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(57) In order to provide a carbonization apparatus
capable of performing commercial-scale carbonization
of a plurality of precursor fibers, a carbonization appa-
ratus 1 for carbonizing a plurality of precursor fibers of
carbon fibers through heating includes: a microwave
generator 11 that generates microwaves; cavities 13
that are connected in series and into which the gener-
ated microwaves are introduced; two or more struc-
tures 14 that are arranged in series within the cavities

CARBONIZATION APPARATUS AND METHOD FOR PRODUCING CARBON FIBER

13 and inside which the plurality of precursor fibers can
move in parallel, wherein the structures 14 partially ab-
sorb microwaves introduced from the outside, and par-
tially transmit the microwaves inward, and the two or
more structures 14 are irradiated with microwaves such
that a structure 14 on a later-stage side along a move-
ment direction of the plurality of precursor fibers
reaches a higher temperature.

18-1 31 31 18-3
24 S 121 24') 247\ 123 31
25 { 21 2(1 25
—> ST 1T T T T =t —>
2 l I\ | 1 )Y 1 Iy | 1 | E
3 7 i 3
125 \ 2 25” 17
= 4 e " e =
2 ! N 1 \ |
3 14&1 131 33 3422 16-1 233, 1j-2 132 33 3422 162 233 14[3 1333338 2
1
FIG. 2

Processed by Luminess, 75001 PARIS (FR)



1 EP 4 826 145 A1 2

Description
Technical Field

[0001] The present invention relates to a carboniza-
tion apparatus for carbonizing precursor fibers of car-
bon fibers, and a method for producing carbon fibers.

Background Art

[0002] Carbon fibers are produced by first thermally
stabilizing precursor fibers of carbon fibers through
heating at 200 to 300°C in air, and then carbonizing
the thermally stabilized precursor fibers through heat-
ing at 1000°C or higher in an inert atmosphere such as
nitrogen. For example, microwaves are used as a
method for heating in the carbonization.

Summary of Invention
Technical Problem

[0003] However, the carbonization of precursor fibers
by microwave heating has been carried out only on a
small laboratory scale, and it has been difficult to com-
mercially produce carbon fibers.

[0004] The present invention has been made in view
of the above-described circumstances, and it is an ob-
ject thereof to provide a carbonization apparatus and a
method for producing carbon fibers, which enable com-
mercial-scale carbonization of a plurality of precursor
fibers.

Solution to Problem

[0005] In order to achieve the above-described ob-
ject, an aspect of the present invention is directed to a
carbonization apparatus for carbonizing a plurality of
precursor fibers of carbon fibers through heating, in-
cluding: two or more microwave generators that gener-
ate microwaves; one or two or more cavities into which
microwaves generated by the two or more microwave
generators are introduced; and two or more structures
that are arranged in series within the one or two or
more cavities and inside which the plurality of precursor
fibers can move in parallel, wherein each of the two or
more structures partially absorbs microwaves intro-
duced from the outside, and partially transmits the mi-
crowaves inward, and the two or more structures can
be irradiated with microwaves such that a structure on
a later-stage side along a movement direction of the
plurality of precursor fibers reaches a higher tempera-
ture.

[0006] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that at least one structure of the two or more
structures can be irradiated with microwaves such that
the structure reaches a temperature equivalent to a
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target temperature of the plurality of precursor fibers
moving inside the structure.

[0007] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that each of the two or more structures has a
hollow pillar-like shape.

[0008] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that the one or two or more cavities are two or
more cavities connected in series, the microwaves gen-
erated by the two or more microwave generators are
respectively introduced into the two or more cavities,
and the two or more structures are respectively ar-
ranged within the two or more cavities.

[0009] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that a discharge port is provided between adja-
cent cavities among the two or more cavities to dis-
charge gas generated in an earlier-stage cavity of the
adjacent cavities.

[0010] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that a supply port is provided between adjacent
cavities among the two or more cavities to supply inert
gas into a later-stage cavity of the adjacent cavities.
[0011] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that a needle array circuit is provided between
adjacent cavities among the two or more cavities to
prevent propagation of microwaves between the adja-
cent cavities.

[0012] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that the carbonization apparatus further includes
an electrical conduction unit that electrically intercon-
nects the carbon fibers in the vicinity of a discharge port
of a last-stage cavity of the one or two or more cavities.
[0013] Furthermore, the carbonization apparatus ac-
cording to an aspect of the present invention may be
such that a last-stage structure of the two or more
structures contains silicon nitride.

[0014] Furthermore, an aspect of the present inven-
tion is directed to a method for producing carbon fibers
by carbonizing a plurality of precursor fibers of carbon
fibers through heating, including: moving the plurality of
precursor fibers in parallel inside two or more structures
that are arranged in series within the one or two or
more cavities, each of the two or more structures par-
tially absorbing microwaves introduced from the out-
side and partially transmitting the microwaves inward;
and irradiating the two or more structures with micro-
waves such that a structure on a later-stage side along
a movement direction of the plurality of precursor fibers
reaches a higher temperature.

Advantageous Effects of Invention

[0015] With the carbonization apparatus and the
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method for producing carbon fibers according to an as-
pect of the present invention, a plurality of precursor
fibers can be simultaneously carbonized by microwave
heating, and thus it is possible to commercially produce
carbon fibers.

Brief Description of Drawings
[0016]

FIG. 1 is a schematic diagram showing the config-
uration of a carbonization apparatus according to
an embodiment of the present invention.

FIG. 2 is a schematic longitudinal cross-sectional
view showing an internal structure of the carboni-
zation apparatus in the embodiment.

FIG. 3A is a perspective view showing a structure
in the embodiment.

FIG. 3B is a longitudinal cross-sectional view
showing a cavity and the structure in the embodi-
ment.

FIG. 3C is a longitudinal cross-sectional view
showing the cavity and the structure in the embodi-
ment.

FIG. 4A is a longitudinal cross-sectional view
showing a needle array circuit in the embodiment.
FIG. 4B is a transverse cross-sectional view show-
ing the needle array circuit in the embodiment.
FIG. 5 is a longitudinal cross-sectional view show-
ing an electrical conduction unit in the embodi-
ment.

FIG. 6 is a schematic longitudinal cross-sectional
view showing another example of the configuration
of the carbonization apparatus in the embodiment.
FIG. 7 is a longitudinal cross-sectional view show-
ing another example of the structure in the embodi-
ment.

FIG. 8 is a longitudinal cross-sectional view show-
ing another example of the structure in the embodi-
ment.

Description of Embodiment

[0017] Hereinafter, a carbonization apparatus and a
method for producing carbon fibers according to the
present invention will be described based on an embo-
diment. Note that constituent elements denoted by the
same reference numerals are the same as or similar to
each other in the following embodiments, and thus a
description thereof may not be repeated. With the car-
bonization apparatus according to this embodiment,
two or more structures that are arranged in series with-
in a cavity are heated with microwaves, and a plurality
of precursor fibers that are arranged in parallel and
move inside the two or more structures are directly
heated with microwaves transmitted through the struc-
tures, and thus the plurality of precursor fibers are car-
bonized.
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[0018] FIG. 1 is a schematic diagram showing an ex-
ternal appearance of a carbonization apparatus 1 ac-
cording to an embodiment of the present invention, and
FIG. 2 is a schematic longitudinal cross-sectional view
showing an internal structure of the carbonization ap-
paratus 1. In FIG. 1, the configurations of a control unit
19 and the like are omitted. In the examples of FIGS. 1
and 2, the carbonization apparatus 1 includes micro-
wave generators 11-1, 11-2, and 11-3 that generate
microwaves, waveguides 12-1, 12-2, and 12-3 that re-
spectively guide the two or more generated micro-
waves, cavities 13-1, 13-2, and 13-3 that are connected
in series and into which the two or more guided micro-
waves are respectively introduced, and structures 14-1,
14-2, and 14-3 that are respectively arranged within the
cavities 13-1, 13-2, and 13-3. If the microwave genera-
tors 11-1, 11-2, and 11-3 are not distinguished individu-
ally, any one of them may simply be referred to as a
microwave generator 11. The same applies to other
constituent elements. In this embodiment, in the config-
uration of the cavities 13 that are connected in series,
the upstream side along the movement direction of fi-
bers 3 may be referred to as an earlier-stage side, and
the downstream side may be referred to as a later-
stage side.

[0019] The carbonization apparatus 1 may further in-
clude, as necessary, at least one of an inlet portion 15
for the fibers 3, which is connected to the earliest-stage
cavity 13-1, connection portions 16-1 and 16-2 that
each connect two adjacent cavities 13, an outlet portion
17 for the fibers 3, which is connected to the last-stage
cavity 13-3, temperature sensors 18-1, 18-2, and 18-3
that measure the respective temperatures of the struc-
tures 14, and a control unit 19 that controls the micro-
wave generators 11 using the temperatures measured
by the temperature sensors 18. The carbonization ap-
paratus 1 may further include, as necessary, at least
one of a discharge pipe 22 having a discharge port 21
at one end for discharging gas generated in the cavity
13, a supply pipe 24 having a supply port 23 at one end
for supplying inert gas into the cavity 13, and a needle
array circuit 25 for preventing propagation of micro-
waves at the inlet portion 15, the connection portion
16, and the outlet portion 17.

[0020] The carbonization apparatus 1 carbonizes
precursor fibers of carbon fibers while continuously
moving them inside the cavity 13. Accordingly, the fi-
bers 3 introduced from the inlet portion 15 to the cavity
13-1 are precursor fibers after thermal stabilization, and
the fibers 3 discharged from the outlet portion 17 are
carbon fibers. As an example, the precursor fibers may
be polyacrylonitrile (PAN). For convenience, thermally
stabilized fibers, which are precursor fibers obtained by
oxidation through thermal stabilization, are also re-
ferred to as precursor fibers. The fibers 3 may be, for
example, a single fiber, but they are typically a fiber
bundle in which a plurality of fibers are bundled. Ac-
cordingly, the fibers 3 may be, for example, a precursor
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fiber bundle or a carbon fiber bundle.

[0021] The microwave generator 11 may generate
microwaves, for example, using a magnetron, a kly-
stron, a gyrotron, a semiconductor element, or the like.
The generating microwaves using a semiconductor de-
vice may mean, for example, oscillating microwaves
using a semiconductor device or amplifying micro-
waves using a semiconductor device. The frequency
band of the microwaves may be, for example, in the
vicinity of 433.92 MHz, 915 MHz, 2.45 GHz, or 5.8
GHz, or other frequency bands in the range of 300
MHz to 300 GHz. As will be described later, the two or
more structures 14 are irradiated with microwaves such
that a structure 14 on a later-stage side reaches a high-
er temperature. Accordingly, the output (power) of the
plurality of microwave generators 11 may increase in
the order of the microwave generators 11-1, 11-2, and
11-3.

[0022] The waveguide 12 guides the microwaves
generated by the microwave generator 11 into the cav-
ity 13. The waveguide 12 may be, for example, a rec-
tangular waveguide or a circular waveguide. The wave-
guide 12 may be, for example, a hollow waveguide. For
example, a microwave-transmissive airtight window
may be provided, for example, at an end or another
portion of the waveguide 12 to prevent gas or the like
from the cavity 13 from moving toward the microwave
generator 11. The airtight window may be made of, for
example, a microwave-transmissive material. The mi-
crowave-transmissive material is not particularly lim-
ited, but examples thereof may include quartz glass, a
fluororesin such as polytetrafluoroethylene, and a cera-
mic. For example, instead of the waveguide 12, a mi-
crowave guide unit such as a coaxial cable may be
used to guide the microwaves. The interior of the cavity
13 may be directly irradiated with microwaves gener-
ated by the microwave generator 11. In this case, for
example, the carbonization apparatus 1 does not have
to include the waveguide 12, and an antenna for emit-
ting microwaves may be provided in the cavity 13.
[0023] The microwaves generated by the microwave
generator 11 are introduced into the cavity 13. The
shape of the internal space of the cavity 13 is not parti-
cularly limited, but examples thereof may include a pil-
lar-like shape extending in one direction. The one direc-
tion may be, for example, the movement direction of
the fibers 3. The pillar-like shape may be, for example,
a rectangular parallelepiped shape or a solid cylindrical
shape. In this embodiment, a case will be mainly de-
scribed in which the internal space of the cavity 13 has
a rectangular parallelepiped shape.

[0024] The cavity 13 preferably has a wall made of a
material that does not transmit microwaves so as to
prevent leakage of microwaves from the internal space.
The material that does not transmit microwaves may
be, for example, a microwave-reflective material. The
microwave-reflective material is not particularly limited,
but examples thereof may include a metal such as
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stainless steel, carbon steel, nickel, a nickel alloy, cop-
per, and a copper alloy.

[0025] The plurality of cavities 13 are connected in
series. The plurality of cavities 13 being connected in
series may mean that the plurality of cavities 13 are
connected such that the fibers 3 moving inside the plur-
ality of cavities 13 pass through the cavities sequen-
tially. The plurality of cavities 13 may be connected in
series, for example, via the connection portion 16. Each
cavity 13 may have, for example, an introduction port
through which the fibers 3 are introduced into the inter-
nal space and a discharge port through which the fibers
3 are discharged from the internal space. Microwave
irradiation within each cavity 13 is typically performed
in a multi-mode manner. When carbonization is per-
formed, the interior of each cavity 13 is typically at at-
mospheric pressure.

[0026] In this embodiment, a case will be mainly de-
scribed in which the number of microwave generators
11 is equal to the number of cavities 13 and micro-
waves generated by the two or more microwave gen-
erators 11 are respectively introduced into the two or
more cavities 13, but there is no limitation to this. For
example, microwaves generated by two or more micro-
wave generators 11 may be introduced into one cavity
13, or microwaves generated by one microwave gen-
erator 11 may be branched and introduced into two or
more cavities 13.

[0027] Two or more structures 14 each having a hol-
low pillar-like shape (hollow pillar-like structures) are
arranged in series within the two or more cavities 13.
Each hollow pillar-like structure 14 may have, for exam-
ple, a straight elongated shape. A cross-sectional
shape in a plane perpendicular to a longitudinal direc-
tion of the hollow pillar-like structure 14 may be, for
example, rectangular or another shape. Openings com-
municating with the hollow portion of the hollow pillar-
like structure 14 are provided at both longitudinal ends
of the structure 14. In this embodiment, a case will be
mainly described in which the cross-sectional shape of
the hollow pillar-like structure 14 is rectangular, that is,
the structure 14 has a rectangular tube shape. The two
or more structures 14 may be arranged in series as a
result of the two or more structures 14 being respec-
tively arranged within the two or more cavities 13, and
the two or more cavities 13 being connected in series.
In this embodiment, a case will be mainly described in
which the number of cavities 13 is equal to the number
of structures 14 and one structure 14 is arranged in one
cavity 13, but there is no limitation to this. As will be
described later, the two or more structures 14 may be
arranged in one cavity 13.

[0028] FIG. 3A is a perspective view showing an ex-
ternal appearance of the structure 14, and FIGS. 3B
and 3C are longitudinal cross-sectional views of the
cavity 13 and the structure 14. FIG. 3B is a longitudinal
cross-sectional view at a position where a frame mem-
ber 31 is not present, and FIG. 3C is a longitudinal
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cross-sectional view at a position where the frame
member 31 is present. As shown in FIGS. 3A, 3B, and
3C, the plurality of fibers 3 arranged in parallel may
move inside the structure 14. As shown in FIG. 3B, for
example, a cross section in a plane perpendicular to a
longitudinal direction of the structure 14 may be rectan-
gular, and the plurality of fibers 3 may be arranged
along a long side thereof. The distances between inner
walls of the structure 14 and the plurality of fibers 3 are
preferably equivalent. For example, as shown in FIGS.
3B and 3C, distances between two inner walls of the
structure 14 facing each other and the fibers 3 may be
equivalent. The distance is preferably such that heat
exchange between the inner walls of the structure 14
and the plurality of fibers 3 can occur. As shown in
FIGS. 3A, 3B, and 3C, the plurality of fibers 3 may be
arranged in parallel such that a plurality of fibers 3 lie in
the same plane. In this case, spacing between the plur-
ality of fibers 3 may be, for example, uniform. The plur-
ality of fibers 3 typically move at the same speed in the
longitudinal direction of the fibers 3.

[0029] The structure 14 partially absorbs microwaves
introduced from the outside, and partially transmits the
microwaves inward. The structure 14 preferably has
microwave transmittance such that a temperature dif-
ference between the structure 14 and the fibers 3 be-
comes small, by heating the structure 14 with micro-
waves absorbed by the structure 14 and heating the
fibers 3 with microwaves transmitted through the struc-
ture 14. If the entire outer peripheral surface of the
structure 14 is irradiated with microwaves as shown in
FIG. 3B, multi-mode microwave irradiation within the
cavity 13 allows the structure 14 to be heated more
uniformly. The plurality of fibers 3 are also more uni-
formly heated with microwaves transmitted through the
wall surface of the structure 14. At least one structure
14 of the plurality of structures may be irradiated with
microwaves such that, for example, the structure 14
reaches a temperature equivalent to a target tempera-
ture of the plurality of fibers 3 moving inside the struc-
ture 14. Since thermally stabilized fibers at room tem-
perature or thermally stabilized fibers immediately after
thermal stabilization treatment are introduced into the
earliest-stage cavity 13-1, a temperature difference be-
tween the fibers 3 and the earliest-stage structure 14-1
in an upstream region in the structure 14-1 is larger
than that in the other regions in the structures 14. In
the other regions, the fibers 3 and the structure 14 can
be irradiated with microwaves such that a temperature
difference therebetween becomes small.

[0030] The microwave transmittance of the structure
14 is not particularly limited, but, for example, at a car-
bonization temperature, about 20% to 80% of micro-
waves may be transmitted from the outside to the in-
side, and about 30% to 50% of microwaves may be
transmitted from the outside to the inside. As carboni-
zation proceeds, the fibers 3 exhibit increased micro-
wave absorption, and the fibers 3 themselves generate
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more heat. Therefore, a structure 14 on a later-stage
side may have a lower microwave transmittance. The
transmittance of the structure 14 may decrease, for ex-
ample, in the order of the structures 14-1, 14-2, and
14-3. The microwave transmittance can be adjusted,
for example, by changing at least one of the material of
the structure 14 and the wall thickness of the structure
14.

[0031] In the carbonization, the temperature of the
fibers 3 is gradually increased. For example, at the start
of the carbonization, the temperature of the fibers 3 is
about 300°C to 500°C, whereas at the end of the car-
bonization, the temperature of the fibers 3 reaches
1000°C or higher, such as 1100°C to 1200°C. Accord-
ingly, two or more structures 14 are preferably irra-
diated with microwaves such that a structure 14 on a
later-stage side along the movement direction of the
plurality of fibers 3 reaches a higher temperature. In
the example shown in FIG. 2, the structures 14 may be
irradiated with microwaves such that the temperature
increases in the order of the structures 14-1, 14-2, and
14-3. For example, the structure 14-1 may be heated to
500°C, and the structure 14-3 may be heated to
1100°C.

[0032] The material of the structure 14 is not particu-
larly limited as long as it partially absorbs microwaves
and partially transmits the microwaves, but examples
thereof may include a material containing alumina or
silicon nitride. As an example, the structure 14 may be
made of sialon (SIAION) containing silicon nitride. A
structure 14 containing silicon nitride has improved
heat resistance. Accordingly, a structure 14 on a later-
stage side, in particular, the last-stage structure 14-3
preferably contains silicon nitride. Meanwhile, a struc-
ture 14 on an earlier-stage side in which the tempera-
ture does not become high preferably contains alumi-
na, which is less expensive than silicon nitride. For ex-
ample, the structures 14-1 and 14-2 may be made of
alumina, and the structure 14-3 may be made of silicon
nitride.

[0033] The structure 14 may be supported within the
internal space of the cavity 13 by a predetermined sup-
port unit or the like. For example, as shown in FIG. 3B,
in the internal space of the cavity 13, the support unit
may include a pair of protrusions 32 that are respec-
tively provided on a pair of inner walls of the cavity
facing each other in the arrangement direction of the
plurality of fibers 3, and a plate-like member 33 whose
ends are supported by the pair of protrusions 32. The
structure 14 may be placed, for example, on an upper
surface of the plate-like member 33. The pair of protru-
sions 32 may be, for example, metal members extend-
ing along the movement direction of the fibers 3. The
plate-like member 33 may be made of, for example, a
microwave-transmissive or thermally-insulating materi-
al. The microwave-transmissive and thermally-insulat-
ing plate-like member 33 may be made of, for example,
a material containing alumina.
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[0034] The structure 14 may be arranged in the inter-
nal space of the cavity 13, for example, so as to con-
nect an introduction port of the cavity 13 and a dis-
charge port of the cavity 13. That is to say, the fibers 3
introduced from the introduction port of the cavity 13
into the internal space may move inside the structure
14 and be discharged from the discharge port of the
cavity 13. The structure 14 expands thermally when
heated with microwaves. If the degree of thermal ex-
pansion is larger than that of the cavity 13, as shown in
FIG. 2, the longitudinal length of the structure 14 may
be shorter than the length of the internal space of the
cavity 13 along the movement direction of the fibers 3
by an amount corresponding to the thermal expansion.
If gas generated by the heating of the organic fibers 3
flows out of the structure 14, the gas condenses on the
inner walls of the cavity 13 to form tar, which needs to
be removed. The reason for this is that tar absorbs
microwaves. If a gap exists between the introduction
port or discharge port of the cavity 13 and the corre-
sponding end of the structure 14, gas generated by the
heating of the fibers 3 may flow out of the structure 14
through that gap. Therefore, as shown in FIGS. 2 and
3C, a frame member 31 may be provided on the inner
walls of the cavity 13 to surround the introduction port
and the discharge port. Furthermore, the outer periph-
eral surfaces of both longitudinal ends of the structure
14 may be surrounded by the frame member 31. The
frame member 31 may be made of, for example, a
metal. Since the frame member 31 and the structure
14 are not fixed, the structure 14 can thermally expand
along the inner peripheral surface of the frame member
31 when the structure reaches a high temperature. In
this manner, if both longitudinal ends of the structure 14
are surrounded by the frame member 31, it is possible
to prevent gas generated by the heating of the fibers 3
from flowing out of the structure 14. If one structure 14
is arranged in one cavity 13 as shown in FIG. 2, both
ends of the structure 14 may be supported by the frame
member 31 on the introduction port side and the frame
member 31 on the discharge port side. In this case, the
protrusions 32 and the plate-like member 33 may not
be present in the internal space of the cavity 13.

[0035] If two or more structures 14 are arranged in
series in the internal space of one cavity 13, two adja-
cent structures 14 are preferably arranged such that no
gap exists therebetween. Cross sections at connection
portion may have the same shape. In this manner, by
ensuring that the space inside the structure 14 and the
space outside the structure 14 do not communicate in
the internal space of the cavity 13, it is possible to pre-
vent gas generated by the heating of the organic fibers
3 from flowing to the space outside the structure 14. As
a result, the space outside the structure 14 in the inter-
nal space of the cavity 13 can be kept free from con-
tamination by gas, thereby reducing the workload asso-
ciated with cleaning that space. In this embodiment,
since the structure 14 is also heated, it is possible to
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prevent gas generated by the heating of the fibers 3
from condensing on the inner walls of the structure 14
and forming tar. Consequently, tasks such as tar re-
moval become unnecessary.

[0036] The length of the cavity 13 and the structure
14 in the direction along the fibers 3, the respective
temperatures of the two or more structures 14, the
movement speed of the fibers 3, and the like are pre-
ferably determined as appropriate so that the desired
carbonization is performed within the cavity 13. The di-
electric constant of the structure 14 and the output of
the microwave generator 11 that generates microwaves
for use in irradiation of the structure 14 are preferably
determined as appropriate so that the structure 14 can
be heated to the desired temperature.

[0037] Hereinafter, effects of heating not only the fi-
bers 3 but also the structures 14 with microwaves will
be described. If only the fibers are directly heated with
microwaves, ambient temperature becomes lower than
the fiber temperature, causing cooling of the fiber sur-
face and resulting in temperature non-uniformity be-
tween the inside and surface of the fibers. Furthermore,
when a plurality of fibers are arranged in parallel, that
is, moved in parallel, heating non-uniformity also oc-
curs among the plurality of fibers. The reason for this is
that it is difficult to irradiate a plurality of fibers with
microwaves uniformly. On the other hand, when the
fibers 3 are moved inside the structures 14 that are
heated with microwaves, the ambient temperature in a
structure 14 on a later-stage side can be made compar-
able to that of the fibers 3, thereby reducing tempera-
ture non-uniformity between the inside and surface of
the fibers 3. If each structure 14 is made of, for exam-
ple, a material having thermal conductivity comparable
to or higher than that of alumina or silicon nitride, the
entire structure 14 attains a uniform temperature.
Therefore, heat exchange between the plurality of fi-
bers 3 and the inner walls of the structure 14 occurs,
and thus the temperature of the plurality of fibers 3 is
made comparable to that of the structure 14, thereby
reducing heating non-uniformity among the plurality of
fibers 3. In this manner, more uniform heating of the
plurality of fibers 3 can be achieved, enabling the pro-
duction of more homogeneous carbon fibers.

[0038] The inlet portion 15 is a hollow pillar-like mem-
ber having one end connected to the introduction port
for the fibers 3 in the earliest-stage cavity 13-1. The
fibers 3 are introduced into the carbonization apparatus
1 from the opening at the inlet portion 15’s end that is
not connected to the cavity 13-1, and are subjected to
carbonization.

[0039] The connection portion 16 is a hollow pillar-
like member that connects two adjacent cavities 13
among the two or more cavities 13. An opening at one
end is connected to the discharge port for the fibers 3 in
the cavity 13 on the earlier-stage side, and an opening
at the other end is connected to the introduction port for
the fibers 3 in the cavity 13 on the later-stage side.
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Since the fibers 3 are not heated in the connection por-
tion 16, the length of the connection portion 16 in the
direction along the fibers 3 is preferably short.

[0040] The outlet portion 17 is a hollow pillar-like
member having one end connected to the discharge
port for the fibers 3 in the last-stage cavity 13-3. The
fibers 3 after carbonization, that is, carbon fibers are
discharged from the opening at the outlet portion 17’s
end that is not connected to the last-stage cavity 13-3.
[0041] Cross-sectional shapes of the inlet portion 15,
the connection portion 16, and the outlet portion 17 in a
plane perpendicular to a longitudinal direction of the
fibers 3 may be, for example, rectangular. The inlet
portion 15, the connection portion 16, and the outlet
portion 17 are preferably made of materials that do not
transmit microwaves. Each of the inlet portion 15, the
connection portion 16, and the outlet portion 17 is pre-
ferably connected to the cavity 13 such that micro-
waves do not leak from each connection portion.
[0042] For example, the temperature sensor 18 may
measure the temperature of the structure 14 arranged
in the cavity 13. The temperature sensor 18 may be, for
example, a radiation thermometer that measures the
temperature of an outer peripheral surface of the struc-
ture 14. In this embodiment, a case will be mainly de-
scribed in which the temperature of one structure 14 is
measured by one temperature sensor, but the tempera-
ture of one structure 14 may be measured by two or
more temperature sensors 18. In this case, for exam-
ple, a representative value of two or more temperatures
measured by the two or more temperature sensors 18
may be adopted as the temperature of the structure 14.
The representative value may be, for example, an aver-
age value, a median value, a maximum value, or a
minimum value.

[0043] The control unit 19 may control the microwave
generators 11, for example, using the temperatures
measured by the temperature sensors 18. The control
unit 19 may control the microwave generators 11 that
generate microwaves introduced into the cavities 13 in
which the structures 14 are arranged such that the
structures 14 reach desired temperatures. More speci-
fically, the control unit 19 may control the microwave
generator 11-1 such that the structure 14-1 reaches a
desired temperature. This control may be feedback
control. As an example, the control unit 19 may perform
control such that the temperature of the structure 14
reaches a temperature equivalent to a target tempera-
ture of the plurality of fibers 3 moving inside the struc-
ture 14. The term "equivalent temperature" may refer
to, for example, the same temperature, or a tempera-
ture close enough to be considered substantially the
same. In the latter case as well, it is preferable that the
temperature of the structure 14 is close enough to the
target temperature to reduce temperature non-unifor-
mity within a single fiber 3 and reduce temperature dif-
ferences among the plurality of fibers 3. As described
above, the temperature of the fibers 3 is gradually in-
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creased in the carbonization, and thus the control unit
19 may control the microwave generators 11-1, 11-2,
and 11-3 such that the temperature increases in the
order of the structures 14-1, 14-2, and 14-3, that is,
such that a structure 14 on a later-stage side reaches
a higher temperature.

[0044] Furthermore, at least one of the connection
portions 16-1 and 16-2 and the outlet portion 17 may
be provided, for example, with a discharge port 21 for
discharging gas generated by the heating of the fibers
3 in the cavity 13 on the earlier-stage side. The dis-
charge port 21 may be, for example, at one end of the
discharge pipe 22. In this manner, the interiors of the
structure 14, the connection portion 16, and the outlet
portion 17 can be kept free from contamination by dis-
charging gas generated in the cavity 13 from the dis-
charge port 21 and the discharge pipe 22 provided be-
tween adjacent cavities 13 among the two or more cav-
ities 13 or provided at the outlet portion 17 for the fibers
3 in the last-stage cavity 13-3. As an example, the con-
nection portions 16-1 and 16-2 and the outlet portion 17
may be provided with two or more discharge ports 21
and discharge pipes 22 along the arrangement direc-
tion of the plurality of fibers 3. The diameter of the dis-
charge port 21 and the length of the discharge pipe 22
may be determined so as to prevent leakage of micro-
waves via the discharge pipe 22. As an example, the
diameter of the discharge port 21 may be one-quarter
or less of the wavelength of the microwaves for use in
irradiation in the cavity 13.

[0045] Furthermore, at least one of the inlet portion
15 and the connection portions 16-1 and 16-2 may be
provided, for example, with a supply port 23 for supply-
ing inert gas into the cavity 13 on the later-stage side.
The supply port 23 may be, for example, at one end of
the supply pipe 24. In this manner, the fibers 3 can be
heated in an inert atmosphere by supplying inert gas
into the cavity 13 from the supply pipe 24 and the sup-
ply port 23 provided at the inlet portion 15 for the fibers
3 in the earliest-stage cavity 13-1 or provided between
adjacent cavities 13 among the two or more cavities 13.
The inert gas is not particularly limited, but examples
thereof may include nitrogen and argon. The position of
the supply port 23 and the flow rate and orientation of
inert gas supplied from the supply port 23 may be de-
termined as appropriate by simulation or the like so that
the inert gas is effectively supplied into the cavity 13.
As an example, the inlet portion 15 and the connection
portions 16-1 and 16-2 may be provided with two or
more supply ports 23 and supply pipes 24 along the
arrangement direction of the plurality of fibers 3. The
diameter of the supply port 23 and the length of the
supply pipe 24 may be determined so as to prevent
leakage of microwaves via the supply pipe 24. As an
example, the diameter of the supply port 23 may be
one-quarter or less of the wavelength of the micro-
waves for use in irradiation.

[0046] The inlet portion 15, the connection portion
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16, and the outlet portion 17 may be provided, for ex-
ample, with a needle array circuit 25 for preventing pro-
pagation of microwaves. The needle array circuit 25
may be referred to as a needle array structure. FIG. 4A
is a longitudinal cross-sectional view of the connection
portion 16 showing the needle array circuit 25, and FIG.
4B is a transverse cross-sectional view of the connec-
tion portion 16 showing the needle array circuit 25. FIG.
4B is a transverse cross-sectional view taken along a
plane passing through needle-like members 26. The
needle array circuit 25 may have a plurality of needle-
like members 26 arranged in parallel. The longitudinal
length of each needle-like member 26 may be, for ex-
ample, one-quarter of the wavelength of the micro-
waves for use in irradiation in the cavity 13. The nee-
dle-like members 26 are preferably made of, for exam-
ple, a conductive material. The conductive material
may be, for example, a metal. The metal is not particu-
larly limited, but examples thereof may include stain-
less steel, carbon steel, nickel, a nickel alloy, copper,
and a copper alloy. The plurality of needle-like mem-
bers 26 are preferably arranged in the inlet portion 15,
the connection portion 16, and the outlet portion 17 so
as not to obstruct movement of the fibers 3 and so as to
prevent propagation of microwaves. In this embodi-
ment, a case is shown in which the needle array circuit
25 is provided on upper inner walls of the inlet portion
15, the connection portion 16, and the outlet portion 17,
but the needle array circuit 25 may be provided on low-
er inner walls. However, the needle array circuit 25 is
preferably provided on upper inner walls in order to
prevent the fibers 30 from being caught on the needle
array circuit 25 when the fibers 30 are threaded through
the inlet portion 15, the connection portion 16, and the
outlet portion 17. In this manner, if the needle array
circuit 25 is provided between adjacent cavities 13
among the two or more cavities 13, the propagation of
microwaves between the cavities 13 can be prevented,
and it becomes easier to control the temperature of the
structure 14 in each cavity 13. If the inlet portion 15 and
the outlet portion 17 are provided with the needle array
circuit 25, the leakage of microwaves to the outside of
the carbonization apparatus 1 via the inlet portion 15
and the outlet portion 17 can be prevented.

[0047] Since the carbonization is completed in the
last-stage cavity 13-3, the fibers 3 discharged from the
last-stage cavity 13-3 are carbon fibers formed by the
carbonization of the precursor fibers and exhibit high
electrical conductivity. Therefore, there is a possibility
that microwaves may leak to the outside via the con-
ductive fibers 3 discharged from the last-stage cavity
13-3. In order to prevent such leakage of microwaves,
the carbonization apparatus 1 may further include, for
example, an electrical conduction unit that electrically
interconnects the plurality of fibers 3 in the vicinity of
the discharge port for the plurality of fibers 3 in the
last-stage cavity 13-3. The electrical conduction unit
may be provided, for example, in the outlet portion 17.
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In this manner, the plurality of carbon fibers are electri-
cally interconnected, and thus the potential difference
therebetween is eliminated. As a result, the generation
of an electromagnetic field between the plurality of car-
bon fibers can be prevented, thereby preventing radia-
tion of microwaves from the carbon fibers into the sur-
rounding space.

[0048] As an example, the electrical conduction unit
may be a roller 27 shown in FIG. 5. For example, the
roller 27 may be arranged in the outlet portion 17 so as
to be rotatable, and may be rotated by a drive unit such
as a motor in accordance with the movement speed of
the fibers 3. The outer peripheral surface of the roller
27 is preferably made of a conductive material. The
conductive material may be, for example, a metal. In
the outlet portion 17, the roller 27 is preferably ar-
ranged such that the direction of its rotational axis is
perpendicular to the longitudinal direction of the plural-
ity of fibers 3 and such that the plurality of fibers 3 come
into contact with its outer peripheral surface. For exam-
ple, the roller 27 may be grounded.

[0049] FIG. 5 shows a case in which the roller 27 is
arranged closer to the discharge port of the last-stage
cavity 13-3 than the needle array circuit 25 is, but the
roller 27 may be arranged at a different position. For
example, in FIG. 5, the roller 27 may be arranged in
the vicinity of the needle array circuit 25, or may be
arranged closer to the opening on the downstream side
of the outlet portion 17 than the needle array circuit 25
is. For example, the roller 27 may be arranged above
the plurality of fibers 3. The plurality of fibers 3 may be
electrically interconnected by a unit other than the roller
27.

[0050] Next, a method for producing carbon fibers
using the carbonization apparatus 1 according to this
embodiment will be described. The fibers 3 to be sub-
jected to carbonization are thermally stabilized fibers,
and, for example, they may be supplied directly from a
thermal stabilization apparatus to the carbonization ap-
paratus 1 or unwound from a spool or the like and
supplied to the carbonization apparatus 1. In the former
case, the fibers 3 at about 250°C are supplied to the
carbonization apparatus 1, and in the latter case, the
fibers 3 at room temperature are supplied to the carbo-
nization apparatus 1. The plurality of fibers 3 are
moved in a state arranged in parallel, for example, as
indicated by the arrows in FIGS. 1 and 2. The plurality
of fibers 3 may be moved, for example, by being wound
up by a winding unit downstream of the outlet portion
17. The plurality of fibers 3 are preferably moved, for
example, at a predetermined speed, such as 5 meters
per minute.

[0051] The interior of each cavity 13 is irradiated with
microwaves such that the structure 14 reaches a de-
sired temperature. As described above, the structures
14 are preferably irradiated with microwaves such that
a structure on a later-stage side reaches a higher tem-
perature. This microwave irradiation may be performed
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by adjusting the output of the microwave generators 11
using the temperatures measured by the temperature
sensors 18. During the carbonization, the plurality of
fibers 3 are heated in an inert atmosphere by supplying
inert gas such as nitrogen into the cavity 13 via the
supply pipe 24. Gas generated by the heating of the
plurality of fibers 3 is discharged from the discharge
pipe 22. Since the inlet portion 15, the connection por-
tion 16, and the outlet portion 17 are provided with the
needle array circuit 25, the leakage of microwaves at
the inlet portion 15 and the outlet portion 17 can be
prevented, and the propagation of microwaves be-
tween the cavities 13 can be prevented as well. In this
manner, carbon fibers can be manufactured by continu-
ously heating and carbonizing a plurality of precursor
fibers.

[0052] As described above, with the carbonization
apparatus 1 according to this embodiment, since the
plurality of fibers 3 are simultaneously carbonized, it is
possible to commercially produce carbon fibers. In the
case of performing the carbonization using a plurality of
cavities 13, the temperature of the structure 14 within
each cavity 13 can be controlled independently, making
it easy to perform control such that the structure 14
reaches a desired temperature.

[0053] Furthermore, since the structure 14 partially
absorbs microwaves introduced from the outside and
partially transmits the microwaves, the temperature of
the fibers 3 inside the structure 14 can be made com-
parable to that of the structure 14. As a result, the tem-
perature difference between the surface of the fibers 3
and the inside of the fibers 3 can be reduced, thereby
reducing temperature non-uniformity in a single fiber 3,
in the strict sense, in a single fiber bundle. If the struc-
ture 14 is mainly made of, for example, alumina or sili-
con nitride, its high thermal conductivity ensures that
the entire structure 14 is heated to a more uniform tem-
perature. Therefore, heat exchange between the plur-
ality of fibers 3 that are present inside the structure 14
and the inner walls of the structure 14 occurs, and thus
the temperature difference among the plurality of fibers
3 can be reduced, thereby reducing heating non-unifor-
mity among the plurality of fibers 3. This configuration
enables the production of more homogeneous carbon
fibers.

[0054] Furthermore, since microwave irradiation with-
in the cavity 13 is performed in a multi-mode manner,
the size of the structure 14 is not limited as in single-
mode irradiation. Accordingly, by making the structure
14 larger, it becomes possible to arrange a larger num-
ber of fibers 3 in parallel and carbonize them collec-
tively. In this case as well, as described above, the
temperature non-uniformity within a fiber bundle and
the heating non-uniformity among a plurality of fiber
bundles are small, and thus it is possible to mass-pro-
duce homogeneous carbon fibers.

[0055] Furthermore, if gas generated by the heating
of the fibers 3 is discharged from the discharge port 21
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provided at the connection portion 16 and the outlet
portion 17, the inner walls of the structure 14 and the
like can be kept free from contamination by that gas. In
particular, if the discharge port 21 is provided at the
connection portion 16, it becomes possible to dis-
charge gas generated by the heating of the fibers 3
even during intermediate stages of the heating of the
fibers 3. Since the structure 14 itself is also heated with
microwaves, it is possible to prevent tar and the like
from condensing on the inner walls of the structure 14.
[0056] Furthermore, since inert gas is supplied into
the cavity 13 from the supply port 23 provided at the
inlet portion 15 and the connection portion 16, carboni-
zation can be performed in an inert atmosphere. If the
gas generated by the heating of the fibers 3 is dis-
charged and the inert gas is supplied at the connection
portion 16, the atmospheric gas can be replaced with
clean inert gas during the intermediate stages of the
heating of the fibers 3.

[0057] Furthermore, since the inlet portion 15, the
connection portion 16, and the outlet portion 17 are
provided with the needle array circuit 25, the leakage
of microwaves to the outside via the inlet portion 15 and
the outlet portion 17 can be prevented. Additionally, the
propagation of microwaves via the connection portion
16 can be prevented as well, making it easier to control
the temperature of the structure 14 in each cavity 13.
[0058] Furthermore, when a plurality of carbon fibers
are discharged from the last-stage cavity 13-3, the plur-
ality of carbon fibers are electrically interconnected
using an electrical conduction unit such as the roller
27, and thus the leakage of microwaves to the outside
via the plurality of carbon fibers can be prevented.
[0059] In this embodiment, the case was mainly de-
scribed in which three cavities 13 and three structures
14 are provided, but it will be appreciated that the num-
ber of cavities 13 and structures 14 need not be limited
to three. For example, the number of cavities 13 and
structures 14 included in the carbonization apparatus 1
may be two or four or more. A larger number of cavities
13 and structures 14 can realize a more finely con-
trolled, stepwise increase in the temperature of the fi-
bers 3, and thus from this perspective, a larger number
of cavities 13 and structures 14 is preferable. For ex-
ample, the number of cavities 13 and the number of
structures 14 may be each three or more. Furthermore,
the carbonization apparatus 1 preferably includes, for
example, one or more microwave generators 11 and
one or more waveguides 12 for each cavity 13.

[0060] Furthermore, in this embodiment, the case
was mainly described in which one structure 14 is ar-
ranged in one cavity 13, but there is no limitation to this.
For example, two or more structures 14 may be ar-
ranged in one cavity 13. FIG. 6 is a schematic long-
itudinal cross-sectional view showing an example of
the carbonization apparatus 1 in which three structures
14-1, 14-2, and 14-3 connected in series are arranged
in one cavity 13. In the carbonization apparatus 1
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shown in FIG. 6 as well, the temperatures of the struc-
tures 14-1, 14-2, and 14-3 may be respectively mea-
sured by the temperature sensors 18, and the micro-
wave generators 11-1, 11-2, and 11-3 may be con-
trolled using the measured temperatures such that the
structures 14-1, 14-2, and 14-3 each reach a desired
temperature. It is assumed that in the carbonization
apparatus 1 shown in FIG. 6, the outer peripheral sur-
faces of the structures 14-1, 14-2, and 14-3 are mainly
irradiated inside the cavity 13 respectively with the mi-
crowaves generated by the microwave generators
11-1, 11-2, and 11-3. With this configuration, microwave
irradiation can be performed such that the tempera-
tures of the plurality of fibers 3 increase in a stepwise
manner. Even when carbonization of precursor fibers is
performed using one cavity 13 as shown in FIG. 6,
microwaves are preferably generated by two or more
microwave generators 11.

[0061] If two or more structures 14 are arranged in
one cavity 13 as shown in FIG. 6, the connection por-
tion between two adjacent structures 14 may be config-
ured as an expansion joint structure to accommodate
the longitudinal thermal expansion of each structure 14.
FIG. 6 shows an example of an expansion joint struc-
ture. As shown in FIG. 6, the right end of the structure
14-1 may have an enlarged inner peripheral surface,
while the left end of the structure 14-2 may have a
reduced outer peripheral surface, and the left end of
the structure 14-2 may be inserted into the right end of
the structure 14-1.

[0062] Furthermore, the areas in the vicinity of the
introduction port and the discharge port in the internal
space of the cavity 13 are locations where temperature
fluctuations may be significant, as they are connected
to the outside via the introduction port and the dis-
charge port of the cavity 13. Therefore, if three or more
structures 14 are arranged in series in one cavity 13,
the structure 14 on the introduction port side, that is,
the earliest-stage structure 14 and the structure 14 on
the discharge port side, that is, the last-stage structure
14 among the three or more structures 14 may be
made of a material with high thermal shock resistance.
Therefore, the structure 14 on the introduction port side
and the last-stage structure 14 may contain, for exam-
ple, silicon nitride.

[0063] Furthermore, in this embodiment, the case
was mainly described in which the structure 14 has a
hollow pillar-like shape, but there is no limitation to this.
For example, as shown in FIG. 7, the structure 14 may
have two plate-like members 14a and 14b arranged in
parallel and facing each other. That is to say, the struc-
ture 14 may be a structure that does not include a face
corresponding to the short side in the cross section of
the structure 14 shown in FIG. 3B. The plate-like mem-
bers 14a and 14b each partially absorb microwaves
and partially transmit the microwaves. Accordingly, the
plurality of fibers 3 moving inside the structure 14, that
is, the plurality of fibers 3 moving between the two
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plate-like members 14a and 14b are irradiated with mi-
crowaves transmitted through the two plate-like mem-
bers 14a and 14b. In order to maintain a constant spa-
cing between the two plate-like members 14a and 14b
and to prevent gas generated by the heating of the
fibers 3 from flowing out of the structure 14, a hollow
pillar-like shape may be formed by two plate-like mem-
bers 34 arranged in parallel and facing each other and
the two plate-like members 14a and 14b. The plate-like
members 34 may be made of, for example, a micro-
wave-transmissive or thermally-insulating material. The
microwave-transmissive and thermally-insulating plate-
like members 34 may be made of, for example, a mate-
rial containing alumina.

[0064] Furthermore, in this embodiment, the case
was mainly described in which the internal space of
the cavity 13 is irradiated with microwaves from the
upper side, but there is no limitation on the direction
from which the internal space of the cavity 13 is irra-
diated with microwaves. For example, the internal
space of the cavity 13 may be irradiated with micro-
waves from the lower side, or may be irradiated with
microwaves from both the upper side and the lower
side. If the internal space of the cavity 13 is irradiated
with microwaves from both the upper side and the low-
er side, for example, as shown in FIG. 8, the structure
14 may include two plate-like members 14a and 14b in
which the length in the arrangement direction of the
plurality of fibers 3 is equivalent to the length in the
arrangement direction of the plurality of fibers 3 in the
internal space of the cavity 13. In this case, as shown in
FIG. 8, the plate-like members 14a and 14b may be
respectively supported by the protrusions 32.

[0065] Furthermore, in the carbonization apparatus 1
according to this embodiment, a member that has a
higher microwave transmittance than the structure 14
and a higher thermal insulation than the structure 14
may be provided so as to cover at least a portion of the
outer surface of the structure 14, thereby reducing the
transfer of heat from the structure 14 to the internal
space of the cavity 13 without obstructing the micro-
wave irradiation onto the structure 14. The member
provided on the outer surface of the structure 14 may
be arranged, for example, so as to cover all of the outer
surface of the structure 14 having a hollow pillar-like
shape shown in FIG. 3B, the outer surfaces of the
structure 14 included in the hollow pillar-like shape
shown in FIG. 7, and the outer surfaces of the structure
14 forming surfaces on the opposite side to the fibers 3
shown in FIG. 8, or so as to cover a portion of the outer
surfaces. The shape of this member is not particularly
limited, but examples thereof may include a plate-like
shape. This member preferably has a lower specific
heat capacity (heat storage capacity) per unit volume
than the structure 14. For example, if the specific heat
capacity per unit volume of the member provided on
the outer surface of the structure 14 is larger than that
of the structure 14, when lowering the temperature of
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the structure 14, even if the microwave output is re-
duced, the temperature of the structure 14 will be diffi-
cult to lower due to the influence of that member.
Furthermore, when starting microwave irradiation to
raise the temperature of the structure 14, it will take
longer to bring the temperature of the structure 14 to
the desired temperature. On the other hand, such is-
sues can be avoided by using a material with a lower
specific heat capacity per unit volume than that of the
structure 14. The member provided on the outer sur-
face of the structure 14 may be constituted by, for ex-
ample, a material formed by compacting alumina fibers.
[0066] Furthermore, in this embodiment, the case
was mainly described in which the movement direction
of the plurality of fibers 3 is horizontal, but there is no
limitation to this. The plurality of fibers 3 may be moved
in directions other than the horizontal direction, such as
the vertical direction. For example, when the plurality of
fibers 3 are moved in the vertical direction, the plurality
of fibers 3 are preferably moved upward from the lower
side. The reason for this is that during the carboniza-
tion, the temperature of the fibers 3 has to be gradually
increased, and gases at higher temperatures rise up-
ward.

[0067] Furthermore, the foregoing embodiment is an
example for specific implementation of the present in-
vention and is not intended to limit the technical scope
of the invention. The technical scope of the invention is
indicated by the claims rather than by the foregoing
description, and changes which come within the word-
ing and equivalent meanings of the scope of the claims
are intended to be encompassed therein.

Claims

1. A carbonization apparatus for carbonizing a plural-
ity of precursor fibers of carbon fibers through heat-
ing, comprising:

two or more microwave generators that gener-
ate microwaves;

one or two or more cavities into which micro-
waves generated by the two or more micro-
wave generators are introduced; and

two or more structures that are arranged in
series within the one or two or more cavities
and inside which the plurality of precursor fi-
bers can move in parallel,

wherein each of the two or more structures
partially absorbs microwaves introduced from
outside, and partially transmits the microwaves
inward, and

the two or more structures can be irradiated
with microwaves such that a structure on a
later-stage side along a movement direction of
the plurality of precursor fibers reaches a high-
er temperature.
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10.

20

The carbonization apparatus according to claim 1,
wherein at least one structure of the two or more
structures can be irradiated with microwaves such
that the structure reaches a temperature equivalent
to a target temperature of the plurality of precursor
fibers moving inside the structure.

The carbonization apparatus according to claim 1,
wherein each of the two or more structures has a
hollow pillar-like shape.

The carbonization apparatus according to any one
of claims 1 to 3,

wherein the one or two or more cavities are
two or more cavities connected in series,

the microwaves generated by the two or more
microwave generators are respectively intro-
duced into the two or more cavities, and

the two or more structures are respectively ar-
ranged within the two or more cavities.

The carbonization apparatus according to claim 4,
wherein a discharge port is provided between ad-
jacent cavities among the two or more cavities to
discharge gas generated in an earlier-stage cavity
of the adjacent cavities.

The carbonization apparatus according to claim 4,
wherein a supply port is provided between adja-
cent cavities among the two or more cavities to
supply inert gas into a later-stage cavity of the ad-
jacent cavities.

The carbonization apparatus according to claim 4,
wherein a needle array circuit is provided between
adjacent cavities among the two or more cavities to
prevent propagation of microwaves between the
adjacent cavities.

The carbonization apparatus according to any one
of claims 1 to 3, further comprising: an electrical
conduction unit that electrically interconnects the
carbon fibers in a vicinity of a discharge port of a
last-stage cavity of the one or two or more cavities.

The carbonization apparatus according to any one
of claims 1 to 3, wherein a last-stage structure of
the two or more structures contains silicon nitride.

A method for producing carbon fibers by carboniz-
ing a plurality of precursor fibers of carbon fibers
through heating, comprising:

moving the plurality of precursor fibers in par-
allel inside two or more structures that are ar-
ranged in series within one or two or more cav-
ities, each of the two or more structures par-
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tially absorbing microwaves introduced from
outside and partially transmitting the micro-
waves inward; and

irradiating the two or more structures with mi-
crowaves such that a structure on a later-stage
side along a movement direction of the plural-
ity of precursor fibers reaches a higher tem-
perature.
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