Chapter 4. Solid-State Properties of Polymers

No bulk polymer is completely crystalline

Semicrystalline polymers --- crystalline units are linked by unoriented chains

|l (morphology)
influence on physical, thermal & mechanical properties

4.1 Amorphous state
In the amorphous solid state,
chains assume unperturbed dimensions as in solution under @ conditions.

T, : long-range segmental motions cease.

Below T : short-range motions can occur.

4.1.1 Chain entanglements and reptation
Entanglements --- important in viscoelastic properties, melt viscosity & mechanical

properties such as stress relaxation, creep & craze formation
* Critical molecular weight

M. : MW that forms stable chain entanglements

M. (MW between entanglements) M, = 2M,

TABLE 4.1 ENTANGLEMENT MOLECULAR-
WEIGHTS FOR LINEAR POLYMERS?

Polymer M, M,
1,4-Polvbutadienc 5,900 1,900
cis-Polyisoprene 10,000 5,800
Polyisobutylene 15,200 8,900
Polydimethylsiloxane 24,400 8,100
Poly(vinyl acetate) 24,500 12,000
Poly(methyl methacrylate) 27,500 5,900
Poly(a-methylstyrenc) 28,000 13,500
Polystyrene 31,200 18,100

@ From Graessley.2

* Reptation
originally developed by de Gennes
movement as snakelike motion of the chain within a virtual tube
(See Fig. 4.2)
Reptation theory --- successful in developing a molecular theory for dynamics

& viscoelastic properties of entangled polymers



Figure 4.2. Reptation model of a polymer chain constrained in entangled net-
work. A particular chain can be viewed as constrained to move within a virtual
tube defined by neighboring entanglement sites. Circles pictured in the lower
view represent cross sections of chains constituting the tube constraints.
(Adapted with permission from J. Klein, Nature, 271, 143 (1978). Copyright
©1978 by Macmillian Magazines Limited.)

4.1.2 Glass transition

T, : transition temperature from the amorphous solid state to the melt state
S50 o

i R

: isoviscous state, isofree volume, isentropic state

Polymers with flexible backbones & small substituent groups ~ low T,

n

rigid backbones ~ high T,

TABLE 4.2 REPRESENTATIVE VALUES OF THE
GLASS-TRANSITION TEMPERATURE OF SOME
AMORPHOUS POLYMERS

Polymer T, (°C)
Polydimethylsiloxane -123
Poly(vinyl acetate) 28
Polystyrene 100
Poly(methyl methacrylate) 105
Polycarbonate 150
Polysulfone 190

Poly(2,6-dimethyl-1,4-phenylene oxide) 220

4.1.3. Secondary-relaxation processes
small-scale molecular motions
: limited motions of the main chain, rotations, vibrations

or flips of substituent groups. "crankshaft rotation"

Figure 4.3. Schatzki model of crankshaft motion of a carbon-carbon back-
bone. The dashed line represents the virtual axis around which bonds 2-6 rotate.



4.2 Crystalline state
4.21 Ordering of polymer chains
Crystalline lamellae -- basic units of crystalline polymer morphology

(Polymers never crystallize to 100%.)

Figure 4.4, Three idealized models for chain folding in polymer crystallites.
A, nonadjacent reentry; B, regular adjacent reentry; C, irregular adjacent reentry.
(Reprinted from J. R. Fried, Plast Eng., June, 1982, p. 52, with permission of the
publisher.)

thickness of a typical crystallite : 10 - 20 nm

= Each fold consists of 40 - 80 repeating units in case of PE.
Planar zigzag conformation : PE, syndiotactic vinyl polymers, PVAL, nylons

Helix conformation : PP, isotactic polymers, polyisobutylene

(PP : 3 monomer units form a single turn, i.e., a 3; helix)
Polymers crystallized from melt or concentrated solution

==> gpherulites ("ball" or "globe") --- polycrystalline, (0.5/m - mm size
Crystalline polymers exhibit both T, & T,

T, : long-range segmental motions occur in the amorphous region

T, : crystallites are destroyed & an amorphous, disordered melt is formed
T, ~ b or 2 of T
For many polymers, ‘g ~ 9 ©Of g OF 1y

TABLE 4.3 REPRESENTATIVE VALUES OF THERMAL
TRANSITIONS FOR SEMICRYSTALLINE POLYMERS

Polymer T,, °C T,,°C
Polyethylene (high-density) -120 135
Polycaprolactone -60 61
Poly(vinylidene fluoride) -45 172
Polyoxymethylene -85 195
Poly(vinyl alcohol) 85 258

Poly(hexamethylene adipamide) (nylon-6,6) 49 265
Poly(ethylene terephthalate) 69 265




Crystallinity enhancement
. hydrogen bonds : nylon-6,6 (T, =265C) vs. PE (T,=1357)
. tacticity & geometric isomerism :
cis-PBD (T,,=27TC) vs. trans-PBD (T,,= 145T)

isotactic PS (crystalline) vs. atactic PS (amorphous)

4.2.2 Crystalline-melting temperature
Free energy of fusion per repeating unit,
AG,=2oH, —TaAS,

At equilibrium melting temperature, £G,=0 (G of sol. = G of liq. at T,)

0 &Hu
T, = AS

TABLE 4.4 REPRESENTATIVE VALUES OF THE THERMO-
DYNAMIC PARAMETERS FOR SOME SEMICRYSTALLINE
AND CRYSTALLIZABLE POLYMERS

Tn° AH, AS,

Polymer °C_ cal mol'! cal K1 mol'!
Polyethylene 146 960 2.3
Polyoxymethylene 180 1590 35
Polypropylene 200 1386 2.9
Poly(cthylene terephthalate) 280 6431 11.6
Polycarbonate® 335 6348 10.4

2 Solvent-induced crystallization.

T, (observed melting temp.) < T, (equilibrium melting temp.)
Factors affecting the melting-point depression

. kinetic effect of a finite heating or cooling rate

. crystallite size (influenced by crystallization conditions

or by the presence of impurities)
. diluent (residual solvent or plasticizer)
: melting-point depression of high MW polymer by a diluent,
<--- Flory-Huggins theory

T1‘1 _71} [ (&%u)(\‘;r )(951_ X2 #1°)

m m
where V, : molar volume of repeating unit
V', : molar volume of diluent

®1 : volume fraction of diluent



4.2.3 Crystallization kinetics
Rate of crystallization affects the extent of crystallization

depends on the crystallization temperature

ex) growth rate of spherulites in PET as a ft'n of T
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Figure 4.7. Plot of linear growth rate of spherulites in poly(ethylene terephtha-
late) (PET) as a function of temperature and at a pressure of 1 bar.® The maximum
growth rate is observed near 178°C. Values of Ty and Ty, for PET are approximately
69° and 265°C, respectively.

The net rate of crystallization is zero at T, (lamellae formation = destruction)

The large-scale segmental mobility required for chain folding ceases at T

==> T (T, x<T, T ax : max. crystallizaton rate T

T ux - optimum balance betw. chain mobility & lamellae growth
independent of MW
T | as MW 1
Fractional crystallinity at time t
: Avrami equation, ¢=1—exp(—kt")
where ¢ : fractional crystallinity
k : temperature-dependent growth rate parameter

n : temperature-independent nucleation index (1<n<4)

Measurement of fractional crystallinity

: IR, XRD, p measurement & calorimetric methods

b= PPy
. Density measurements, O~ 04



where 0. : density of totally crystalline sample

©a : density of totally amorphous sample

TABLE 4.5 AMORPHOUS AND CRYSTALLINE

DENSITIES
Pa Pe

Polymer gem! g oem'!
Nylon 6 1.09 1.12-1.14
Nylon-6,6 1.09 1.13-1.145
Poly(ethylene terephthalate) 1.335 1.515
Poly(vinyl chloride) 1.385 1.44-1.53
Polycarbonate 1.196 1.316
Poly(p-phenylene sulfide) 1.32 1.43
Poly(2,6-dimethyl-1,4-phenylene oxide) ~ 1.06 1.31

4.3 Thermal transitions and properties

4.3.1 Thermodynamic relationships

glass transition : second-order transition

2Xt HOl9] O : Glorpw) 2 T Off CHEH 22 DI20l 2=
VorH S TOl CHet 14 OI=201 =285

cf.) 1Xt HMOl(first-order transition) : G(or g) & T Off CHEF 1 OI=20] EHS
T Ol CHSH V oor H XEHIDH 20t (See Fig. 4.9)

~

/

T

Figure 4.9. Thermodynamic first-order transition in volume at constant pres-
sure.

dG=—SdT + Vdp,

[38),-s. (55),-v



* Second-order transition
. Glass transition :
Ehrenfest second-order transition

Discontinuity in the second derivatives of the Gibbs free energy

. Experimental measurement of T
A2 2 H DIEL=2RH

29 -8),
(B3
(5r (5)) =(5%) . ©

From equation (A),
Entropy is not an experimentally measurable quantity.

Specific heat is easily measured by calorimetric techniques.

By using the relation between C, and entropy,

c,=(9) =1(93) __ as=-9Q, an=c,ar, aq=an
P P

oT oT T ° at const p.
. _(j‘zG) _ G
) oT?/ T

==> A second-order transition should occur as a discontinuity in C,.

/

Figure 4.10. Thermodynamic second-order transition in specific heat at con-
stant pressure.

From equations (B) & (C),
I sty o
VI op : isothermal compressibility coefficient

_(_1}\(0V
a _( v )( oT )D : isobaric thermal-expansion coefficient

Both coefficients may be obtained by dilatometric measurements.
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Figure 4.11. A, Thermodynamic second-order transition in volume as a func-
tion of temperature at constant pressure. B. Thermodynamic second-order transi-
tion in volume as a function of pressure at constant temperature.

4.3.2 Measurement techniques
. Measurements of thermal transitions : changes in refractive index, NMR line width,
birefringence, dilatometry, differential scanning calorimetry(DSC), the response to
cyclical strain(dynamic-mechanical analysis), or electric voltage(dielectric spectroscopy)
Most commonly used techniques : dilatometry and DSC
Techniques capable of detecting different low-T secondary-relaxation processes
i dynamic-mechanical and dielectric measurements
* Dilatometry

: Specific volume of polymer sample is measured as a ft'n of T.

(See Fig. 4.12)

At T, change in the slope of V-T curve (i.e., discontinuity in a)
At T, discontinuity in specific volume V

Approximation for the change in thermal-expansion coefficient at T, (Simha & Boyer)

~ _0.113

g

(See Table 4.6)
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Figure 4.12. Dilatometric data of specific volume of a semicrystalline poly-
mer, poly(N,N'-sebacoy! piperazine), plotted against temperature.'! Results
indicate a glass transition near 90°C and a crystalline-melting transition above

160°C.

TABLE 4.6 REPRESENTATIVE DILATOMETRIC DATA
FOR POLYMERS'"

Polymer T, (K) a'(x 10Y) Aa (X 109
Polydimethylsiloxane 150 8.12-12 5.4-93
Poly(viny! acetate) 302 5.98 39
Poly(vinyl chloride) 355 5.2 g(l)
Polystyrene 373 5.5 .
oy 4.6-5.0 2.45-3.05

Poly(methyl methacrylate) 378

* Calorimetry (DSC) --- most widely used techniques

=2

A

fo

on/h
\V4

heaters

Figure 4.13. Schematic representation of a typical DSC sample cell showing
the sample (S) and reference (R) pans, as well as the heating and temperature sens-
ing elements.

The differential power needed to maintain both reference and sample pans at equal T

during a programmed heating cycle is recorded as a function of T.
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Figure 4.14. DSC thermogram of poly(ethylene terephthalate) crystallized at

200°C for 90 s showing a glass transition near 75°C, an excess crystallization

peak above 143°C, and a crystalline-melting endotherm with a peak maximum near
250°C.

Fractional crystallinity ¢ of a polymer sample
—_2Q
¢= AH;
where AQ : the heat of fusion of a semicrystalline polymer
(area under the melt endotherm)
AHg : the heat of fusion at 100% crystallinity

_7&(:1’
(2C,)

or ?71 B
am

where (& Cu)am : the specific heat increment in amorphous state
* Heat-distortion temperature (HDT) or Heat-deflection temperature
==> indicator of the temperature limit for structural (load-supporting) applications
A sample bar of standard dimension under a load of 455kPa placed at its center

--> Heating in an immersion bath at 2°C/min

. amorphous polymer : HDT < T

. semicrystalline polymer : T,<HDT <T (See Table 4.7)

4.3.3 Structure-property relationships

T, T, - strongly influenced by the chemical structure of the repeating unit
T, & T,, 1 as polymer chain flexibility |

< aromatic composition of the main chain ]

< bulky substituent groups in the main chain *

< nonrotational (i.e., unsaturated) groups the main chain T
(See Table 4.8)



TABLE 4.7 THERMAL-TRANSITION TEMPERATURES

Polymer HDT? (°C) T, (°C) Tn (°C)
Polyethylene 29to 126 -120to-125 137
Polypropylene 40 to 152 -10t0-18 176
Nylon-6,6 62 to 261 49 265
Poly(vinyl chloride) 60 to 76 87 Low crystallinity
Polystyrene 63 to 112 100 Amorphous
Polycarbonate 3910 148 150 Amorphous
Polysulfone 146 to 273 190 Amorphous

@ Al 1.82 MPa (264 psi); HDT range indicates values reported for all commercial
grades, including reinforced resins.

TABLE 4.8 EFFECT OF BACKBONE STRUCTURE ON THE
CRYSTALLINE-MELTING TEMPERATURE OF POLYESTERS
DERIVED FROM ETHYLENE GLYCOL (HOCH,CH,0OH)

Mo
—R—C—0—CH;—CH;— »

Compound Main-Chain Unit, R Tm (°C)

A —(CHp)s— 50

B _©— 270
D —@—CHZ—CH1—©— 220
E —@—CPPCH'—@* 420

Bulky substituent groups --> hinder chain rotation --> T, 1

TABLE 4.9 GLASS-TRANSITION TEMPERATURES OF
SELECTED VINYL POLYMERS

-{vCIl;—(IJH-};I
R

Polymer Substituent Group, R T‘ (°C)
Polyethylene H -125
Polypropylene (atactic) CH,4 =20
Poly(vinyl chloride) Cl 89
polyacrylonitrile C=N 100

Polystyrene @ 100
Poly(a-viny! napthalene) 135




. Polarity T --> intermolecular interactions T --> T,

ex) PP (T,=—20C), pvc (T,=89C), PAN (T,=100TC)

. Flexibility of the side group 1 -> T, |

TABLE 4.10 EFFECT OF INCREASING SIZE OF THE
SUBSTITUENT GROUP ON THE GLASS-TRANSITION
TEMPERATURE OF POLYMETHACRYLATES

Ao df

=0

P
CH;

Polymethacrylate Substituent Group, R T, (°C)

Poly(methyl methacrylate) CH;3 105
Poly(ethyl methacrylate) CH,CH;, 65
Poly(propyl methacrylate) CH,CH:CH; 35

. Syndiotactity --> T, 1
ex) i-PMMA (T,=45T), spPMMA (T,=115T)

. Trans geometric isomers --> T, 1
ex) cis-PBD (T,=—108T), trans-PBD (T, =—18T)
cis-polyisoprene (T, =—73C), trans-polyisoprene (T,=—537C)

4.3.4 Effect of MW, composition & pressure on |,

* MW dependence
Fox-Flory equation :

g g _7Mn limiting-property relationship

TABLE 4.11 FOX-FLORY PARAMETERS

Polymer T,~ (K) K (K)
Polydimethylsiloxane 148 59x10°
Poly(vinyl chloride) 351 8.1 x104
Polystyrene 373 1.2 % 10°
Poly(methyl methacrylate) 387 2.1x10°
Poly(c-methylstyrene) 446 3.6 %105

* Composition dependence
Blending the homogeneous mixture with a low MW additive or a second polymer



. Simple rule of mixture
N
Tg:wng.l+W2Tg.2 = Tg: >' wiT

=4 17 g1

where W;j : weight fraction of component I
; good for polymer blends,
but overpredicts T, of polymers plasticized with low MW compound
. Kelly-Bueche eq'n <-— T, 9| free volume 0|2222H L2 Al

T :7“1‘351Tg.1+a:2(1_‘351)Tg.2 _
g a,p,+a,(1—¢,) 1 : diluent, 2 : polymer
o : thermal expansion coeff.
¢ : volume fraction
. Wood eq'n <--- random copolymer 2| T, 0= <o JHZE Alolf
plasticized polymer 2 T, (ISHE AIS

T = ,Tg. 1 (kTg.Z_ T, 1)“"2
k : adjustable parameter
w @ weight fraction
. Equation based on thermodynamics
In (TH ) _ ~ woIn(T, /T, )
T w (T, /T, ) +w, (See Fig. 7.2)
In (Tg ): WZ&CB.ZIH(Tg.Z/Tg.l) -
<em- _OL‘I /l! TH.l Wl&CD.l(TH.z/TH.l)+W2&CD.2 0“}\—|

g1

2 E polymers 0l CHoll T,AC, Jb const.
Useful for a wide variety of polymer mixtures, including polymer blends,
for which the T of both components are roughly comparable, and plasticized

polymers, for which the Tgs of the polymer and plasticizer are widely apart.

Ol A'S Taylor series expansion

( Tgs of polymer & diluent are not too different)
ot =2l A0l &Lt (Fox equation).

. Fox eq'n
1w + _Wo
T, T, T,, (Inverse rule of mixture)

. Logarithmic rule of mixture
InT,=w;InT, +w,InT, ,

* Pressure dependence

—- insensitive, T increases at a rate of approximately 25K/kbar

dT,  ag

dp Ma



4.4 Mechanical properties

4.4.1 Mechanism of deformation
At low strain (i.e, <1%) --- elastic deformation
At high strain --- crazing(brittle polymers) or shear banding(ductile polymer)
* Crazing
: small cracks in a direction perpendicular to the principal direction of deformation

Typical values of critical strains ==> Table 4.12

TABLE 4.12 CRITICAL STRAINS FOR CRAZE INITIATION
IN GLASSY POLYMERS

Polymer Critical Strain (%)
Polystyrene 0.35
Styrene—acrylonitrile copolymer (SAN) 0.49
Poly(methyl methacrylate) 0.8-1.30
Poly(2,6-dimethyl-1,4-phenylene oxide) 1.5
Polycarbonate 1.8
2.5

Polysulfone

Figure 4.16. Micrograph of craze structures in poly(2,6-dimethyl-1,4-pheny-
lene oxide).'® (Courtesy of R. P. Kambour.)

A craze -- a few nm to gm in thickness, with microfibrils (0.6 to 30nm in diameter)
90% of the total volume of the craze : void space
anisotropic morphology ---> scattering of light ---> stress whitening
* Shear banding
localized shear deformation at 45° angle to the stretch direction (ex. PC)
dominant mode of deformation during tensile yielding of ductile polymers

SAN --- exhibits crazing & shear banding



4.4.2 Methods of testing
static testing (deformation rate is steady in time) : tensile & shear, compressive tests
transient testing (time response) : creep & stress relaxation tests
impact testing --- Izod & Charpy tests
cyclic testing --- fatigue test

* Static testing

. Tensile deformation

— -t—To
L T T !:ﬁvo
l‘_ Lo_’l /

Ao

Figure 4.17. lllustration of a typical tensile-dogbone sample. The overall
length of the specimens may vary from 63.5 to 246 mm. During tensile mea-
surement, the sample is gripped at.the wide ends. Specimen parameters include L,
gage length (distance between test marks or extensometer span, ca. 50 mm); W,
initial width (19 or 29 mm); T, initial thickness (4 to 14 mm); and A, initial
cross-sectional area.

__F
engineering (or nominal) stress ¢, o= Ay
AL
L . g =—
engineering strain &, L,
ot =F — ;L
true stress, A L, ( V=V during deformation )
r_ ("1 ;,_, (L
true strain, € =) L, !d!_ ln( L, )
volume change, AV=V-V,=(1-2v)eV,
S AL (V)
Poisson’s ratio, Y &L 2 V\ oe

v = (.5 for incompressible materials

TABLE 4.13 POISSON'S RATIO OF
SOME IMPORTANT POLYMERS

Poisson's
Polymer Ratio
Polyethylene (LD) 0.49
Poly(methyl methacrylate) 0.40
Polystyrene 0.38
Natural rubber 0.49

Poly(vinyl chloride) 0.4




Hooke’s law (for ideal elastic solid) : ¢ =Ee¢ cf) e=Do
E : tensile (or Young’s) modulus

D : tensile compliance (=1/E)
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Figure 4.18. Representative stress-strain curve for a polymer undergoing brit-
tle failure.
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Figure 4.19. Plot of modulus versus temperature for a high-molecular-weight,
amorphous polymers with variations for low-molecular-weight (M < M), cross-
linked, and semicrystalline polymers.

_pRT
E, (rubbery plateau modulus) « M. : inversely proportional to M.

M, : MW between entanglements



. shear deformation
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Figure 4.20. Illustration of the shear deformation of a solid with the shear force
(F) acting on the top surface of the cube.
__F
engineering shear stress Ay
_ __»X
shear strain 7= tanfd=—"_
=Gy, G : shear modulus
y=1Jt, J @ shear compliance

For isotropic materials,
E=2(1+vG

J=2(14+wvD
If v=0.5 (incompressible), E=3G, J=3D

g— & curve

ﬁy—.ﬂfj —_—

Strain —>

Figure 4.21. Typical stress-strain curves for samples exhibiting brittle failure
(curve 1), ductile failure with neck formation (curve 2), ductile failure with cold draw-
ing and orientational hardening (curve 3), and rubbery behavior with evidence of

strain-induced crystallization (curve 4). Point of failure is indicated by the symbol

X,
Curve 1 : brittle polymers

Curves 2&3 : ductile polymers
show yield stress 0y(maximum stress at €,), strain softening,

draw stress, cold drawing, and orientation hardening



Curve 4 : rubbery polymers
shows strain-induced crystallization
modulus of ductile polymers < modulus of brittle polymers

toughness of " > toughness of

TABLE 4.14 MECHANICAL PROPERTIES OF REPRESEN-
TATIVE POLYMERS

Elastic  Yield Ultimate Elongation
Modulus Strength Strength to Break
Polymer GPa" MPa MPa %

Polypropylene 1.0-1.6 23 24-38 200-600
Polystyrene 2.8-3.5 — 38-55 1-2.5
Poly(methyl methacrylate) — 2.4-2.8 48-62 48-69 2-10
Polyethylenc (low-density) 0.14-0.28  6.9-14 10-17 400-700
Polycarbonate 2.4 55-69 55-69 60-120
Poly(vinyl chloride) (rigid) ~ 2.1-4.1 55-69 41-76 5-60
Polytetrafluorocthylene 0.41 10-14 14-28 100-350

2 To convert GPa to psi, multiply by 1.45 x 10°; to convert MPa to psi, multiply by 145.

Factors to affect the mechanical properties
: chemical structure of polymer, conditions of sample preparation, MW,
MW distribution, crystallization, extent of crosslinking or branching,
T & rate of deformation
T T — brittle to rubbery response

rate of deformation , — brittle to rubbery response

* Transient testing

: creep & stress-relaxation

. creep tests

: measure ¢ at a constant load 0y

o
Applied %
load
0 Time !
A
e B c C
& o' i ——— —_———
- 0 - -
Time ! Time ! 0 Time !

Figure 4.23. Response of different idealized materials to an instantaneous ap-
plication of a stress at time 1 = 0. A, elastic; B, viscous; and C, viscoelastic.



_ e
D(t) = o : tensile compliance

simple laboratory setup for creep testing
Plastic film or bar clamped at one end to a rigid support enclosed in a
temperature controlled box. Weight is added to the opposite end.

= measuring the relative movement of two marks
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Figure 4.24. A. Representative plots of creep compliance as a function of time
at different temperatures. Arrows show direction of the horizontal shift of data to
obtain a master curve at a reference temperature taken as the T, of the polymer. B.
Creep master curve obtained by time—temperature superposition.

. stress-relaxation tests

measure ¢ at a fixed €y at const T.
E(t) =7
&

(See Fig. 4.25)

=> Master curve (time-temperature superposition)
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Figure 4.25. Stress-relaxation modulus as a function of time. Arrows show di-
rections of shift to obtain master curve at reference temperature.

* Impact testing
Izod and Charpy tests ---- widely used.
Energy-to-break is determined from the loss in kinetic E of the hammer.

TABLE 4.15 VALUES OF NOTCHED-IZOD
IMPACT STRENGTH FOR SOME
REPRESENTATIVE THERMOPLASTICS

Impact Stl;ength'

Polymer J m
Polystyrene 13-21
Poly(vinyl chloride) 21-160
Polypropylene 27-107
Polystyrene (high-impact) 27427
Polyethylene (high-density) 27-1068
ABS 53-534
Polysulfone 69-267
Polycarbonate 641-961
Polyethylene (low-density) 854

2 To convert J m”! to ft-Ibg in.”!, divide by 53.38.

impact resistant polymers : HIPS & ABS

(dispersing small rubber particles within brittle polymers)

* Fatigue testing
"fatigue life"
endurance limit : max. value of stress for which failure will not occur.

--- important in load-bearing applications

(See Fig. 4.26)
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Figure 4.26. Representative fatigue curve.




