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ABSTRACT

Provided is a fiber-reinforced composite material shaped product having isbtropy and
mechanical strength and a random mat used as an intermediate material thereof.

The random mat includes reinforcing fibers having an average fiber length of 3 to 100
mm and a thermoplastic resin, in which the reinforcing fibers satisty the following 1) to 111).

1) A weight-average fiber width (Ww) of the reinforcing fibers satisfies the following
Equation (1).

0.03 mm < Ww <5.0 mm (1)

i1) An average fiber width dispersion ratio (Ww/Wn) defined as a ratio of the weight-
average fiber width (Ww) to a number-average fiber width (Wn) of the reinforcing tibers 1s 1.8
or more and 20.0 or less. '

1ii) A weight-average fiber thickness of the reinforcing fibers is smaller than the weight-

average fiber width (Ww).
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DESCRIPTION

Itle of Invention: RANDOM MAT AND FIBER-REINFORCED COMPOSITE MATERIAL
SHAPED PRODUCT

Technical Field
(0001}

The present invention relates to a random mat used as an intermediate material of a fiber-
reinforced composite material shaped product including a thermoplastic resin as a matrix, and a

fiber-reinforced composite material shaped product obtained therefrom.

Background Art
[0002]

As a fiber-reinforced composite material in which a carbon fiber, an aramid fiber, a glass
fiber, or the like is used as a reinforcing fiber, an isotropic random mat has been used due to
formability or convenience of processing. The random mat may be obtained by a spray-up
method (dry method) of simultaneously spraying a cut reinforcing fiber body or a thermosetting
resin on a mold, a papermaking method (wet method) by adding a cut reinforcing fiber to a slurry
containing a binder 1n advance, or the like.

[0003]

As a mean for improving mechanical properties of a composite material, increasing a
volume content ratio VT of reinforcing fibers is known, but in the case of a random mat in which
cut tibers are used, 1t 1s difficult to increase the volume content ratio of reinforcing fibers due to
presence of fibers of three-dimensional direction, a lot of entanglements of fibers, and the like.
Further, in the case of using the random mat, since the fibers are discontinuous in comparison
with a case of using a continuous fiber, it is difficult to sufficiently develop strength of the
reinforcing tibers, and a strength development ratio of the reinforcing fibers after forming a

shaped product becomes 50% or less with respect to a theoretical value. In Non-patent
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Document 1, a composite material made from a random mat of a carbon fiber in which a
thermosetting resin is used as a matrix is exemplified. The strength development ratio of the
composite material is about 44% with respect to the theoretical value.

10004 ]

Further, a composite material in which a thermoplastic resin is used as a matrix in the
related art was obtained by heating and pressurizing, by using an autoclave for 2 hours or more,
an intermediate material called a prepreg, in which a thermosetting resin is impregnated into a
reinforcing fiber base material in advance. Recently, an RTM method where a reinforcing fiber
base material into which a thermosetting resin is not impregnated is set in a mold and then the
thermosetting resin is cast therein has been proposed. The RTM method achieves that a
molding time is largely reduced, but even in the case of using the RTM method, 10 minutes or
more is required until one component is molded.

Accordingly, a composite in which the thermoplastic resin is used instead of the
thermosetting resin as a matrix has been paid attention.

[00035]

A thermoplastic stamping molding TP-SMC using a thermoplastic resin as a matrix
(Patent Document 1) is a method in which chopped fibers in which the thermoplastic resin 1S
impregnated in advance are heated at a melting point or more, the heated tibers is put into a part
of a mold, the mold is immediately tightened, and then the fibers and the resin are allowed to
flow in the mold to obtain a product shape and are cooled to mold a shaped product. In this
method, the molding may be performed at a short time of about 1 minute by using the fibers Into
which the resin is impregnated in advance. The method is a method using a molding material
called an SMC or a stampable sheet, and in the thermoplastic stamping molding, there arc
problems in that since the fibers and the resin are allowed to flow in the mold, a thin-walled

product may not be made, and since an alignment of fibers are disordered, control thereof 1s
difficult.
[0006]

Further, in Patent Document 2, fibers in a fiber assembly are continuously distributed 1n a
range of 1 mm to 15 mm of fiber lengths, short fibers are aggregated while being randomly

mixed to prevent the fibers from partially forming aggregation-unevenness and to obtain the

fiber assembly which is uniform and has excellent isotropy. However, in the method, there 1s a
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problem in that the short fibers are oriented 1n a thickness direction as well.

Citation List
Patent Document
[0007]
Patent Document 1: Japanese Patent No. 4161409

Patent Document 2: Japanese Patent Application Laid-Open No. 5-98353

Non-Patent Document

10008
Non-Patent Document 1: Composites Part A 38 (2007) p.755 to 770

Summary of Invention

Problems to be Solved by Invention

(0009]

However, in the related art, a fiber-reinforced composite material shaped product having
isotropy, excellent tensile strength, and high tensile modulus is not studied. In order to solve
many problems in the related art, an object of the present invention provides a fiber-reinforced
composite material shaped product having 1sotropy and excellent mechanical strength and a
random mat used as an intermediate material thereof. Particularly, an object of the present

invention provides a fiber-reinforced composite material shaped product having high volume
content ratio of the reinforcing fibers included in the fiber-reinforced composite material shaped

product, and the fiber-reinforced composite material shaped product having excellent tensile

modulus.

Solution to Problem

10010}

Inventors find out providing a fiber-reinforced composite material shaped product having
excellent mechanical strength, excellent isotropy, and high mechanical strength, particularly
tensile modulus, from a random mat including a thermoplastic resin and reinforcing fibers which

have a predetermined weight-average fiber width. an average fiber width dispersion ratio, and a
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discontinuous weight-average fiber thickness.

Further, the inventors find out that in the random mat, partial aggregation unevenness of
the reinforcing fibers may be prevented from occurring by mixing reinforcing fibers having
different large and small sizes, and in the random mat configured by only reinforcing fibers with
2 low diameter such as a single fiber form, by alignment in a thickness direction and
entanglements of the fibers, the mat may be prevented from being bulky. In addition, by using
the random mat including the reinforcing fibers having different large and small sizes, the
inventors find out providing the fiber-reinforced composite material shaped product having
higher volume content ratio of reinforcing fibers and more excellent mechanical strength to
complete the present invention.

That is, the present invention is a random mat including reinforcing fibers having an
average fiber length of 3 to 100 mm and a thermoplastic resin, in which the reinforcing fibers
satisfy the followings i) to iii), and a fiber-reinforced composite material shaped product
obtained by molding the same.

i) A weight-average fiber width (Ww) of the reinforcing fibers satisfies the following
Equation (1).

0.03 mm < (Ww) < 5.0 mm (1)

ii) An average fiber width dispersion ratio (Ww/Wn) defined as a ratio of the weight-
average fiber width (Ww) to a number-average fiber width (Wn) for the reinforcing fibers is 1.8
or more and 20.0 or less.

iii) A weight-average fiber thickness of the reinforcing fibers is smaller than the weight-

average fiber width (Ww).

Advantageous Effects of Invention

(0011]

According to the present invention, in the random mat including the thermoplastic resin
and the reinforcing fibers, the included reinforcing fibers have a predetermined fiber width
distribution to increase a filling property of the reinforcing fibers and have excellent mechanical
strength.  Further, in in-plane directions, the reinforcing fibers are not aligned 1n a

predetermined direction, but isotropic.

Accordingly, since the fiber-reinforced composite material shaped product obtained from
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the random mat of the present invention has excellent mechanical strength, excellent 1sotropy,
and high mechanical strength, particularly, tensile modulus, the fiber-reinforced composite
material shaped product may be used in various kinds of constituent members, for example, an
inner plate, an outer plate, and constituent members of a vehicle, various kinds of electric

products, a frame or a case of a machine, or the like.

Brief Description of Drawings
10012]
FIG. 1 is a schematic diagram of an example of a cutting process using a rotary cutter.
FIG. 2 is a schematic diagram illustrating a front and a cross section in an example of a
preferable rotary separating cutter.

FIG. 3 is a schematic diagram of a preferable example of a widening and opening method

of a fiber.

Description of Embodiments
[0013]

Hereinafter, embodiments of the present invention will be described 1n sequence. In
disclosure for the present invention, a weight means a mass.

The present invention relates to a random mat including reinforcing fibers having an

average fiber length of 3 to 100 mm and a thermoplastic resin, in which the reinforcing fiber

satisfies the followings 1) to 111).

i) A weight-average fiber width (Ww) of the reinforcing fiber satisfies the following
Equation (1).

0.03 mm < Ww < 5.0 mm (1)

ii) An average fiber width dispersion ratio (Ww/Wn) defined as a ratio of the weight-
average fiber width Ww to a number-average fiber width (Wn) for the reinforcing fiber 1s 1.8 or
more and 20.0 or less.

iii) A weight-average fiber thickness of the reinforcing fibers is smaller than the weight-

average fiber width (Ww).
10014]

The weight-average fiber width (Ww) of the reinforcing fibers included in the random
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mat of the present invention may be obtained by the following Equation (5) from a width
(hereinatter, also referred to as a fiber width or W;) and a weight (hereinafter, also referred to as
a fiber weight or w) thereof and a total weight w of extracted reinforcing fibers, with respect to
each of reinforcing fibers having a sufficient number extracted from the random mat (preferably
200 to 1000 extracted from the random mat of 100 mmx=x100 mm, and more preferably 300 to
1,000, tor example, 300).

Ww = 2(W,; x wi/w) (5)

In Equation (5), 1 1s a natural number from 1 to the number of reinforcing fibers extracted
from the random mat.

[0015]

With respect to the random mat of the present invention, as shown in Equation (1), the
welight-average fiber width (Ww) of the reinforcing fibers is larger than 0.03 mm and smaller
than 5.0 mm, preferably larger than 0.03 mm and smaller than 4.0 mm, preferably larger than 0.1
mm and smaller than 3.0 mm, that is, represented by the following Equation (2).

0.l mm<Ww<3.0m (2)

[t is more preferably larger than 0.2 mm and smaller than 2.4 mm, and particularly
preferably larger than 0.3 mm and smaller than 2.0 mm. When the weight-average fiber width
(Ww) of the reinforcing fibers is 0.03 mm or less, it may be difficult to control the fiber width
dispersion ratio, and when the weight-average fiber width (Ww) of the reinforcing fibers 1s 5.0
mm or more, there are problems in that filling property of the reinforcing fibers in the random
mat may be detracted, and the volume content ratio of reinforcing fibers or the mechanical
strength of the shaped product obtained from the random mat may be insufficient.

(0016]

In the random mat of the present invention, an average fiber width dispersion ratio
(Ww/Wn) defined as a ratio of the weight-average fiber width (Ww) to a number-average tiber

width (Wn), for the included reinforcing fibers, is 1.8 or more and 20.0 or less, and pretferably
1.8 or more and 10.0 or less. The lower limit of the (Ww/Wn) is preferably larger than 2.0, for
example, 2.01 or more. The (Ww/Wn) is preferably more than 2.0 and 15.0 or less, more
preferably more than 2.0 and 12.0 or less, much more preferably more than 2.0 and 10.0 or less,

particularly preferably 2.0 and 8.0 or less, and most preferably more than 2.0 and 6.0 or less. It

is preferred that the average fiber width dispersion ratio (Ww/Wn) (in the present invention,
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simply abbreviated as a dispersion ratio) is 1.8 or more because it is not liable to form a gap
between the reinforcing fibers, and the volume content ratio of reinforcing fibers is easily
increased. It is not preferred that the (Ww/Wn) is more than 20.0 because it is difficult to
control the dispersion ratio.

Here, the number-average fiber width (Wn) is calculated by the following Equation (4),
after extracting a sufficient number (I) of reinforcing fibers from the random mat in the
atforementioned order of the weight-average fiber width (Ww) and measuring a fiber width W; of
each reinforcing fiber. -

Wn =X W//I (4)

[0017]

In the reinforcing fibers included in the random mat of the present invention, the weight-
average fiber thickness i1s smaller than the weight-average fiber width (Ww), and the weight-
average fiber thickness i1s preferably 1/5 or less of the weight-average fiber width (Ww), more
preferably 1/7 or less, much more preferably 1/10 or less, much more preferably 1/20, and
particularly preferably 1/50 or less. When the weight-average fiber thickness of the reinforcing
fibers 1s the same as the weight-average fiber width (Ww), the fibers are oriented in not only an
in-plane directions but also a thickness direction, and as a result, it is concerned that a problem in
that 1t 1s difficult to increase the volume content ratio of reinforcing fibers due to entanglements
of the reinforcing fibers 1s caused.

In the present invention, the short length 1s referred to as a ‘thickness’ of lengths of two

directions except for a longitudinal direction of the reinforcing fiber, and the other length is

referred to as a ‘width’.  When dimensions of two directions which are orthogonal to each other
on a cross section 1n the vertical direction to the longitudinal direction of the reinforcing fiber are
the same as each other, an arbitrary direction 1s referred to as a width of the reinforcing fiber, and

the other direction 1s referred to as a thickness of the reinforcing fiber.

10018]

The weight-average fiber thickness of the reinforcing fibers included 1n the random mat
of the present invention 1s preferably 0.01 mm or more and 0.30 mm or less, more preferably
0.02 mm or more and 0.20 mm or less, much more preferably 0.03 mm or more and 0.15 mm or
less, and particularly preferably 0.03 mm or more and 0.10 mm or less. In terms of

impregnation of the thermoplastic resin which is to be a matrix, the weight-average fiber
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thickness of the reinforcing fibers is preferably 0.30 mm or less. A value of 0.01 mm or more
which 1s the lower limit of the weight-average fiber thickness of the reinforcing fibers is not
particularly strict.

[0019]

Meanwhile, the weight-average fiber thickness t of the reinforcing fibers may be obtained
by the following Equation (7) after operating the procedure as described in the weight-average
fiber width (Ww) and measuring a fiber thickness t; and a fiber weight w; of all the extracted
reinforcing fibers and a total weight w of the extracted reinforcing fibers.

T = 2(ti X wi/w) (7)

10020]

In a plane of the random mat of the present invention, the reinforcing fibers are not
aligned in a specific direction, but arranged to be dispersed in random directions. The random
mat of the present invention is an in-plane isotropic intermediate material. In the shaped

product obtained by processing the random mat of the present invention, the isotropic property of

the reinforcing fibers in the random mat 1s maintained. The 1sotropic properties of the random
mat and the shaped product from the random mat may be evaluated quantitatively by calculating
a rat10 of tensile moduli 1n two directions which are orthogonal to each other after obtaining the
shaped product from the random mat. When a ratio obtained by dividing the larger value by the
smaller value of tensile modulus values 1n the two directions i1s not more than 2 in the shaped
product obtained from the random mat, 1t 1s considered as isotropic property. When the ratio 1s

not more than 1.3, 1t 1s considered that the 1sotropic property is excellent.
[0021]

As described above, the random mat of the present invention 1s constituted by the
reinforcing fibers having the specific weight-average fiber width, the average fiber width
dispersion ratio, and the weight-average fiber thickness and the thermoplastic resin. The
random mat of the present invention preferably includes the thermoplastic resin and a reinforcing
fiber mat constituted by the reinforcing fibers. The reinforcing fiber mat of the present
invention is a planar body (mat type) constituted by discontinuous reinforcing fibers without
including a thermoplastic resin as a matrix. In the reinforcing fiber mat according to the present

invention, the reinforcing fibers may include a sizing agent, or a small amount of a binder when

forming the mat. Further, it is preferred that the reinforcing fibers are oriented in random
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directions in in-plane directions, and the mat has substantially the same property vertical and

horizontal directions in the in-plane directions.

The kind of the reinforcing fiber is not particularly limited, and may be a single or a
combination of two or more kinds.

[n the random mat of the present invention, as an embodiment where the reinforcing fiber
mat includes the thermoplastic resin, a powder, fibrous, or lump type thermoplastic resin may be
included in the reinforcing fiber mat, the thermoplastic resin as a matrix may hold the reinforcing
fiber mat, or a sheet or film type thermoplastic resin may be included in the reinforcing fiber mat
or layered in the reinforcing fiber mat. The thermoplastic resin of the random mat may be in a
molten state. Further, it is needless to say that when a weight-average fiber width (Ww), a
dispersion ratio of the fiber width (Ww/Wn), and the like, for the reinforcing fiber mat included
in the random mat of the present invention are calculated, the calculated values may be deemed
to as those of the random mat.

T'he random mat of the present invention may be directly used as a preform to obtain a

fiber-reinforced material shaped product (hereinafter, simply referred to as a shaped product)

which 1s a final form. The random mat of the present invention may be used to obtain the shaped

product which is the final form after impregnating the thermoplastic resin through heating or the
like to form a prepreg. The random mat of the present invention includes the prepreg into
which the thermoplastic resin is impregnated.

Here, the shaped product which is the final form means a shaped product in a form where

a product obtained by pressurizing and heating the random mat or a molded plate thereof is not

additionally heated or pressurized (additionally molded) to melt the thermoplastic resin as a

matrix and to change a shape or a thickness of the obtained product.
Accordingly, when the product obtained by pressurizing and heating the random mat or

the like 1s cut to form another shape, polished to be thin, and coated with a resin or the like to be

thick, the pressurizing and heating is not performed, and as a result, the obtained product is the
shaped product which is the final form. Further, use of heat as a cutting or processing means
does not correspond to the heating described herein.

Further, 1n a case where the random mat to which a thermoplastic resin in a molten state

1s supplied is molded, when the supplied thermoplastic resin is molded in the molten state, for
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example, the shaped product may be obtained by molding including pressurizing only.
10022]

The random mat of the present invention may be used for molding as it is as a preform,
and may be used for molding after being formed as a molded plate, and may select various fiber
areal weights according to a desired molding. The fiber areal weight of the reinforcing fibers in
the random mat is preferabley 25 to 10,000 g/m*, more preferably 50 to 4,000 g/m*, much more
preferably 600 g/m? to 3,000 g/m?, and much more preferably 600 g/m* to 2,200 o/m”.

10023]

In the random mat of the present invention, a reinforcing fiber width distribution
(hereinafter, simply abbreviated as a fiber width distribution) represented by a graph, or the like,
in which a fiber width of the included reinforcing fibers is a horizontal axis, and a fiber weight
fraction of the reinforcing fiber of each fiber width is a vertical axis, preferably has one or more
peaks, and more preferably has at least two peaks. Here, the peak is not limited to an acute
shape, and may have a mountain shape having a wide half width, or a trapezoidal shape.
Further, the peak may have a symmetrical shape or an asymmetrical shape.

When the reinforcing fiber width distribution of the reinforcing fibers included in the
random mat of the present invention has preferably at least two peaks, gaps between the
reinforcing fibers in the random mat are further smaller, and thus a filling property may be
enhanced.

When the reinforcing fiber width distribution has at least two peaks, the random mat may

be obtained by using reinforcing fibers slit by at least two different kinds of distances.

10024]
As the at least two peaks of the fiber width distribution of the reinforcing fibers included

in the random mat of the present invention, it is preferred that one peak is in a range of 0.01 mm

or more and less than 0.50 mm of the fiber width, and the other peak is in a range of 0.50 mm or
more and 2.00 mm or less of the fiber width. In addition, it is preferred that one peak is in a
range of .10 mm or more and less than 1.00 mm of the fiber width, and the other peak is in a
range of 1.00 mm or more and 5.00 mm or less of the fiber width. Further, the random mat
having the peaks in the ranges and the fiber weight fraction of the fiber width in a small range

being larger than the fiber weight fraction of the fiber width in a large range is further preferably.

In the case where the fiber width distribution has three or more peaks, when two peaks
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thereot fall within the range, the remaining peak may be out of the range or may be in the range.
[0025]
|Reinforcing fiber]

The reinforcing fibers included in the random mat are discontinuous and 1s characterized
by including a longer reinforcing fiber at a certain level to develop a reinforcing function. The
fiber length is expressed as an average fiber length calculated by measuring fiber lengths of the
reinforcing fibers in the obtained random mat. The method of measuring the average fiber
length may include a method of calculating an average by measuring a fiber length ot 100 fibers
which are randomly extracted by 1 mm unit with a vernier caliper or the like.

[0026]

The average fiber length of the reinforcing fibers in the random mat of the present
invention is 3 mm or more and 100 mm or less, preferably 4 mm or more and 50 mm or less,
more preferably 5 mm or more and 30 mm or less, and much more preferably 5 mm or more and
20 mm or less. In order to increase the filling property of reinforcing fibers in the random mat,
the fiber length of the reinforcing fibers is preferably closer to the fiber width, and a ratio of the
average fiber length and the weight-average fiber width (Ww) 1s preferably 50/1 or less, more
preferably 30/1 or less, and much more preferably 10/1 or less.

The distribution of the fiber lengths may be either a single or a combination of two kinds

Or IMOTIcC.

(0027]

In a preferable method of cutting reinforcing fibers to be described below, in the case of

forming a random mat by cutting the reinforcing fibers with a fixed length, the average fiber
length becomes the same as the cut fiber length.

The reinforcing fibers are preferably at least one kind selected from the group consisting
of carbon fibers, aramid fibers, and glass fibers. As the reinforcing fibers constituting the
random mat, the carbon fibers are preferably in that the carbon fibers may provide a lightweight
composite material with excellent strength. As a carbon fiber, a polyacrylonitrile-based carbon
fiber (hereinafter, abbreviated as PAN-based carbon fiber), a petroleum pitch-based carbon tiber,
a coal pitch-based carbon fiber, a rayon-based carbon fiber, a cellulose-based carbon ftiber, a
lignin-based carbon fiber, a phenol-based carbon fiber, a vapor growth-based carbon fiber, and

the like, are generally known, and the present invention may properly use any carbon fibers
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thereof. Particularly, the PAN-based carbon fiber is preferable, and may be used either alone or
in combination of a plurality of kinds. The reinforcing fibers used in the random mat of the
present invention may be only the carbon fibers or include the glass fibers or the aramid fibers in
order to impart impact resistance. In the case of the carbon fibers, an average fiber diameter is
preterably 1 to 50 um, more preferably 3 to 12 pm, much more preferably S to 9 um, and most
preferably 5 to 7 um. It is preferable that carbon fibers with a sizing agent are used, and
preferably the sizing agent may be more than 0 to 10 parts by weight based on 100 parts by
weight of the carbon fibers.

The reinforcing fibers in the present invention may be preferably an opened state as a
single filament, a fiber bundle having a plurality of single filaments, or in combination of the
single filament and the fiber bundle.

10028]
| Matrix Resin|

The thermoplastic resin is a matrix resin included in the random mat of the present
invention. The kind of thermoplastic resin may include one or more kinds selected from the
group consisting of, for example, a vinyl chloride resin, a vinylidene chloride resin, a vinyl
acetate resin, a polyvinyl alcohol resin, a polystyrene resin, an acrylonitrile-styrene resin (AS
resin), an acrylonitrile butadiene styrene resin (ABS resin), an acrylic resin, a methacrylic resin,
a polyethylene resin, a polypropylene resin, a polyamide 6 resin, a polyamide 11 resin, a
polyamide 12 resin, a polyamide 46 resin, a polyamide 66 resin, a polyamide 610 resin, a
polyacetal resin, a polycarbonate resin, a polyethylene terephthalate resin, a polyethylene
naphthalate resin, a polybutylene naphthalate resin, a polybutylene terephthalate resin, a
polyarylate resin, a polyphenylene ether resin, a polyphenylene sulfide resin, a polysulfone resin,
a polyether sulfone resin, a polyether ether ketone resin, a polylactic acid resin, and the like. In
the present invention, the thermoplastic resin may be used alone, in combination of a plurality of
kinds, or as a copolymer or a moditied polymer.

[0029]

The content of the matrix resin is preferably 10 to 800 parts of weight, more preferably
20 to 300 parts of weight, much more preferably 20 to 200 parts of weight, much more
preferably 30 to 150 parts of weight, and particularly preferably 50 to 100 parts of weight, based
on 100 parts of weight of the reinforcing fibers.
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Further, a relationship in amount between the reinforcing fibers and the thermoplastic
resin may be referred to by a volume content ratio of reinforcing fibers (hereinafter, abbreviated
as Vt) defined by the following Equation.

Volume content ratio of reinforcing fibers (Vol%) = 100 x [volume of reinforcing
fibers/(volume of reinforcing fibers + volume of thermoplastic resin) |
10030]

T'he volume content ratio Vf of reinforcing fibers and the content of the thermoplastic
resin represented by parts of weight based on 100 parts of weight of the reinforcing fibers are
converted by using the density of the reinforcing fibers and the density of the thermoplastic resin.

Further, 1n the range without damaging an object of the present invention, additives, such
as various fibrous or non-fibrous fillers of organic fibers or inorganic fibers, flame retardants,

anti-UV agents, pigments, release agents, softeners, plasticizers, and surfactants, may be

included in the random mat of the present invention.

[0031]
|[Fiber-reinforced composite material shaped product]

Since the reinforcing fibers constituting the random mat have the above characteristics,
the random mat of the present invention has an advantage which is high formality. Thus, the
random mat of the present invention may be used as an intermediate material for obtaining the
fiber-reinforced composite material shaped product.

Ihat is, the present invention includes an invention of a fiber-reinforced composite

material shaped product obtained from the random mat.
[0032]

The tiber-reinforced composite material shaped product of the present invention includes
reinforcing fibers having an average fiber length of 3 to 100 mm and a thermoplastic resin, and it
s preferable that the reinforcing fibers may satisfy the following 1) to iii).

1) A weight average fiber width (Ww) of the reinforcing fibers satisfies the following
Equation (1).

0.03 mm < Ww < 5.0 mm (1)

11) A dispersion ratio (Ww/Wn) defined as a ratio of the weight average fiber width (Ww)
to a number average fiber width (Wn) for the reinforcing fiber is 1.8 or more and 20.0 or less.

i11) A weight-average fiber thickness of the reinforcing fibers is smaller than the weight-
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average fiber width (Ww).
[0033]

The thickness of the fiber-reinforced composite material shaped product of the present
Invention may be adjusted in a proper range by controlling a fiber areal weight and an amount of
the thermoplastic resin.

A kind of reinforcing fibers constituting the fiber-reinforced composite material shaped
product of the present invention is not particularly limited, and may preferably include the
examples described in the reinforcing fibers in the random mat.

A kind of resin constituting the fiber-reinforced composite material shaped product of the
present invention is not particularly limited, and may preferably include the examples described

In the matrix resin in the random mat.

10034]

The content of the thermoplastic resin of the fiber-reinforced composite material shaped
product of the present invention is preferably 10 to 800 parts of weight, more preterably 20 to
300 parts of weight, much more preferably 20 to 200 parts of weight, much more preferably 30
to 150 parts of weight, and particularly preferably 50 to 100 parts of weight, based on 100 parts
of weight of the reinforcing fibers, as described above based on the content of the thermoplastic

resin 1n the random mat.

[0035]

A shape of the fiber-reinforced composite material shaped product of the present
invention is not particularly limited. The shape may be, for example, a sheet shape and a plate
shape, and may have a curved portion, and a cross section may be a shape having an standing
plane such as a T-lettered shape, an L-lettered shape, an U-lettered shape, and a hat shape, and
may be a 3D shape including these shapes.

The fiber-reinforced composite material shaped product of the present invention may
have various kinds of thicknesses, for example, 0.2 to 100 mm, but even though the fiber-
reinforced composite material shaped product is a thinner-walled shaped product, a property or
an appearance may be very well. In detail, the thickness as a molding plate may be 0.2 mm to
2.0 mm (more precisely, a thickness at 25°C if an extremely strict measurement is necessary).
T'he fiber areal weight of the reinforcing fibers in the fiber-reinforced composite material shaped

product is preferably 25 to 10,000 g/m®, more preferably 50 to 4,000 g/m”, more preferably 600
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g/m? to 3,000 g/m*, and much more preferably 600 g/m* to 2,200 g/m”.
[0036]

The present invention includes a laminate in which at least one kind of fiber-reinforced
composite material shaped product of the present invention is used in a core or a skin layer.
The laminate of the present invention may further include at least one kind of unidirectional
fiber-reinforced composite material in which continuous reinforcing fibers are unidirectionally
~arranged 1n parallel, as the core or the skin layer. The laminate of the present invention may
further include at least one kind of fiber-reinforced composite material shaped product
(hereinafter, referred to as another fiber-reinforced composite material shaped product) other
than the fiber-reinforced composite material shaped product of the present invention or the
unidirectional fiber-reinforced composite material, as the core or the skin layer. The laminate
of the present invention may further include at least one kind of resin in which reinforcing fibers
are not included, as the core or the skin layer.

The matrix resin of the unidirectional fiber-reinforced composite material or another
fiber-reinforced composite material shaped product, and the resin in which reinforcing fibers are
not included may be thermosetting resins or thermoplastic resins.

[0037]
|Method for manufacturing random mat]

A method for manufacturing the random mat of the present invention is preferably a

method including the following processes 1 to 4.

1. A process of cutting the reinforcing fibers (cutting process)

2. A process of introducing the cut reinforcing fibers into a tube, transporting the
introduced reinforcing fiber by air, and spraying them (spray process)

3. A process of fixing the sprayed reinforcing fibers to obtain a reinforcing fiber mat

(fixing process)

4. A process of adding a thermoplastic resin to the reinforcing fiber mat to obtain a
random mat (thermoplastic resin adding process)

[0038]

<Cutting Process>
The process of cutting the reinforcing fibers will be described. As the reinforcing fibers

to be cut, a form in which long-fibered single fibers are bundled, so called a strand 1s easily
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obtained or handled to be preferable. The cutting method of the reinforcing fibers is a process
of cutting the reinforcing fibers by using a knife such as a rotary cutter. An example of the
cutting process using the rotary cutter is illustrated in FIG. 1. An angle of the knife for
continuously cutting the reinforcing fibers is not particularly limited, and the knife may have a
blade of 90 degrees or a certain angle relative to a general fiber or a blade arranged 1n a spiral
form. An example of a rotary cutter having a spiral knife is illustrated in FIG. 2.

10039]

The random mat of the present invention is characterized in that the reinforcing fibers
have a specific fiber width distribution as described above. That is, gaps between the
reinforcing fibers are smaller by including fibers having different fiber widths in the random mat,
and thereby increasing the filling property. The distribution of the fiber widths is not
particularly limited, and a peak shape thereof may be a single or in plural.

[0040]

In order to obtain a desired fiber width and a dispersion ratio of the reinforcing fibers, a
size of the reinforcing fibers provided in the cutting process such as a fiber width or a fiber
thickness may be controlled by a widening method and a separating method to be described
below. Further, the cut reinforcing fibers are preferably opened by compressed air and the like
to be finer reinforcing fibers.

Further, by using a plurality of reinforcing fibers, an average fiber width or a dispersion
ratio of the random mat may be controlled, and in the cutting process or the spray process to be
described below, the average fiber width or the dispersion ratio may be controlled preferably by
combining reinforcing fibers having different fiber widths or fiber thicknesses.

[0041]

The widening method of fibers is not particularly limited, and may include a method of
pushing an expanded spreader such as a convex pin and the like to the fibers, a method of
arching the fibers in a flowing direction of a wind by passing through an air flow in a cross
direction to a processing direction of the fibers, a method of applying vibration, and the like.
The widened reinforcing fibers may preferably become a desired fiber width by using a control
roller for controlling the fiber width, installed at a rear end.

Further, 1n order to form the random mat of the present invention, the reinforcing fibers

are widened as described above, and then the width of the reinforcing fibers may be separated to



CA 02866176 2014-08-29

17

be smaller (see FIG. 3 as well).
10042]

The separating method of the fibers is not particularly limited, and for example, may
include a method of using a slitter or the like in order for a strand to be thin bundles. In the
case of separating the strand by using the slitter, a desired fiber width may be properly obtained
by controlling a slit interval. Further, a slit blade is capable of preferably controlling a fiber
width by passing fibers with a specific fiber width through a knife-type slit blade to be separated
or through a comb-type slit to be selected. Further, a desired average fiber number of
reinforcing fibers may be easily obtained by selecting a sizing agent of the reinforcing fibers and
separating the reinforcing fibers.

10043]

As such, the reinforcing fibers may be controlled with a small or similar fiber width
through the fiber widening and the fiber separating. Therefore, it is possible to obtain the
random mat of which expression of the reinforcing function of the reinforcing fibers included 1n
the random mat 1s excellent, and homogeneity is improved, non-uniformity in thickness of the
reinforcing fiber mat is small, and mechanical strength 1s excellent.

10044 ]
<Spray Process>

Subsequently, a spray process is performed by introducing the cut reinforcing fibers into
a tapered tube at a downstream side from the cutter. A method of transporting the reinforcing
fibers to the tapered tube is not particularly limited, but it is preferable that a suction wind
velocity 1s allowed to be generated in the tapered tube and thus the reinforcing fiber may be

transported into the tapered tube by air. During the cutting process, when a plurality of

reinforcing fibers is separately cut, the reinforcing fibers may be preferably mixed in the tapered

tube by mixing them 1in the tapered tube.

Further, during the spray process, compressed air is directly blown to the reinforcing
fibers to properly widen the distribution of the reinforcing fiber widths. An area of the

distribution may be controlled by pressure of the blown compressed air.

10045]

The transported reinforcing fibers may be preferably sprayed on a permeable sheet

installed below a spraying apparatus.
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Further, the transported reinforcing fibers may be preferably sprayed on a movable
permeable sheet having a suction mechanism, even for the following fixing process.

Further, during the spray process, a fibrous or a powder-type thermoplastic resin is
sprayed on the sheet together with the cut reinforcing fiber at the same time to appropriately
obtain the random mat including the reinforcing fibers and the thermoplastic resin.

10046]
<Fixing Process>

Subsequently, the sprayed reinforcing fibers are fixed to obtain the reinforcing fiber mat.
In detail, the method of fixing the sprayed reinforcing fibers by suctioning air from a lower
portion ot the permeable sheet to obtain the reinforcing fiber mat is preferable. Even in the case
of spraying the reinforcing fibers and the fibrous or the powder-type thermoplastic resin at the
same time, the fibrous or powder-type thermoplastic resin 1s fixed to be accompanied with the
reinforcing fibers. Further, the fixing process may be continuously performed with the process
of spraying the reinforcing fibers and the like during the spray process.

[0047]
<Thermoplastic Resin Adding Process>

The thermoplastic resin adding process may be simultaneously performed with the above
1 to 3 processes, and for example, during the spray process as described above, the powder-type
thermoplastic resin may be sprayed. When the reinforcing fiber mat i1s formed without adding
the thermoplastic resin during the above processes 1 to 3, the random mat of the present
invention may be obtained by mounting or layering a sheet-type or a film-type thermoplastic
resin on the reinforcing fiber mat, and in this case, the sheet-type or the film-type thermoplastic
resin may be in a molten state.

Further, during the spray process, on the random mat obtained by spraying the powder-
type thermoplastic resin, the sheet-type, the film-type, or the powder-type thermoplastic resin
may also be mounted or layered as described above.

[0048]
|Preparing of fiber-reinforced composite material shaped product]

The random mat of the present invention may be molded to obtain the fiber-reinforced

composite material shaped product. The method of obtaining the fiber-reinforced composite

material shaped product may include a method of obtaining the fiber-reinforced composite
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material shaped product by heating and pressurizing the random mat obtained as described above
by using a press or the like. The method of obtaining the fiber-reinforced composite material
shaped product of the present invention 1s not particularly limited, but the shaped product may be
appropriately obtained by vacuum molding, hydraulic molding, or molding by a hot press, a cold
press, or the like. The fiber-reinforced composite material shaped product of the present
mvention may be appropriately obtained by cold press molding in which the random mat 1s
heated up to a melting point or more or a. glass transition temperature or more of the contained
thermoplastic resin, and inserted into molds whose temperature are maintained at a temperature

of the melting point or less or the glass transition temperature or less to obtain a shape.

[0049]

In the case of molding the random mat, it is preferred that the random mat 1s heated at a
melting point or more in the case where a thermoplastic resin which is a matrix 1s crystalline, or
at a temperature of a glass transition point or more in the case where the thermoplastic resin 1s
amorphous. More preferably, the heated temperature is a temperature of a decomposition point
or less of the thermoplastic resin. A pressurizing medium may be controlled to the melting
point or more, or the glass transition point or more, of the thermoplastic resin which 1s a matrix,
and controlled at the melting point or less or the glass transition point or less. Further, during
the molding, the thermoplastic resin may be appropriately added to obtain the fiber-reinforced
composite material shaped product having a different thickness depending on an object. The
thermoplastic resin to be added is not particularly defined, and a detailed example may be the

thermoplastic resin described in the matrix resin.  Further, a form of the resin may use a molten

resin, or a fibrous, a powder-type, or a film-type resin.

The random mat of the present invention may be used as it is as a preform, and may be

formed as a molding plate to form a shaped product which is the final form.

| Examples]
[0050]

Examples are illustrated below, but the present invention is not limited thereto.
Particularly, unless mentioned, units of the fiber length, the fiber width, and the tfiber thickness
of the reinforcing fibers or a sample thereof are mm, and a unit of weight is g. Further, the

densities of the carbon fibers or the thermoplastic resin used in the following Examples and
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Comparative Example are as follows.

PAN-based carbon fiber “Tenax” (registered trademark) STS40-24K: 1.75 g/cm’
PAN-based carbon fiber “Tenax” (registered trademark) UMS40-24K: 1.79 o/cm’
PAN-based carbon fiber “Tenax” (registered trademark) HTS40-12K: 1.76 g/cm3
PAN-based carbon fiber “Tenax” (registered trademark) UTS50-24K: 1.79 g/cm’
Polypropylene: 0.91 o/cm’

Polyamide 6: 1.14 ag/cm’

Polycarbonate: 1.20 g/cm3
[0051]

[Method of calculating number-average fiber width and weight-average fiber width of
reinforcing fiber in random mat]

The random mat is cut into 100 mm x 100 mm, and 300 reinforcing fibers are randomly
extracted with tweezers. A fiber width W,, a fiber weight w;, and a fiber thickness t; for each of
the extracted reinforcing fibers are measured and recorded. A vernier caliper which 1s
measurable by 1/100 mm is used in a measurement of the fiber width and the fiber thickness, and
a balance which is measurable by 1/100 mg is used in a measurement of the weight. Small size
reinforcing fibers which are unmeasurable are collected to measure a weight thereof.  Further,
in the case of using two or more kinds of reinforcing fibers, the reinforcing fibers are divided
every kind of reinforcing fibers, and each of the reinforcing fibers is measured and evaluated.
[0052]

With respect to all the extracted fibers, the fiber width W; and the fiber weight w; are

measured, and then the number-average fiber width (Wn) is calculated by the following Equation
(4).

Wn = XW//I (4)

[ is the number of reinforcing fibers, and the fiber number is 300, except for a case ot less

than 300.
In addition, the weight-average fiber width (Ww) of the reinforcing fibers is calculated by

the following Equation (5) from the total weight w of the reinforcing fibers.
Ww=2(W; X wi/w) (5)
Further, in the case where the reinforcing fibers and the thermoplastic resin are not

separated from each other and thus the measurement is interrupted, after the thermoplastic resin
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is removed by heating at, for example, 500°C for about 1 hour, the measurement 1s performed.
0053}
[Method of calculating dispersion ratio (Ww/Wn) in reinforcing fibers]

The average fiber width dispersion ratio (Ww/Wn) is calculated by the following
Equation (6) from the calculated number-average fiber width (Wn) and weight-average fiber
width (Ww), of the obtained reinforcing fibers.

The average fiber width dispersion ratio (Ww/Wn) = Weight-average fiber width
(Ww)/Number-average fiber width (Wn) (6)

[0054]
[Method of checking a peak position of reinforcing fiber width distribution in random mat]

From the fiber width W, and the fiber weight w; calculated above, and the total weight w
of the reinforcing fibers, a graph of a fiber width and a fiber weight fraction (%) is prepared, and
in view of a shape of the obtained reinforcing fiber width distribution, positions of peaks of the
fiber width distribution are checked.

Further, in the case of using two or more kinds of reinforcing fibers, a graph is prepared
every kind of reinforcing fibers, and each of the reinforcing fibers 1s evaluated.

[0055]
[Method of calculating weight-average fiber thickness of reinforcing fibers in random mat]

With respect to all the extracted reinforcing fibers, after the fiber thickness t; and the fiber
weight w; are measured, a weight-average fiber thickness t is calculated by the following
Equation (7).

T = 2(t; x wi/w) (7)

10056}
'Method of calculating number-average fiber width and weight-average fiber width of
reinforcing fibers in fiber-reinforced composite material shaped product|

The average fiber width of the reinforcing fibers of the fiber-reinforced composite
material shaped product is calculated by extracting the fibers in the same order as the random
mat to measure the fiber width W, the fiber weight w;, and the like, after the composite material

shaped product is cut into 100 mm x 100 mm and the resin is removed by heating at 500°C for

about 1 hour in a furnace.

[0057]
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[Method of calculating average fiber length L in reinforcing fiber mat or random mat]

100 reinforcing fibers are randomly extracted from the reinforcing fiber mat or the
random mat by using a pair of tweezers, and each fiber length Li 1s measured by 1 mm by using
a vernier caliper and recorded. Preferably the size during extraction may be in a sufficient large
range with respect to the fiber length.

An average fiber length L 1s calculated from each obtained fiber length L; by the
following Equation.

L =2L;i/100

Further, in the case where the reinforcing fibers and the thermoplastic resin are not
separated from each other and thus the measurement is interrupted, after the thermoplastic resin
is removed by heating at 500°C for about 1 hour, the measurement is performed.

10058
[Evaluation of impregnation degree of thermoplastic resin of fiber-reinforced composite material
shaped product (molding plate)|

The impregnation degree of the fiber-reinforced composite material shaped product
(molding plate) is evaluated by an ultrasonic inspection. The impregnation degree 1s evaluated
by performing the inspection at an inspector frequency of 5 MHz and a scanning pitch of 2.0 mm
x 2.0 mm by an ultrasonic inspection imaging apparatus (KJTD Co., Ltd, SDS-WIN). In the
evaluation, microscopic observation is performed at a partial cross section having strength 1n
reflective wave of 90% or more, and then it is verified that there is no defect or pore. In the
inspection, as an area ratio of a portion having high reflective wave strength (70% or more in the
exemplary embodiment) is large, the inside of the molding plate is dense, and the impregnated
degree of the thermoplastic resin in the molding plate is high. On the other hand, as the area
ratio of a portion having low reflective wave strength (50% or less in the exemplary

embodiment) is large, minute pore portions are present inside the molding plate, and there are
many non-impregnation portions in the molding plate.

10059

[Tensile Test]

A specimen is cut from the fiber-reinforced composite material shaped product (molding
plate) by using a water jet, and tensile strength and tensile modulus are measured by using an

universal tester manufactured by Instron Corporation with reference to JIS K 7164. A shape of
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the specimen 1s set as a 1B-based B type specimen. A distance between chucks is 115 mm, and
a test velocity 1s 10 mm/min. Further, the specimens are respectively cut in an arbitrary
direction (0” direction) of the shaped product and an orthogonal direction (90° direction) to the
arbitrary direction, and then tensile strengths and tensile moduli in two directions are measured.

Further, with respect to the tensile moduli, a ratio Ed obtained by dividihg the larger value by the

smaller value 1s calculated.
10060}
|Example 1]

As a reinforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) STS40-
24K strand manufacture by TOHO TENAX Co., Ltd. (fiber diameter of 7.0 um, fiber width of 10
mm, and tensile strength of 4,000 MPa) were widened to have a width of 22 mm. Before the
widened fibers were processed by a separation apparatus, the widened fibers passed through a
roller having an inner width of 20 mm, and the fiber width was accurately controlled to be a
width of 20 mm. The widened reinforcing fiber strand having the width of 20 mm was slit at an
interval of 1.2 mm at a line speed of 10 m/sec and slit at an interval of 0.3 mm at a line speed of
30 m/sec by using a disk-shaped separation blade made of cemented carbide to be supplied to
two sets of cutting apparatuses. The reinforcing fiber strand which was slit with two kinds of
fiber widths was cut by using a rotary cutter made of cemented carbide in which two blades were
formed at an interval of 12 mm as the cutting apparatus so that the fiber length was 12 mm.
One tapered tube connected from the outlet side of the rotary cutter was arranged below the two
rotary cutters. Compressed air was supplied to the tapered tube, each reinforcing fiber was
introduced and transferred to the tapered tube at a suction wind velocity of 5 m/sec, and two
reinforcing fibers were mixed in the tapered tube. Polypropylene (J-106G, manﬁfactured by
Prime Polymer Co., Ltd.) grinded and classified with a particle diameter of 500 pm, as a matrix
resin, was supplied from a side of the tapered tube. Next, while a movable conveyer net was
installed below the outlet of the tapered tube to perform suction by a blower below the net, the
reinforcing fibers were supplied from the tapered tube to obtain the random mat of a fiber areal
weight of 1,270 ¢/m*.  When the form of the reinforcing fibers in the random mat was observed,
the fiber axes of the reinforcing fibers were almost parallel to a plane of the random mat, and the

reinforcing fibers were randomly dispersed in the plane.

[0061]
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An average fiber length of the reinforcing fibers of the obtained random mat was 12 mm,
and a weight-average fiber thickness was 0.06 mm. The weight-average fiber width (Ww) of
the reinforcing fibers constituting the random mat 1s 0.51 mm, the number-average fiber width
(Wn) was 0.25 mm, and the dispersion ratio (Ww/Wn) was 2.01. Further, the fiber width and
the fiber weight fraction 'Were represented by a graph, and when positions of peaks of the fiber
width distribution were checked, the peaks were verified at 0.29 mm and 1.18 mm of the fiber
width.

The obtained random mat was heated at 4.0 MPa for 10 minutes by a press apparatus
heated at 220°C to obtain a molding plate having a thickness 1.6 mm. When the ultrasonic
inspection test was performed at the obtained molding plate, a portion where the retlective wave
strength was 70% or more was observed as 80% or more.

The volume content ratio of the reinforcing fibers of the obtained molding plate was 45
Vol%, and as a result of evaluating a tensile characteristic based on JIS7164, tensile strength was
490 MPa, and tensile modulus was 36 GPa. Further, a ratio in tensile moduli of 0° direction and
90° direction was 1.04.

[0062]
|Example 2] _

As a reinforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) UMS40-
24K strand manufactured by TOHO TENAX Co., Ltd. (fiber diameter of 4.8 um, fiber width of
10 mm, and tensile strength of 4,600 MPa) were widened to have a width of 16 mm. Betfore the
widened fibers were processed by a separation apparatus, the widened fibers passed through a
roller having an inner width of 15 mm, and the fiber width was accurately controlled to be a
width of 15 mm. The widened reinforcing fiber strand having the width of 15 mm was slit at an

interval of 0.8 mm at a line speed of 35 m/sec and slit at an interval of 0.2 mm at a line speed of
15 m/sec by using a disk-shaped separation blade made of cemented carbide to be supplied to

two sets of cutting apparatuses. The reinforcing fibers were cut by using a rotary cutter made of
cemented carbide in which two blades were formed at an interval of 6 mm as the cutting
apparatus so that the fiber length was 6 mm.

After the reinforcing fibers slit at an interval of 0.8 mm were cut by using the rotary
cutter, the reinforcing fibers were introduced into the tapered tube at a suction wind velocity of 5

m/sec by supplying compressed air to the tapered tube arranged directly below the rotary cutter.
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The reinforcing fibers slit at an interval of 0.2 mm were supplied to the cutting apparatus
and then transported to a tube having a small hole of the spraying apparatus, and the compressed
air was supplied to the small hole by using a compressor to open the reinforcing fibers. In this
case, the ejection velocity from the small hole was 80 m/sec. Thereafter, the opened reinforcing
tfibers were introduced to the tapered tube and mixed with the reinforcing fibers slit at an interval
of 0.8 mm 1n the tapered tube. Next, while a movable conveyer net was installed below the
outlet of the tapered tube to perform suction by a blower below the net, the reinforcing fibers
were supplied from the tapered tube to obtain the random mat of a fiber areal weight of 1,410
g/m”.  When the form of the reinforcing fibers in the reinforced-fiber random mat was observed,
the fiber axes of the reinforcing fibers were almost parallel to a plane of the random mat, and the
reinforcing fibers were randomly dispersed in the plane.

(0063 '

Subsequently, a molten matrix resin was supplied on the mat. That 1s, as the matrix
resin, polyamide 6 (A1030, manufactured by Unitika Limited) was used and melted, a film-
shaped molten resin body having a thickness of 1.2 mm was extruded from a T-die with a width
of 1 m installed at an upper side of 5 cm from the conveyer net at the same speed as the line
velocity, and the molten resin was supplied to the entire of the mat. In this case, a portion
where the resin was supplied on the reinforcing fiber mat was heated by an infrared heater to
prevent the resin from being cooled and sohdified.

In addition, the apparatus was operated under a condition of a supply amount of the
reinforcing fibers of 1,410 g/min and a supply amount of the matrix resin of 1,370 g/min, and the
random mat constituted by the reinforcing fibers and the thermoplastic resin was formed on the
fixed net. Subsequently, the random mat into which the resin was uniformly impregnated by

heating and pressurized by a pair of heating rollers at a set témperature of 280°C.

10064]

The average fiber length of the reinforcing fibers of the obtained random mat was 6 mm,
and the weight-average fiber thickness was 0.07 mm. The weight-average fiber width (Ww) of
the reinforcing fibers constituting the random mat was 0.52 mm, the number-average fiber width
(Wn) was 0.12 mm, and the dispersion ratio (Ww/Wn) was 4.31. Further, the fiber width and
the fiber weight fraction were represented by a graph, and when positions of peaks of the fiber

width distribution were checked, the peaks were verified at 0.08 mm and 0.79 mm of the fiber
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width.

The obtained random mat was heated at 4.0 MPa for 10 minutes by a press apparatus
heated at 260°C to obtain a molding plate having a thickness 2.0 mm. When the ultrasonic
inspection test was performed at the obtained molding plate, a portion where the reflective wave
strength was 70% or more was observed as 80% or more.

The volume content ratio of reinforcing fibers of the obtained molding plate was 40
Vol%, and as a result of evaluating a tensile characteristic based on JIS7164, tensile strength was
500 MPa, and tensile modulus was 51 GPa. Further, a ratio in tensile moduli of 0°direction and
90°direction was 1.03.

[0063]
|[Example 3]

As a reinforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) HTS40-
12K strand manufactured by TOHO TENAX Co., Ltd. (fiber diameter of 7.0 pm, fiber width ot 8
mm, and tensile strength of 4,200 MPa) were widened to have a width of 16 mm. Before the
widened reinforcing fibers were processed by a separation apparatus, the widened fibers passed
through a roller having an inner width of 15 mm, and the fiber width was accurately controlled to
be a width of 15 mm. The widened reinforcing fiber strand having the width of 15 mm was slit
at an interval of 5.0 mm at a line speed of 20 m/sec and slit at an interval of 0.5 mm at a line
speed of 20 m/sec by using a disk-shaped separation blade made of cemented carbide to be
supplied to two sets of cutting apparatuses. The reinforcing fibers were cut by using a rotary
cutter made of cemented carbide in which blades were provided at an interval of 30 mm as the
cutting apparatus to have the fiber length of 30 mm. The reinforcing fibers having two kinds of
fiber widths were cut by the rotary cutter, respectively. One tapered tube connected from the
outlet side of the rotary cutter was arranged below the rotary cutter. Compressed air was
supplied to the tapered tube, each reinforcing fiber was introduced and transferred to the tapered
tube at a suction wind velocity of 5 m/sec, and two reinforcing fibers were mixed in the tapered
tube. As the matrix resin, from a side of the tapered tube, polycarbonate (“Panlite” (registered
trademark) 1.-1225 Y, manufactured by Teijin Chemicals Ltd.) grinded and classified with a
particle diameter of 500 um was supplied. Next, while a movable conveyer net was installed
below the outlet of the tapered tube to perform suction by a blower below the net, the reinforcing

fibers were supplied from the tapered tube to obtain the random mat of a fiber areal weight ot



CA 02866176 2014-08-29

27

2.900 g/mz. When the form of the reinforcing fibers in the random mat was observed, the fiber
axes of the reinforcing fibers were almost parallel to a plane of the random mat, and the

reinforcing fibers were randomly dispersed in the plane.

10066]

The average fiber length of the reinforcing fibers of the obtained random mat was 30 mm,
and the weight-average fiber thickness is 0.05 mm. The weight-average fiber width (Ww) of
the reinforcing fibers constituting the random mat was 2.77 mm, the number-average fiber width
(Wn) 1s 0.73 mm, and the dispersion ratio (Ww/Wn) was 3.82. Further, the fiber width and the
fiber weight fraction were represented by a graph, and when positions of peaks of the fiber width
distribution were checked, the peaks were verified at 0.48 mm and 5.00 mm of the fiber width.

T'he obtained random mat was heated at 4.0 MPa for 10 minutes by a press apparatus
heated at 300°C to obtain a molding plate having a thickness 3.0 mm. When the ultrasonic
inspection test was performed at the obtained molding plate, a portion where the reflective wave
strength was 70% or more was observed as 80% or more.

The volume content ratio of reinforcing fibers of the obtained molding plate was 55
Vol%, and as a result of evaluating a tensile characteristic based on JIS7164, the tensile strength
was 600 MPa, and the tensile modulus was 44 GPa. Further, the ratio in tensile moduli of
0°direction and 90°direction was 1.07.

[0067]

| Comparative Example 1]

As a reinforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) HTS40-
12K strand manutactured by TOHO TENAX Co., Ltd. (fiber diameter of 7.0 um, fiber width of 8

mm, and tensile strength of 4,200 MPa) was widened to have a width of 16 mm. Before the

widened reinforcing fiber was processed by a separation apparatus, the widened fiber passed
through a roller having an inner width of 15 mm, and the fiber width was accurately controlled to

be a width of 15 mm. The separating apparatus slit the reinforcing fiber strand at an interval of
3.2 mm, by using a disk-shaped separation blade made of cemented carbide. The slit
reinforcing fiber strand was cut to have a fiber length of 30 mm by using a rotary cutter in which
blades were provided at an interval of 30 mm, as the cutting apparatus. The tapered tube was

arranged directly below the rotary cutter. The cut reinforcing fibers were introduced and

transterred to the tapered tube at a suction wind velocity of 5 m/sec by supplying compressed air
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to the tapered tube. As the matrix resin, from the side of the tapered tube, polycarbonate
(“Panlite” (registered trademark) L-1225 Y, manufactured by Teijin Chemicals Ltd.) grinded and
classitied with a particle diameter of 500 um was supplied. Next, while a movable conveyer
net was installed below the outlet of the tapered tube to perform suction by a blower below the
net, the reinforcing fibers were supplied from the tapered tube to obtain the random mat of a
fiber areal weight of 2,900 g/m”. When the form of the reinforcing fibers in the random mat
was observed, the fiber axes of the reinforcing fibers were almost parallel to a plane of the
random mat, and the reinforcing fibers were randomly dispersed in the plane.

[0068]

The average fiber length of the reinforcing fibers of the obtained random mat was 30 mm,
and the weight-average fiber thickness was 0.05 mm. The weight-average fiber width (Ww) of
the reinforcing fibers constituting the random mat was 3.04 mm, the number-average fiber width
(Wn) was 2.32 mm, and the dispersion ratio (Ww/Wn) was 1.31. Further, the fiber width and
the fiber weight fraction were represented by a graph, and when positions of peaks of the fiber
width distribution were checked, a single peak was verified at 3. 18 mm of the fiber width.

The obtained random mat was heated at 4.0 MPa for 10 minutes by a press apparatus
heated at 300°C to obtain a molding plate having a thickness of 3.2 mm. When the ultrasonic
inspection test was performed at the obtained molding plate, a portion where the reflective wave
strength was 70% or more was observed as 58% or more, and the non-impregnation portion was
checked in the molding plate.

T'he volume content ratio of reinforcing fibers of the obtained molding plate was 52

Vol%, and as a result of eValuating a tenslle characteristic based on JIS7164, the tensile strength

was 440 MPa, and the tensile modulus was 41 GPa. Further, the ratio in tensile moduli of
0°direction and 90"direction was 1.16.
|0069]

|Example 4]
As a remforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) UTSS50-

24K strand manufactured by TOHO TENAX Co., Ltd. (fiber diameter of 6.9 um, fiber width of
10 mm, and tensile strength of 5,000 MPa) were widened to have a width of 22 mm. Before the

widened reinforcing fibers were processed by a separation apparatus, the widened fibers passed

through a roller having an inner width of 20 mm, and the fiber width was accurately controlled to
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be a width of 20 mm. The widened reinforcing fiber strand having the width of 20 mm was slit
at an Interval of 3.6 mm at a line speed of 35 m/sec and slit at an interval of 0.3 mm at a line
speed of 15 m/sec by using a disk-shaped separation blade made of cemented carbide to be
supplied to two sets of cutting apparatuses. The reinforcing fiber strand was cut by using a
rotary cutter made of cemented carbide in which blades were provided at intervals of 20 mm and
4 mm to have fiber lengths of 20 mm and 4 mm, as the cutting apparatus, respectively.

After the reinforcing fiber strand slit at an interval of 3.6 mm was cut to 20 mm by using
the rotary cutter, the reinforcing fibers were iﬁtroduced into the tapered tube at a suction wind
velocity of 5 m/sec by supplying compressed air to the tapered tube arranged directly below the
rotary cutter. '

The reinforcing fiber strand slit at an interval of 0.3 mm was cut to 4 mm and then
transported to a tube having a small hole of the spraying apparatus, and the compressed air was
supplied to the small hole by using a compressor to open the reinforcing fiber. In this case, the
ejection velocity from the small hole was 80 m/sec. Thereafter, the reinforcing fibers slit at an
interval of 0.3 mm were introduced to the tapered tube and mixed with the reinforcing fibers slit
at an interval of 3.6 mm in the tapered tube. Further, as the matrix resin, from a side of the
tapered tube, polyamide 6 (“*A1030”, manufactured by Unitika Limited) gfinded and classified
with a particle diameter of 500 um was supplied, a movable conveyer net was installed below the
outlet of the tapered tube, and the carbon fibers were supplied from the tapered tube by
performing suction by a blower below the net to obtain the random mat of a fiber areal weight of

2,900 g/m°.  When the shape of the reinforcing fibers in the random mat was observed, the fiber

axes of the reinforcing fibers were almost parallel to a plane of the random mat, and the
reinforcing fibers were randomly dispersed in the plane.

The average fiber length of the reinforcing fibers of the obtained random mat was 15.2
mm, and the weight-average fiber thickness was 0.05 mm. The weight-average fiber width
(Ww) ot the reinforcing fibers constituting the random mat was 2.54 mm., the number-average

fiber width (Wn) was 0.38 mm, and the dispersion ratio (Ww/Wn) was 6.68. Further, the fiber

width and the fiber weight fraction were represented by a graph, and when positions of peaks of
the fiber width distribution were checked, the peaks were verified at 0.15 mm and 3.57 mm of
the fiber width. The obtained random mat was heated at 4.0 MPa. for 10 minutes by a press
apparatus heated at 260°C to obtain a molding plate having a thickness 3.0 mm. When the
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ultrasonic inspection test was performed at the obtained molding plate, a portion where the
reflective wave strength was 70% or more was observed as 80% or more. -

The volume content ratio of reinforcing fibers of the obtained molding plate was 55
Vol%, and as a result of evaluating a tensile characteristic based on JIS7164, the tensile strength
was 620 MPa, .and the tensile modulus was 45 GPa. Further, the ratio in tensile moduli of
0°direction and 90°direction was 1.06.

[0070]
|Example 5]

As a reinforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) STS40-
24K strand manufactured by TOHO TENAX Co., Ltd. (fiber diameter of 7.0 um, fiber width of
10 mm, and tensile strength of 4,000 MPa) were widened to have a width of 20 mm. Before the
widened reinforcing fibers were processed by a separation apparatus, the widened fibers passed
through a roller having an inner width of 18 mm, and the fiber width was accurately controlled to
have a width of 18 mm. The widened reinforcing fiber strand having the width of 18 mm was
slit at an interval of 5.8 mm at a line speed of 30 m/sec and slit at an interval of 0.3 mm at a line
speed of 20 m/sec by using a disk-shaped separation blade made of cemented carbide to be
supplied to two sets of cutting apparatuses, respectively. The reinforcing fiber strand was cut
by using a rotary cutter made of cemented carbide in which two blades were provided at an
interval of 20 mm as the cutting apparatus to have the fiber length of 20 mm.

After the reinforcing fiber slit at an interval of 5.8 mm was cut by using the rotary cutter,
the reinforcing fibers were introduced into the tapered tube at a suction wind velocity of 5 m/sec
by supplying compressed air to the tapered tube arranged directly below the rotary cutter.

The reintorcing fiber strand slit at an interval of 0.3 mm was cut and then transported to a
tube having a small hole of the spraying apparatus, and the compressed air was supplied to the
small hole by using a compressor to open the reinforcing fibers. In this case, the ejection

velocity from the small hole was 80 m/sec. Thereafter, the opened reinforcing fiber slit at an
interval of 0.3 mm were introduced to the tapered tube and mixed with the reinforcing fibers slit
at an interval of 5.8 mm in the tapered tube. Further, as the matrix resin, from the side of the
tapered tube, polyamide 6 (“A1030”, manufactured by Unitika Limited) grinded and classified

with a particle diameter of 500 um was supplied, a movable conveyer net was installed below the

outlet of the tapered tube, and the reinforcing fibers were supplied from the tapered tube by
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performing suction by a blower below the net to obtain the random mat of a fiber areal weight of
2,900 g/m°.  When the form of the reinforcing fibers in the random mat was observed, the fiber

axes of the reinforcing fibers were almost parallel to a plane of the random mat, and the

reinforcing fibers were randomly dispersed in the plane.

The average fiber length of the reinforcing fibers of the obtained random mat was 20 mm.,
and the weight-average fiber thickness was 0.06 mm. The weight-average fiber width (Ww) of
the reinforcing fibers constituting the random mat was 3.55 mm, the number-average fiber width
(Wn) was 0.37 mm, and the dispersion ratio (Ww/Wn) was 9.69. Further, the fiber width and
the fiber weight fraction were represented by a graph, and when positions of peaks of the fiber
width distribution were checked, the peaks were verified at 0.02 mm and 5.78 mm of the fiber
width. The obtained random mat was heated at 4.0 MPa for 10 minutes by a press apparatus
heated at 260°C to obtain a molding plate having a thickness of 3.0 mm. When the ultrasonic
inspection test was performed at the obtained molding plate, a portion where the reflective wave
strength was 70% or more was observed as 80% or more.

The volume content ratio of reinforcing fibers of the obtained molding plate was 55
Vol%, and as a result of evaluating a tensile characteristic based on JIS7164, the tensile strength
was 500 MPa, and the tensile modulus was 44 GPa. Further, the ratio in tensile moduli of
0°direction and 90°direction was 1.12.

10071]
|Comparative Example 2]

As a reinforcing fiber, PAN-based carbon fibers “Tenax™ (registered trademark) HTS40-

12K strand manufactured by TOHO TENAX Co., Ltd. (fiber diameter of 7.0 um, fiber width of 8

mm, and tensile strength of 4,200 MPa) were cut by using a rotary cutter to have a fiber length of
6 mm.

The cut reinforcing fibers were supplied to a dispersion tank and stirred for 3 minutes 1n
water of 15 L for the reinforcing fibers of 9 g to be dispersed in a dispersion liquid. After
stirred for 3 minutes in the dispersion tank, slurry of the obtained reinforcing fibers was supplied
to a rectangular papermaking apparatus of 300 mm x 300 mm to obtain a papermaking base
material having a reinforcing fiber areal weight of 100 g/m” by removing the dispersed liquid.
The obtained papermaking base material was heated and dried at a temperature of 100°C for 1

hour.
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The weight-average fiber thickness of the reinforcing fibers constituting the obtained
papermaking base material was 0.01 mm, the weight-average fiber width (Ww) was 0.01 mm,
the number-average fiber width (Wn) was 0.01, and the dispersion ratio (Ww/Wn) was 1.0, and
the reinforcing fibers were completely dispersed to be a single fiber.

The papermaking base material and a polypropylene film (J-106 G, manufactured by
Prime Polymer Co., Ltd.) were alternately layered to have a reinforcing fiber (carbon fiber) areal
weight of 2,600 g/m” and the resin (polypropylene) areal weight of 1,270 g/m?, and heated and
pressurized by a pair of heating rollers at a set temperature of 220°C. Thereafter, the
papermaking base material and the polypropylene film were heated at 10 MPa for 10 minutes by
a press apparatus heated at 220°C to obtain a non-impregnated plate having a thickness ot about
30 mm. The plate was released between layers because the resin was not sufficiently
impregnated to evaluate mechanical strength.

In the obtained molding plate, the average fiber length of the reinforcing fibers was 2.1
mm. That is, the average fiber length of the reinforcing fibers was reduced by about 1/3 of the
average fiber length of the reinforcing fibers during cutting before the papermaking base material
was prepared. This is because the reinforcing fiber was damaged during papermaking and
press-molding.
[0072]
|Comparative Example 3]

As a reinforcing fiber, PAN-based carbon fibers “Tenax” (registered trademark) HTS540-
12K strand manufactured by TOHO TENAX Co., Ltd. (fiber diameter of 7.0 um, fiber width of 8
mm, and tensile strength of 4,200 MPa) were used. As the reinforcing fiber strand, the
reinforcing fibers were slit at an interval of 1.0 mm at a line speed of 35 m/sec by using a disk-
shaped separation blade and were not slit but passed at a line speed of 65 m/sec to be supplied to
two sets of cutting apparatuses, respectively. The reinforcing fibers were cut by using a rotary
cutter made of cemented carbide in which two blades were provided at an interval of 30 mm as
the cutting apparatus to have the fiber length ot 30 mm.

The reinforcing fiber strand slit at an interval of 1.0 mm was cut by the rotary cutter and
then transported to a tube having a small hole of the spraying apparatus, and the compressed air
was supplied to the small hole by using a compressor to open the reinforcing fiber. In this case,

the ejection velocity from the small hole was 50 m/sec.



CA 02866176 2014-08-29

33

T'he non-slit reinforcing fibers were cut, and then introduced to the tapered tube arranged
directly below the cutter at a suction velocity of 5 m/sec. Thereafter, each reinforcing fiber was
introduced to the tapered tube, and two kinds of the reinforcing fibers were mixed in the tapered
tube. Further, as the matrix resin, from the side of the tapered tube, polycarbonate (“Panlite”
(registered trademark) L-1225Y, manufactured by Teijin Chemicals Ltd.) grinded and classified
with a particle diameter of 500 um was supplied, a movable conveyer net was installed below the
outlet of the tapered tube, and the carbon fibers were supplied from the tapered tube by
performing suction by a blower below the net to obtain the random mat of a fiber areal weight of
2,900 g/m*.  When the form of the reinforcing fibers in the random mat was observed, the fiber
axes of the reinforcing fibers were almost parallel to a plane of the random mat, and the
reinforcing fibers were randomly dispersed in the plane.

The average fiber length of the reinforcing fibers of the obtained random mat was 30 mm,
and the weight-average fiber thickness was 0.07 mm. The weight-average fiber width (Ww) of
the reinforcing fibers constituting the random mat was 5.17 mm, the number-average fiber width
(Wn) was 1.94 mm, and the dispersion ratio (Ww/Wn) was 2.67. Further, the fiber width and
the fiber weight fraction were represented by a graph, and when positions of peaks of the fiber
width distribution were checked, the peaks were verified at 0.92 mm and 8.00 mm of the fiber
width. The obtained random mat was heated at 4.0 MPa for 10 minutes by a press apparatus
heated at 300°C to obtain a molding plate having a thickness 3.2 mm. When the ultrasonic
Inspection test was performed at the obtained molding plate, a portion where the reflective wave
strength was 70% or more was observed as 43% or more, and a lot of non-impregnation portion

was checked in the molding plate.

I'he volume content ratio of reinforcing fibers of the obtained molding plate was 51
Vol%, and as a result of evaluating a tensile characteristic based on JIS7164, the tensile strength
was 370 MPa, and the tensile modulus was 32 GPa. Further, the ratio in tensile moduli of

0°direction and 90°direction was 1.23.

Industrial Applicability
10073

Accordingly, since the random mat and the fiber-reinforced composite material shaped

product obtained from the present invention have excellent mechanical strength, excellent
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1sotropy, and high tensile modulus, the random mat and the fiber-reinforced composite material
shaped product may be used in various kinds of constituent members, for example, an inner plate,
an outer plate, and constituent members of a vehicle: and besides a frame, a housing , and so on
of various kinds of electric products or a machine.

10074]

Although the present invention has been described with reference to detailed and specific
embodiments thereof, it is obvious to those skilled in the art that various changes or
modifications may be made without departing from the spirit and scope of the present invention.

This application is based on Japanese Patent Application No. 2012-171142 filed on

August 1, 2012, the entire contents of which are incorporated herein by reference.

Description of Reference Numeral and Signs
10075]
I: Renforcing fiber
pinch roller

Rubber roller

Rotary cutter main body

Blade

Pitch of blades

2

3.

4.

D:

6: Cut reinforcing fiber
7:

8: Widened reinforcing fiber
9: Widening apparatus

10: Fiber width control roller
[ 1: Separation slitter

12: Separated reinforcing fiber
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CLAIMS:

1. A random mat, comprising:

reinforcing fibers having an average fiber length of 3 to 100 mm; and
a thermoplastic resin,

wherein the reinforcing fibers satisfy the following 1) to 111):

1) a weight-average fiber width (Ww) ot the reiriforcing fibers satisfies the
following Equation (1):

0.03 mm < Ww < 5.0 mm (1);

ii) an average fiber width dispersion ratio (Ww/Wn) defined as a ratio of the
weight-average fiber width (Ww) to a number-average fiber width (Wn) of the reinforcing fibers
is 1.8 or more and 20.0 or less; and

iii) a weight-average fiber thickness of the reinforcing fibers is smaller than the

weight-average fiber width (Ww).

2. The random mat according to claim 1,
wherein the reinforcing fibers are at least one kind selected from the group consisting of a

carbon fiber, an aramid fiber and a glass fiber.

3. The random mat according to claim 1 or 2,

wherein the weight-average fiber width (Ww) of the reinforcing fibers satisties the

following Equation (2):
0.1 mm < Ww < 3.0 mm (2).
4. The random mat according to any one of claims 1 to 3,

wherein a fiber width distribution of the reinforcing fibers included in the random mat

has at least two peaks.

5. The random mat according to claim 4,

wherein the fiber width distribution of the reinforcing fibers included in the random mat

has at least two peaks,
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one peak 1s 1n a range of 0.01 mm or more and less than 0.50 mm of the fiber width, and

another peak 1s in a range of 0.50 mm or more and 2.00 mm or less of the fiber width.

6. The random mat according to claim 4,
wherein the fiber width distribution of the reinforcing fibers included in the random mat
has at least two peaks,

one peak 1s in a range of 0.10 mm or more and less than 1.00 mm of the fiber width, and

another peak 1s in a range of 1.00 mm or more and 5.00 mm or less of the fiber width.

7. The random mat according to any one of claims 1 to 6,

wherein the average fiber width dispersion ratio (Ww/Wn) of the reinforcing tibers 1s

more than 2.0 and 10.0 or less.

8. The random mat according to any one of claims 1 to 7,

wherein the weight-average fiber thickness of the reinforcing fibers 1s 0.01 mm or more

and 0.30 mm or less.

9. The random mat according to any one of claims 1 to 8,

wherein a reinforcing fiber areal weight 1s 25 to 10,000 o/m”.

10.  The random mat according to any one of claims 1 to 9,

wherein a content of the thermoplastic resin is 10 to 800 parts by weight based on 100

parts by weight of the reinforcing fibers.

11, A fiber-reinforced composite material shaped product obtained from the random

mat according to any one ot claims 1 to 10.

12.  The fiber-reinforced composite material shaped product according to claim 11,
wherein a fiber-reinforced composite material shaped product includes reinforcing fibers
having an average fiber length of 3 to 100 mm and a thermoplastic resin,

the reinforcing fibers satisfy the following 1) to 111):
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1) a weight-average fiber width (Ww) of the reinforcing fibers satisiies the
following Equation (1):

0.03 mm < Ww < 5.0 mm (1);

ii) a dispersion ratio (Ww/Wn) defined as the ratio of the weight-average fiber
width (Ww) to a number-average fiber width (Wn) of the reinforcing fibers is 1.8 or more and
20.0 or less: and

1i1) a weight-average fiber thickness of the reinforcing fibers is smaller than the

welght-average fiber width (Ww).

13.  The fiber-reinforced composite material shaped product according to claim 11 or
12,

wherein a thickness 1s 0.2 to 100 mm.
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