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Thermoplastic and thermosetting resins

Themoplasticresins If heat is applied, it becomes "plastic”. (softens, melts)
Melted raw materials
Q@
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w Coolig Product Choc;)elzitr? Type

Polyethylene, polyvinyl chloride, ABS, nylon, etc|

Themosettingresins Hardens if heated.

= \Mold » ‘»

Prod Cookie_ type
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‘ EpOX)i, phenol, melamine, silicone, etc.
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Thermoplastic resins If heat is applied, it becomes
"plastic”. (softens, melts)

An Example of manufacturing proc
Pellets
0 “' (solld)
o \c # #

Meltlng

Molded products

SSSSS Coollng
at high temperature Castlng
Heatl -
"Diversity of o . =
Molded Products = Special equipment requirees

(1) If reheated... (2) Secondary processing@ (3) Adding solvents...

IS also available
] L o

Remelting i
Dissolving

Heated mold ,
Pressed and Secondary ’

cooled moldings 3



Thermosettig resins Hardens if heated.

An Example of manufacturing process

@ Molded product
N /
\ = =» \%%%

Raw material is liquid 69646464 —
Y Easy Mold Casting  Heating cured progluct

No special equipment
IS required!

Feature
Strong point Weak point
A Easily formed because the raw A Lack of diversity
material is in liquid form. A Bothremeltingand secondary
A No high temperature melting processing are impossible.
required. A Not soluble in solvents.
A Molded product molecular structur : — _
is netlike. (Crosdinked structure) |RRELUSSEESIUNLgE el NERI g lesild
R e s I AR En:  2nd disposal, etc. becomes difficult.




Strong points of thermoplastics

or thremosettingplastics
A Strong points of thermoplastics

1. The moldings are highly diverse.

2. For example can be melted by reheating, and has
high recyclability and reusability.

=

Strong points of thermosetting plastics
Good handling before molding.

No special equipment is required to produce molded
products.

4. Easily composited with fillers and fibers, creating a
variety of composite materials and FRPs.
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Themoplastiepoxy Is Derivatives of
conventional (thermosetting) epoxy resins

/ Thermosettingresins\ Themoplastiaesins

Thremoplasticepoxy

\_ /




First,

Conventional (thermosetting)
epoxy resingabout...



Epoxy A Compounds with epoxy groups
resins :> :>

Base resin

A Liquid or semisolid

CH3
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Reacts with epoxy resin to :> Amines, Acid
polymerize and solidify anhydrides, etc.
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Reaction of primary amine with epoxy group
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Reaction of the generated secondary amine with epoxy group
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There are multiple patterns of reactions.
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i & Hydroxyl

(a) Linearly growing( M, <3,000) group
L cmegec@egelifpoog@e.
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0 0 0
{ 5 { Secondary

Addition to hydroxyl group amine
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Addition to secondary amine
(b) Branching growing(/, < 10,000)
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(c) Formation of cros8nking structure
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Complex reaction in 3D direction
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Reacting rate (%)
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Epoxy grou
\IO y group

\Ca_rboxyl_group

Because of the complex
reactions involved, it takes
time for the epoxy resin
reaction to progress.

| 1 |

10 15 20
Curing time(hr)
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Because epoxy resins have a strong
structure due to complex cremsking
reactions, high mechanical strength and
excellent chemical resistance, cured
material properties can be expected.

However, some cured resins are brittle.



About thermoplastic epoxy resin



Epoxy In this study

F%wrmw

( Cooling

Raw material

Is liquid
Y Easy molding

Heatlng

Soluble in solvents

The revolutionary resin that defies common sense
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The revolutionary resin that defies common sense!

Plastics Polyfile
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High Polymers,
Japan (Kobunshi)

ing the C Sense, Ther
Epoxy Resin
Yutaka TSUJIMURA yutaka. tsujimura@ncx.nagase.co.jp
Nagase GhemteX Corporation
We have developed a new frem the specific structure of Thermoolastic Fooxy Resin
polymerization process using thermoplastics. In addition, the
epoxy resins and phenols. In polymer has some excellent o Petyourtemion L
general, the epoxy resinis a properties such as flexural strength | Daeamce
conventional thermosetting resin | (130 MPa), fracture toughness (K.J U e

due to generating cross-linking
during polymerization. In our new
process, an epoxy resin and a
phenol are polymerized linearly by
a consecutive reaction. As a result,
it was found that a (no cross-
linking) thermeplastic polymer was
formed, because the polymer
showed the second moldability
and solubility in organic solvents.
These features generally derive

{2.0 MPa-m"2) and Izod impact
strength (1100 J/m). We assume
that the streng fracture toughness
and impact strength arises from
the intermolecular forces along the
linear long molecular structures. It

is expected that the therm

epoxy resin is suitable for reuse,
recycling and high strength materials.
Polymer Preprints, Japan 2009,
58, 5505.
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2015 Adhesion Society of Japan Technology Award

BR] B TRFARIES LSO NZ AV EEG R B 2B T S XF v U DRIFE
(FHETLTYIORX (R) WMRARSFSHEVRREE)
AERX, I8 2. STEEXR

Ut TARBIREES FRMEEE (IB) OmEmE
X, A B, SHEEE(CKD [RZITRFTAEED
KUENZ RV EGSHERC BB T S XA F v OD
MFE] N REE [BREEFS B8] 28U,
FEE3EMERKE (6H19~20H) [CHWTEERILD
(CREFEMNMTONELR.

REWME
FTHETLTYVORAUSF)ILEMTHD [EEEETIR
FAE] (. EROIIRFAfgzER UIah SEL

% TREBIMEE] LRSI TOEBZEIMLUILMIRITT,
COEEFE /) ¥ — DR THLRERHHE CEB(C2RTE. TOREA U TCAREMEIEL DD, FBE - FER
DIZRDY Metfd 2 EBETEET .
COIRDY M. BVEBRIR/ILF—IRIVEFE. BT, Wi - M7)LAUMERT (FN., SROREES R
FARUPD—IRR— hELDA 2T — MREEREET T,

e % "L ¥YPe® HP

18



For example, here Is how It Is used.

Raw material
Is liquid

Cured material
is thermoplastic

The cured
product is
high strength.

Molding can be done Easy .
without special —,| manufactuiringof /"éﬁx
equipment thermoplastic
moldings Resinbased molding
Easily - compounds
~_| composited with|_,]  /AS composite
reinforced base| | Materials such as FRH
SEEES Products that Sports,
Secondary P required individua welfare,
processing is differences. ¢y Chdcare
ossible . products, etc
L As composite eo
Dissolved in | | materials that can be Friendly
solvent separated and

Melts with heat

\ As modifiable and

Impact resistance
superior to

disposed of separately

degradable adhesives

. As lightweight

polycarbonate

components for

vehicles, etc.

19




New resin concept

' d product
Raw material Cured produc

Non-crosslinked
A Heat deformable
A Solvent soluble

Low viscosity Lme_ar _
liquid monomer || polymerization

on-site

polymerization

Features of
Thermosetting Resins

Thermoplastic Resins

Features of }

©' 0, g\ @ Y62y T IR O/Dﬂo*’z 5 \O\
Rerd] =) B
: /N )

Low molecular weight Crosslinking and

. Non-crosslinked,
monomer state network structure linear structure



Form of thermoplastic epoxy resin

Themoplasticepoxy resin Thermoplasitic Resins

Thermosetting Resins

Same [0 5o 5oV el,
oo [ (aV°, 00
form "Xl g ol

Linear polymer.
Solid at room temperature.

Heating Heating Heating

Solidifies at room
temperature due to
increase in
molecular weight
(oligomerization).

Low molecular weight liquid. Low viscosity at room temperature.

Gelation by coarse network formation.Fluidity is expressed at high temperatures. Linear polymer
. In .
Heating SUZEITY Heating
Same
form
Further increase in molecular weight :
Network formation becomes dense pthear polymerization). Linear polymer
fully cured. Reliquefaction at extremely high temperatures.




Thermosetting epoxy resinThermoplastic epoxy resin

N .I‘I ‘OE==Q'
N

‘... . - = 9‘3
N =1

=t 342 B 3 Syl 4-
0O “0nm -uzl@
Oy n®" no ® GE T
0,0y Ee-19 Y

Forms 3D networks Forms long linear

polymers



Polymerization mechanism of
thermoplastic epoxy resins

. Jooﬂg + Nl ) ) on

O Epoxy

Phenol

Cat.

T ” O OHO OJ[
—T— O tOe e OO0 9
Sequential OH OH

reaction Alternating epoxy and phenol

Linear structure IntroducedLinear structure

V

No Biioes Aimed for larger
linking :> Decreased cured [>

point material strength?

molecular weight.




Molecular weight of cured thermoplastic epoxy resin

n

=
% % 60000 1
@ £ 40000 B After polymerization, it has the same
QD 38888 structure as phenoxyresin.
f, % 30000 / B The molecular weight of commercially
S ‘_35 50000 — available phenoxyresins is about 8000.
g o 38888 E However, the molecular weight of
[ . . . . . thermoplastic epoxy resin cured
= 0 10 20 30 40 50 60| products eventually increased to more
Polimerizatiortime (min) | tan 250,000.

Relationship between polymerization time and

weight average molecular weight
24



Relationship between polymerization temperature and Mw

Relationship between each polymerization
temperature, time and Mw

60000

50000
40000 //;‘.
£30000

'//)/o/ There was an optimur
20000 - & o~ temperature for

X

polymerization.

10000 [, o oo ¢
O | | |

O 60 120 180 240 300 360
Heating time (min)

25
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Molecular weight and flexural modulus

Molecular weight dependence
of mechanical properties

Molecular weight and
flexural strength

120
20

100 60}>——o—< 120

60

40
a5
20 Z(kf/f{30 |

0 10000 20000 30000 40000 50000
Mw

rCuring time ]

0

3000
2500
2000
1500
1000
500
0

0O 10000 20000 30000 40000 50000

80 //, __________________________________________________________________
/

Molecular weight and Flexural strain

O B N W~ 01 OO N

0

10000 20000 30000 40000 50000
Mw



Temperature-viscosity relationship of raw resin

Low viscosity by heating G

the main resin

>

>

Curing accelerator is
added and mixed

<=

Polymerization

Temperatureviscosity relationship of raw resin

1000000

Viscosity mPah s

100000
10000
1000
100
10

L

4186000

‘KG\OOO
15000

000

0

20

40

60 80 100 120 140

Temperature

27



Temperature-time-viscosity relationship of
thermoplastic epoxy resins

T T
Measurement of viscosity

change after the addition of - | | |
a curing accelerator Viscosity change over time (curing accelerator added at O mi

The higher the 10000€
temperature, the
faster the viscosity 10000
increase.
2
o 1000 r
3
S £

Initially (Omin), the
higher the
temperature, the
lower viscosity

100 =

_ O 10 20 30 40 50 60 70 80 90
Curing accelerator

Is added. Time (min) 28



Excellent Mechanical Strength of Thermoplastic
Epoxy Resins U (Flexural Strength)

= e
120

Threepoint
Flexural test 20 -

TP TS Nylon 6  Nylon 6,6 PP
Epoxy Epoxy
Flexural strength of each resin molding

There was no indication that thermoplastic epoxy = inferior strength. | 59




Fracture toughness testK, -




Excellent mechanical strength of thermoplastic epoxy resins (-

(fracture toughness)
Il

Fracture toughness testK ;. | LSlelaRIGETER0Is[alaISAVEII[E

3

N
o

N
|

=
ol

[EEN
|

O
6]
|

o
|

Fracture toughness;.(MPa m'2)

TP TS  Nylones MM~ Ps* Pver Polyestert

Epoxy  Epoxy
*Ref.Journal of Reinforced Plastics and Composites July 2005 24:2018.
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Excellent mechanical strength of thermoplastic epc
resin  (lzodimpact)

1200
1000

DC TP Epoxy

00
-
-

o
-
-

AN
-
-

TS Epoxy
ABS

|lzod Impact
N
-
o

Nylon

I




Load (N)

Instrumentedzod Impact Test

300

250

200

150

100

50 |

0

-50

— TP Epoxy

—PC

—PAG

PAOG,6

—PP




Adhesion Testing

Trial use of thermoplastic epoxy resin as adhesive

Adhesive area = 10 x 25 minpull speed = 5.0 mm/min, room temperature

Aluminum sheet + Aluminum plate

Aluminum plate
Thermoplastic epoxy CFRP

Thermoplastic epoxy CFRP
Thermoplastic epoxy CFRP

> 24.26 N/mmi

m=) 1521 N/mmi

Bm) 17.66 N/mni

Adhesion comparable to general twoomponent epoxy resin adhesive g



Transparent type also available due to improved
polymerization catalyst

Moldings are reddish ~ Improved Moldings become
brown when first = polymerization 055 and transparent!
developed catalyst

-

New

refractive index 1.599
Abbe's Number 30

36



Coloring test (1)

|
Molded with pigments

37



Coloring test (2)

Adhesion of commercial paints evaluated by cressit method

CFRTP W 310 2 ply(V; 45 vol%)Matrix resin XNR/H 6850
Coating  Spray type paint (white) was sprayed on the CFRTP surface.

Type Water-based Lacquer
Resin Acrylic Acrylic
Aromatic carbon,
Solvebt Water, Ester, Alcohol

Ester, Alcohol, Ketonég

Rsult

38



Flexural strength (MPa)

100

90
80
70
60
50
40
30
20
10

Introduction of plasticizers

Flexural strength

*

N

e

N

AN

e

0 10

Plasticizer Ratio (%)

=

20

30

40

2500

N
o
o
o

1500

1000

500

Flexural Modulus ¥Mpa)

Flexural Modulus

\

\

Na

N

0 10

20 30

40

Plasticizer Ratio (%)
Strength=55.7MPa, Modulus=1559MPa, Hardness=79D

Properties similar to polypropylene

39



Thermoplastic epoxy, application to FR



Reinforced | FRP

Fiber
Plastic

Fiber

What is FRP ?

IC

Plast

Cloth)

41



FRP's main manufacturing process

=Fibers =ResIn
@ L ==

.................... :-:—:‘ ~
Press [_:_jl‘ B E——

(Resin Transfer Molding)

Resin has low viscosity in the resin impregnation processl42




Prepreq system 31)

There are prepreg and direct methods. [.?”ed cloth

\‘/v Y prepi e
Ty

Prepreg systen

= 4
: (4) Heating, pressing,
(1) Solventt+ crle'SItn o2 Dried to remove and finished
mpregnated into clo
'mpreg solvents (3) Stacking

D |
“.'ln—-a—--———-v<¢"mt \
L 8

= Into the dryer 1.
"ai

Strong point FRP with excellent resin impregnation into cloth and high fibe
(g T ))

b

content can be made.

Q Weak If solvent remains in the finished FRP, it will affectthe 45
~— point physical properties.



Prepreg system (2)

e —

I
I

44
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Application of Thermoplastic Epoxy to FRP

N Secondary processing is also possible
I

i okl

Stacking and
pressing

Primary molding v Sri(c:)cl)dn'ggry
|

Prepreg s

Even after FRP conversion

Secondary processing Is possible!

45



Prepreg pressing condition search

s
© Flexural strength
al
= /700
< 600 +
o 500 ¢/ 1500
o 400 —
5300 M -=-1809
0 : :
< 200 150 with preheating
S 100 180 with preheating
é O I I I J
T8

O 10 20 30 40 50 60

Pressing time (min)
Carbon content = 34 vol%

50000
40000
30000
20000
10000

0

Flexuralmodulus(MPa)

Flexuralmodulus

J

~ —+1500

-=+1809

150 with preheating

180 with preheating

P

O 10 20 30 40 50 60

ressing time (min)

Carbon content = 34 vol%

Pressing at 150 C for 10

minutes Is sufficient. 4




Direct system

. o w

(1) Cloth is stacked and
then impregnated with
solventfree resin.

Direct system
B N

(ot o X
1) One piece of cloth

and prepreg system |

impregnated with
| solventfreelresin
> B

(3) Heating, pressing, Z Z

and finished
\ 2)Stacking /

N
NANN
\\ \\

N
N
N

W

\()Strong point Unaffected by residual solvents in FRP.

Q Weak The viscosity of the resin must be reduced for

“ point

Impregnation.



Properties Required of Matrix Resins for FRP

Fiber
Impregnation

.

=

Heating

Low viscosity
before Heating

=)

Matrix

o

Thermosetting
resin

FRP-
1Ization

N

Excellent
mechanical
strength

e

Chemically rigid
skeleton

48




Problems in Thermosetting Resins

Thermosetting resin

No melting after heat treatment| |nsoluble in solvents after

r heat treatment
Untransformable —
Cannot recycle or reuse
—]

Secondary processing
IS not possible.

Not environmentally friendly

Matrix
S/
Thermoplastics

49



Application of Thermoplastic Epoxy to FRP
- Comparison of Flexural Strength of CFRP (Carbon Cloth)

1000

S

= 800 T

=) Z Tl

- < i®)

s 600 FI5| 8 p=

n > <L o

s 400 =
Threepoint flexural test > )

o D

2 200 g

Flexural Strength of Various CFRP:
(Carbon Fiber Content=54 voI%S)0




Application of Thermoplastic Epoxy to FRP
- EXxcellent Adhesion to Carbon Fiber -

Thermoplastic epoxy has excellent adhesion to carbon fibe

51



Strength of CFRP

B Resin blends well with fibers and adheres strongly.

Resin is impregnated deep into the fiber without gaps.
K Low viscosity of resin during impregnation.

High resin adhesion.

K Substances that are also used in adhesives are desir:

Thermoplastic epoxy is advantageous!



Storage modulusEG Pa

101

LO®

2

o
o

103

Application of Thermoplastic Epoxy to FRP
- Dynamic Viscoelastic Behavior of GFRP -

Polyester GFRP
TS Epoxy GFRP

TP Epoxy GFRTP === Thermoplastic

v v v T e

IE-

102
101
c
©
e
+—
[
J.O(' S
c
S
()]
wn
O

101

102

C S 100 150 200 250

Storage modulus
drop is more severe
with thermoplastics

than with

Thermoplastic
epoxydoes not
have symmetrical
t a paak

53



G, G” (Pa)

10° £

Dynamic Viscoelasticity Data

10° E

10° 10
d 102 10n::—_
410 0E
“© B
= a
©
+ O
=10 10! e
- =1 i
10 10 L
E  tand F
102 i
-100 0 100 200 300 10t
Temp. (°C)
Thermosetting

SlI Application Brief,

109 21000
L G 3
4100
10° 3
<410
‘o w0
g 10°F §
21
10E
E —50.1
3 =
1 i 1 Il 1 ; 1
L 0 50 100 150 20 250 W
Temp. (C)
Thermoplastic

DMS N0.29(1995.3), DMS No.34(2005.6)
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Recyclability and reusability



Recycling of CFRP (Company A's cade

Y w%»;a»g

INUFRFNL AR JLay

—BERSREOOD—E X

1RBORER 2RBORER
(RBEERSORE)

Bake anyway, orthodox method j®



Recycling of CFRP (Company A's caxg

HABRBOATREE
1RHN%k - BRALIR HAIXERATIRILF

REIFOBRA

1kgZRYHT
MERIIRERFD
1/30ic

EIZXDEKRA b

CFRP# 5 ¥l BN T 5 TIRE. BILFTORSB L.
M IF COREBE{EDBEELCKEL{HSI5h3, AIX{LD
80%nHEE HEERDDILMIEERAE L ABICRILPFTRET 3FIM
BT AR, ZhEMBE v 7 XONE D > DRENSDIRE
FAT hiE. BMBEORANBEL 4. ABEIX b
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It used to be boldly spoken of at exhibitions and othe
events, but it Is no longer in operation, apparently.




Recycling of CFRP (Compary/s case-1)
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Recycling of CFRP (Compary/s case-2)

FRP#E&H

H52 e
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Recycling of CFRP (Compary/s case-3)

Copper foil can be
successfully




Recycling of CFRP (Comparst case-4)
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Recycling of CFRP (Compary/s case-5)

After decomposition of waste CFRP, the solvent
solubllity of the resin content was investigated by
Banyoh Chemical Institute LLC!

Q

Resin content

Dissolution tests with
various solvents

®» &m&u&un".‘ .C---

HE | ,9&‘": ==

Dissolved only In methylcellosolve >



Speclial Remark !

Company B hasexcellenttechnology and a

certain university professor has praised it highly

However, the problem is thatthe president is

eccentric. In ad

old, so it woulo

dition, the president is also quite

be a good idea tbuy the

technology and other aspects of the compar/

at an early stage !



Recycling of CFRP (Company'scase-1)

Conventional method (external heat type is the mainstreain
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Recycling of CFRP (Company C's cag¢
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Recycling of CFRP (Company C's ca83¢

[#1% | (J. Soc. Mat. Sci., Japan), Vol. 44, No. 499, pp. 428-431, Apr. 1995
£
o X

CFRP O#p#hil X 5 ) %14 7 L7
SR A - S = R N /A =R SR I
Recycling of CFRP by Pyrolysis Method

by

7.k &
=

Kenji UsHikoshr*, Nobuyuki KomaTsu** and Morihiko Sucino**

A pyrolysis method was applied for recycling of carbon fiber in CFRP. From the results of thermo-gra-
vimetry and differential thermal analysis, carbon fiber in CFRP began to be oxidized after almost all the re-
sin in CFFRP disappeared by pyrolysis. Consequently, it was possible to recover carbon fiber with an almost
100% yield as a residue by pyrolyzing CFRP under appropriate conditions. The recovered carbon fiber has
good mechanical properties and a surface condition as those of the original, enough to be used again.

Key words : CFRP, Recycle, Pyrolysis, TG, DTA

1 # E M40 & ZRF THHE, 7/ — VEBEEER L —4

FRP @44 7 MG izowTid, # 7 ATl
75 AF v 7 (GFRP) IZERAFEL, FLEHAEE
Wk, fRRA, R SRBIBIRAL WS LR EIZE D,
EJ@)&%\» COROMERDDH Y, EAEKIZH 720D
HhH., REOREME~OB.LOB T DIy, RER
st 79 A F » 7 (CFRP) I2DW T R R
MAEDMUZ A TNV EEBT AL PEESE L - C

MR L G0 2 Vi 7z, EBRICHH L7-# 4% Table I
IR

2.1 BSREENE

BOTREF R I BE RS ATEE (EEETHHE TGD-
7000RH ) #H\v>-CTllwE L7z, & 0.3 m/min D%
KIHET T, HiREE 5 °C/min T 900°C T THEL,
SROEEEEEL =05, B k% 0.3 m/min @
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Recycling of CFRP (Company C's caS8¢

Company C Is technologically newer, but
also processes less at this stage. There ar
also significant ethical issues with the

president
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Recycling ofCFRP

In the case athermoplastiepoxy
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Application of Thermoplastic Epoxy to FRP
Resin part dissolves in polar organic solvent (1)

I S
After
Before |
immersion Immersed In
in solvent toluene (non

polar solvent)
for 3 days

No Change

Immersed in
acetone (polar
solveny for 3
days

Fibers and resin

are separated
69



Application of Thermoplastic Epoxy to FRP

Resin part dissolves in polar organic solvent
il

Before

Immersed In acetone

(2)

After
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§> Carbon fibers

In the case of CRFTP

canbe recovered.

Separate burnable

In the case of GFRTF

> and norburnable
materials.
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Resin content Expected to be
successfully used for paints,

dissolves In etc.
solvent

Since we have not yet conducted
any practical application studies,
the technology Is still in the future.

v v

NOow you can
do It and win!
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A funny story about CFRP recycling
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From Carbon Fiber Association of Japan "Carbon Fiber
Sustainability Vision F

2006~2011 Fix, FEEAMBIEEL L CREVEKFEHTO T 2 27 v NIZHEE 700
v OWMBRREN ZET A4 uy P 7T v b RBRLEIE 2T 72,

JVIvT EiR —p B
CF-R¥%

|::ﬂlli DR 1% 3 E 3.0

CFRP @mvzium

N&ﬁﬂ —> SLRE

..................

o @

Xy b 77 b ONB(E). KBEBHEY 4 7070 — (F)

KIE 20 RFBEMMEY ¥4 7

Facility to bake CFRP at 2,800
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At Fukuoka Prefectural Office, December 2009

b.™  Fukuoka Prefecture is working on carbon fiber
u_u' recycling under the governor's initiative, and has
- even built a plant.
—=) However, we do not know what the recycled
Fukuoka  carbon fiber products are used for.
Prefecture  What can they be used for?
Employees  |sn't there something? Suggestions!

In the first place, in order to manufacture
B recycled products, we need scrap and end
= materials of CFRP as raw materials, but
have you secured a route for them?
Without that, nothing can begin.
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