Chapter 9 Fracture behavior of polymers
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Flgure 2.2. Intermolecular energy and force based on the Lennard-
—I— ones 6-12 potential energy function.
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Fig. 4.1 An elliptical hole in-a plate
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Figure 1 Rectangular compact tension specimen used for fracture test
Gy = Y?Pla/b’wE (1)

where P, is the load at crack initiation, a is the
crack length, E is Young’s modulus, w is the
width of specimen, b is the thickness of specimen,
and Y is the geometry factor given by

Y =29.6 — 186 (a/w) + 656(a/w)?
— 1017 (a/w)® + 639 (a/w)*
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Fig. 6.12 5 mm, single-edge notched specimens at final fracture — PC at 20°C (from
reference [71)
K., Values at 20°C
Kcl
Material (MPa,/m)
PMMA 0.7-1.6
PS 0.7-1.1
PC 2.9
PES (Polyethersulphone) 1.2
HIPS 1.0-2.0
ABS 20
PVC : 2.04.0
PP 3.0-4.5
PE 1.0-6.0
POM (Acetal) ~4
PA (Nylon) 25-30
Epoxies 06 7
B e U S SRS
PET (Polyethylene terephthalate) ~5
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* Fracture surface of CTS speciemen of Cr(acac);-
toughening epoxy resins
i I

TGDDM/DDS epoxy resin

TGDDM/DDS/1%Co(acac),

TGDDM/DDS/1%Cr(acac),
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Figure 16 G, value of modified TGDDM/DDS epoxy resins as a
function of molar ratio of incorporated (@) Cr(acac), and ()
Co(acac),

* Proposed interaction mechanism between Cr(acac); and cured
TGDDM/DDS network
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Cr(acac); has been shown to be easily prepared by pH

control with basic media in a solution of chromium(IIT)
chloride and acetylacetone!®. The reaction is:

H.C

-H.C -
C—O CcC—O
e —H" e
CrCl, +3H,C = HC Cr—+3Cl1-
+H™"
C—O CcC—O
H,.C | H.C 1.

The (acac)  ligand exists in resonance forms which are
best represented as:

H3C
N\
/(;/,——_O
Hc\(\ S
cC—o0
/
HsC

o

L | J\JJ‘(
00

12.5 250 375 50
Retention Time (min )

Figure 22 G.p.c. chromatograms of (a) DGEBA monomers (EEW =

187 g mol™!) and their mixtures with (b) 1% Co(acac); and (c) 1%
Cr(acac),
(o} CHy CH Q
N\ \ | /N
CH,-CHCH-0 T OCH, CHCH2 C OCH,CH—CH,
CHy

Figure 23 Typical chemical structure of DGEBA epoxy resin
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Figure 24 G.p.c. chromatograms of DGEBA monomers (EEW = 187
g mol ™ !) mixed with various molar ratios of Cr(acac);: (a) 0.5%, (b)
1%, (¢) 2% and (d) 5%
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\
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Figure 1  Viscosity of DGEBA resins incorporating 1 mol% Cr(acac),
measured at 30°C as functions of (a) mixing time at 100°C and
(b) temperature at which it was mixed for 24 h
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Figure 25 G.p.c. chromatograms of (a) DGEBA monomers (EEW =
174 gmol ™ ') and (b) their mixture with 1% Cr(acuc),
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where M =Cr or Co. The ir. spectra of pure Cr(acac),
and Co(acac); are shown in Figure 5. The notable
difference between the two spectra is that the C-O
bending peak’? is at 600 cm ' for Cr(acac); but at
640 cm ™! for Co(acac),. Both Cr and Co are in the first
transition metal series. However, the radius of Co®™" is
0.53 A whereas that of Cr®* is 0.57 A, as derived from
the observed interatomic distances in the fluorides!.
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Figure 5 1I.r. spectra of (a) Cr(acac); and (b) Co({acac);
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Fig. 6. The viscosity of Gr/Ep prepregs prepared by various epoxy

formulations as functions of curing time and indicated tempera-
ture schedule; ( — ) TGDDM/DDS, ( — — ) TGDDM/
DDS/1%Cr(acac)s, (- - -) TGDDM/DDS/BF;MEA, and
(- - ) TGDDM/DDS/BF;MEA/1 % Cr(acac);.

16



The cross section of unidirectional Gr/Ep laminates parepared
by (a) TGDDM/DDS, and (b) TGDDM/DDS/Cr(acac),

The typical cross section of unidirectional Gr/Ep laminates

4 R by A Pl o
G A Pt i
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Fig. 1. DSC spectra of ( — ) TGDDM/DDS, (- - -) TGDDM/
DDS/BF;MEA, and (- - -) TGDDM/DDS/BF;MEA/1%
Cr{acac), epoxy formulations.
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Fig. 7. Gyc of TGDDM/DDS/BF,MEA epoxy resins as function
of molar ratio of incorporated Cr(acac),.
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Instability

at (f)

(b)
stick-slip

(2)

onset of stable growth

\ crack initiation

t
Fig. 7.5 Stable crack growth and stick—slip at 1 constant

Load (N)

Displacement (mm)

Fig. 8. A typical figure of load versus crack open displacement
during interlaminar fracture test of Gr/Ep laminates.
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Fig. 9. Gy of the Gr/Ep [0}, laminates prepared by TGDDM/DDS/
BF;MEA cpoxy formulations incorporating various amount of
Cr(acac)y; (*) 0, (m) 0.5 mol%, () 1 mol%, (A) 2 mol%,
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Fig. 1. DSC spectra of (——) TGDDM/DDS, (---)

TGDDM/DDS/C,,Z, and (---)
C,;Z/Crlacac),.

TGDDM/DDS/
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Figure 2. Reaction mechanism of TGDDM with C,,Z (8).
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Figure 4. The viscosity of various epoxy matrices as functions of curing time and the
indicated temperature schedule used to prepare the Gr/Ep laminates.
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Fig. 5. The viscosity of Gr/Ep prepregs prepared by various
epoxy formulations as functions of curing time and indicated
temperature schedule: (——) TGDDM/DDS, (— )
TGDDM/DDS/C;;Z, and (---) TGDDM/DDS/C,,Z/
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Fg. 8. Gie aof the Gr/Ep (O] 24 laminates prepared by vart
ous epoxy formulations: (M) TGDDM/DDS/BF; MEA, ( a)
TGDDM/DDS/C;,Z, and (@) TGDDM/DDS/C,,Z/Criacac); .
* Resin conternt.
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Fig. 9. G,, at 45 mm crack length vs. the resin content of the
Gr/Ep [O] 24 laminates prepared by TGDDM/DDS incorpo-
rating various amounts of fumed silica (12).
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Fig. 10. G,c of the same laminates as those in fig. 8 but
with the resin content adjusted to 33 wi%.
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Table 2. Fracture Data of Various Epoxy Formulations
and Their Gr/Ep Laminates.

Plastic
(1) G,c of (2) G, of Zone
Neat Resin Laminates (1)-(2) Diameter
Formulation (J/m3) (W/m?)  (d/m?)  (um)
TGDODM/DDS/ 55+5 270+7 215 +12 6.3

BF,MEA
TGDDM/DDS/ 128+14  392+22 264+ 36 9.6
Cy\Z

TGDDM/DDS/ 369417 560+22 191439 16.3
C,Z/Cr(acac),

Average 223

Fiber bridging contribution

Fig. 54 Plastic zone shape across a plate thickness
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Fig. 3. Moisture gain of various epoxy resins at 60°C/ 100%RH as a_function of square root of time.

Table 3. Moisture Absorption Data of Various Epoxy Resins at 60°C/100%RH.

Resin Formulations

M, D, [OH]?
(M%) ( x1 O3mmlh) (|3500::m_1”5509m_1)
TGDDM/DDS 4.82 342 174
TGDDM/DDS/Cr(acac), 415 4.39 1.22
TGDDM/DDS/CyZ 4.50 4.03 1.21
TGDDM/DDS/C,,Z/Cr(acac), 476 3.76 0.89
TGDDM/DDS/DICY 5.20 3.62 1.25
TGDDM/DDS/DICY/Cr(acac) 4.09 3.18 0.78
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Fg. 1. Moisture gain of various unidirectional Gr/Ep laminates at 60°C/100%RH as a function of square root of time.

Table 2. Moisture Absorption Data of Various Gr/Ep Laminates at 60°C/100%RH.

Epoxy Formulations M0  ResinContent M D D, Dy
(with) (wt%) (Wt%) (X 10%mm2/h)

TGDDM/DDS 0.969 21 4,61 265 32 1.3
TGDDM/DDS/ 0.823 22 3.74 275 384 106
Cr(acac),
TGDDM/DDS/C,,Z 1.402 33 4.25 301 12.3 5.08
TGDDM/DDS/ 0.530 27 1.9 1.99 147 548
Cy12/Crlacac),
TGDDMDDS/DICY 0.948 24 395 313 305 9.16
TGDDM/DDS/ 0.762 25 3.05 2,61 231 121
DICY/Cr{acac),

FThe moisture gain by laminates after 1200 h,
FThe maisture gain by resin matrix after 1200 h, assuming only rasin matrix absorbed moisture.
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Fig. 5. Typical line-scanning sulfir
concerntration distributions by
EPMA on the cross-section of uridi- (b)
rectional Gr/Ep laminates prepared
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CONCLUSIONS

The addition of both 1 mol% Cr(acac); and 1 phr
C;;Z to the TGDDM/DDS epoxy formulation was
found to have a synergistic effect on reducing the
moisture absorption of the prepared laminate, but not
of the neat resin. The synergistic effect was attributed
to the separation of the low moisture absorptive
TGDDM/C;,Z-richer network and TGDDM/DDS/
Cr(acac)s-richer network to some extent in the epoxy
matrix during the lamination process. When the pre-
heating temperature was decreased during lamination
to increase the resin viscosity, the synergistic effect of
additives to reduce the moisture absorption of pre-
pared laminates became more pronounced. In addi-
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Figure 3. Fracture energy of cured epoxy resins prepared by various epoxy formulations;
listing from left to right: 1. TGDDM/DDS, 2. TGDDM/DDS/BF,;MEA, 3.TGDDM/DDS/C,,Z,
4. TGDDM/DDS/Co(acac);, 5. TGDDM/DDS/Cr(acac);, 6. TGDDM/DDS/C,,;Z/Cr(acac),, and
7. TGDDM/DDS/BF MEA/Cr(acac),.
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BF,MEA BF ,MEA/Cr(acac), c,Zz C,,Z/Cr(acac),

Epoxy Formulations

Figure 5. Interlaminar fracture energy at 45 mm crack length of Gr/Ep [0],, laminates
prepared by various epoxy formulations. All the data have been adjusted to the same resin
content at 30 wt%e.
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Maximum Moisture Gain (wt%) .

TGODM/DDS/BF MEA TGDDM/DDS/C,,Z TGDDM/DDS/C,, Z/Cr(acac),

Epoxy Formulations

. Figure 6. Maximum moisture gains of Gr/Ep [0],, laminates prepared by various epoxy
formulations under moisture absorption experiments at 60°C/100%RH and 70°C/100%RH.
All the data have been adjusted to the same resin content at 30 wt%.

* The effect of crack speed on the measurement of fracture
toughness for polymers

~ 1.8
E i SEN
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1.0
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Fig. 7.10 A comparison of tapered DCB and double torsion data for PMMA at 20°C (from
reference [6])
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Point of impact

* High speed fracture
test (~3.4 m/s)

1.1zod impact test of

Fig. 1. Izod-type pendulum impact machine, ASTM D 256.

The energy absorbed by the specimen Es is found by

Es = E; — Ep — Ep - Ey

where E; is the initial energy available, E the energy at the maximum angular
travel, Er the energy dissipated by friction, and Ey the energy to remove the
broken section. The last is usually small; Er can be found by performing the test
without a specimen in place. Machines of this type are usually equipped with a
dial with calibration marks mounted in the plane of rotation in such a way that
E\ and Ey, can be read directly. An “instrumented” pendulum machine is equipped
with a load cell, usually a piezoelectric device for high frequency response, mounted
on the striker or on the mounting block to which the specimen vise is attached.
The electric signal from the load cell is amplified, digitized, and recorded by
electronic memory. The energy is calculated from the load-time relationship by
a computer connected to the instrument. The total energy can be displayed by a
digital readout, or the entire load—time trace can be displayed on a cathode-ray
tube screen. In the latter instance, a microcomputer is attached and the infor-
mation can be processed as desired.
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Table 11.2 lzod impact strengths of several plastics® *(3)

Polymer Ympact Strength
Polystyrene 0.25~0.4
High-impact polystyrene (Hips) 0.5-4
ABS plastics 1-8
Epoxy resin (no filler) 0.2-1.0
Epoxy resin (glass-fiber-filled) 10-30
Cellulose acetate 0.4-5.2
Poly(methyl methacrylate) 0.3-0.5
Phenol-formaldehyde plastics 0.20-0.36
Poly(vinyl chloride) 0.4-1
High-impact poly(vinyl chloride) 10-30

“Modern Plastics Encyclopedia (1973); Lannon (1967).
PASTM test D256 was followed, and the values reported have the
units ft - Ib/in. of notch.

2. Charpy impact test of polymers

Point of impact

%Striker

N

Figure 11.11 Charpy-type impact instrument. Inse: Charpy test piece showing notch and
point of striker (2).
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Table 11.3 Impact resistance of ABS polymers at 30°C (16)

Composition of T, of Rubber Charpy Impact

Sample ~ Rubber Component o 5nent, Strength,
Number BD? ST? °’C kg - cm/cm?
1 35 65 40 0.75
2 55 45 ~20 18
3 65 35 =35 30
4 100 0 -85 40
“Polybutadiene.

b Poly(styrene-stat-acrylonitrile).

O Ductile
@ Brittle

1.4
1.3

log P (MPa)

Testing in water

e O (O I o 1 B o e O
107! 10 107, 10
log time (hours)

Fig. 7.34 Ductile and brittle failure in HDPE pipe (data kindly supplied by BP Chemicals
Limited)
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CTBN liqud rubber-toughening epoxy resins

=~
=3

(ky/m*)

SPECIFIC FRACTURE ENERGY, G,

q i "
"% 5 10 15 20 25 30

PHR RUBBER
Fig. I. Variation of specific fracture energy, G, with rubber content. (+) Yee and
Pearson:®® () Bascom et al.;'® (@) present work.

) 50.4mM

Figure 1 SEM micrographs of the fracture surfaces of DGEBA /EIDA epoxy resins incorporating the following amounts of
“TBN rubber: (a) 5, (5) 10, (c) 20, (d) 30, and (e) 50 phr.
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Figure 2 TEM micrographs of OsO -stained DGEBA/EDA
epoxy resins incorporating the following amounts of CTBN
rubber: (a) 50 and (b) 70 phr.

150
o) ® Dry
140L Q0 m o Wet
O 0
- O
130 L - . g
o120}
& =
~ r The speeimens with
e n
=110t two-phase morphology |
L O
100 |- o
O
C
a0 1 L L T T BN N |

0‘10 20 30 40 50 60 70
PHR

Figure 9 T, of rubber-modified DGEBA/EDA epoxy resins
as a function of the CTBN content: (@) without moisture
absorption and (O) after moisture saturation at 60°C and
100% RH.
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Core-Shell Particles Designed for Toughening Epoxy Resins.
I. Preparation and Characterization of Core—Shell Particles

KING-FU LIN, YEOW-DER SHIEH

Institute of Materials Science and Engineering, National Taiwan University, Taipei, Taiwan 10617, Republic of China

Table I Recipes of First-Stage Soapless
Emulsion Polymerization for Preparation
of BA Core with and without EGDMA

Crosslinking Agent

Component L-BA C-BA
BA (g) 30 30
Water (g) 820 820
KPS (g) 0.87 0.87
EGDMA (g) 0 0.6

Table I Recipes of Second-Stage Seeded Emulsion Polymerization for Preparation of Variety of
BA/MMA CSPs with Either Crosslinked Core or Crosslinked Shell

C Series L Series

Component ~ C0 C1 C2 C3 C4 Ch C6 Lo L1 L2 L3 14

L-BA (g) 780 780 780 780 780 780 780 — — —
C-BA (g) — — — — — - — 780 780 780 780 780
MMA (g) 215 25 235 215 196 155 0 215 25 235 216 155
GMA (g) 0 2 4 6 8 12 215 0 2 4 6 12

[ %) © 6y o ae @2 @) (10 ® B 10 16 @9
EGDMA(® 06 06 06 06 06 06 06 — — - — —
KPS (g) 02 02 02 02 02 02 02 02 02 02 02 02

* Molar percentage of GMA,
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TEM micrographs of vacuum dried CSP’s

3.00

2.00 |— - —

Number of Epoxy groups in a CSP (a0

"70.00 40.00 80.00
GMA (mcl%)

Figure 6 Number of epoxy groups in a particle of the
C-series CSP ( Jmeasured by the chemical titration
and (---) estimated by eq. (3) as a function of GMA
content in the formulations to prepare the shell of the

CSP.
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Table III Recipes of First-Stage Scapless
Emulsion Polymerization for Preparation of
Various Sizes of BA Cores for Large CSPs

Component LBA-1 LBA-2 LBA-3
L-BA (g) 283 — —
LBA-1 (g) — 283 —
LBA-2 (g) — — 283
BA (g} 20 20 20
Water (g) 547 547 547
KSP (g) 0.2 0.2 0.2

Table IV Recipes of Second-Stage Soapless
Emulsion Polymerization for Preparation of

Various Sizes of C3-Series CSPs

C3 or

Component C3-0 C3-1 C3-2 C3-3
L-BA (g) 780 — — —
LBA-1 (g) — 780 — —
LBA-2 (g) — — 780 —
LBA-3 (g) — — — 780
MMA (g) 21.5 21.5 21.5 21.5
GMA (g) 6 6 6 6

(mol %)* (16) (16) (16) (18)
EGDMA (g) 0.6 0.6 0.6 0.6
KPS (g) 0.2 0.2 0.2 0.2

# Molar percentage of GMA.
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(b)

Figure 10 TEM micrographs of vacuum dried (a) C3-0, (b) C3-1, (¢) C3-2, and (d) C3-

3 CSP.

Figure 11 TEM micrograph of RuO, stained C3-1
CSP embedded in the epoxy resin, featuring the core—

shell structure of the CSP.
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Temperature (°C)

Figure 1 DSC spectra of (——) DGEBA-MPDA,
(— - —), DGEBA-MPDA-10 phr C0, and (— - —) DGE-
BA-MPDA-10 phr C3 epoxy formulations.
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Figure 3 DMA spectra of cured (a) DGEBA-MPDA
and (b) DGEBA—MPDA—10 phr C3 epoxy resins.
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Figure4 T, of DGEBA-MPDA-C3 CSP epoxy resins
as a function of the C3 CSP content.

300.00 i :

250.00

200.00

Fracture Energy (Jim3

40.00 80.00
GMA (mol%)
Figure 6 Fracture energy of DGEBA-MPDA epoxy
resins incorporating 10 phr (@) C-series and (O) L-
series CSI, respectively, as a function of their GMA
content in the shell region.




Figure 7 SEM micrographs of CTS fracture surfaces of
(a) DGEBA-MPDA-10 CO CSP, (b) DGEBA-MPDA-10 C3
CSP, and (¢) DGEBA-MPDA-10 C5 CSP epoxy resins.
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(b)

Figure 8 TEM micrographs of one-stage C-Pt replica
of CTS fracture surfaces of (a) DGEBA-MPDA-10 C2
CSP and (b) DGEBA-MPDA-10 C3 CSP epoxy resins.

@ (b)

Figure 9 SEM micrographs of CTS fracture surface
of DGEBA-MPDA-10 L1 CSP epoxy resin with magni-
fications of (a) 1000 and (b) >5000.




Figure 10 SEM micrographs of CTS fracture surface
of DGEBA-MPDA~10 L4 CSP epoxy resin with magni-
fications of (a) x 1000 and (b) x5000.

400.00 ,
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Figure 11 Fracture energy of DGEBA-MPDA-C3
CSP epoxy resins as a function of their CSP content.
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Figure 5 (®) T, and (O) T'; of DGEBA-MPDA incor-
porating 10 phr C3-series CSP as a function of their
particle size.
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Figure 12 Fracture energy of DGEBA-MPDA incor-
porating 10 phr C3-series CSP as a function of their
particle gize.




g

Figure 13 SEM micrographs of CTS fracture sur-
faces of (a) DGEBA-MPDA-10 C3-0 CSP, (b) DGEBA—
MPDA-10 C3-1 CSP, and (c) DGEBA-MPDA-10 C3-3

CSP epoxy resins.
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Figure 14 AFM micrographs of CTS fracture sur-
faces of (a) DGEBA-MPDA-10 C0 CSP, (b) DGEBA—
MPDA-10 C3-0 CSP, and (¢) DGEBA-MPDA-10 C3-1
CSP epoxy resins.
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