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ABSTRACT

The global demands for the CFRP (Carbon Fiber Reinforced Plastic) among composite materials would be expected to in-
crease in weight sensitive products due to its superior mechanical properties per its weight. The majority of the industrial
carbon fiber is now produced from synthetic precursor polymer such as polyacrylonitrile (PAN). The synthetic precursor un-
dergoes two different thermo-chemical processes, namely stabilization and carbonization, to convert into the final product —
carbon fiber. The characteristics for these two thermos-chemical processes are quite unique and different from each other.
Stabilization process is relatively slow and exothermic and requires controlled heat dissipation to avoid thermal runaway. The
carbonization process is rapid and involving a large fiber mass transfer into the gaseous phase with endothermic reactions.
While many chemical kinetics studies have been published for the stabilization process, little published research work has
focused on the carbonization chemical kinetics in spite of the major mass loss during the carbonization process. As part of
our ongoing work to develop a detailed model of the carbonization process we have improved our previous 2-zone fiber
model with lumped kinetics releasing pseudo-pure-off-gas by applying the temperature dependent volatile concentration from
published literature. Fiber conversion predictions over the fiber travel direction are obtained from the model. A parametric
study was conducted on the linear density change of the fiber over the heated length with different temperature and sur-
rounding conditions.

1. INTRODUCTION

In spite of disadvantages of the manufacturing process, the global demands for the CFRP (Carbon Fiber Reinforced Plastic)
among composite materials would be expected to increase based on many independent sources [1,2]. Practically carbon
fiber and CFRP share the advantage and disadvantage because almost all carbon fiber produced would be converted into
carbon fiber reinforced plastic. The high cost of the carbon composites makes many industries impeded to adapt carbon
composites in their products. Therefore, it is of necessity for cost effective high volume carbon fiber manufacturing.

This work focuses on the extending and improving the kinetic carbonization model previously developed [3]. The kinetic
model focused on the fiber mass loss with temperature and the energy requirements to drive this reaction. This reaction
model along with furnace temperature profiles, residence times, and heat transfer models are used to predict the mass loss
within the furnace system. This also predicts the generation of off-gas from the carbonization process. The changes in the
off-gas composition as a function of the conversion were not considered. The model presented here extends the model to
include predictions of the various species of gasses produced at different fiber temperatures and converges.

2. MATHEMATICAL MODELS

We have developed a continuous model for carbonization process for stabilized PAN including mass loss rate as a lumped

kinetic model using pseudo-pure off-gas and two-zone model for fiber [3]. In the previous model, the off-gas released from

the fiber during the carbonization process had been assumed as an ideal gas mixture with fixed concentration of each con-

stituent. In this study, we have improved our previous model by adapting more realistic instantaneous off-gas compositions
rather than fixed concentration off-gas.

2.1 Chemical Composition of the Off-Gas

Of the several published works addressing the off-gas concentrations as a function of either fiber retention time or tempera-
ture [4 ~ 6], we have selected the recent work done by Pham et al. [7] which was based off the work published by Fiedler et
al. [8]. Fiedler and coworkers oxidized acrylonitrile homopolymer fibers under air environment for 5 hr at 250°C followed by
pyrolysis in helium up to 1000°C. Both solid residues and gaseous byproducts (off-gas), of the pyrolysis are graphically giv-
en in the paper. In the recent published work by Pham, this graphical data were converted into mathematical expressions by
polynomial curve fitting. The authors have provided all the cumulative emission rates for 8 off-gas constituents in Eqs (27)-
(34) in their publication. Instead of applying these mathematical expressions into our model directly, we evaluated the
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off-gas mole fractions at the given temperature from cumulative emission rates and adapted these mole fractions as a func-
tion of temperature. This formulation is convenient because the volatile release rate in our model depends on not only the
temperature of the fiber but also the mass of volatiles inside the fiber. The relationship between cumulative mass / molar
emission rates and molar release rate is given below,

N,(T) = frﬂ-(T]dT - ”;;[T)

Ta Wk

Where, T is temperature, Ni(T) is the amount of moles for i-th species accumulated from To to T, Fi(T) is an molar release
rate of i-th species, and mi(T) is the amount of mass for i-th species accumulated from To to T, which are given in the Egs.
(27)-(34) in Pham et al. paper [7], and Mw,i is molecular weight of the i-th species. From these cumulative quantities (i.e., Ni
(T) and/or mi(T)), the molar fractions of each species, yi(T), could be obtained as the following equation,
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The cumulative molar fractions, yicum, using the mathematical expressions provided by Pham et al. are depicted in the Fig-
ure 1. This cumulative molar fraction was compared with the original graphical data from Fiedler et al.. However, it was
found that a direct comparison is not possible Fiedler's data was run to 1000°C while Pham and co-workers rescaled at the
800°C. Therefore Fiedler’'s data cumulative molar faction became unity at 1000°C while Pham reaches unity at 800°C. The
Pham’s estimated rates of gas evolution for each species are illustrated in the Figure 2.
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Figure 1. Cumulative off-gas mole fractions
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Figure 2. Rate of gas evolution for pyrolyzed PAN
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The predicted evolution rates (Figure 2) of each gaseous species are a smooth function at within the valid ranges. However
eacpolynomial curve fitting. Both mass and molar fractions as a function of temperature are obtained by using Eq. (2) and
illustrated h start from a non-zero value at the lower range. This step change on the onset of off-gassing is an imperfection
of the in Figure 3. It is also noticeable that the results of the non-continuity of the polynomial fitting in the Figure 3 show up as
step changes in the onset of the released gas molar fraction. An example of this is illustrated by the discontinuity of the CO
molar fraction around 400°C.
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Figure 3. Instantaneous off-gas compositions. (A) molar fractions, and (B) mass fractions

In order to get accurate endothermic reaction energy for the carbonization process, it is of importance to compute the enthal-
py of the volatiles with accuracy. The critical temperature and pressure along with 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 an ideal gas state inside the LT furnace [9]. The Shomate equation was used to calculate the specific
enthalpy of the off-gas at any given temperature and all the Shomate parameters for each chemical component are taken
from the NIST Database [10].

2.2 Mass Loss Rate during Carbonization Process

The carbonization process to produce carbon fiber from synthetic precursor polymer is chemically similar to pyrolysis or ther-
mal degradation of a polymer. The actual process is very complex and not fully understood. The controlled oxidation pro-
cess converts the PAN’s linear structure into a ring structure. During carbonization, side-group elimination releases all other
groups except carbon-carbon bonds. We had developed a single step lumped kinetic model for carbonization of stabilized
precursor by fitting TGA data available in the literature [11]. Among many possible kinetic expressions for degradation of a
polymer, the previously selected simple power law expression (both 1st order and 2nd order) yielded good agreement with
the experimental work. The residual fiber mass fraction to its initial mass is illustrated in the Figure 4 with 2 experimental
data sets: 1. the original data used for fitting (Modified from Xu et al.) and 2. additional data from Fiedler et al.. As you see in
the figure, both independent experimental data shows quite similar trends, but the amount of the released volatile is always
larger in the Fiedler’s fiber case at any given temperature. The volumetric mass loss rate for the fiber is given below,

1dm (—EA

o = = = o () (= )
V dt RT

where V is volume of specimen in a closed system, A is pre-exponent factor, EA is activation energy, and R is gas constant.
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Figure 4. Residual fiber mass fraction during carbonization: experimental data and fitting

2.3 2-Zone Model for Fiber

Unlike gaseous phase, the physical properties of the fiber are more complex since they are dependent on not only tempera-
ture but also conversion. Furthermore, carbonization might be a 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 concep-
tual depiction of this model is given in Figure 5.
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Figure 5. 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: stabi-

lized PAN fiber (white region in Fig. 5) and carbonized fiber (black region in Fig. 5) and its mathematical expression is given
as follow

¢@T) = ) Vi@e;1) = Y@@ + (1 — %(@)es ()

where a is conversion defined below in equation 5. Yi is mass fraction of i-th component, @l and @S are any specific physical
properties for intermediate fiber and stabilized PAN fiber, respectively.
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Mass fraction and linear density, , are also changing during the carbonization process. The relationships of conversion to these properties
are given below.

e
= a(l_ﬁi) =y<1
mo=mr |y g (1-—L)
o

where m is mass of fiber, subscript f denotes final state and subscript o denotes initial state.

Even though it is a simplified model, evaluation of physical properties using this model is still challenging since their properties at a ho-
mogeneous 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).

-

h‘: = h‘grcpkire = h;r'_g{rﬁ:] + J‘ Cp_gdr
Tr

-

hs = Ry (T + J‘ CpsdT

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 during the oxidation process. The
thermodynamic state might be non-identical due to different molecular structures. In the literature, to the best knowledge of this author,
no actual measurement data (heat of formation, specific heat and etc.) is available for stabilized PAN fiber. Standard enthalpy of for-
mation of stabilized PAN is taken from our previous work [9] as a successive evaluation from its monomer as it undergoes polymeriza-
tion and stabilization. And the specific heat of the stabilized PAN fiber is assumed as same as PAN fiber and taken from the literature
value [12].

2.4 Mass and Energy Balances
To investigate changes in fiber phase, the control volume is focused on conversion of the solid fiber.

dni

E = —m"f.p = —A Ty lnss

where is fiber mass rate, z is fiver moving direction coordinate, m” is mass transfer flux from solid to gas, Lp is perimeter, Ac is cross-
sectional area, rm,loss is mass loss rate per volume.

The fiber temperature change along the length of the system can be obtained from taking appropriate energy balance. This results in the
ordinary differential equation presented in Equation 11. This equation shows the fiber energy balance with sensible heat effect, enthalpy
change for evolved gas, and heat transfer with surroundings.

£ _ — AT oz lrL":"Hrrhims.s} +gq:Ly
dz My,

where T is temperature of the fiber, is enthalpy change per unit mass of gaseous matter released,. gs is heat flux at the fiber surface, Lp
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is perimeter, and Cp denotes heat capacity of fiber. Mass and energy balances are closely linked to each other and thus
they need to be solved simultaneously.

3. Results

Numerical simulation of the process was conducted by solving the systems of non-linear ordinary differential equations given
in equations (10) and (11) with kinetic expression (3). The fourth order RK method is applied with step size of 0.001 for di-
mensionless length scale. All the physical properties and parameters which have been formulated to be dependent on either
temperature or conversion are evaluated with the fourth order RK method. The same fitting kinetic parameters that were
used from our previous work [3] were applied here. A baseline case was picked representing realistic operating conditions of
a contemporary industrial scale system. The length of the carbonization furnace was assigned as 14 m with 7 equally divid-
ed independent heating zones and a linear fiber process speed of 10 m/min. So, the fiber residence time is 1.4 min (84 sec).
Our model has been developed as a longitudinal 1D (fiber moving direction) model. Both width and height of the furnace are
arbitrary, and the cross-section could be any shape. However, all the geometrical and operational conditions were consid-
ered as contemporary industrial carbon fiber manufacturing condition.

3.1 Baseline Result

For the baseline case, the precursor fiber was picked as 24k filaments with 1.15 dTex. However, it needs to notify that the
dTex is for fresh feedstock not an inlet condition for carbonization furnace which is oxidized within oxidation/stabilization ov-
ens. It is reported that oxidized precursor could have either lighter or heavier linear density depending on many aspects
such as co-monomers, additives, and operating conditions of oxidation oven. In this study, we assumed oxidation process
involves slight linear density decrease (5% mass loss). With this condition the results of the baseline are depicted in Figure
6 ~ Figure 9.
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Figure 6. Fiber conversion over the fiber travel direction for baseline case
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Figure 7. Normalized local volatile release rate

The conversion plot (Figure 6) of fiber has an inflection point: convex in the first half and concave in the later part. In our
model, the volatile release rate is governed by both temperature and volatiles mass inside the fiber. As a consequence, the
local volatile release rate seems to have several peaks (Figure 7) but in general it has a maximum point in the middle and
begins to descend after the maximum point. From these inspections of conversion and local release rate, the carbonization
process could be described as composed of 3 different sections: 1. Slow start section, 2. Actively converting section, and 3.
Asymptotic approach section. In the slow start section, off-gas release rate is small due to the low temperature, even though
there is a high content of volatiles in the fiber. On the other hand, the release rate is slow in the asymptotic approach section
because of the low content of volatiles. The fiber temperature profile (Figure 8) shows almost linear increase with small vari-
ation even when the heat source temperature boundary condition has step changes. The temperature of the fiber is deter-
mined as a result of the local heat balance: 1. heat transfer from the heat source and 2. the endothermic heat of reaction as
energy consumption as well as the sensible heat required. Since heat transfer is greater than heat of the reaction, the fiber
temperature is always increasing except the last zone where the zone temperature decreases. These two balancing effects
are depicted in Figure 9. In this local heat effect figure, the energy supply from heat transfer shows several peaks. In this
model, the main heat transfer mode is thermal radiation between the furnace muffle wall and fiber. As the fiber enters new
zone, the temperature difference between the wall and fiber is at a maximum so it has the highest heat transfer rate. This is
a bit unrealistic because temperature does not have step changes, but roll-off between the zones and a more gradual transi-
tion. The resulting transferred energy is always greater than the consumption by endothermic reaction, and results in the
fiber increasing in temperature. In this baseline case, heat transfer between the fiber and surrounding gas (mixture of sweep
gas, nitrogen, and off-gas released from the fiber) is not considered.
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Figure 8. Fiber temperature (blue) and furnace temperature (red) along with length of the furnace
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Figure 9. Local heat effect on the fiber

3.2 What-If Scenarios
3.2.1 Different filament count fiber tows

The filament count in the fiber was varied to see how conversion and temperature are sensitive to number of filaments. Each
conversion profiles are depicted in Figure 10 for 12k, 24k (baseline), and 50k fiber. Final conversion for lighter tow (12k) is
higher, while heavy tow (50k) final conversion is less than the baseline case (24k). The final exit conversion window is 88%
~95%. The temperature profiles reveal similar trends with the baseline case but different slopes. Basically it requires more
time to complete the reaction since more mass has been introduced. Normalized local off-gas release rates are provided in
Figure 10 (C). The results appear very similar when normalized with feed rates, while cumulative off-gas flow rates illustrat-
ed in Figure 10 (D) shows quite different off-gas flow rates for different fiber tow count. Consequently, more off-gas is need-
ed to be vented from the furnace muffle in the case of the heavy tow operation. Non-effective removal of this off-gas could
cause problems in operation of the furnace as well as non-uniform quality of the final product.
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Figure 10. Results for different filament count. (A) Conversions, (B) Temperature, (C) Local off-gas release rates, and (D)
Cumulative off-gas flow rates.
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3.2.2 Hindered heat transfer

Next ‘what if scenario is included heat transfer by surrounding gas. The surrounding gas, mixture of sweep gas and vola-
tiles, is not included in this model. It might require a CFD simulation to fully understand flow pattern, flow dead-zone, and
local heat transfer effect with regard to surrounding gas. In this simple what if scenario, we are going to assume simple hin-
dered heat transfer due to the surrounding gas. The first case is the convective cooling, and we assumed gas temperature
is always 100°C lower than the fiber temperature and 10 W/m2K of convective heat transfer coefficient between fiber and
surrounding gas. With this condition, results are illustrated in Figure 11. Reviewing the fiber temperature and conversion,
the effect of this scenario is a minor impact on each.

Another ‘what if’ case is thermally opaque surrounding gas. The sweep

gas, nitrogen usually, cannot absorb thermal radiation, while some of the constituents in off-gas can absorb thermal radiation
and it could be considered as blockage of thermal radiation from wall to fiber. So we added 20% hindered thermal radiation
case. As you seen in the Figure 11, all these conditions do not make a significant effect on fiber conversion. For the hin-
dered heat transfer scenarios the exit conversion window is between 90% ~ 93%.

If there is either serious flow field perturbation or thermal radiation irregularity along with the width of the furnace this could
result in non-uniformities of conversion. This model does not address flow or thermal variations along the width of the fur-
nace. To perform an analysis to considering width wide variations, this model would need to be incorporated within a 3D
CFD analysis.
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Figure 11. Results for different heat transfer cases. (A) Conversions, (B) Temperature, (C) Local off-gas release rates, and (D) Cumulative
off-gas flow rates.
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3.2..3 Unintentional power loss

The last but not least ‘what if case is an unexpected power loss in a specific zone. It could be a heating element failure or
something else but let's assume the case with temperature of one zone is unexpectedly down. 2 cases are considered here:
1. Zone 3 temperature drops to 300°C, and 2. Zone 5 temperature drops to 300°C. The results are depicted in Figure 12.

As you see in the temperature profiles, there is a negligible final exiting temperature difference even though huge tempera-
ture deficit in the middle of zone comparing with the baseline case. On the other hand, there is non-negligible discrepancy
found on the final conversions. lIts final exit conversion window is 88% ~ 93%. From the Figure 12 (B), the fiber temperature
is almost recovered at the next downstream zone from the problematic zone. Also in this zone, off-gas release shows a stiff
increase to catch up the impeded conversion due to reduced temperature zone; nevertheless the retarded fiber conversion
due to unintentional power loss could not catch up on the baseline conversion. It is not shown here but there is an increased
power requirement in the downstream zone to compensate for the lower temperature zone.
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Figure 12. Results for unintentional power down cases. (A) Conversions, (B) Temperature, (C) Local off-gas release rates, and (D)
Cumulative off-gas flow rates.

4. CONCLUSIONS

We have developed a continuous model for carbonization process for stabilized PAN including mass loss rate as a lumped
kinetic using temperature dependent off-gas and a two-zone model for fiber conversion. In this two-zone model for fiber, it
was assumed that carbonization occurs from the outer region and penetrates into the center. Kinetic fitting was made from
literature TGA data for carbonization of stabilized PAN fiber using the kinetic expressions from degradation of polymer.
Many different expressions were applied but conventional 1% order kinetic provided good agreement with experimental data
and was picked for the model.

From the baseline result with realistic operating conditions, the results of the fiber conversion profile can be described in 3
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sections (slow, active, and asymptotic), while fiber temperature has a roughly linear response with small variations. We have
conducted 3 different what-if scenarios: 1. Different filament counts (12k, 24k and 50k), 2. Possible hindered heat transfer
due to off-gas, and 3. Unintentional power loss cases. The conversion results from the what-if cases were within a narrow
range since the result of the baseline case at the end of the furnace system was in the asymptotic conversion region. This
region is not that sensitive due to the low volatile mass faction. However, exit fiber conversion varies 7%, 3%, and 5%, re-
spectively. Within our what-if study conditions, the sensitivity toward conversion from greatest to least is filament count,
power loss and off-gas cooling effect. Because the final conversion is affected by the filament count (which results in a
greater mass rate), the resulting fiber may have different properties while processed under the same operational conditions.
The fiber cooling due to off-gas scenario resulted in the smallest change in the fiber conversion compared to the baseline
case. The off-gas cooling affect was a bit arbitrary and was not based on the flow dynamics within the carbonization furnace
system. Incorporating the mass flow rates, velocities, and locally derived

heat transfer coefficients would better predict the impact of the off-gas and nitrogen cover gas. The last but not least scenar-
io considered was the different operating temperature profile case due to unintentional power loss. This scenario concluded
that the final conversion of the fiber would depend on the fiber temperature history even though the final fiber temperature
may be nearly identical.

This kind on analysis even with simplification would stimulate and encourage of development of kinetic expression with more
data and improve design and performance of industrial furnace. Further works for in-depth analysis is required to look at
interaction with fiber and gaseous phase, radial changes inside the fiber tow and variation along the width of the furnace
which would affect the system uniformity.
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