uniform heat
distribution at the joint interface. A thin metallic foil or layer
of magnetic particles could also be used. With the proper coil
design and process parameters, supportive heating components
at the joint interface should be unnecessary for uniform
heating of most geometries. Another method to aid in the weld
formation is the application of a film insert of thermoplastic at
the interface of the lap joint. This method could reduce
required temperature and sensitivity to applied pressure or
processing time. A lower temperature thermoplastic could
provide a bond without structural deformation of the base
material. However, no significant advantage to the
interlaminar shear strength (ILSS) has been discovered by the
application of major insert methods. A comparative table of
previous studies by a wide range of research groups shows the
results of various methods and corresponding ILSS. [8] This is
further confirmed by the findings of Caretto [9].

The intent of this paper is to establish a foundation in
understanding the net properties and heating behavior of
CFRT, using the induction technique. Fundamental induction
heating concepts are used to examine the response of this
complex material and the impact proper coil design has on the
heat distribution and process parameters. The application in
focus is welding of a lap joint. More extensive material
examination and experimental results are intended to follow in
further studies.



Experimental Setup

Material Properties

The electrical and thermal properties of CFRT are needed for
predicting induction heating performance. These materials’
properties are difficult to characterize due to their anisotropic
nature. The unidirectional plies in a quasi-isotropic laminate
complicate this further since properties can vary in all three
dimensions and the net heating phenomenon is more difficult
to predict. For this study, a woven carbon fiber fabric
reinforcement is selected to allow two-dimensional
assumptions to be made. The electrical resistivity in plane
(parallel to fibers) and in through-thickness (perpendicular to
fibers) is taken from the study of Rudolf et al [6], and is
displayed in Table 1. The material is a 5-harness satin carbon
fiber fabric reinforced polyphenylensulfide, 46% fiber by
volume. The thermal conductivity, specific heat capacity, and
density are determined by using the rule of mixtures. The
individual material properties and equivalent composite
properties are given in Table 1.

Table 1: Equivalent material properties used in the FEA.
Values taken from reference [4].

T300
Material PPS carbon Composite
fiber
Orientation Parallel Perpendicular
Volume
fraction™ 0.54 0.46 1
K (W/mk) 0.29 10.5 -
Keq (W/mk) 5 0.5
Cp (J/kgK) 1000.70 | 795.50 -
Cpeq (J/kgK) 906.3 906.3
d (g/cm3) 135 | 176 -
deq (g/cm3) 1.54 1.54
p (Qm)* 5.0E-04 3

FEA Simulation

A proper coil design is examined for welding two Y% inch (3.2
mm) thick by 4 inch (101.6 mm) long panels with a 1 inch
(25.4 mm) overlap. The width requirement of specimens to
meet standard ILSS testing criteria is 1 inch, but for the two-
dimensional analysis the width of the panels is considered
infinite. The electrical parameters relate to a 1 inch section out
of an infinitely wide system. Any edge effects of the current in
the third dimension are neglected. If the panel width is less
than about 6 times the penetration depth (6), then assumptions

made about the electrical parameters of the section in an
infinite system are no longer valid. The dimensions of the
specimen used for FEA is shown in Figure 1.

The coil cross-section is modeled with 3/16 inch (4.8mm)
square tube for all cases other than the vertical loop style coil,
which has a tube width of 2.2 inches (55.8 mm). Ferrotron
559H magnetic concentrating material is included for all cases
and a coupling gap of 1/8 inch (3.2 mm) is used.

panel width = e

71/8” (3.2 mm)
thick

4” length (101.6 mm)

1” (25.4 mm)
overlap

1” (25.4 mm)
width section is
modeled

Figurel: Dimensions of test specimen used in FEA.

Electromagnetic-thermal coupled software, Flux 2D, is used
for predicting the heat response of the joint of proposed test
specimens. This software is a useful tool for the examination
of frequency dependence, fiber orientation, and coil design
effect on the sectional heat profile. It is a reliable method for
the accuracy and efficiency of developing the induction
process and coil design [10,11]. The maximum temperature in
the composite was consistent for all models at 300 °C,
considering the melting temperature of PPS is around 280 °C.
If the lap weld interface is heated at an equal or higher ramp
rate than the surface, the overall time to temperature can be
reduced. For this reason 5 seconds is targeted in the models to
reach 300 °C. Otherwise if the surface is at a higher
temperature than the interface a longer ramp up time will be
needed to avoid overheating the surface. After the 5 second
ramp up, the maximum temperature is held for 10 seconds (a
total heat time of 15 seconds) and in certain cases 60 seconds
(total heat time of 65 seconds), to simulate the time needed at
pressure for a complete weld. In a real process uniform
pressure will need to be applied to the weld zone, therefore
requiring direct contact of external components to the test
specimens. For a fundamental comparison, other surrounding
components were not considered in the simulation results.
Instead ambient heat loss conditions were applied to all
surfaces.

Results

Frequency Dependence and Penetration Depth



Penetration depth is a parameter that describes the depth from
the heating surface that the majority of eddy currents exist.
The penetration depth is dependent on the electrical and
magnetic properties of the material and the frequency.
Magnetic permeability is not a factor for CFRT since both
carbon and thermoplastics are non-magnetic. The penetration
depth (8 in m) then becomes a function only of resistivity (p in
Qm) and frequency (f in Hz) according to the relation in
equation 1, where k= 503.

8 = kyp/f (1]

Considering a total thickness at the weld overlap of %4 inch
(6.35 mm), the ratio of this thickness to penetration depth with
frequency is plotted in Figure 2 by the curve labeled “1/8”
panels”. The resistivity listed in Table 1 for parallel
orientation is applied. Three other panel thicknesses are also
plotted for examples of what depth of heating to expect at
various frequencies. When the ratio of thickness to penetration
depth (t/6) increases, a larger thermal gradient in depth will
result for one-sided heating. However, the electrical efficiency
will reach a maximum when t/d is large enough. Figure 3
shows the electrical efficiency for the hairpin style coil
displayed in Figure 4. The efficiency tends to level out above
1 MHz. The relation of frequency to efficiency will depend
heavily on the coil design such as: coil style, tube size, tube
spacing, coupling gap, and concentrator placement. For
example, the effect of tube spacing on efficiency for a hairpin
coil is illustrated in Figure 3. The curve labeled “.34”
Spacing” represents the case used in the results of Figure 4.
For this example, as frequency is lowered below 2 MHz, the
temperature gradient from the heating surface to joint interface
will decrease some, but efficiency will drastically drop and
eventually a point can be reached where no significant heating
will occur (below 10 kHz for this case).

There is no saying that low efficiency scenarios are out of the
question. If the induction system design is limited to one-side
heating only, lower frequency will improve the thermal
uniformity of the weld. If thermal performance is more critical
than the concern for power consumption, then frequencies as
low as 10 kHz could be feasible for 1/8” panel thickness.
From the standpoint of the induction equipment design,
frequencies below 1 MHz are more desirable. Above this
range, there is lower availability of induction heating power
supplies. There is also a concern of interfering with high
frequency communication systems that could violate FCC
regulations.
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Figure 2: Ratio of thickness to penetration depth vs log of
frequency for various thicknesses of CFRT panels.
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Figure 3: Electrical efficiency vs log of frequency for one-
sided hairpin coil at various turn spacing.

A one-sided hairpin style coil is considered for analyzing
frequency and time at temperature on the thermal profile of
the weld. The temperature distribution in the CFRT specimen
is compared at 200 kHz (t/6 = .25), 2 MHz (t/6 = .8), and 10
MHz (t/6 = 1.8) in Figure 4. The temperatures on the left are
shown after a 5 second ramp up to reach a maximum
temperature of 300 °C. The temperatures at the center and
right of the figure are after a 10 second hold and 60 second
hold respectively, at the maximum temperature. The depth of
heat through the joint is noticeably larger at 2 MHz compared
to 10 MHz at end of ramp up, while the efficiency is nearly
unchanged (95.3% at 2 MHz, 98.7% at 10 MHz).When
lowering frequency to 200 kHz, the depth of heat is even
greater, but the efficiency is reduced to 52.6%. Considering
the desired temperature distribution while maintaining decent
efficiency, 2 MHz is a reasonable choice in frequency. After
60 seconds of hold at the maximum temperature, the heat
distribution is near equilibrium and the temperature at the
interface reaches a maximum within 20 °C of the target for 2
MHz. This means the surface will have to exceed the target
temperature by about 20 °C after a 60 second hold to reach
300 °C at the interface.



With respect to the processing time and slight excess in
surface temperature for the hairpin coil, this design may not be
ideal. The one major benefit to one-sided heating is
accessibility. There may be instances where heating from both
sides is impossible due to machine or part interferences. For
these cases one-sided heating is still a practical option,
however heating times on the order of minutes should be
expected. Even so, process time will be shorter than many
alternative heating methods.
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Figure 4: Temperature distribution at end of 5 second ramp
up, 10 second hold, and 60 second hold for a one-sided
hairpin coil at 200 kHz, 2 MHz, and 10 MHz.

Material Orientation

There needs to be a continuous electrical path within the
material to observe Joule effect heating. To illustrate the
differences between the resistivities of parallel versus
perpendicular  orientations, unidirectional fibers are
represented in the test specimen geometry. Assuming
electrical resistivity in the direction parallel to the fibers,
efficient heating is achieved. The power density resulting from
a hairpin style coil in this direction is displayed in Figure 5a.
When the resistivity in the perpendicular direction is applied
to the same situation, no power is induced, as shown in Figure
5b. In reality for an entirely unidirectional material, the current
will have to travel through the matrix material from fiber-to-
fiber in the third dimension not shown. This third-dimensional
effect could reduce the net efficiency of the heating, or if
frequency is low enough, will prevent heating all together for
a unidirectional material. In a quasi-isotropic material with
cross-plies or angle-plies of unidirectional tape, this effect
needs to be considered in all three dimensions and the net
heating properties will vary even further. The remainder of the
two-dimensional models are under the assumption that the
CFRT is woven and each individual layer has good electrical
contact between all fibers.

b Temperature

POWER
.000E6

.706E6

.412E6

.118E6

.824E6 y
3.529E6

3.235E6

.941E6

92.647E6

82.353E6

72.059E6

51.765E6

51.471E6 ———
41.176E6 ———

882E6

20.588E6

10.2%4E6

0.000

" 5

el e e

-
w =
W k= = = O

[y
> = N
w G

-
N

/ Active power density in W/m3

density)

Power (volume
e

Figure 5: Power density and magnetic field lines for resistivity
in parallel direction (a) and perpendicular direction (b) at 2
MH:z.

Coil Design

For the given specimen geometry there are many coil styles
that can be applied to induce various eddy current paths in the
material. Each coil style will produce a different thermal
profile in the joint and has different electrical parameters. Coil
design is only limited by the need to complete the current loop
from the power source. The design options are almost endless,
but most coil designs can be broken down into a common
“style” of coil.

One-sided heating was initially investigated with a hairpin
style coil. There is an inverse relation of electrical efficiency
and temperature uniformity in thickness for one-sided heating.
Two-sided heating may be more difficult to implement due to
accessibility reasons, but for targeting uniform temperature at
the joint interface in a short amount of time and keeping
power demand low, two sided heating is desired. The coil
styles investigated for two-sided heating are oval, transverse
flux, and vertical loop.

Two Turn Oval Style
A coil wrapped around the width of the CFRT specimens
(oval style) is considered. This encircling/longitudinal flux
style of coil will produce opposing magnetic field on either
side of the weld. The field will penetrate the material, aligned



parallel w_... .. ... _...aces. Witl. ... .c....gw....ion there
will be no current traveling along the weld interface which can
be seen by the power density distribution of Figure 6a. The
electrical efficiency will tend to be low due to the cancellation
of induced currents. The highest temperatures will be on the
surface of the material with a relatively steep decline to the
joint. Figure 6b shows the large gradient after a 5 second ramp
up. A hold at temperature is very beneficial to the equalization
of temperature near the joint, as shown in Figure 6c, after a 10
second hold. The current must return from one panel to the
other, perpendicular to the joint interface with this style of
coil. This may pose a challenge to maintain good contact from
panel-to-panel to allow current to return between. Local
overheating at the ends of the specimen will be a concern due
to the high power density from current flowing in three
directions.
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Figure 6: Power density and magnetic field lines (a) and
temperature distribution at end of a 5 second ramp up (b), and
10 second hold (c) from oval style coil at 2 MHz.

Transverse Flux Style

This coil design is similar to the hairpin coil, but applied to
both sides of the specimen to create a transverse magnetic flux
flow. For manufacture of this coil, the turns on each side
would both be wrapped in the same direction. In this
configuration the majority of current will be induced near the
ends of each panel of the overlap and no current will exist in
the center (Figure 7a). The magnetic field will pass through
the specimen perpendicular to the heat surfaces. The heat
pattern for this style of coil will result in a cooler region at the
center of the weld zone during ramp up (Figure 7b). After a 10
second hold (Figure 7c), the heat distributes much more
uniformly, the center of the weld fills in, and a large portion of
the interface is near the target temperature.
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Figure 7: Power density and magnetic field lines (a) and
temperature distribution at end of a 5 second ramp up (b), and
10 second hold (c) from transverse flux style coil at 2MHz.

Two-Sided Vertical Loop Style

A vertical loop style coil induces the desired current in one
direction along the width of the lap joint. The current in the
heat face of the coil is returned on the backside of the main
heating leg, which does not contribute much to the direction of
return current in the part. The eddy current will split at the end
of the width of joint to be heated and naturally forced to return
on either side of the overlap, creating a so called “butterfly”
pattern. When applying a vertical loop on both sides of the
specimen in the same orientation, eddy currents can be
generated uniformly throughout the cross-sectional area of the
overlap. The current is then forced to return on either side of
the joint, but more spread out (as long as there is sufficient
panel length). The return current will add some heat outside of
the weld zone, but it will be minimal due to the low intensity
of the current.
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Figure 8: Electrical efficiency vs log of frequency for two-
sided vertical loop coil at 300 kHz.
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Figure 9: Power density and magnetic field lines (a) and
temperature distribution at end of a 5 second ramp up (b) and
10 second hold (c) from a vertical loop style coil at 300 kHz.

The efficiency versus frequency for this coil design is shown
in Figure 8. Optimal efficiency is at lower frequencies than
with the previous designs since the cancelation of current in



the weld zone is not a concern. Frequency will not have as
large effect on the heat distribution as the previous designs.
The efficiency levels out around 300 kHz for this case, which
is applied to the models of Figure 9. Due to the uniformity of
power in thickness of the overlap (Figure 9a), the resulting
temperature in the weld zone has a high degree of uniformity
after ramp up (Figure 9b). The highest temperatures are at the
weld interface which is why a hold at temperature actually
reduces the uniformity from conduction in length and surface
losses (Figure 9c¢).

Comparative Review of Coil Designs

The temperature along the 1 inch weld interface for the hairpin
and oval coils are shown in Figure 10. There are three profiles
for each coil: 5 second ramp, 10 second hold, and 60 second
hold. Both of these coil designs have a large temperature
gradient from surface to interface after 5 seconds of heat. An
additional 10 seconds of holding the maximum temperature
has a significant effect in raising the interface temperature and
smoothing the distribution, especially for the hairpin coil.
After 60 seconds of hold, the distribution is near equilibrium
and the maximum temperature is within 20 °C of the target for
both coils.

The interface temperatures for the transverse flux and vertical
loop coil are in Figure 11. The distribution from the transverse
flux coil levels out drastically after a 10 second hold and is
very close to the target temperature. 300 °C is reached at the
interface with only an additional 3 seconds of hold. The
vertical loop coil results in a 25 °C difference across the 1 inch
length after 5 seconds. The central 60% of the length is
maintained at 300 °C. Out of the coils examined, this is the
only design where thermal uniformity is reduced with
additional time at temperature. If accessibility is not an issue,
the two sided vertical loop coil is ideal for rapidly reaching
temperature uniformity at the joint.
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Figure 10: Temperature distribution along the weld joint
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Figure 11: Temperature distribution along the weld joint
interface for the transverse flux and vertical loop coils after a
5 second ramp up and after a 10 second hold.

The performance parameters of the major coil designs
previously discussed are listed in Table 2. The values listed
are of a 1 inch coil length, not including the cross-over
sections or leads to a power supply. For this reason the power
and voltage values shown are lower than would be for a
complete coil. The values for power and voltage are per inch
of width (refer to Figure 1) as long as the width of the entire
system is greater than 656. All values are taken under the
conditions of reaching 300 °C in 5 seconds.

A magnetic concentrator material (Ferrotron 559H) was
included for all cases examined due to its benefits in electrical
efficiency and containing heat local to the welding zone. The
benefits and uses of magnetic concentrating material are
further described by Nemkov et al. [12] and Ruffini et al. [13].
For the hairpin coil and vertical loop coil, the parameters are
compared to the absence of magnetic concentrator for the
same maximum temperature in the specimen of 300 °C. When
the concentrator is removed from the hairpin coil, the power
demand increased by 25%. Although the maximum
temperature at the joint increased some. This is because the
power distribution is widened without concentrator, so more
power is put in to reach the same overall maximum
temperature. When the concentrator is removed from the
vertical loop coil, the efficiency drops to 54.4%, therefore
increasing the total power demand by 86% and the apparent
power by over ten times; current being the largest contributor.
The lack of concentrator on the vertical loop makes the design
almost infeasible. Apart from the increased performance that
concentrator gives, this material also has a shielding effect to
prevent the coil from heating surrounding components in a
machine, which is not considered in this study.

The design with greatest efficiency without exceeding 2 MHz
is the two-sided vertical loop at 98.2%. The maximum
temperature is held across almost the entire overlap area, so
the power requirement is larger than the other coil styles. As



the frequency is increased the efficiency will approach near
100% for all the designs. The drawback being a larger thermal
gradient will exist from surface to interface, which will result
in longer processing times to reach sufficient weld
temperature uniformity.

Table 2: Electrical parameters of the various coil styles.

T 2-Sided|2-Sided
Coil  |Hairpin|Hairpin |Hairpin | Hairpin [ Solenoid | 225 ™| Vertical| Vertical
Flux
Loop | Loop
Concen-
yes no yes yes yes yes yes no
trator
£(kHz) | 2000 | 2000 [ 200 [ 10000 [ 2000 2000 300 | 300
TotalPlin| o35 1 2424 | 3996 | 1259 | 2157 3045 | 8047 | 1494.1
W)
PagNP)/m 1846 | 2206 | 2102 | 1243 | 1684 | 2907 | 7906 | 8122
Efﬁ:ﬂ;e;‘cy 953 | 947 | 526 | 987 | 781 95.5 982 | 544
0
CoilUfint 53 [ 106 | 21 | 322 | 636 36.3 188 | 201
(Vrms)
Coil
484 | 110 | 4038 | 183 | 785 40.1 189 | 1870
Current
Apparent| o g | g6 5.0 15 36 | 376
P/in
Max 1300 | 300 | 300 | 300 | 300 300 300 | 300
Temp (C)
Max 1 o5 | 203 | 105 | 125 | 102 273 300 | 300
Temp at
Heat 5 5 5 5 5 5 5 5
Time
Conclusions

Proper process and tool design was examined for the intent of
induction welding a lap joint of CFRT. A woven CFRT was
chosen for simplicity of the study to allow 2D assumptions to
be made. The FEA software Flux 2D was used to study the
effects of material orientation, frequency, coil design, and use
of magnetic concentrator. The targeted results were uniform
temperature at the lap joint interface while not exceeding 300
°C. The electrical efficiency, therefore power demand, was
also considered. Joule heating was the only source considered
in this study, based on net material properties of woven carbon
fiber reinforced PPS. Surrounding components such as
pressure application devices were not considered.

Heating intensity and distribution depends on the coil design,
frequency, and material structure/orientation. Adjusting the
frequency will impact the temperature distribution and
electrical parameters. Ultimately, an optimal frequency can be
found for every coil design that provides sufficient electrical
efficiency without sacrificing too much in the thermal gradient
of the weld.

Of the major coil styles examined, a two-sided vertical loop
style coil with concentrator proved to have the best
performance for quickly reaching thermal uniformity of the
weld with high electrical efficiency. Good uniformity could be
reached in the joint in 5 seconds (or less with added power).

Sufficient thermal uniformity could be reached with the other
coil styles after holding at temperature to allow heat to
conduct through the material. A one-sided coil was
investigated using a hairpin style. This coil provided uniform
temperatures after a 60 second hold, but the target temperature
would have to be slightly exceeded. Other one-sided style
coils were not investigated, but could provide additional
benefits. Heating from one side is the easiest to implement and
may be the only option in some circumstances.

It was shown that induction is a very diverse technology.
There are many options available for most applications. If well
understood, the heating criteria for welding can be met for
most CFRT applications. The most difficult aspect of
induction is determining the best combination of coil design,
frequency, and power setting. These are all things that FEA
software is a great tool for aiding with.

More extensive studies are intended to be made on the
feasibility of induction lap welding CFRT, using both
simulation and experimental research. Methods for
characterizing the fully anisotropic properties and predicting
heat performance of a quasi-isotropic material will be pursued.
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