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Abstract

The carbonization process converts stabilized precursor (i.e. stabilized PAN) fiber into carbon fiber and takes place
within two high temperature furnaces, namely the LT (Low Temperature) and HT (High Temperature) furnaces. The
largest fiber mass loss occurs within the LT furnace which typically operates with a temperature between 500 and
800°C. The volatiles released from the fiber during the carbonization are generally not uniform throughout the pro-
cess and are strongly dependent on operating conditions such as temperature, heating rate, residence time, and
even extent of oxidation from the previous step. Since its inherent complex nature, little research works has focused
on the mass loss kinetics within the carbonization process in spite of significant impacts on the quality of the final
product. We have developed a continuous model for the carbonization process including mass loss rate as a
lumped kinetic using two-zone model for the fiber and pseudo-pure off-gas. The kinetic coefficients used in this
model have been estimated by reviewing existing literature data and extending it to real operating conditions. Fiber
conversion (i.e. linear density change) predictions over the fiber travel direction are obtained from the model by ap-
plying realistic operating conditions. A parametric study on fiber conversion with different time and temperature con-
ditions was also performed.

1. Introduction

Carbon dioxide emission reduction is major challenge for automotive industry. Many developed and developing
countries already enacted or drafted legislation on their carbon emission. The bottom-line is identical: carbon emis-
sion reduction for environmental sustainability for the future generation. There are several viable ways to achieve
this environmental friendly objective. Among them, one of promising solutions is weight-reduction design without
sacrifices on safety and performance of the vehicle. Aluminum, magnesium and their alloy are used to replace steel
not only for automotive structural body, but also powertrain components for this purpose. Carbon-fiber-reinforced
polymer (CFRP) is known for higher strength-to-weight ratio than other light weight metal or alloys. Nevertheless, its
high manufacturing cost impedes the automotive industry from adapting CFRP in their products. Therefore, cost-
efficient lightweight automotive design would be viable by low cost carbon fibers, which will eventually lead to energy
saving as well as a sustainable future.

Achieving consistent fiber quality across the width of the system is one of the major scale-up challenges for reducing
the manufacturing cost and large-volume production. With increasing capacity requirements, the system widths have
been steadily increasing. For example, 15~20 years ago a typical width for carbon fiber manufacturing furnaces
was 1 to 2m wide. For new systems a production scale is often 3 to 4m wide. Considering the height of the system
is minimal, achieving uniform conditions across these increasing widths is challenging. Regarding this aspect, we
have been conducted series of Computational Fluid Dynamics (CFD) works [1]. Unfortunately, this computational
model cannot predict the relation between product quality and surrounding conditions. However, maintaining con-
sistent temperature and process gas conditions to the fiber should result in consistent fiber properties. There are
technical difficulties on both computational power limitation and unknown physical properties and intrinsic kinetics for
fiber carbonization process. In this work, we have set up the simplified one-dimensional mathematical model includ-
ing mass loss rate during carbonization process in carbon fiber manufacturing from the fitting of literature data. This
is one of the steps to the goal of an integrated system model.
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2. Mathematical Models

To investigate uniformity of product fiber, fiber mass loss should be incorporated in the mathematical model. It is mani-
fested in a 2D model for both longitudinal (fiber moving direction) and transversal (furnace width direction) changes
inside the furnace. However, transversal change is nonessential to incorporate into the model if the transversal
change is caused by interaction with surroundings rather than internal-gradient. Fiber bands passing through the fur-
nace consisted of bundle of tows. In this rationale, 1D model with appropriate surrounding conditions might be enough
to study transversal uniformity of product fibers. In this study, a 1D model has been developed for this purpose. This
model is not limited to a circular cross-sectional area but an extruded shape is essential for this 1D model.

2.1 Mass and Energy Balances

Two distinct phases exist inside the carbon fiber manufacturing systems: fiber (solid phase) and a mixture of the
evolved gas from the fiber and inert cover gas. All kinds of transport occur between these phases. Among them, the
most important one is mass transfer: mass transfer from fiber to gaseous phase, also known as mass loss of the fiber.
To investigate changes in fiber phase, the control volume is focused on change of solid fiber.

E = —m" L'FJ = _‘qcrm!ﬂ-ss (1)

where is fiber mass rate, z is fiver moving direction coordinate, m” is mass transfer flux from solid to gas, L; is pe-

rimeter, A; is cross-sectional area, rn j0ss iS mass loss rate per volume.

Ordinary differential equation for temperature can be obtained from taking appropriate energy balance. Equation 2
shows the fiber energy balance with sensible heat effect, enthalpy change for evolved gas, and heat transfer with sur-

roundings.
dT — _‘qETﬂhiﬂﬂ[hgﬂs - hfibar) + qsL;;

dz me, (2)

where T is temperature of the fiber, hgas and hsper are enthalpy for volatiles and fiber, respectively. qs is heat flux at the
fiber surface, L, is perimeter, and C, denotes heat capacity of fiber. Mass and energy balances are closely linked each
other and thus they need to solve simultaneously.

2.2 Off-gas Constituents and Concentrations

The main focus of this computation is fiber not volatiles but, nonetheless, defining gaseous phase is important on this
study. Off-gas is released from stabilized PAN fiber (SPF) during carbonization inside the carbon fiber manufacturing
furnace. Several papers show off-gas constituents as a function of operating temperature [2-4]. Volatiles released
from carbonization process might depend on many parameters: such as extent of carbonization, temperature, oxida-
tion state of the SPF and other conditions. Those variations of constituents and concentrations are beyond scope of
this work. Off-gas constituents and concentrations for this work are assigned as overall average value over the fur-
nace based on our previous work [1] and the literature [5].

Enthalpy of the volatiles is referred to fiber energy balance as endothermic reaction heat of carbonization. Therefore, it
is of importance to evaluate enthalpy of the evolved gas precisely. Critical temperature and pressure and its reduced
temperature and pressure (@ 1bar and 300°C) were evaluated for all off-gas constituents. From these calculations, it
verifies the reasonable assumption that the off-gas is in ideal gas state inside LT furnace [1]. The NASA gas property
data [6] was used for to calculate the specific heat of the off-gas.
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2.3 2-Zone Model for Fiber

Unlike gaseous phase, physical properties of the fiber are more complex since properties are dependent on not only
temperature but also conversion. Furthermore, carbonization might be continuous series of chemical reactions rather
than clearly distinct single process. A 2-discretized-zone model has been developed for the sake of simplicity and an
illustrative conceptual depiction of this model is given in Figure 1.

Continuous Process | O o ° .
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Figure 1. Schematics of discretized 2-zome model for carbonization process

In this 2-zone model, the physical property at any extent of carbonization is expressed using two pure states of fibers:
SPF (white region in Fig. 1) and carbonized fiber (black region in Fig. 1) and its mathematical expression is given as
follow

A1) = ) Yi(@h(T) = %@ (1) + (1 - %(2))hs(T) @)

where a is conversion defined below in equation 5. Y; is mass fraction of i-th component, h; and hs are enthalpy for in-
termediate fiber and stabilized PAN fiber, respectively.

(5)
m_ —m
a=—2 (0<a<1)
m, — M,

Mass fraction and linear density, P , are also changing over the carbonization furnace. And those are definitely relat-
ed with conversion and their relationships are given below.

y, =7 a( _TT;E_J;) (0<v,<1) (6)
tome—m, 1-a(1-_1) -
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where m is mass of fiber, subscript f denotes final state and subscript o denotes initial state. In the following fig-
Pr

ures, carbonized fiber mass fraction, Y;, and linear density of fiber,
reasonable mass ratio, mym, ( =0.5 ~ 0.8).

, are plotted as a function of conversion for
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Figure 2. Mass fraction of carbonized fiber as a function of its
conversion for various stoichiometric conditions
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Figure 3. Normalized linear density of the fiber as a function of mass
fraction of carbonized fiber for various stoichiometric conditions
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Even though it is a simplified model, evaluation of physical properties using this model is still challenging since their
properties at a homogeneous state are not fully known.

It is assumed that the product fiber from the LT furnace is similar in composition to carbon fiber since the mass loss
from successor devices (HT furnace) is much lower. In addition carbon fiber composition is also assumed as solid
graphite in spite of impurity of the carbon fiber (maximum 5% of non-carbon atom usually N and small amount of H).

N ’ ®)
h‘.! = hgrﬂ'phits = hf,g [TR:] + Cp,ng
TR
T
hs = hy 5(Tg) + f Cpsdl )
TR

It is very challenging to evaluate the thermodynamic state for Stabilized PAN fiber. The oxidation extent might be a
complex function of the following factors, co-monomer, residence time, applied tension, heating rates and temperature.
Even in the same index of extent, thermodynamic state might be non-identical due to different molecular structures. In
the literature, to the best knowledge of the author of this article, no actual measurement data (heat of formation, specif-
ic heat and etc.) is available for stabilized PAN fiber. Standard enthalpy of formation of stabilized PAN is taken from
our previous work [1] as a successive evaluation from its monomer as it undergoes polymerization and stabilization.

2.4 Chemical Kinetics for Carbonization

Carbonization process to produce carbon fiber is a chemically similar process to pyrolysis or thermal degradation of a
polymer. The main difference is whether the physical properties of the end product have been altered as intended to
improve the fiber properties. It is side-group elimination and oxidation of the polymer among several mechanisms for
thermal degradation of polymer that makes superior physical properties of carbon fiber such as elastic modulus and
tensile strength. The actual process might be very complex and not fully understood but simply controlled oxidation of
precursor converts its linear structure into a ring structure and side-group elimination during carbonization releases all
other groups except carbon-carbon. In the literature, to the best knowledge of the authors of this article, a general ex-
pression of chemical kinetic of carbonization of stabilized PAN is not available. Many research works [7-9] were pub-
lished for the kinetic expression of thermal degradation of polymer. We borrow the kinetic expression from many avail-
able thermal degradation of polymer to apply our mass and energy balances in the previous sections to complete our
numerical model. Kinetic parameters are obtained from fitting the experimental results [10]. Among many kinetic ex-
pressions available for thermal degradation of polymer [7-9], we found the first order kinetic, equation (10), yields good
agreement with experiment. The first order kinetic fitting result along with result for 2" order is illustrated in Figure 4.

T

1 dm (—E’A (10)

mtoss = =g = Aexp () (m =)

where V is volume of specimen in closed system, A is pre-exponent factor, E4 is activation energy, and R is gas
constant.
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Figure 4. TGA result from literature and first and
second order kinetic fitting results

3. Results

Numerical simulation has been conducted by solving systems of non-linear ordinary differential equations given in
equations (1) and (2) with kinetic expression (10). Fourth order RK method is applied with step size of 0.001 for di-
mensionless length scale. All the physical properties and parameters depending on either temperature or conversion
are evaluated with internal calculation of fourth order RK method.

3.1 Baseline Result

The fitting kinetic parameter obtained from previous section is extensive property, so it depends on the amount of
specimen. To apply this fitting result into the system with different size, it should be converted into intensive property.
Unfortunately, the author does not have the details to know the size of specimen. Another aspect is the difference on
the time scale between TGA and industrial furnace. In TGA experiment it would take around 60min to lose 25% of its
mass and 88min to lose 35% of its mass since heating rate was 10K/min. A baseline case was picked representing
realistic operating conditions of industrial scale system. The length of the carbonization furnace is assigned as 14 m
with equally divided 7 independent heating zones and linear process speed is assigned as 10 m/min. So, fiber resi-
dence time is 1.4 min (84 sec). Under these practical conditions, numerical result with kinetic parameters from direct
fitting of TGA data shows low conversion due to the size difference as well as residence time difference as mentioned
earlier. In this study, the kinetic parameter is increased to match a realistic exit conversion. Results obtained with this
condition are illustrated in Figure 5 and Figure 6. Conversion of carbonization looks increasing monotonically, while
temperature profile looks stair-wise shape. This represents limiting step is chemical reaction and heat transfer is rela-
tively faster than chemical reaction.
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Figure 5. Fiber conversion over the fiber travel direc-
tion for baseline case
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Figure 6. Fiber temperature (blue) and furnace tempera-
ture (red) along with length of the furnace

3.2 Parametric Study

3.2.1 Effect of kinetic coefficient

Kinetic parameter (pre-exponent factor) was varied to see how conversion and temperature are sensitive to kinetic pa-
rameter. Each conversion profiles are depicted in Figure 7 for 60%, 80%, 100% (baseline) and 120% of pre-exponent
factor. Before reaching 600°C isothermal section (around 60% of full length, zone 5 ~ 7), difference in conversion of
fibers for various kinetic parameters are getting larger. After this point difference in conversions are diminished. In
these condition, final exit conversions are ranging from 82.93% (slowest kinetic) and 97.08% (fastest kinetic). Unlike
conversion, temperature profiles are almost identical regardless kinetic parameters.
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3.2.2 Effect of linear process speed

Next parametric study is linear process speed (or residence time). Linear process speed is also varied to see how
conversion and temperature are sensitive to it for identical range with kinetic parameter. Each conversion profiles are
depicted in Figure 8 for 60%, 80%, 100% (baseline) and 120% of line speed. Intuitively slower line speed case shows
the highest conversion but its final exit conversion value was not that high due to asymptotic approaching full conver-
sion. In this range of line speed, the window for final exit conversion is 91.37% ~ 99.28%. From the exit conversion
comparison, effect of line speed is smaller than that of kinetic parameter. Temperature profiles are almost identical

regardless of condition.
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Figure 7. Fiber conversion profiles for various kinetic
parameters
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Figure 8. Fiber conversion profiles for various linear pro-
cess speeds
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3.2.3 Effect of temperature profile

Next parametric study is heating temperature profiles. Fiber temperature profiles are illustrated in Figure 9 for 3 differ-
ent cases. Zone 1 and 7 were kept unchanged and each zone temperature is raised in incremental way: 20°C (Zone
2), 40°C (Zone 3), 60°C (Zone 4), 80°C (Zone 5) and 100°C (Zone 6). Fiber reaches thermal equilibrium quickly so its
temperature reaches the heating chamber temperature. Under these conditions, fiber conversions have the least devi-
ation among previous parametric studies. Fiber conversions are shown in Figure 10 and its final exit conversion win-

dow is 94.74% ~ 98.59%.
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Figure 9. Fiber temperature profiles for different heat-
ing temperature profiles
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Figure 10. Fiber conversion profiles for different heating
temperature profiles
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4. CONCLUSIONS

We have developed continuous model for carbonization process for stabilized PAN including mass loss rate as a
lumped kinetics using pseudo-pure off-gas and two-zone model for fiber. In this two-zone model for fiber, it was as-
sumed that carbonization occurs from the outer region and penetrates into the center. This change in radial direction
inside the fiber is not considered in this model since the main focus of this work is fiber conversion and temperature
changes over the fiber moving direction. However, mathematical expressions for mass fraction of carbonized fiber and
linear density of fiber are obtained as a function of conversion and overall stoichiometric as derived results. Kinetic
fitting was made for literature TGA data for carbonization of stabilized PAN fiber using kinetic expressions from degra-
dation of polymer. Many different expressions were applied but conventional 1% order kinetic also gives good agree-
ment with experimental data and picked for model.

From the baseline result with realistic operating conditions, it is revealed that carbonization reaction is the limiting step,
whereas heat transfer is very fast step comparing with carbonization. The results from the parametric study cases
were in narrow range since the result of the baseline case was in the asymptotic region so it is not that sensitive. With-
in our parametric study conditions, the sensitivity toward conversion is in the order of kinetic parameter, line speed and
temperature. It is required to have more literature data to improve reliability of the kinetic parameters and expression
because our parametric study shows it is the most sensitive parameter. This kind on analysis even with simplification
would stimulate and encourage of development of kinetic expression with more data and improve design and perfor-
mance of industrial furnace. Further works for in-depth analysis is required to look at interaction with fiber and gase-
ous phase, radial changes inside the fiber tow and variation along the width of the furnace which would affect the sys-
tem uniformity.
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