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322 Influence of Processing in Propeties 

material into a leathery or rubberlike substance. Once the material has cooled
below the glass transition temperature, 7., the polymer becomesstiff and
brittle. At the glass transition temperature, the specific volume and enthalpy
curves experience a significant change in slope. This can be seen for
polystyrene in the enthalpy-temperature curve shown in Fig. 8.1. With semi-
crystalline thermoplastics, at a crystallization temperature near the melting
temperature, the molecules start arranging themselves in small crystalline and
amorphous regions, creating a very complicated morphology. During the
process of crystalline structure formation, a quantum of energy, often called
heatofcrystallization orheatoffusion, is released and must be conducted out of the
material before the cooling process can continue. The heat of fusion is reflected
in the shape of the enthalpy-temperature curve as shown for polyamide 6.6,
polyethylene and polypropylene in Fig. 8.1. At the onset of crystalline growth,
the material becomes rubbery yet notbrittle, since the amorphous regions are
still above the glass transition temperature. As seenearlier, the glass transition
temperature for some semi-crystalline polymers is far below room
temperature, making them tougher than amorphous polymers. For common
semi-crystalline polymers, the degree of crystallization can be between 30 and
70%. This means that 30-70%of the molecules form crystals and the rest remain
in an amorphous state. The degree of crystallization is highest for those
materials with short molecules since they can crystallize faster and more easily.
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Figure 8.1. Enthalpyas a function of temperature for various thermoplastics.

Figure 8.2 [1] shows the volumetric temperature dependence of a polymer.
In the melt state, the chains have “empty spaces” in which molecules can move
freely. Hence, undercooled polymer molecules canstill move as long as space
is available. The point at which this free movement ends for a molecule or
segment of chains is called the glass transition temperature or solidification
point. As pointed outin Fig. 8.2, the free volume is frozen-in as well. In the case
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of crystallization, ideally, the volume should jump to a lower specific volume.
However even here, small amorphous regions remain which permit a slow
flow or material creep. This free volume reduces to nothing at absolute zero
temperature at which heat transport can no longer occur.

 
 

T=0K T-. Ty Tm
Tigure 8.2 Thermal expansion modelfor thermoplastic polymers.

The specific volume of a polymer changes with pressure even at the glass
transition temperature. This is demonstrated for an amorphous thermoplastic
in Fig. 8.3 and for a semi-crystalline thermoplastic in Fig. 8.4.

It should be noted here that the size of the frozen-in free volume depends
on the rate at which a material is cooled; high cooling rates result in a large
free volume.In practice this is very important. When the frozen-in free volume
is large, the part is less brittle. On the other hand, high cooling rates lead to
parts that are highly permeable, which may allow the diffusion of gases or
liquids through container walls. The cooling rate is also directly related to the
dimensional stability of the final part. The effect of high cooling rates can often
be mitigated by heating the part to a temperature that enables the molecules to
move freely; this will allow furthercrystallization by additional chain folding.
This process has a great effect on the structure and properties of the crystals and
is referred to as annealing. In general, this only signifies a qualitative
improvement of polymerparts. It also affects shrinkage and warpage during
service life of a polymer component, especially when thermally loaded.

All these aspects have a great impact on processing. For example, when
extruding amorphous thermoplastic profiles, the material can be sufficiently
cooled inside the dic so that the extrudate has enoughrigidity to carry its own
weight as it is pulled away from the die. Semi-crystalline polymers with low
molecular weights have a viscosity above the melting temperature that is too
low to be able to withstand their own weight as the extrudate exits the die.
Temperatures below the melting temperature, T,, however cannot be used due
to solidification inside the die. Similar problems are encountered in the
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324 Influence of Processing in Propeties 

thermoforming process in which the material must be heated to a point so that
it can be formed into its final shape, yet has to be able to withstand its own
weight.
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Figure 8.3 Schematic of a p-v-T diagram for amorphous thermoplastics.
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Figure 8.4 Schematic of a p-v-T diagram for semi-crystalline thermoplastics.

Semi-crystalline polymers are also at a disadvantage in the injection
molding process. Because of the heat needed for crystallization, more heat must
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be removed to solidify the part; and since there is more shrinkage, longer
packing times and larger pressures must be employed. All this implies longer
cycle times and more shrinkage. High cooling rates during injection molding
of semi-crystalline polymers will reduce the degree of crystallization.
However, the amorphousstate of the polymer molecules may lead to some
crystallization after the process, which will result in further shrinkage and
warpage of the final part. It is quite common to follow the whole injection
molding process in the p-v-T diagrams presented in Figs. 8.3 and 8.4, and thus
predict how much the molded component has shrunk.

8.1.2 Morphological Structure

Morphology is the order or arrangement of the polymerstructure. The possible
“order” between a molecule or molecule segment and its neighbors can vary
from a very ordered highly crystalline polymeric structure to an amorphous
structure (i.e., a structure in greatest disorder or random). The possible range of
order and disorderis clearly depicted ontheleft side of Fig. 8.5. For example, a
purely amorphous polymer is formed only by the non-crystalline or
amorphous chain structure, whereas the semi-crystalline polymer is formed by
a combination of all the structures represented in Fig. 8.5.

The imageof a semi-crystalline structure as shownin the middle of Fig. 8.5,
can be captured with an electron microscope. A macroscopic structure, shown
in the right hand side of the figure, can be captured with an optical
microscope. An optical microscope can capture the coarser macro-
morphological structure such as the spherulites in semi-crystalline polymers.
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Figure 8.5 Schematic diagram of possible molecular structure which occur in
thermoplastic polymers.

An amorphous polymer is defined as having a purely random structure.
Howeverit is not quite clear if a “purely amorphous” polymer as such exists.
Electron microscopic observations have shown amorphous polymers that are
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| composedof relatively stiff chains, show a certain degree of macromolecular
structure and order, for example, globular regions or fibrilitic structures.
Nevertheless, these types of amorphous polymersarestill found to be optically
isotropic. Even polymers with soft and flexible macromolecules, such as
polyisoprene which wasfirst considered to be random, sometimes show band-
like and globular regions. These bundle-like structures are relatively weak and
short-lived when the material experiences stresses. The shear thinning viscosity
effect of polymers sometimes is attributed to the breaking of such
macromolecular structures.

8.1.3 Crystallization

Early on, before the existence of macromolecules had been recognized, the
presence of highly crystalline structures had been suspected. Such structures
were discovered when undercooling or when stretching cellulose and natural
rubber. Later, it was found that a crystalline order also existed in synthetic
macromolecular materials such as polyamides, polyethylenes, and polyvinyls.
Because of the polymolecularity of macromolecular materials, a 100% degree of
crystallization cannot be achieved. Hence, these polymers are referred to as
semi-crystalline. It is common to assumethat the semi-crystalline structures are
formed by small regions of alignment or crystallites connected by random or
amorphous polymer molecules.

With the use of electron microscopes and sophisticated optical microscopes
the various existing crystalline structures are now well recognized. They can be
listed as follows:

* Single crystals. These can form in solutions and help in the study of
crystal formation. Here, plate-like crystals and sometimes whiskers are
generated.

Spherulites. As a polymer melt solidifies, several folded chain lamellae
spherulites form which are up to 0.1 mm in diameter. A typical example
of a spherulitic structure is shownin Fig. 8.6 [2]. The spherulitic growth
in a polypropylene melt is shownin Fig. 8.7 [3].

Deformed crystals. If a semi-crystalline polymer is deformed while
undergoing crystallization, oriented lamellae form instead of spheru-
lites.

Shish-kebab. In addition to spherulitic crystals, which are formed by
plate- and ribbonlike structures, there are also shish-kebab, crystals
which are formed by circular plates and whiskers. Shish-kebab structures
are generated when the melt undergoes a shear deformation during
solidification. A typical example of a shish-kebab crystal is shown in Fig.
8.8 [4]. 
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  Figure 8.7 Developmentof the spherulitic structure in polypropylene. Images were

taken at 30 s intervals.  
  The crystallization fraction can be described by the Avrami equation [5],

written as follows:  
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x(t)=1-e*" (8.1)    
    
    
   
    
    

 
   

  
        
    
          

where Z isa molecular weight and temperature dependentcrystallization rate
| and n the Avrami exponent. However, since a polymer cannot reach 100%

crystallization the above equation should be multiplied by the maximum
possible degree ofcrystallization, x,.

x{t)= x,(1 -"| (8.2)

i) ~— Folded-chain
lamella 

Figure 8.8 Model of the shish-kebab morphology.

The Avrami exponent, n, ranges between 1 and 4 depending onthe typeof
nucleation and growth. For example, the Avrami exponent for spherulitic
growth fromsporadic nuclei is around 4, disclike growth 3, and rodlike growth
2. If the growthis activated from instantaneous nuclei, the Avrami exponentis
lowered by 1.0 for all cases. The crystalline growth rate of various polymers
differ significantly from one to another. This is demonstrated in Table 8.1
which shows the maximum growth rate for various thermoplastics. The
crystalline mass fraction can be measured experimentally with a differential
scanning calorimeter (DSC).

A more in-depth coverage of crystallization and structure development
during processing is given by Eder and Janeschitz-Krieg][7].
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Table 8.1 Maximum Crystalline Growth Rate and Maximum Degree of
Crystallinity for Various Thermoplastics

 Polymer=—————S—S~S*S*«<SGrowthirate(min)Maximumcrystallinity(%)
Polyethylene >1000 80
Polyamide 66 1000 70

Polyamide 6 200 35

Isotactic polypropylene 20 63

Polyethylene terephthalate 7 50

Isotactic polystyrene 0.30 32

Polycarbonate 0.01 25

8.1.4 Heat Transfer During Solidification

Since polymer parts are generally thin, the energy equation! can be simplified
to a one-dimensional problem. Thus, using the coordinate description shown in
Fig. 8.9 the energy equation can be reduced to

Soliditied layer

_ Cooling~ lines 
 

Figure 8.9 Schematic diagram of polymer melt inside an injection mold. 

1 The energy equation is discussed in Chapter 3 and can be found in its complete form in Appendix A.
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330 Influence of Processing in Propetiesce

I ,FT
C,— = k—> 8.3PCy as (8.3)

Another assumption— and to reduce warpage, usually a requirement— is a
symmetry boundary condition:

Ho at z=0 (8.4)
az

If the sheet is cooled via forced convection or the part is inside a perfectly
cooled mold, the final temperature of the part can be assumed to be the second
boundary condition:

T=T, (8.5)

A typical temperature history for a polystyrene plate, its properties presented
in Table 8.2 [8], is shown in Fig. 8.10. Once the material's temperature drops
below the glass transition temperature, T,, it can be considered solidified. This
is shown schematically in Fig. 8.11. Of importance here is the position of the
solidification front, X(t). Once the solidification front equals the plate's
dimension L, the solidification process is complete. From Fig. 8.10 it can be
shown that the rate of solidification decreases as the solidified front moves
further away from the cooled surface. For amorphous thermoplastics, the well-
known Neumann solution can be used to estimate the growth of the glassy or
solidified layer. The Neumann solution is written as

X(t) «Jar (8.6)

Table 8.2 Material Properties for Polystyrene

K = 0.117 W/mK

Cp = 1185J/keK

p = 1040 kg/m?

Tg = 80°C
E = 3.2E9 Pa

Vv = 0.33
EEE

Figure 8.10

Figure 8.11
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Temperature history of polystyrene cooled inside a 5 mm thick mold.

  
Schematic diagram of the cooling process of a polymerplate.
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where a is the thermal diffusivity of the polymer. It must be pointed out here
that for the Neumann solution, the growthrate of the solidified layer is infinite
as time goes to zero.

The solidification process in a semi-crystalline materials is a bit more
complicated due to the heat of fusion or heat of crystallization, nucleation rate,
etc. When measuring the specific heat as the material crystallizes, a peak which
represents the heat of fusion is detected (see Fig. 4.12). Figure 8.12 shows the
calculated temperature distribution in a semi-crystalline polypropylene plate
during cooling. The material properties used for the calculations are shown in
Table 8.3 [8]. Here, the material that is below the melting temperature,
T,, is considered solid2?. Experimental evidence [9] has demonstrated
that the growth rate of the crystallized layer in semi-crystalline polymersis
finite. This is mainly due to thefact that at the beginning the nucleation occurs
ata finite rate. Hence, the Neumann solution presented in Eq. 8.6 as well as the
widely used Stefan condition [10], do not hold for semi-crystalline polymers.
This is clearly demonstrated in Fig. 8.13 [10] which presents measuredthickness
of crystallized layers as a function of time for polypropylene plates quenched
at three different temperatures. For further reading on this important topic the
reader is encouraged to consult the literature [11, 12].

Table 8.3 Material Properties for Polypropylene

K = 0.117 W/mK

Cp, solid = 1800J/kgK

Cp, melt = 2300J/kgK

0 = 930 kg/m?

Tg = -18°C

Tm = 186°C

a» = 209 kJ/kg 

2 [tis well-knownthat the growth of the crystalline layer in semi-crystalline polymers is maximal
somewhat belowthe melting ternperature, ata temperature Te. The growth speed of nuclei is zero at
the melting temperature and at the glass transition temperature.
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Figure 8.12 Temperature history of polypropylene cooled inside a 5 mm thick mold.
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Figure 8.13 Dimensionless thickness of the crystallized layers as a function of
dimensionless time for various temperatures of the quenching surface.
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8.2 Solidification of Thermosets

The solidification process of thermosets, such as phenolics, unsaturated
polyesters, epoxy resins, and polyurethanes is dominated by an exothermic
chemical reaction called curing reaction. A curing reaction is an irreversible
process that results in a structure of molecules that are more or less cross-
linked. Some thermosets cure under heat and others cure at room temperature.
Thermosets that cure at room temperature are those for which the reaction
starts immediately after mixing two components, where the mixing is usually
part of the process. However, even with these thermosets, the reaction is
accelerated by the heat released during the chemical reaction, or the exotheri.
In addition, it is also possible to activate cross-linking by absorption of
moisture or radiation, such as ultra-violet, electron beam, and laser energy
sources [13].

In processing, thermosets are often grouped into three distinct categories,
namely those that undergo a /ieat activated cwre, those that are dominated by a
mixing activated cure, and those which are activated by the absorption of
humidity or radiation. Examples of heat activated thermosets are phenolics;
examples of mixing activated cure are epoxy resins and polyurethane.

8.2.1 Curing Reaction

In a cured thermoset, the molecules are rigid, formed by short groups that are
connected by randomly distributed links. The fully reacted or solidified
thermosetting polymer does not react to heat as observed with thermoplastic
polymers. A thermoset may soften somewhat upon heating and but then
degrades at high temperatures. Due to the high cross-link density, a thermoset
component behaves as an elastic material over a large range of temperatures.
However, it is brittle with breaking strains of usually 1 to 3%, The most
common example is phenolic, one of the most rigid thermosets, whichconsists
of carbon atoms with large aromatic rings that impede motion, making it stiff
and brittle. Its general structure after cross-linking is given in Figs. 3.22 and
3.23.

‘Thermosets can be broken down into three categories: thermosets which
cure via condensation polymerization, those that undergo addition polymerization and
those that cure via free radiacal polymerization.

Condensation polymerization is defined as the growth process that results
from combining two or more monomers with reactive end-groups, and leads
to by-products such as an alcohol, water, an acid, etc. A common thermoset that
polymerizes or solidifies via condensation polymerization is phenol
formaldehyde, discussed in Chapter 3. The by-product of the reaction when
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making phenolics is water. Examples of addition polymerization are
polyurethanes and epoxies.

An example of a cross-linking reaction of a thermoset by free radical reaction
is the co-polymerization of unsaturated polyester with styrene molecules,
shownin Fig. 8.14. The molecules contain several carbon-carbon double bonds
which act as cross-linking sites during curing. An example of the resulting
network after the chemical reaction is shownin Fig. 8.15.
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Figure 8.14 Symbolic and schematic representations of uncured unsaturated

polyester.
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Figure 8.15|Symbolic and schematic representations of cured unsaturated polyester.
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8.2.2 Cure Kinetics

As discussed earlier, in processing thermosets can be grouped into two general
categories: heat activated cure and mixing activated cure thermosets. However, no
matter which category a thermoset belongs to, its curing reaction can be
described by the reaction between two chemical groups denoted by A and B
which link two segments of a polymer chain. The reaction can be followed by
tracing the concentration of unreacted As or Bs, C, or C,. If the initial
concentration of As and Bs is defined as C, and C,,, the degree of cure can be
described by

8.7)
Ao

The degree of cure or conversion, C’, equals zero when there has been no
reaction and equals one when all As have reacted and the reaction is complete.
However, it is impossible to monitor reacted and unreacted As and Bs during
the curing reaction of a thermoset polymer. It is known though that the
exothermic heat released during curing can be used to monitor the conversion,
Cc’. When small samples of an unreacted thermoset polymer are placed in a
differential scanning calorimeter (DSC), each at a different temperature, every
sample will release the same amount of heat, Q,. This occurs because every
cross-linking that occurs during a reaction releases a small amountof energy in
the form of heat. For example, Fig. 8.16 [14] showsthe heat rate released during
isothermal cure of a vinyl ester at various temperatures.

The degree of cure can be defined by the following relation

» Q@ = 8.80, (8.8)
where Q is the heat released up to an arbitrary time t, and is defined by

O= [Oat 89)

DSC data is commonly fitted to empirical models that accurately describe the
curing reaction. Hence, the rate of cure can be described by the exotherm, @,
andthetotal heat released during the curing reaction, Q,, as

ac2 (8.10)
dt Q,
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With the use of Eq. 8.10, it is now easy to take the DSC data and find the
models that describe the curing reaction.

HeatflowJ/{sg)   
Time (minutes)

Figure 8.16 DSC scans of the isothermal curing reaction of vinyl ester at various
temperatures.

During cure, thermoset resins exhibit three distinct phases; viscous liquid,
gel, and solid. Each of these three stages is marked by dramatic changes in the
thermomechanical properties of the resin. The transformation of a reactive
thermosetting liquid to a glassy solid generally involves two distinct
macroscopic transitions: molecular gelation and vitrification. Molecular
gelation is defined as the time or temperature at which covalent bonds connect
across the resin to form a three-dimensional network which gives rise to long
range elastic behavior in the macroscopic fluid. This point is also referred to as
the gel point, where C’ = C,. As a thermosetting resin cures, the cross-linking
begins to hinder molecular movement, leading to a rise in the glass transition
temperature. Eventually, when T, nears the processing temperature, the rate of
curing reduces significantly, eventually dominated by diffusion. At this point
the resin has reached its vitrification point. Figure 8.17, which presents degree
of cure as a function of time, illustrates how an epoxyresin reaches a maximum
degree of cure at various processing temperatures. The resin processed at
200 °C reaches 100% cure since the glass transition temperature of fully cure
epoxy is 190 °C, less than the processing temperature. On the other hand, the
sample processed at 180 °C reaches 97% cure and the one processed at 160 °C
only reaches 87% cure.
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Figure 8.17 Degree of cure as a function time for an epoxy resin measured using
isothermal DSC.

Figures 8.16 and 8.17 also illustrate how the curing reaction is accelerated as
the processing temperature is increased. The curing reaction of thermally cured
thermoset resins is not immediate, thus the blend can be stored in a
refrigerator for a short period of time without having any significant curing
reaction.

The behavior of curing thermosetting resins can be represented with the
generalized time-temperature-transformation (ITT) cure diagram developed
by Enns and Gillham [16]; it can be used to relate the material properties of
thermosets as a function of time and the processing temperature as shown in
Fig. 8.18.
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Figure 8.18 Time-temperature-transformation (TTT) diagram for a thermoset

The diagram presents various lines that represent constant degrees of cure.
The curve labeled C=C, represents the gel point and C” =1 the fully cured
resin. Both curves have their corresponding glass transition temperatures, T,,
and T, for the glass transition temperature of the fully cured resin andatits
gel point, respectively. The glass transition temperature of the uncured resin,
To, and an S-shaped curve labeled “vitrification line,” are also depicted. The
vitrification line represents the boundary wherethe glass transition temperature
becomes the processing temperature. Hence, to the left of the vitrification curve
the curing process is controlled by a very slow diffusion process. The TTT-
diagram showsan arbitrary process temperature. The material being processed
reaches the gel point at t=t,,, and the vitrification line at r=1r,. At this point
the material has reached a degree of cure of C, and glass transition temperature
of the resin is equal to the processing temperature. The material continues to
cure very slowly (diffusion controlled) until it reaches a degree of cure just
below C,, There are also various regions labeled in the diagram. The one
labeled “viscous liquid” is the one wherethe resin is found from the beginning
of processing until the gel point has been reached. The flow and deformation
that occurs during processing or shaping must occur within this region. The
Tegion labeled “char” must be avoided during processing, since at high
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processing temperatures the polymer will eventually undergo thermal
degradation.

The model that best represents the curing kinetics of thermosetting resins
as reflected in a TTT-diagram is a diffusion modified Kamal-Sourour reaction
model [17, 18, 19]. To model autocatalytic cure kinetics, the model can be
applied as

dc »)

aleeecyi-cy (11)
where m and n are reaction orders, and k, and k, are constants defined by

oe (8.12)
k Ke ky

4
Here, k are Arrhenius overall rate constants defined by

yA

ki =ae (8.13)
and

ki Jae? (8.14)

where a, and a, are fitting parameters, E, and £,, activation energies and R
the ideal gas constant. The constant k, in Eq. 8.12 is the diffusion rate constant
defined as

Hips’ Abn

kp =Gye “"e”? (8.15)

where a, and b are adjustable parameters, E, is the activation energy of the
diffusion process, and f is the equilibrium fractional free volume given by

f = 0.00048(7 - 7, ) + 0.025 (8.16)

where T, is the instantaneous glass transition temperature during cure.
Equation (8.12) showsthat the overall rate constant is governed at one extreme
by the Arrhenius rate constant when k, >>k*, which is the case prior to
vitrification, and at the other extreme by the diffusion rate constant when
k, << ki, which is the case well after vitrification. For a system exhibiting a
unique one-to-one relationship between the glass transition temperature and
conversion, DiBenedetto’s equation [20] is one of the easiest approaches for
stoichiometric ratios to express this relationship using only a single parameter
as
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(Ty) = Tyo AC”T.=T + Austsy 8.1fs 1-1- AC 6.17)

where T,, is the glass transition temperature of the uncured resin, T,, is the
glass transition temperature of the fully reacted network, and A is a structure
dependent parameter theoretically equated to

AC

A= Te (8.18)pl

The values of AC,, and AC,, are the differences in the heat capacity between
the glassy and rubbery state for the uncured resin and the fully cured network,
respectively. However the parameter A can also be usedasfitting parameter.

Mixing activated cure materials such as polyurethanes will instantly start
releasing exothermic heat after the mixture of its two components has occurred.
The proposed Castro-Macosko curing model accurately fits this behavior andis
written as [15]

ac = ke*(1-CY (8.19)

8.2.3 Heat Transfer During Cure

A well-known problem in thick section components is that the thermal and
curing gradients become more complicated and difficult to analyze since the
temperature and curing behavior of the part is highly dependent on both the
mold temperature and part geometry [21, 22]. A thicker part will result in
higher temperatures and a more complex cure distribution during processing.
This phenomenon becomes a major concern during the manufacture of thick
components since high temperatures may lead to thermal degradation. A
relatively easy way to check temperatures that arise during molding and
curing or demolding times is desired. For example, a one-dimensional form of
the energy equation that includes the exothermic energy generated during
curing can be solved:

rfa

pc,a k mc + pQ (8.20)
 

Assuming the material is confined between two mold halves at equal
temperatures, the use of a symmetric boundary condition at the center of the
partis valid:

MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 181



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 182

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 
 

  

342 Influence of Processing in Propeties 

of

represents dC”/dt, Barone and Caulk [23] solved Eqs. 8.20-8.22 for the curing of
sheet molding compound (SMC). The SMC was composed of an unsaturated
polyester resin with 40.7% calcium carbonate and 30% glass fiber by weight.
Figures 8.19 and 8.20 show typical temperature and degree of cure
distributions, respectively, during the solidification of a 10 mm thick part as
computed by Barone and Caulk. In Fig. 8.19, the temperature rise resulting
from exothermic reaction is obvious. This temperature rise increases in thicker
parts and with increasing mold temperatures. Figure 8.21 is a plot of the time
to reach 80% cure versus thickness of the part for various mold temperatures.
The shaded area represents the conditions at which the internal temperature
within the part exceeds 200 °C because of the exothermic reaction.  
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Figure 8.19 Temperature profile history of a 10 mm thick SMCplate.
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cooling and flow stresses. The first and most important factor is the residual
stress that is formed because of the rapid cooling or quenching of the part

       
inside the mold cavity. As will be discussed and explainedlater in this chapter,
this dominant factor is the reason why most thermoplastic parts have residual
stresses that are tensile in the central core of the part and compressive on the

=e surface. Typical residual stress distributions are shown in Fig. 8.22 [24], which
i| (SI presents experimental4 results for PMMA andPSplates cooled at different

2 conditions,
3

5 10ao
2oO

£ke
0

oe

5-10
0 10 20 3.

| Sheet thickness (mm)

Figure 8.21 Cure times versus plate thickness for various mold temperatures.
Shaded region represents the conditions at which thermal degradation ao
may occur.

. | 0SSS
8.3 Residual Stresses and Warpage of Polymeric Parts ; yi a

Figure 8.22 Residual stress distribution for 3 mm thick PMMAplates cooled from
170 °C and 130 °C to 0 °C, and for 2.6 mm thick PS plates cooled from

. ; : 150 °C and 130 °C to 23 °C.
Some major problems encountered when molding polymeric parts are the
control and prediction of the component's shape at room temperature. For oo,
example, the resulting sink marks in the final product are caused by the Residualstresses in injection molded parts are also formed by the shear and
shrinkage of the material during cooling? or curing. A common geometry that normal stresses thatexist during flow of the polymer melt inside the mold
usually leads to a sink mark is a ribbed structure. The size of the sink mark, cavity during thefilling and packing stage. These tensile flow induced stresses
whichis often only a cosmetic problem,is not only related to the material and are often very small compared to the stresses that build up during cooling.
processing conditions but also to the geometryof the part. A rib that is thick in However, at low imjection temperatures, these stresses can be significant in
relation to the flange thickness will result in significant sinking on the flat side size, possibly leading to parts with tensile residual stresses on the surface.
of the part. Figure 8.23 [25] demonstrates this concept with PS plates molded at different

injection temperatures. The figure presents residual stress distributions
through the thickness of the plate perpendicular and parallel to the flow
direction. Isayev [24, 25] has also demonstrated that flow stresses are maximum
near the gate. The resulting tensile residual stresses are of particular concern
since they may lead to stress cracking of the polymer component.

Warpagein the final product is often caused by processing conditions that
cause unsymmetric residual stress distributions through the thickness of the
part. Thermoplastic parts most affected by residual stresses are those that are
manufactured with the injection molding process. The formation of residual
stresses in injection molded parts is attributed to two major coupled factors:ooeeeeeeeeSe

3 In injection molding one can mitigate this problem by continuously pumping polymer melt into the 4 The expcrimental residual stress distributions where directly computed from curvature measurements
mold cavity as the part cools until the gate freezes shut. obtained bythe layer removal method.
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Figure 8.23 Residual stress distribution parallel and perpendicular to the flow
direction for a 2.54 mm thick PS plate cooled from 244 9C (1) and 210
©C (2) to 60 PC

The development of models and simulations to predict shrinkage and
warpage in the manufacturing of plastic parts is necessary to understand and
control the complex thermomechanical behavior the material undergoes
during processing. Shrinkage and warpage result from material inhomo-
geneities and anisotropy caused by moldfilling, molecular or fiber orientation,
curing or solidification behavior, poor thermal mold lay-out, and improper
processing conditions. Shrinkage and warpage are directly related to residual
stresses. Transient thermal or solidification behavior as well as material

anisotropies can lead to the build-up of residual stresses during manufacturing.
Such process-induced residual stresses can significantly affect the mechanical
performance of a component by inducing warpage or initiating cracks and
delamination in composite parts. It is hoped that an accurate prediction of the
molding process and the generation of residual stresses will allow for the
design of better molds with appropriate processing conditions.

This section presents basic concepts of the thermomechanical behavior
during the manufacturing process of polymeric parts. The formation of residual
stresses during the fabrication of plastic parts is introducedfirst, followed by a
review of simple models used to compute residual stresses and associated
warpage of plates and beams under different thermal loadings. Several models,
which characterize the transient mechanical and thermomechanical behavior of

thermoplastic polymers will be reviewed and discussed next. Using these
existing models, residual stresses, shrinkage, and warpage of injection molded
thermoplastic parts can be predicted. Furthermore, results from the literature
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are presented. Since thermoset polymers behave quite differently from
thermoplastic polymers during molding, other models need to be introduced
to compute the thermomechanical behavior of thermoset polymers. Based on
these models, results for predicting residual stresses and the resulting
shrinkage and warpage for both thin and thick thermoset parts are also
discussed.

8.3.1 Residual Stress Models

The formation of residual stresses is most critical during the solidification of
polymer components inside injection molds. To illustrate residual stress build-
up during injection molding, the plate shapedinjection molding cavity shown
in Fig. 8.9 is considered. Asa first order approximation, it can be assumed that
a hard polymer shell forms around the melt pool as the material is quenched
by the cool mold surfaces. Neglecting the packing stage during the injection
molding cycle, this rigid frame contains the polymer as it cools and shrinks
during solidification. The shrinkage of the polymeris, in part, compensated by
the deflection of the rigid surfaces, a deformation that occurs withlittle effort.
In fact, if the packing stage is left out, it is a common experimental observation
that between 85 to 90% of the polymer's volumetric changes are compensated
by shrinkage through the thickness of the part [26]. To understand which
material properties, boundary conditions, and processing conditions affect the
residual stresses in a solidified polymer component, the cooling process of an
injection molded amorphous polymer plate, as it cools inside the mold cavity,
will be considered. For simplicity, in the following analysis we include only
the thermal stresses which result from the solidification of an injection molded
article as itis quenched from aninitial temperature, 7,, to a final temperature,
T, (Fig. 8.9). However, it is important to point out again that, in injection
molded parts, the solidification process starts during mold filling, and that
flow continues during the post-filling or packing stage. This results in frozen-in
flow stresses that are of the same order as the thermal stresses. Baaijens [27]
calculated the residual stresses in injection molded parts, including the
viscoelastic behavior of the polymer and the flow and thermal stresses. With
his calculations, he demonstrated that the flow induced stresses are significant
and that a major portion of them stems back to the post-filling stage during
injection molding. This is in agreement with experimental evidence from
Isayev [24] and Wimberger-Fried] [28].

In Fig. 8.9 the plate thickness, 2L, denotes the characteristic dimension
across the z-direction and is considered to be much smaller than its other

dimensions. This is a common assumption for most polymer parts. It is
assumed that the polymer behaves as a viscous liquid above T, and as an elastic
solid below r,. The resulting residual stresses form because the cooling of the
plate, from the outside to the inside, cause the outer layers to solidify first
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348 Influence of Processing in Propeties

without any resistance from the hot liquid core. As the inner layers solidify and
cool, their shrinkage is resisted by the solidified outer surface, thus, leading to
a residual stress which is tensile in the center and compressive at the surface.
Hence, the residual stress build-up must depend on material and process
dependent temperatures, space, thermal properties, elastic properties, and on
time. This can be expressed as

o= Off, -T,,T, -T,,L,z.B,k,hia, Ev,t} (8.23)
where £ is the thermal expansion coefficient, k the thermal conductivity, a the
thermal diffusivity, E the elastic modulus, v Poisson's ratio, and ¢ time. Using
the dimensional analysis and assuming that stress relaxation effects are
negligible, the final residual stress can be written as

o(l-v -aF(BiZe;) (8.24)E

where Zz is a dimensionless coordinate defined by z/L and B, is the Biot
number defined by the ratio of convective heat removal to heat conduction and
is calculated with

pe
kBi (8.25)

A large Biot number signifies a process where the heat is removed from the
surface of the part at a high rate. This is typical of fast quench processes, which
result in both high temperature gradients and residual stresses. Predicted
temperature distributions in a process with a large Biot number is shown in
Fig. 8.24a. On the other hand, a low Biot number describes a process where the
heat is removed from the part's surface at a very low rate, resulting in parts
with fairly constant temperatures. Predicted temperature fields, for low Biot
number processes, as shown in Fig. 8.24b, will lead to low residual stresses in
the final part.

The third quantity, ¢,, found in Eq. 8.24 is the thermal strain that will lead
to residual stress. It is a quantity that measures the influence of processing
conditions on residual stress formation and is defined by

€, = B(T, -T,) (8.26)
Thelimits of the thermal strain are described by

& =0 (8.27)

if Ty= Ty and

é, = Maximun (8.28)

if T)= Tg

me

 

{a) Temperature(K)

Temperature(K)
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Figure 8.24 Effect of Biot number on the temperature distribution history in a
cooling plate: (a) large Bi (b) small Bi.

Theselimits can be explained. A polymer thatis only allowedto coolto 7,,
does not have a chance to build up any residual stresses, since

these can only exist below the glass transition temperature and not in the
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350 Influence of Processing in Propeties

liquid state. On the other hand, a polymerthatis initially at the glass transition
temperature and cools to another temperature perceives all its strain in the
solid state, hence, conceivably translating them completely into stresses.

8.3.1.1 Residual Stress Model Without Phase Change Effects

The parabolic temperature distribution which is present once the part has
solidified will lead to a parabolic residual stress distribution that is
compressive in the outer surfaces of the component and tensile in the inner
core. Assuming no residual stress build-up during phase change, a simple
function based on the parabolic temperature distribution, can be used to
approximate the residual stress distribution in thin sections [28]:

2 EB 62° 1
==—"(1,-T,|| —>-= 8.297 31a AS ; (8.29)

Here, T; denotes the solidification temperature: the glass transition
temperature for amorphous thermoplastics, or the melting temperature for
semi-crystalline polymers. Equation 8.29 was derived by assuming static
equilibrium (e.g., the integral of the stresses through the thickness must be
zero). The full derivation is left out here, since a more general approach is
presented in the next section. Figure 8.23 [29] compares the compressive
stresses measured on the surface of PMMA samplesto Eq.8.29.

Compressivestresso,(MPa) 
| |

-200 -100 0 100

Temperature (°C)

 

Figure 8.25 Comparison between computed, Eq. (8.29), and measured compressive
stresses on the surface (z = L) of injection molded PMMAplates.
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8.3.1.2 Modelto Predict Residual Stresses with Phase Change Effects

Asthe plate shownin Fig. 8.9 cools, it develops a solidified layer that continues
to grow until the whole plate hardens. Figure 8.11 showsa cross-section of the
plate at an arbitrary point in time. At any instance of time, ft, the location that
has just reached YT, is defined as Z,(t). To solve for the residual stress
distribution, the energy equation, Eq. 8.3, must be solved while satisfying the
force balance equation within the solidified material. At the centerline, the
symmetry boundary condition can be used, Eq. 8.4, and a convective boundary
condition on the outer surface ofthe plate is needed.

oT
)=-k—= at z=L (8.30)og

The strain at any time and position is usually defined as the sum ofits elastic,
thermal, and viscous strain components:

a(t) =e, +8, +8, (8.31)

where ¢, is the elastic strain, ¢, the viscous strain and ¢,, the thermal strain,
which occurs only after the material is below the glass transition temperature.
The thermal strain can be written as

Ey = B(T(zt)-T,) (8.32)

The viscous strain is the strain the layer undergoes just before solidifying,
caused by thermal contraction and viscous flow. The viscous strain occurs
under a negligible stress and is notfelt by the layer that has just solidified. Each
layer has a different viscous strain equal to the overall strain of the plate, «(t),
the instant that layer has solidified, which makes the viscous strain a function
of space. Solving for the elastic strain results in

oft) ==(c(t) -A(T(et)-7,) -6,(d) (8.33)l-v

To solve for the total strain of the plate, the stresses must approach equilibrium
and add upto zero, as

fot t)dz =0 (8.34)

Since the plate can be considered symmetric and the stresses are zero above the
glass transition temperature, we can write
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 L

folat)az=0 (8.35)
2)

 
| Substituting Eq. 8.33 into Eq. 8.35 gives

Sett(«() - p(T(z,t)-T,)-¢,(z)}z =0 (8.36)#

However, the plate's total strain is constant through the thickness and can be
| integrated out and solved for as

  
  

 

| L
1

e(t) = B(T(z,t)-T, )+ €,(z)]dz (8.37)| L-z,(t) J| \ ‘+l 05
The total strain e(?) and its viscous component ¢, are unknown but equal to 0.6 - ~
each other and can be found by solving both Eq. 8.37 and the energy equation, .
Eq. 8.3, with a convective boundary condition. The energy equation can be Figure 8.26 Residual stress distributions as a function of Biot number in a, poly-
solved numerically by using the finite difference method. The same grid points styreneplate after cooling. ,
used for the energy equation can be used for the integration of Eq. 8.37. The
solution is achieved in successive time steps from the beginning of cooling
until the whole plate has reached the glass transition temperature, at which
point the whole viscous strain distribution is known. Now,the part needs to be
cooled until its final temperature distribution of T=T, has been reached. The 0.05
final residualstress distribution can be computed as

of2)=

The total strain of the plate is unknown and can be found by solving the -0.05
equilibrium equation, Eq. 8.34, using the final residualstress distribution as

 
0.10 — f -

Equation’7.22, @ =0.8

 

 

ET
l-v

Q> °
 

(c,, -B(Z,-T,)-«,(2)) (8.38)

L  
 

1 :

Evo =S(t, -T,)-¢, (z)}de (8.39) 0.10
| 0

Figures 8.24 and 8.25 show residual stress distributions for several Biot “0.15
numbers and values of 9,, respectively. The value ©, is the dimensionless
temperature that leads to a residual stress build-up andis defined by 0.20

T, -T,
9-1 (8.40)
TT; 0.25

z

In Figure 8.25 the model described in this section is also compared to the
residual stress distribution of Eq. 8.29, In this comparison, the influence of
phase change effects becomes evident.

 
Figure 8.27. Residual stress distributions as a function of thermal boundary

conditions in a polystyreneplate after cooling. 
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354 Influence of Processing in Propeties 

Equations 8.37-8.39 can be modified and solved together with the energy
equation for thermosets, Eq. 8.20, to compute the residual distributions in
thermosetting parts. Here, T, must be replaced with the temperature of the
material at the timeit solidified (e.g., when its conversion was 80%).

8.3.2 Other Simple Models to Predict Residual Stresses and Warpage

In practice, the complexity of part geometry and cooling channel design in the
manufacture of plastic parts can result in unsymmetric mold wall temperature
variations which in turn lead to warpage of the part after it is ejected from the
mold. Here, a simple model is presented to evaluate residual stress and
warpage of a flat plate caused by uneven mold temperatures (Fig. 8.26a),
temperature rise due to exothermic curing reaction in thermoset parts (Fig.
8.26b), and by unsymmetric stress distributions in laminated composites (Fig.
8.26c). In general, the stress distribution hasto satisfy the equilibrium equation
as defined in Eq. 8.33 where the stress-strain relation is defined as

 

o(z)= (é,. - BAT(z)- ,(z)) (8.41)

 
  
  
 
  

 

uf 6 £

| UZ |
a) Uneven mold temperature

  

Ty Tin

|||
b)Curing heat generation of the thermosetparts

 

 

Fae

———————
c) Anisotropy of laminated composites

Figure 8.28 Possible causes of residual stress build-up across the thickness of a part.

Here, ¢, is the total or actual shrinkage of the plate, AT the change in
temperature, E Young’s medulus, v Poisson’s ratio, and fp the thermal
expansion coefficient. For simplicity, the viscous strain is often neglected,
assuming the part is thin enough that it solidifies at once. Based on classical
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shell theory and using the stress distribution, one can additionally compute a
thermal momentas follows:

M= w fo(e)eds (8.42)Lb

where w is the width of the plate. In the following analyses the above Eqs.
8.39-8.42 will be used to compute residual stress and warpage for various cases.
If the part is fixed as it is cooled to its final temperature, the total strain, ¢,,,is
zero. In such a case, residual stress is dominated by thermalstrain.

tot?

8.3.2.1 Uneven Mold Temperature

During molding, the mold wall surface temperatures may vary due to
improper thermal mold layout (Fig. 8.26a) with variations typically in the
order of 10 °C. Furthermore, the temperatures on the mold surface may vary
depending on where the heating or cooling lines are positioned. However, in
the current example, we assume that this effect is negligible. The amount of
warpage caused by temperature variations between the two mold halves can
easily be computed using the equations of the last section. The temperature
field across the thickness of a part can be described by

r=)+ (f-7)5| (8.43)
After substituting Eqs. 8.34 and 8.43 into Eq. 8.41, the stress distribution
throughoutthe thickness can be obtained:

o- ree-ns (8.44)
Substituting Eq. 8.44 into Eq. 8.42, the thermal moment M becomes

_ wREL
M a(l-v)
 

(7,-1) (8.45)

For a part whose width, w, is much smaller thanits length, £, we can assume a
cantilevered geometry as shown in Fig. 8.27. For this geometry the deflection,
6, that results from a moment, M, can be written as

_ Me
2EI

 

6 (8.46)
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where the area momentof inertia, /, is written as

   
 

= yer’I= 2 w(2L) (8.47)

a

. ae |
i alei ¥

A
M. At

\ |

14

v

Figure 8.29 Simplified geometry of a thin slender part

Substituting Eqs. 8.45 and 8.47 into Eq. 8.46 we get

5- P(r, -7) (8.48)
 

4L

8.3.2.2 Residual Stress in a Thin Thermoset Part

In addition to uneven mold temperatures, the exothermic curing reaction is a
known problem when manufacturing thermoset parts. Heat release during
such reactions can cause the transient temperature inside the part to be higher
than the mold wall temperatures. Typical temperature and curing history plots
are shown in Figs, 8.17 and 8.18. Note that such a temperature distribution
dominates the final residual stress distribution. Here, a simple elastic model is
presented to approximatethe residual stress distribution. The temperaturefield
in the calculation can be described by a parabolic curve

2

1(e)=T.+(Iy-T)5 (849)

where T, and T, are the temperature at the center of the plate and the mold
surface, respectively.
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Weassume the part to be cooled elastically to room temperature, T,. Using
Eq. 8.41, the stress distribution can be expressed by

a(:) =il - A(T, -T(<))| (8.50)
Since the above equation has to satisfy the equilibrium equation, Eq. 8.34, the
total strain can be obtained by integrating the stress field across the thickness

e| 2,, 1=£!7,-£T. -=T,
Evo L 0 3 c 3 a (8.51)

Substituting Eq. 8.51 into Eq. 8.39, the residual stress distribution becomes

 

ofe)= PELin. -1,)-(7 7)3 8.52
After defining the non-dimensional parameters, G and 2, as

gore (8.53)
EB(T. -T,)

and.

gs A (8.54)
Eq. 8.52 can be normalized as

6(2)= 3 -2 (8.55)
The non-dimensional residual stress distribution across the thickness of the

part is depicted in Fig. 8.27. The stresses in the outer layer are compressive
while tensile stresses are found in the inner layers. A maximum compressive
non-dimensional stress of 2/3 is located on the surface and a maximumtensile
stress of 1/3 occurs at the centerof the part.
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Figure 8.30 Normalized residual stress distribution in a thin thermosetpart.

8.3.2.3 Anisotropy Induced Curvature Change

In the manufacturing of large and thin laminate structures or fiber reinforced
composite parts with a large fiber-length/part-thickness ratio, the final part
exhibits a higher thermal expansion coefficient in the thickness direction than
in the surface direction. If the part is curved, it will undergo an angular
distortion, as shownin Fig. 8.28, which is a consequence of the anisotropy of
the composites. This phenomenonis usually called the spring-forward effect or
anisotropy induced curvature change [32]. Through-thickness thermal strains,
which are caused by different thermal expansion coefficients, can lead to an
angle distortion of a cylindrical shell experiencing a temperature change. As
demonstrated in Fig. 8.28, when a curved part undergoes a temperature change
of AT, the curved angle, 6, will change by A@. The resulting A@, therefore, is
dependent on the angle 6, the temperature change AT, andthedifference of the
thermal expansion coefficients in the r and 6 directions [33]

A@ =(f, —B, OAT = AB OAT (8.56)
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Original contour

 Final contour

Figure 8.31 Schematic diagram of the spring-forward effect.

In plate analysis, the inclusion of anisotropies that lead to curvature
changesis very involved. Hence, it is easier to introduce the curvature change
by an equivalent thermal moment[34]:

E_ ApAT LD
(l-v) R 12

 

(8.57)

where R represents the local radius of curvature.

8.3.3 Predicting Warpage in Actual Parts

Shrinkage and warpage are directly related to residual stresses which result
from locally varying strain fields that occur during the curingorsolidification
stage of a manufacturing process. Such strain gradients are caused by
nonuniform thermomechanical properties and temperature variations inside
the mold cavity. Shrinkage due to cure can also play a dominantrole in the
residual stress development in thermosetting polymers and becomes
Important for fiber reinforced thermosets when are a concern sink marks

appearing in thick sectionsor ribbed parts.

When processing thermoplastic materials, shrinkage and warpageinafinal
product depend on the molecular orientation and residual stresses that form
during processing. The molecular or fiber orientation and the residual stresses
inside the part in turn depend on the flow and heat transfer during the mold
filling, packing, and cooling stage of the injection molding process. Kabanemi
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et al. [35] used a three-dimensional finite element approach to solve the
thermal history and residual stress build-up in injection molded parts. To
predict the residual stress in the finished part, they characterized the
thermomechanical response of the polymer from melt to room temperature, or
from the p-v-T behavior to stress-strain behavior. Bushko and Stokes [36, 37]
used a thermorheologically simple thermo-viscoelastic material model to
predict residual stresses and warpage in flat plates. With their model, they
found that packing pressure had a significant effect on the shrinkageofthefinal
part butlittle effect on the residual stress build-up. Wang and co-workers have
developed unified simulation programs to modelthefilling and post-filling
stages in injection molding [38-41]. In their models they perform a
simultaneous analysis of heat transfer, compressible fluid flow, fiber
orientation, and residual stress build-up in the material during flow and
cooling using finite element/control volume approach for flow, finite
difference techniques for heat transfer, and finite element methods for fiber
orientation and thermomechanical analysis.

The shrinkage and warpage in thin compression molded fiber reinforced
thermoset plates were predicted by various researchers [42] using fully three-
dimensionalfinite element models and simplified finite element plate models.
More recently [4, 44], the through-thickness properties, temperature, and
curing variations that led to warpage have been represented with equivalent
moments. By eliminating the thickness dimensions from their analysis, they
significantly reduced computation costs and maintained agreement with
experimentalresults. At the same time, they were able to use the same finite
element meshes used in common commercial codes to predict the mold filling
and the fiber orientation in the final part.

The governing equations used for the stress analysis of polymer
components are derived using the principle of virtual work. Here, the stresses
are represented asa functionof local strain and residualstress {Go}.

{o} =[F}{e} -[E}e..} + {oo} (8.58)

In Eg. 8.58 the material tensor [E] is anisotropic and temperature or degree of
cure dependent and {ej} is the total internal strain that occurs due to curing,
cooling or heating during a time step. Two kinds of internal strains should be
included when simulating the thermomechanical behavior of polymer parts.
Oneis a thermal strain caused by temperature change andthe other is a curing
strain resulting from cross-linking polymerization of thermoset resins. Thus,
the total internal strain can be expressed by

{e.,}={e0'} + {ea} (8.59)
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Here, superscript th denotes the thermal strain and c the curing strain. The
thermal strains can be represented in terms of temperature change and thermal
expansion coefficients

{ei }7 = AT{a,, a,, a. 0 0 O} (8.60)

The anisotropic thermal expansion coefficient, caused by fiber orientation, is
perhaps the largest cause of warpage in fiber reinforced parts. Figure 8.29
demonstrates how, for typical thermoset composite parts, the thermal
shrinkage parallel to the main orientation direction is about half of that normal
to the main orientation direction5.

2000
 

  
 

—o- + to maintain orientation
—- || to maintain orientation iE

 1000Strain(10E*)   
   

20 40. 60 80 100 120 140
Temperature (°C)

Figure 8.32 Experimentally measured thermal strains in an SMC plate with a fiber
orientation distribution that resulted from a 25% initial mold coverage
charge.

To calculate the residual stress development during the manufacturing
process, the heat transfer equation is coupled to the stress-strain analysis
through constitutive equations. Figure 8.30 compares the mold geometry with
part geometry for the truck fender shown in Chapter 7, after mold removal and
cooling, computed using the above model. The fiber content by volumein the
part was 21% (@=0.21) and the material properties for the glass fiber and the
unsaturated polyester resin are listed in Table 8.4.

=f:
5 . :

The thermal shrinkage was measured from a rectangular plate molded with a charge that covered
25% of the mold surface and that wasallowed to flow onlyin one direction.
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Table 8.4 Mechanical and Thermomechanical Properties for Various Materials has a great effect on the deformation of a body panel. Here, although the
warpage is actually caused by the existence of fibers inside the resin, the

Fiberglass Polyester Epoxy increase of fiber content adds tothestiffness of the part which in turn reducesre : .

3 3 warpage. Further reduction in warpage can also be achieved by changing the
E (MPa) 7.3 x 104 eet ae size and location of the initial charge, a trial-and-error solution, which isstill
v 0.25 0.34 0.37 the most feasible with today's technology.

B (mm/mm/K) 5.0 x 10° 3.7 x 105 5.76 x 10° |
| Examples

| 8.1 Three small samples of an epoxy resin were subjected to a temperature
rise from 50 °C to 300 °C in a differential scanning calorimeter using

1.39 mm Predicted three different heating rates: 2.78 K/min (5F/min), 5.66 K/min (10 F/min)
1.80 mm Measured and 11.11 K/min (20 F/min). Table 8.5 presents the exothermal heat

4 released during the tests. Determine the total heat of reaction using the
data measured with the 2.78 K/min heating rate. Plot the degree of cure as
a function of time.

In order to compute the degree of cure as a function of time we use Eq. 8.8

ouak
i O,

where
Wy

ae.
O,= J Odt=SO,at |

|
: 2.40 mm Predicted and

2.80 mm Measured .. 1
0, = fou S0a0. i]

i 8.33 Simulated displacements of an automotive body panel. Displacements /“sue amagnified by a factor of 20. wherenis the total number of data points and Atis the time step. Since
the data are given in terms of temperature, we must transform the

; ; temperature step to time using the heating rate 2.78 K/min using
Minimizing warpage is one of the biggest concerns for the design engineer.

One way to reduce warpage is by introducing a temperature gradient between Ar 10K
| the upper and lower mold halves. Again, this through—thickness temperature

 
aoe ~ 278K /min

gradient will introduce a thermal moment which increases or decreases the
warpage. Also, by changing the formulation of the polyester resin, the The above leads to a total heat of reaction, Q,, of 785.4 J/g or
coefficient of thermal expansion of the matrix can be reduced, makingit similar 785.4 kJ/kg. The degree of cure as a function of temperature is
to the coefficient of the glass fiber. Theoretically, reduction of the coefficients plotted in Fig. 8.31.
for the matrix would decrease the in-plane differential shrinkage, which in
turn could help reducethe final warpage. Furthermore, the fiber content also

MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 192



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 193

 
 

 

 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 

 

 

 364 Influence of Processing in Propeties 8 Solidification of Polymers 365 |
Table 8.5 DSC Data for an Epoxy Resin

T (°C)  Degreeofcure,C”   
0 100 200 300

Temperature, (°C)

Figure 8.34 Degree of cure as function of temperature for a heating rate of 2.78

Problems “On

8.1 Determine the constants for the curing model presented in Eq. 8.12 for the
vinyl ester presented in Fig.8.15. ~ @ 5: .

8.2 Write a finite difference program to solve for the transient temperature
distribution in a cooling amorphous polymer plate. Test the program
with the data given for polystyrene in Table 8.2 for a 2 mm thick plate.

| N

8.3 Using the momentum balance presented in\ Eq. 8.43, derive the residual
stress distribution, Eq. 8.38, in a cooling polymer plate neglecting the
effects of phase change.

   
8.4 A 1mm thick polystyrene ruler is injection molded. For a resin with a

glass transition temperature around 100 °C and a final ambient
| ternperature of 20 °C, estimate the residual stress at the surface of the part

shortly after demolding. Assume a Young’s modulus of 3200 MPa and a
thermal expansion coefficient of 7x10° mm/mm/°C. Neglect phase
changeeffects.

8.5 For a standard 30 cm long, 3 cm wide, and 1 mm thick ruler, how much
warpage would occur with a 5 °C temperature difference between the
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366 Influence of Processing in Propeties 

8.6

8.7

8.8

mold halves? Assume a Young’s modulus of 3200 MPa and a thermal
expansion coefficient of 7x105 mm/mm/°C.

Write a finite difference program to solve for the transient temperature
distribution in a cooling amorphous polymer plate. Solve Eqs. 8.31-8.39
along with the predicted temperatures to estimate the residual stress in
the final plate. Compare the residual stress distribution for a 2 and a 5
mm thick polystyrene plate.

A long and thin unsaturated polyester - unidirectional glass fiber
composite plate (1000x20x2 mm) is molded in a thermally unbalanced
mold. One mold side is a 140 °C and the other at 150 °C. Assuming the
temperature distribution is at steady state the instant the part solidifies,
whatis the residual stress distribution in the plate before it is allowed to
warp. Enyce = 20GPa. Towards which direction would the plate warp,
the hot side or cooler side?

Figure 8.31 presents a schematic of the cross-section of an SMC pick-up
truck box. In the finished product, the average through the thickness
thermal expansion coefficient, B,, is 2x10° mm/mm/K, and the average
planar thermal expansion coefficient, 8, or B, is 8x10-° mm/mm/K.
Estimate the amount and direction that the side walls will warp, if any.

A

1000 mm 3mm
6 = 90°

Figure 8.35 Schematic of an SMC pick-up truck cross-section.

8.9 Using the data given in Example 8.1, plot the degree of cure for heating
rates of 5.66 K/min and 1.11 K/min. What are the characteristic curing
times forall three heating rates.

 8 Solidification of Polymers 367
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Mechanical Behavior of Polymers

Polymeric materials are implemented into various designs because of their low
cost, processability, and desirable material properties. Of interest to the design
engineer are the short and long-term responses of a loaded component.
Properties for short-term responses are usually acquired through short-term
tensile tests and impact tests, whereas long-term responses depend on
properties measured using techniques such as the creep and the dynamictest.

9.1 Basic Concepts of Stress and Strain

Strictly speaking, polymers cannot be modeled using linear theory of elasticity.
However, the stress-strain response of a linear elastic model for the polymer
component can suffice in the evaluation of a design and the prediction of the
behavior of the component during loading.

For a full three-dimensional model, as shown for a small material element
in Fig. 9.1, there are six components of stress and strain. The stress-strain
relation for a linear elastic material is defined by the following equations:

O,, = El, +2Ge,, (9.1)

O,, = El, +2Ge,, (9.2)

o., = El, +2Ge., (9.3)

T, =GY, (9.4)

T,. = Gy,. (9.5)

T.. = Gy.
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vE

as (l+v)(1-2v) 07)
and I, is the first invariant of the strain tensor and represents the volumetric
expansion of the material which is defined by

E i Ex + Evy + &.. (9.8)

The elastic constants E, v and G represent the modulus of elasticity, Poisson's
ratio and shear modulus, respectively. The shear modulus, or modulus of
rigidity, can be written in terms of E and vas

E
G=—>— (9.9)

2(1 + v)

The above equations can be simplified for different geometries and load cases.
Twoof the most important simplified models, the plane stress and planestrain
models, are discussed below.

 
Figure 9.1 Differential material element with coordinate andstress definition.

9.1.1 Plane Stress

A common model describing the geometry and loading of many components is
the plane stress model. The model reduces the problem to two dimensions by
assuming that the geometry of the part can be described on the x-y plane witha
relatively small thickness in the z direction. In such a case o., =T,, =1,, =0 and
Eqs. 9.1-9.6 reduce to

=; (E. + VE) (9.10)xy
 

 

= (ve, +&y) and (9.11)Ovy l-v
 
 

 

 

9 Mechanical Behavior of Polymers 373

T= OY, (9.12)ay

9.1.2 Plane Strain

Another common model used to describe components is the plane strain
model. Similar to the plane stress model, the geometry can be described on an
x-y plane with aninfinite thickness in the z direction. This problem is also two-
dimensional, with negligible strain in the z direction but with a resultant ozz.
For this case, Eqs. 9.1-9.8 reduce to

E(1-yv) vTenet") e3)
___E(l-v) fvOy, =imo£,, + «| and (9.14)

Ty = GYy (9.15)

9.2 The Short-Term Tensile Test

The most commonly used mechanical test is the short-term stress-strain tensile
test, Stress-strain curves for selected polymers are displayed in Fig. 9.2 [1]. For
comparison, the figure also presents stress-strain curves for copper andsteel. It
becomes evident from Fig. 9.2 that although they have much lower tensile
strengths, many engineering polymers exhibit much higher strains at break.

The next two sections discuss the short-term tensile test for elastomers and

thermoplastic polymers separately. The main reason for identifying two
separate topics is that the deformation of a cross-linked elastomer and an
uncross-linked thermoplastic vary greatly. The deformation in a cross-linked
polymer is in general reversible, whereas the deformation in typical uneross-
linked polymers is associated with molecular chain relaxation, which makes
the process time-dependent, and sometimesirreversible.

9.2.1 RubberElasticity

The main feature of elastomeric materials is that they can undergo very large
and reversible deformations. This is because the curled-up polymer chains
stretch during deformation but are hindered in sliding past each other by the
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374 Engineering Design Properties 9 Mechanica] Behavior of Polymers 375 

cross-links between the molecules. Once a load is released, most of the

molecules return to their coiled shape. As an elastomeric polymer component
is deformed, the slope of the stress-strain curve drops significantly as the 7
uncurled molecules provide less resistance and entanglement, allowing them to
move more freely. Eventually, at deformations of about 400%, the slope starts
to increase since the polymer chains are fully stretched. This is followed by
polymer chain breakage or crystallization which ends with fracture of the
component. Stress-deformation curves for natural rubber (NR) [2] and a rubber 5
compound [3] composed of 70 parts of styrene-butadiene-rubber (SBR) and 30
parts of natural rubber are presented in Fig. 9.3. Because of the large
deformations, typically several hundred percent, the stress-strain data are
usually expressed in terms of extension ratio, 4, defined by  

 

SBR(70) / NR (30)

co(MPa)    
 

 

1 2 3 4 5 6 7 8
Extension ratio (A) 

Figure 9.3. Experimental stress-extension curves for NR and a SBR/NR compound. 
 

 
 

 
“Polyearbonate

‘Polymethy! methacrylate40 Wj} .  

 
Based on kinetic theory of rubber elasticity [2, 4] simple expressions can be

derived to predict the stress as a function of extension. For a component in
uniaxial extension, or compression, the stress can be computed as!

Tensilestress(MPa)
|

| —. =! H =
| |High density volemsimei”

1\ | Le |
Rubl

 
 

 

| on G43 (9.17)
 
[T.-K

w density polyethylene”|

 
 

  

 

 
where G, is the shear modulus at zero extension, which for rubbers can be

Plasticized polyvinyl! chloride approximated by
0 20 40 «©200 400 600 800 1000

   
Elongation (%) G, == (9.18)

Figure 9.2. Tensile stress-strain curves for several materials.
. with E,as the elastic tensile modulus at zero extension.

 
A= LL. (9.16) Figure 9.4 [2] compares the kinetic theory model with the experimental data

0 or natural rubber, presented in Fig. 9.3. The agreement is good up to about
50% extension (A = 1.5). However, Eq. 9.17 can be used to approximate thea

specimen. A similar equation exists for equibiaxial extension (inflation) of thin sheets. This equation is written as]
| follows o = G, (2 -I/ 2).

where L represents the instantaneous length and L, the initial length of the
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| stress-strain behavior up to 600% extension (A = 7.0). For compression, the
model agrees much better with experiments, as shown for natural rubber in
Fig. 9.5 [2]. Fortunately, rubber products are rarely deformed more than 25% in
compression or tension, a fact which often justifies the use of Eq. 9.17.

  
 

Kinetic theory
Gp =0.39 MPa

 /“~—Mooney-Riviin medel
C= 0.088 MPa
Co= 0.127 MPa

12345678
Extension ratio (A)

 
  

Figure 9.4 Comparison of theoretical and experimental stress-extension curves for
natural rubber. 

A more complex model representing the deformation behavior of
elastomers in the region in which the stress-strain curve is reversible is the
Mooney-Rtolin equation [5, 6] written as

o= a2 =Ie + S) (9.19)

 
 

which can be rearranged to give 
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Figure 9.5

Theoretical (G, = 0,39ae0.4 oSOd
Compression < Extensioni

  
-3.2

Experimental and theoretical stress-extension and compression curves
for natural rubber.

A plot of of the reduced stress, o/2(A-1/#), versus 1/2 is usually referred
to as a Mooney plot and should be linear with a slope of C,and an ordinate of
(C,+C,)at 1/A=1. A typical Mooneyplot is presented in Fig. 9.6 [7] for a natural
rubber with different formulations and times of vulcanization.

Figure 9.6

0.4

So w

0/2(A-1/.)MPa
0.2 
0.1

05 06 0.7 0.8 0.9 1.0
V/A

Mooneyplots for rubber with various degrees of vulcanization.
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The description of the various rubber formulations tested are presented in
Table 9.1 [7]. It can be seen that C, showslittle change, even with different
rubber composition, and is approximately 0.1 Mpa. On the other hand, C,
changes with degree of vulcanization and composition. A comparison between
the Mooney-Rivlin model, the kinetic theory model, and experimental data for
natural rubber is found in Fig. 9.4. For this material, the Mooney-Rivlin model
represents the experimental data quite well up to extension ratiosof 3.5.

Table 9.1 Compounding Details of the Vulcanizates Used by Gumbrell et al.a 

 Mix A B Cc D E F G

Rubber 100 100 100 100 100 100 100

Sulfur 3.0 3.0 3.0 3.0 3.25 4.0 4.0

Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Stearic acid 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Benzthiazyl disulphide 0.5 0.5 0.5 0.75 1.0 0.5

Mercaptobenz-thiazyl- 05 05 0.25 03
disulphide

Zinc dimethyl
dithiocarbamate at oH

Diphinyl guanidine 1.25 1.0

Antioxidant 1.0 1.0 1.0 1.0 1.0 1,0 1.0

Time of vulcanizationat
45 10 30 20 60 10 12

141.5 °C (min) 

4 Reference[7.]

Finally, it should be noted that the stiffness and strength of rubber is
increased by filling with carbon black. The most common expression for
describing the effect of carbon black content on the modulus of rubber was
originally derived by Guth and Simha [8] for the viscosity of particle
suspensions, and later used by Guth [9] to predict the modulus of filled
polymers. The Guth equation can be written as

G

a =14+2.564+14.19" (9.21)0

where Gg is the shear modulusof the filled material and ¢ the volumefraction
of particulate filler. The above expression is compared to experiments [10, 11] in
Fig. 9.7.
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Mullins et al. (1965)
QO Carbon Black

Smallwood (1944)
Carbonblack
Zinc oxide
Gilders whiting
Catalpo clay
Kadox
Thermax

Ev/Eg 
0 SI 10 15 20 25

Filler concentration, @ (%)

Figure 9.7 Effect of filler on modulus of natural rubber.

9.2.2 The Tensile Test and Thermoplastic Polymers

Of all the mechanical tests done on thermoplastic polymers, the tensile test is
the least understood, and the results are often misinterpreted and misused.
Since the test was inherited from other materials that have linear elastic stress-

strain responses, it is often inappropriate for testing polymers. However,
standardized tests such as DIN 53457 and ASTM D638 are available to evaluate

the stress-strain behavior of polymeric materials.

The DIN 53457, for example, is performed at a constant elongational strain
rate of 1% per minute, and the resulting data are used to determine the short-
term modulus. The ASTM D638 test also uses one rate of deformation per
material to measure the modulus; a slow speed for brittle materials and a fast
speed for ductile ones. However, these tests do not reflect the actual rate of
deformation experienced by the narrow portion of the test specimen, makingit
difficult to maintain a constant speed within the region ofinterest.

Extensive work was done by Knausenberger and Menges [12] where the
rate of deformation of the test specimen is maintained constant. This is
achieved by optically measuring the deformation on the specimen itself, as
schematically demonstrated in Fig. 9.8 [12], and using that information as a
feedback to control the elongational speed of the testing machine. The
Knausenberger-Menges technique allows the testing engineer to measure the
stress-strain response at various strain rates, where in each test the rate of
deformation in the narrow section of the test specimenis accurately controlled,
The resulting data can be used to determine the viscoelastic properties of
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380 Engineering Design Properties

polymers ranging from impact to long-term responses. A typical test
performed on PMMA atvarious strain rates at room temperature is shownin
Fig. 9.9. The increased curvature in the results with slow elongational speeds
suggests that stress relaxation plays a significant role duringthetest.

  
| V= constant0

Figure 9.8 Flat tensile bar with velocity distribution.
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 Figure 9.9—Stress-strain behavior of PMMA atvariousstrainrates.
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It can be shownthatfor small strains, or in linear viscoelasticity, the secant
modulus, described by

E,=< (9.22)€

and the tangent modulus, defined by
do

E =— 9.2.‘de (2.23)
are independentof strain rate and are functions only of time and temperature.
This is demonstrated in Fig. 9.10 [13]. The figure shows two stress-strain
responses: one at a slow elongational strain rate, 4, and oneat twice the speed,
defined by é,. The tangent modulus at ¢, in the curve with é, is identical to the
tangent modulusat ¢, in the curve with é,, where ¢, and ¢, occurred at the same
time. For small strains the tangent modulus, E,, is identical to the relaxation
modulus, E;, measured with a stress relaxation test. This is important since the
complex stress relaxation test can be replaced by the relatively simple short-
term tensile test by plotting the tangent modulus versus time.

  

Stress,o 
 

ey £2
Strain, «

Figure 9.10 Schematic of the stress-strain behavior of a viscoelastic material at two
rates of deformation.

Generic stress-strain curves and. stiffness and compliance plots for
amorphous and semi-crystalline thermoplastics are shownin Fig. 9.11 [14]. For
amorphous thermoplastics one can usually approximate the stress-strain
behavior in the curvesof Fig. 9.11 by

o(7,t) = E,(T,1)\(1- D(T, nee (9.24)

and in a short-term test a semi-crystalline polymer would behave morelike
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382 Engineering Design Properties

E

o(T,1) = BolT)Tne (9.25)

where E,, D, and D, are time- and temperature-dependent material properties,
However, below the glass transition temperature, the stress-strain curve of an
amorphous polymer has a long and muchsteeper rise, with less relaxation
effects, as shown in Fig. 9.10 and Eq.9.24. In the stress-strain response of semi-
crystalline polymers, on the other hand, the amorphous regions make
themselves visible in long-term tensile tests. Hence, Eqs. 9.24 and 9.25 can be
written in a more general form as

on Egle (9.26)
1+ Dye

 

The coefficients in Eq. 9.26 can be determined for various rates of deforma-
tion. For example, the curves in Fig. 9.12 [15] show the coefficient EF, for
an amorphous unplasticized PVC measured at various strain rates, é, and
temperatures. The curves in the figure suggest that there is a direct
relationship between temperature and strain rate or time. It can be seen that
the curves, separated by equal temperature differences, are shifted from each
other at equal distances, log(a,), where

a, = (9.27)

Stress Modulus Compliance
Go ole elo

a

E E

lel { ela

1/EQ~€ €

T<Tg Amorphous \ 
qQ

Semi-crystalline  
E

Figure 9.11 Schematic of the stress-strain response, modulus and compliance of
amorphous and semi-crystalline thermoplastics at constant rates of
deformation.
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Since strain rate is directly related to time, one can make use of Arrhenius'
relation between relaxation time, 4, and a reference relaxation time, Ares, stated
by

ALar (9.28)

where A is the activation energy, T temperature and K a material property. The
modified form of the Arrhenius equation for shifting the data can be written as

log(a,) = | L-| 0.25T Ty

where Treg is the reference temperature. The material constant K can be
calculated by using data from Fig. 9.12, as shown in the sample graphical shift
displayed in the figure. The coefficient K, which can be solved for by using

r log(é,., 1é) (0.30)
UT-WT,

turns out to be 10,000 for the conditions shown in Fig. 9.12. This is true unless
the test temperature is above the glass transition temperature, at which point
the shift factor, a,, and the coefficient K become functions of strain rate, as well
as time and temperature. This is demonstrated for unplasticized PVC in Fig.
9.13 [15]. For the temperature range below T,, displayed in Fig. 9.12, the data
can easily be shifted, allowing the generation of a master curve at the reference
temperature, Tyrer. Figure 9.14 [15] shows such master curves for the three
coefficients £,, D, and D, in Eq. 9.26 for the amorphous PVC shownin Figs.
9.12 and 9.13. For comparison, Fig. 9.15 [15] shows E, and D, for a high density
polyethylene at 23 °C as a function of strainrate.

The values of E,, D, and D, can be easily calculated for each strain rate
from thestress-strain diagram [16]. The modulus £, simply correspondsto the
tangent modulus at small deformations where

o~ Exe (9.31)
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Figure 9.12 Plot of the elastic property &, and determining strain rate shift for an
Pvc.
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o=Ege A-Dye T = 23
14Doe ies..€ = de/dt 

  
= oO

10°6 10-4 i072 109 102
Strain rate, ¢ (%/hr)

Dampingcoefficients, 
Figure 9.14 Master curves for £,, D,, and D, for an amorphous unplasticized PVC.

 
2000

500
  

oF 0
0.001 0.01 0.1 1 10 100 1000

Strain rate, [%/h]

Figure 9.15 Coefficients E, and D, for a high density polyethyleneat 23 °C.

Assuming that for amorphous thermoplastics D,=0 when T <<T, and for
semi-crystalline thermoplastics D, ~0 when T >>T, we can compute D, from

GE, - O18;
D, and D, from « (9.32)2 2

8, — O85

p, = 0822 Fk*  g6,(0,-0,) 9.33)

By introducing the values of E,, D,, and D,, plotted in Fig. 9.14, into Eq. 9.26
one can generate long-term behavior curves as shownin the isochronousplots
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386 Engineering Design Properties

in Fig. 9.16 [15]. Here, the stress-strain behavior of unplasticized PVC is
presented at constant times from 0.1 to 1000 hours of loading time. This is done
by simply determining which strain rate results in a certain value of strain for a
specific isochronous curve (time), then reading the values of E,, D,, and D,
from the graphs and computing the corresponding stress using Eq. 9.26. When
one uses this technique and furthermore applies the time-temperature
superposition on short-term tests, one can approximate the long-term behavior
of polymers which is usually measured using time consuming creep or
relaxation tests.

30
 

26
 

tOoO

Stress,o(MPa) an

 
a a

      
0 0.5 1 15 2

Strain, e (%)

Figure 9.16 Isochronousstress-strain curves for an unplasticized PVC.

Asa final note, similar to the effect of a rise in temperature, a solvent can
increase the overall toughness of the material at the sacrifice of its strength and
stiffness. This is shown in Fig. 9.17 [15] for a PVC plasticized with 10 and 20%
dioctylphthalate (DOP). Figure 9.18 [15] showsthe coefficients E, and D, for a
PVCplasticized with 10 and 20% DOP.Figure 9.19 [15] demonstrates the similar
effects of temperature and plasticizer.
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40

 
 
 
 

——— PVC/DOP = 90/10
——— PVC/DOP = 80/20

30
 

c= 1000%/h
t-——

 
100%/hStress,o(MPa) ie)oOo

10%fh

 
10

1000%/h

        
Strain, 2 (%)

Figure 9.17 Stress-strain responses at various rates of deformation for a plasticized
PVC with twoplasticizer (DOP) concentrations.

150

—— PVC + 10% DOP
—-— PVC + 20% DOP

TRet = 296 K 100

ModulusEo CoefficientDo
1000)- 

0 . i

10°6 104 102 10° 102 104
Strain rate &

Figure 9.18 Coefficients E, and D, for polyvinyl chloride plasticized with 10% and
20% DOP.
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40 t 1 1 = ”
—— PVCIDOP = 90/10 | a(t) = M(o,7)t (7.34)

pet|= where M andnare material-dependent properties.e= Yor

Similar to the stress relaxation test, the creep behavior of a polymer
depends heavily on the material temperature during testing, having the highest
rates of deformation around the glass transition temperature. This is
demonstrated in Fig. 9.22 [18], which presents the creep compliance of
plasticized PVC.

 

p= 23°C

20
 

Creep data is very often presentedin terms of creep modulus, Ec, defined byStress,o(MPa)
Figure 9.23 [19] presents the creep modulus for various materials as a function
of time.

(9.35)

 
  

Depending on the time scale of the experiment, a property that also varies
considerably during testing is Poisson's ratio, v. Figure 9.24 [14] shows
Poisson's ratio for PMMA deformedat rates (%/h) between 10-2 (creep) and 10%
(impact). The limits are v = 0.5 (fluid) for high temperatures or very slow
deformation speeds and v = 0.33 (solid) at low temperatures or high

Figure 9.19 Stress-strain responses at various temperatures for a plasticized PVC deformation speeds.
with two plasticizer (DOP) concentrations.

    
4
Strain, e (%}

 

9.3. Long-Term Tests

The stress relaxation and the creep test are well-known long-term tests. The i
stress relaxation test, discussed in Chapter 2, is difficult to perform and is
therefore often approximated by data acquired through the more commonly
used creep test. The stress relaxation of a polymeris often thought of as the
inverse of creep.

The creep test, which can be performed either in shear, compression, or
tension, measures the flow of a polymer component undera constantload.It is
a common test that measures the strain, ¢, as a function of stress, time, and
temperature. Standard creep tests such as DIN 53 444 and ASTM D2990 can be
used. Creep tests are performed at a constant temperature using a range of
applied stress, as shown in Fig. 9.20 [17], where the creep responses of a
polypropylene copolymer are presented for a range of stresses in a graph with

Tensilestrain,¢(%)
— a   
 

 
a log scale for time. When plotting creep data in a log-log graph, in the 10 402 103 i04 105 108 107 108
majority of the cases, the creep curves reduce to straight lines as shown for i Time (sec.) 4
polypropylene in Fig. 9.21 [1]. Hence, the creep behavior of most polymers can 3 years
be approximated with a power-law model represented by Figure 9.20 Creep response of a propylene-ethylene copolymerat 20 °C.
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Creep compliance of a plasticized PVC at different temperatures.

9 Mechanical Behavior of Polymers 391 
 

Creepmodulus,Eg(MPa)
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Time, t (s)

Figure 9.23 Time dependenceof creep moduli for several polymer.
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Figure 9.24 Poisson's ratio as a function of rate of deformation for PMMAat various
temperatures.

9.3.1 Isochronous and Isometric Creep Plots

Typical creep test data, as shown in Fig. 9.20, can be manipulated to be
displayed as short-term stress-strain tests or as stress relaxation tests. These
manipulated creep-test-data curvesare called isochronous and isometric graphs. 
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through the creep curves at constant times and plotting the stress as a function
of strain. The isochronous curves of the creep data displayed in Fig. 9.20 are
presented in Fig. 9.25 [17]. Similar curves can also be generated by performing
a series of short creep tests, where a specimen is loaded at a specific stress for a
short period of time, typically around 100s [20]. The load is then removed, and
the specimenis allowed to relax for a period of 4 times greater than the time of
the creep test. The specimen is then reloadedat a different stress, and the test is
repeated until a sufficient number of points exists to plot an isochronous graph.
This procedure is less time-consuming than the regular creep test and is often
used to predict the short-term behavior of polymers. However, it should be |
pointed out that the short-term tests described in Section 9.2.2 are more accurate

| andare less time consuming and cheaper to perform.

An isochronous plot of the creep data is generated by cutting sections Ne Limiting strain   Tensilestress,o(MPa)
The isometric or “equal size” plots of the creep data are generated by taking

constant strain sections of the creep curves and by plotting the stress as a
function of time. Isometric curves of the polypropylene creep data presented in
Fig. 9.20 are shown in Fig. 9.26 [17]. This plot resembles the stress relaxation
test results and is often used in the same manner. When we divide the stress

   
 

: ; : Jday 1 week 1 yea
axis by the strain, we can also plot the modulus versus time. v year

| Mo 492408 tot 40810807 108Time (sec.)

 
Figure 9.26 Isometric stress-time curves for the propylene-ethylene copolymer creep

15 responses shownin Fig. 9.20.

oeoO

= 10°

é
8 9.4.1 Torsion Pendulumn

g . . : .
B The simplest dynamic mechanical test is the torsion pendulum. The standard
2 5 procedure for the torsional pendulum, schematically shown in Fig. 9.27 [21], is

described in DIN 53445 and ASTM D2236. The technique is applicable to
virtually all plastics, through a wide range of temperatures; from the
temperature of liquid nitrogen, -180 °C to 50-80 °C above the glass transition

| temperature in amorphous thermoplastics and up to the melting temperature
in semi-crystalline thermoplastics. With thermoset polymers one can apply

1 - oS 3 torsional tests up to the degradation temperatures of the material.rain, ¢ (%

Figure 9.25 Isochronous stress-strain curves for the propylene-ethylene copolymer
creep responses shownin Fig. 9.20.

 

| 94 Dynamic Mechanical Tests     
MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 207



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 208

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 

 

394 Engineering Design Properties

 

 
  

 
  
 
 

Linear Lag
amplitier ||amplifier

~Inertia wheel
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‘Temperature-controlled
chamber

Two-channelstrip
Torsion pendulum chart recorder

Figure 9.27. Schematic diagram of the torsion pendulum test equipment.

The torsion pendulum apparatus is made upof an inertia wheel, grips, and
the specimen contained in a temperature-controlled chamber. The rectangular
test specimen can be cut from a polymer sheet or part, or it can be made by
injection molding. To execute the test the inertia wheel is deflected, then
released and allowedto oscillate freely. The angular displacement or twist of
the specimen is recorded over time. The frequency of the oscillations is directly
related to the elastic shear modulus of the specimen, G', and the decay of the
amplitudeis related to the damping orlogarithmic decrement, A, of the material.
The elastic shear modulus (Pascals) can be computed using the relation?

Gre 6.42 If (9.36)
br

where I is the polar momentofinertia (g/cm2), L the specimen length (cm), f
the frequency (Hz), b the width of the specimen,t the thickness of the specimen,
and 4 a shape factor which depends on the width-to-thickness ratio. Typical
values of w are listed in Table 9.2 [18]. The logarithmic decrement can be
computed using

 

eedA= nf A, ] (9.37)
where An represents the amplitude of the nth oscillations Althoughtheelastic
shear modulus, G', and the logarithmic decrement, A, are sufficient to
characterize a material, one can also compute the loss modulus G" by using

2 For more detail, please consult ASTM D2236.
3 When A> 1, a correction factor mustbe used to compute G’. See ASTM D2236.
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o-(S) (9.38)
Table 9.2 Shape Factor for Various Rectangular Cross-Sections

 Ratio of specimen width to thickness Le
1.0 2.249

1.2 2.658

14 2.990

1.6 3.250

1.8 3.479

2.0 3.659

2.5 3.990

3.0 4.213

4.0 4.493

5.0 4.662

10.0 4.997

50.0 5.266

% 5.333,

The logarithmic decrement can also be written in termsofloss tangent, tan 6,
where 6 is the out-of-phase angle between the strain and stress responses. The
loss tangent is defined as

G

GCG

 

tanéd =— = (9.39)al>
Figures 9.28 [1] and 9.29 [1] show the elastic shear modulus and theloss tangent
for high impact polystyrene, and various polypropylene grades, respectively.
In the graph for high impactpolystyrene, the glass transition temperatures for
polystyrene at 120 °C and for butadiene at -50 °C, are visible. For the
polypropylene grades, the glass transition temperatures and the melting
temperatures can be seen. The vertical scale in plots such as Figs. 9.28 and 9.29 is
usually a logarithmic scale. However, a linear scale better describes the
mechanical behavior of polymers in design aspects. Figure 9.30 [1] presents the
elastic shear modulus on a linear scale for several thermoplastic polymers as a
function of temperature.
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Figure 9.28—Elastic shear modulus andloss tangent for HIPS.
Temperature, T (°C)

Figure 9.30 Elastic shear modulus for several thermoplastics.
104 10

— Homopolymer

= —-- Copolymer . . .
@ sees Elastomerblend 9.4.2 Sinusoidal Oscillatory Test=

é 10° a = In the sinusoidal oscillatory test, a specimen is excited with a low frequency
g 2 stress input which is recorded along with the strain response. The shapes of the
3 & test specimen andthe testing procedure vary significantly from test to test. The
2 3 various tests and their corresponding specimens are described by ASTM D4065
5 107 | 0.1 i and the terminology, such as the one already used in Egs.9.36-9.39, is described
2 2 by ASTM D4092.
° :
= 8 If the test specimen in a sinusoidal oscillatory test is perfectly elastic, the
co ‘ aot 2 stress input and strain response would beas follows:Aa

t(t) =, cos@t (9.40)

| yi L_Jo.oo1 7(t) = Yocoswt (9.41)1

-160 -120 -80 -40 O 40 80 120 160 200 . . . . ;
6 For an ideally viscous test specimen, the strain response would lag x/2radiansTemperature, T (°C) behind th A .enind the stress input:

Figure 9.29 Elastic shear modulus and loss tangent for various polypropylene
grades. t(t) =, coset (9.42)

 
v(t) = ¥ cos t-4 (9.43)
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Polymers behave somewhere in between the perfectly elastic and the perfectly
viscous materials and their response is described by

t(t}=t,coswf and (9.44)

y(t} = yo cos(wt— 5) (9.45)

The shear modulus takes a complex form of

GC x?) te" = 70(cos6 + isind) = G'+ G" 9.46v(t) % Yo ) O48)
which is graphically represented in Fig. 9.31. G' is usually referred to as storage
modulus and G" as loss modulus. The ratio of loss modulus to storage modulusis
referred to as loss tangent:

tand = = (9.47)G

ImaginaryG?_—— 
Real G' ——>-

Figure 9.31 Vector representation of the complex shear modulus.

9.5 Viscoelastic Behavior of Polymers

Linear viscoelastic models were already introduced in Chapter 2. The main
assumptions made in linear viscoelasticity is that the deformations must be
small and that various loadingsat different times are simply superimposed on
one another as stated by Bolfzmann's superposition principle. Several models exist
to simulate the linear viscoelastic behavior of polymers. These physical models
are generally composed of one or several elements such as dashpots, springs, OT
friction elements that represent viscous, elastic, or yielding properties,
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respectively. All models must satisfy the momentum balance and continuity or
deformation equation, along with the appropriate constitutive laws. The most
commonly used constitutive equations are the viscous or Newtonian model,
which is written as

o=m"é (9.48)

andthelinear elastic or Hookean model, whichis represented by

o= Ee (9.49)

where 1 and E arethe viscosity and Young's modulus,respectively.

9.5.1 Kelvin Model

The Kelvin model, sometimes also called the Kelvin-Voigt model, is shown in
Fig. 9.32. It is the simplest model that can be used to represent the behavior of a
solid polymer componentat the beginning of loading.

 
 

  
  

Figure 9.32 Schematic diagram of the Kelvin model.

The momentum balance for the Kelvin modelis stated as

O=0,+0, (9.50)

and the continuity equation is represented by

e568, (9.51)

Using Eq. 9.51 with the constitutive relations in Eqs. 9.48 and 9.49, the
governing equation, Eq. 9.50, can be rewritten as
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o= Ee+né (9.52)

9.5.1.1 Kelvin Model Creep Response

Using Eq.9.52, the strain in a creep test in the Kelvin model can be solved for as

e(t) = 2¢(-e"”)* (9.53)

whereA, (E/1), is the relaxation time. The creep modulusis defined as

E

E,(t)= (-e") (9.54)
The creep response of the Kelvin model is shownin Fig. 9.33.

9.5.1.2 Kelvin ModelStress Relaxation

In the Kelvin modelthe stress does not relax and remains constant at

o= E&, (9.55)

This is shown in Fig. 9.33.

Asymptote ¢ = do/E

Strain,¢ 
Relaxation

Stress,o  

 
 

|
|
|
|
|
|
t
 

4 Lt Time

Figure 9.33 Creep, relaxation, and recovery response of the Kelvin model.
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9.5.1.3 Kelvin Model Strain Recovery

Since the stresses do not relax in a Kelvin model, the full shape of the original
component or specimen can be recovered. The strain recovery response can be
written as

a(t) =2,e"" (9.56)

and is represented in Fig. 9.33.

9.5.1.4 Kelvin Model Dynamic Response

Wecan also consider the response of a Kelvin model subjected to a sinusoidal
strain given by

e(t) = €, sin(wt) (9.57)

where ¢, is the strain amplitude and w is the frequency. Differentiating Eq. 9.57
and substituting into Eq. 9.52 results in

o(t) = Ee, sin(wrt) + nae, cos(wt) (9.58)

Dividing Eq. 9.58 by the strain amplitude results in the complex modulus, which
is formed by the storage modulus defined by

E'=E (9.59)

and the loss modulus given by

E"=na (9.60)

9.5.2 Jeffrey Model

As shownin Fig. 9.34, the Jeffrey model is a Kelvin model with a dashpot. This
extra feature adds the missing long-term creep to the Kelvin model.

The momentum balance of the Jeffrey model is represented by two
equationsas .

G=0, and (9.61)

O=0,+0, (9.62)

as is the continuity equation by
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€ =€, and (9.63)

E=E,+8; (9.64)

| Combining Eq. 9.61-9.64 and applying the constitutive equations gives

om [25=né+[7 (9.65)E, E,

which is sometimes written as

o+ Ao =n(é+ A,é) (9.66)

 

  
    

Figure 9.34 Schematic diagram of the Jeffrey model.

9.5.2.1 Jeffrey Model Creep Response

Using Eq. 9.66, the strain in a creep test in the Jeffrey model can be solved for as

e(t) = (le)+a (9.67)0

and is depicted in Fig. 9.35. The creep modulusofthe Jeffrey model is written as

poe) + al (9.68) E()=
 E£ ify 
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Stress,o 
 

Strain recoverya

Strain,¢
 7 _

t, Time

Figure 9.35 Creep, relaxation and recovery response of the Jeffrey model.

9.5.2.2 Jeffrey Model Stress Relaxation

The stress relaxation of the Jeffrey model is derived from the governing
equation, Eq. 9.66 as

o=a,e'" (9.69)

and is also represented in Fig. 9.35.

9.5.2.3 Jeffrey Model Strain Recovery

The unrelaxed stress is recovered in the same way as in the Kelvin model

e(t) =e," (9.70)

9.5.3 Standard Linear Solid Model

The standard linear solid model, shownin Fig. 9.36, is a commonly used model
to simulate the short-term behavior of solid polymer components. The
Momentum balance of the standard linear solid model is expressed with two
equations as

O=0, +0, (9.71)
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and

0, =90, (9.72)  
  

Continuity or deformation is represented with ©
a Relaxation

E=E+E (9.73) =1 3 ao =
Strain recovery

and A te Time

E=E, (9.74)

When we combine Eqs. 9.71-9.74 and use the constitutive equations for the
spring and dashpot elements, we get the governing equation for the standard
linear solid model: Strain¢ 

no+ Eo=n(E, + E,)é+ EE, (9.75) i tp Tire
Figure 9.37 Creep, relaxation, and recovery response of the standard linear solid |

model.

 
9.5.3.2 Standard Linear Solid Model Stress Relaxation

 
The stress relaxation of the standard linear solid model can be derived by
integrating Eq. 9.75 and is represented by

 
o=6,(E,+ E)ee™ (9.77) 

 | 9.5.4 Maxwell-Wiechert Model 
| The Maxwell-Wiechert model, shownin Fig. 9.38, is a generalized model which

bo consists of an arbitrary number of Maxwell models connected in parallel.
Figure 9.36 Schematic diagram of the standardlinear solid model.

 

9.5.3.1 Standard Linear Solid Model Creep Response

Using Eq. 9.75, the strain in a creep test in the standard linear solid model can
be solved for as

 
      

  
c= % + Dy _ Po e(EiEa INE +Es)} (9.76)

E, \E,+E, E,       
 

andis plotted in Fig. 9.37.

Figure 9,38 Schematic diagram of the Maxwell-Wiechert model.
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The momentum balance in the ith Maxwell element of the Maxwell-

Wiechert model is expressed as

GO, = Fi + O72 (9.78)

and the full momentum balance for a model with 1 elements is written as

a

o= S 0; (9.79)i-|

Continuity or deformation for the ith Maxwell element is expressed as

& = €+ i (9.80)

and for the full model

E=6 = 6, =6)... (9.81)

The governing equation for the Maxwell-Wiechert model is written as

g- SiG (9.82)
E, on,

9.5.4.1 Maxwell-Wiechert Model Stress Relaxation

The stress relaxation of the Maxwell-Wiechert model can be derived by
integrating Eq. 9.82 and substituting the resulting stress into Eq. 9.79. Dividing
by the applied strain « results in an expression for the relaxation model which
is written as

(9.83)E(t)= >»Ee=

which represents a model with n relaxation times and where A,=7,/E,. As an
example, we can approximate the relaxation behavior of the polyisobutylene
shown in Fig. 2.29 by using a Maxwell-Wiechert model having two Maxwell
elements with A, = 10-8 h and A2=100 h, and FE, = 3x10? Pa and E=10° Pa, Figure
9.39 compares the experimental relaxation modulus with the model. One can
see that although there are big differences between the two curves, the model,
with its two relaxation times, does at least qualitatively represent the
experimental values.
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Figure 9.39 Comparison of the experimental stress relaxation for polyisobutylene to
a two-component Maxwell-Wiechert model response.

9.5.4.2 Maxwell-Wiechert Model Dynamic Response

Wecan also consider the response of a Maxwell-Wiechert model subjected to a
sinusoidal strain given by Eq. 9.57. In a similar analysis to that presented for
the Kelvin model and for the Maxwell model in Chapter 2, the storage modulus
is given by

 A E. A =z'¥|Ado) (0.84)
m1 \1+(@,A,)

and the viscous term or the loss modulus, is given by

| Ewo,A,
E"= }|——_+ 9.85S| I+ wa 8)

9.6 Effects of Structure and Composition on Mechanical
Properties

The shear modulus versus temperature diagram is a very useful description of
the mechanical behaviorof certain materials. It is possible to generate a general
Shear modulus versus temperature diagram for all polymers by using a
teduced temperature described by

 

 
MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 214



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 215

 
 
 
 

 

 
 
 
 

 

 
 
 
 
 
 

408 Engineering Design Properties

T= 293KT.x

 

(9.86)

Fig. 9.40 [22] showsthis diagram with the shear modulus of several polymers.
The upper left side of the curve represents the stiff and brittle cross-linked
materials, and the upper right side represents the semi-crystalline
thermoplastics whose glass transition temperature is below room temperature.
The lower right side of the curve represents elastomers, positioned accordingly
on the curve depending on their degree of cross-linkage.
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Figure 9.40 Shear modulus of several polymers as a function of reduced glass
transition temperature.
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9.6.1 Amorphous Thermoplastics

Amorphous thermoplastics exhibit “useful” behavior below their glass
transition temperature. Figure 9.41 shows the shear modulus of an
unplasticized PVC with respect to temperature. In this figure we observe that
the material solidifies at the glass transition temperature, between 80 and 90
oC, We note that one cannot exactly pinpoint Tg but only a range within which
it will occur. In fact, already at 60 °C thestiffness dramatically drops as the U-
PVC starts to soften. Below -10 °C, the U-PVC becomes very stiff and brittle,
making it useful only between -10 °C and 60 °C for most applications. As
mentioned before, the properties of thermoplastics can be modified by adding
plasticizing agents. This is shownfor PVC in Fig. 9.42 where the shear modulus
drops at much lower temperatures whena plasticizing agent is added.

Often the tensile stress and strain at failure are plotted as a function of
temperature. Figure 9.43 showsthis for a typical amorphous thermoplastic. The
figure shows how the material is brittle below the glass transition temperature
and, therefore, fails at low strains. As the temperature increases, the strength of
the amorphous thermoplastic decreases, since it becomes leathery in texture
and is able to withstand larger deformations. Above Tz, the strength decreases
significantly, as the maximum strain continues to increase, until the flow
properties have been reached at which point the mechanical strength is
negligible. This occurs around the “flow temperature” marked as Ty in the
diagram. If the temperature is further increased, the material will eventually
thermally degrade at the degradation temperature, Tq.
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Figure 9.41 Shear modulus and mechanical dampingfor an unplasticized PVC.
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Figure 9.42 Shear modulusas a function of temperature for a PVC with and without
a plasticizing agent.

 

Useful range | ‘Strain MeltStrength,o Strainatfailure,¢,   
 

Temperature, T - _

Figure 9.43 Tensile strength andstrain at failure as a function of temperature for an
amorphous thermoplastic.

Some amorphous thermoplastics can be made high impact resistant (less
brittle) through copolymerization. The most common example is acrylonitrile-
butadiene-styrene, also known as ABS. Since butadiene chains vitrify at
temperatures below -50 °C, ABS is very tough at room temperature in contrast
to polystyrene and acrylics by themselves. Due to the different glass transition
temperatures present in the materials which form the blend, ABS shows two
general transition regions, one around -50 °C and the other at 110 °C,visible in
both the logarithmic decrement and the shear modulus.

9.6.2 Semi-Crystalline Thermoplastics

The properties of semi-crystalline thermoplastics can also be analyzed by
plotting mechanical properties with respect to temperature. An interesting
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example is shown in Fig. 9.44, which presents plots of shear modulus versus
temperature of a polystyrene with different molecular structures after having
gone through different stereo-specific polymerization techniques: low
molecular weight PS (A), a high molecular weight PS (B), a semi-crystalline PS
(C), and a cross-linked PS (D). In Fig. 9.44 we can see that the low molecular
weight material flows before the high molecular weight one, simply due to the
fact that the shorter chainscan slide past each other more easily— reflected in
the lowerviscosity of the low molecular weight polymer. The semi-crystalline
PS showsa certain amountofstiffness between its glass transition temperature
at around 100 °C andits melting temperature at 230 °C. Since a semi-crystalline
polystyrene is still brittle at room temperature, it is not very useful to the
polymer industry. Figure 9.44 also demonstrates that a cross-linked
polystyrene will not melt.

 
Brittle Tough-leathery Melt
   

      
  

ci 2 an

Se 2 aw

 
102
 

— ao

 Shearmodulus,G(MPa)
S oO

       
 

 
50 100 150 200 250

Temperature, T (0C)

Figure 9.44 Shear modulus curves for amorphous, semi-crystalline and cross-linked
polystyrene. (A) low molecular weight amorphous, (B) high molecular
weight amorphous, (C) semi-crystalline, (D) cross-linked.

Semi-crystalline thermoplastics are leathery and tough at room
temperature since their atactic and amorphous regions vitrify at much lower
temperatures. Figure 9.45 shows the shear modulus plotted versus temperature
for polypropylene at various degrees of crystallinity. In each case the
amorphous regions “solidify” at around 0 °C, whereas the melting temperature
apes up significantly with increasing degree of crystallinity. The brittle
behavior of polypropylene at 0 °C can sometimes pose a problem in design.

's problem can be mitigated through copolymerization— in this case PP
copolymerized with ethylene or in elastomers such as ethylene-propylene-
diene terpolymer (EPDM).
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Figure 9.45=Shear modulus for polypropylene with various degreesof crystallinity.

The tensile stress and the strain at failure for a common semi-crystalline
thermoplastic is shown in Fig. 9.46. The figure shows an increase in toughness
between the glass transition temperature and the melting temperature. The
range between Ty and Tj, applies to most semi-crystalline thermoplastics.

Figure 9.46

9.6.3 Oriented Thermoplastics

If a thermoplastic is deformed at a temperature high enough so that the
polymer chains can slide past each other but low enough such that the
relaxation time is much longer than the time it takes to stretch the material,
then the orientation generated during stretching is retained within the polymet

Strength, ——» Strainoffailure,¢,tp 
 

Temperature, T ——=

Tensile strength and strain at failure as a function of temperature for a
semi-crystalline thermoplastic.
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component. We note that the amount of stretching, L/Lo, is not always
proportional to the degree of orientation within the component; for example,if
the temperature is too high duringstretching, the molecules may have a chance
to fully relax, resulting in a component with little or no orientation. Any
degree of orientation results in property variations within thermoplastic
polymers. Figure 9.47 [23] shows the influence stretching has on various
properties of common amorphous thermoplastics. The stretching will lead to
decreased strength andstiffness properties perpendicular to the orientation and
increased properties parallel to the direction of deformation. In addition,
highly oriented materials tend to split along the orientation direction under
small loads.

1.6OOD

 
 

 
 

 

PCL PVC)
PMMA,

ea eo
< <aree¢ 10¢c * =
3 I $= PS_ | |WwCc ~7 ‘

&é Oerod =,
€ O5- .
o ~o

- PHIMA||
PVC I

0
1 3 5

Drawratio

1.5.>-—@£_
, PC,

7 PVC,

= on PMMA,
2 4.0" = S—— PS)
a PS||
8
® mea PMMA|Qa
Eea
So 05|-

w f PVC ||7 t
2 \-l

  
Drawratio

Figure 9.47 Influenceof stretch ondifferent properties of amorphous thermoplastics:
(top) Thermal expansion, (bottom) Linear compressibility (continued).
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Figure 9.47 Influence of stretch on different properties of amorphous thermoplastics
(continued): Thermal conductivity.

In amorphous thermoplastics the stretching that leads to permanent
property changes occurs between 20 and 40 °C above the glass transition
temperature, Ty, whereas with semi-crystalline thermoplastics they occur
between 10 and 20 °C below the melting temperature, Tm. After having
stretched a semi-crystallinc polymer, one must anneal it at temperatures high
enough that the amorphous regions relax. During stretching the spherulites
break up as whole blocks of lamellae slide out, shown schematically in Fig. 9.48
[24]. Whole lamellae can also rotate such that by sufficiently high stretching,all
molecules are oriented in the same direction. The lamellae blocks are now

interconnected by what is generally called tie molecules. If this material is
annealed in a fixed position, a very regular, oriented structure can be
generated. This highly oriented material becomes dimensionally stable at
elevated temperatures, including temperatures slightly below the annealing or
fixing temperature. However, if the component is not fixed during the
annealing process, the structure before stretching would be recovered. Figure
9.49 has stress-strain plots for polyethylene with various morphological
structures. If the material is stretched such that a needle-like or fibrilic

morphological structure results, the resulting stiffness of the material is very
high. Obviously, a more realistic structure that would result from stretching
would lead to a stacked platelike structure with lower stiffness and ultimate
strength. An unstretched morphological structure would be composed of
spherulites and exhibit much lower stiffness and ultimate strength. The
strength of fibrilic structures is taken advantage of when making synthetic
fibers. Figure 9.50 showstheoretical and achievable elastic moduli of various
synthetic fiber materials.
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Figure 9.48 Schematic of the sliding and re-orientation of crystalline blocks in semi-
crystalline thermoplastics.
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Figure 9.49—Stress-strain behavior of polyethylene with various morphologies.
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Figure 9.50 Tensile modulusfor variousfibers.

High-stiffness and high-strength synthetic fibers are becoming increasingly
important for lightweight high-strength applications. Extended-chain ultra-
high molecular weight polyethylene fibers have only been available
commercially since the mid 1980s. The fibers are manufactured by drawing or
extending fibers of small diameters at temperatures below the melting point.
The modulus and strength of the fiber increase with the drawing ratio or
stretch. Due to intermolecular entanglement, the natural draw ratio of high
molecular weight high-density polyethylene is only 5+. To increase the draw
ratio by a factor of 10 or 100, polyethylene must be processed in a solvent such
as paraffin oil or paraffin wax.

Figure 9.51 [25] presents the tensile modulus of super-drawn ultra-high
molecular weight high-density polyethylene fibers as a function of draw ratio.
It can be seen that at draw ratios of 250, a maximum modulus of 200 GPais

reached. In addition to amorphous and semi-crystalline thermoplastics, there is
a whole family of thermoplastic materials whose molecules do not relax and,
thus, retain their orientation even in the melt state. This class of thermoplastics
is the liquid crystalline polymers. One such material is the aramid fiber, most
commonly known byits tradename, Kevlar®, which has becn available in the
market for several years. To demonstrate the structure of liquid crystalline
polymers, successive enlargement of an aramid pellet is shown in Fig. 9.52 [26].
For comparison, Table 9.3 presents mechanical properties of aramid and
polyethylene fibers and other materials.

4 Ibis interesting that a scmi-crystalline thermoplastic stretches more at low molecular weights than at
high molecular weights. This contradicts what we expect from theory that longer molecules allow the
component to stretch following the relation A, = M”°. An explanation for this may be the trapped
entanglements found in high molecular weight, semi-crystalline polymers that act as semi-permanent
cross-links which rip at smaller deformations.
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Figure 9.51 Tensile modulus as a function of draw ratio for a UHMWPE
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Figure 9.52 Schematic of the structure of a LC-PET.
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Table 9.3. Mechanical Properties of Selected Fibers 

 

Fiber Tensile Tensile Elongation Specific
strength modulus to break gravity
(MPA) (GPa) (%)

Polyethylene 3000 172 2.7 0.97
Aramid 2760 124 2.5 1.44

Graphite 2410 379 0.6 1.81
S-glass 4585 90 2.75 2.50

The anisotropy of the oriented material can be approximated by assuming
that there are covalent bonds joining the molecular chains along the orientation
direction, whereas only van der Waals forces act in the two directions
perpendicular to the main orientation. With this so called 1:2 rule, we can write

a,+2a,=3a, and (9.87)

a, + 2a, = 3a, (9.88)

where a, is the property for the isotropic material, a, and a, are the values for
the fully oriented material, and a, and a, are the values that correspond to the
parallel and perpendicular directions with respect to the main orientation. The
actual degree of orientation in the above analysis is unknown. The 1:2 rule can
be applied to strength properties such as elastic modulus and Poisson's ratio as
well as to thermal expansion coefficient and thermal diffusivity. For theelastic
modulus, we can write

eee (9.89)
EZ E, Ey

This rule can be used to approximate mechanical properties of synthetic fibers.
For example, a polypropylene fiber will have a tensile elastic modulus of 700
MPa compared to an elastic modulus of 30 MPa for the isotropic material.

9.6.4 Cross-Linked Polymers

Cross-linked polymers, such as thermosets and elastomers, behave completely
differently than their counterparts, thermoplastic polymers. In cross-linked
systems, the mechanical behavior is also best reflected by the plot of the shear
modulus versus temperature. Figure 9.53 compares the shear modulus between
highly cross-liked, cross-linked, and uncross-linked polymers. The coarse cross-
linked system, typical of elastomers, has a low modulus above the glass
transition temperature. The glass transition temperature of these materials 1

Be

9 Mechanical Behavior of Polymers 419 

usually below -50 °C, so they are soft and flexible at room temperature. On the
other hand, highly cross-linked systems, typical in thermosets, show a smaller
decrease in stiffness as the material is raised above the glass transition
temperature; the decrease in properties becomes smaller as the degree of cross-
linking increases. Figure 9.54 shows ultimate tensile strength and strain curves
plotted versus temperature. It is clear that the strength remains fairly constant
up to the thermal degradation temperature of the material.
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Figure 9.53 Shear modulus and behavior of cross-linked and uncross-linked
polymers.
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Figure 9.54 Tensile strength and strain at failure as a function of temperature for
typical thermosets.
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9.7 Mechanical Behavior of Filled and Reinforced Polymers

When wetalk about fillers, we refer to materials that are intentionally placed
in polymers to make them stronger,lighter, electrically conductive, or cheaper.
Any filler will affect the mechanical behavior of a polymeric material. For
example, long fibers will make it stiffer but usually denser, whereas foaming
will make it more compliant but much lighter. On the other hand,a filler such
as calcium carbonate will decrease the polymer's toughness while making it
considerably cheaper. Figure 9.55 [27] shows a schematic plot of the change in
stiffness as a function of volume fraction for several types of filler materials.

Figure 9.56 showsthe increase in dynamic shear modulus for polybutylene
terephthalate with 10 and 30% glass fiber content. However, fillers often
decrease the strength properties of polymers— this is discussed in more detail
in the next chapter.
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Figure 9.55 Relation betweenstiffness andfiller type and orientation in polymeric
materials.
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Figure 9.56 Shear modulus for a polybutylene terephthalate with various degrees of

glass fiber content by weight.

However, when we refer to reinforced plastics, we talk about polymers
(matrix) whose properties have been enhanced by introducing a reinforcement
(fibers) of higher stiffness and strength. Such a material is usually called a fiber
reiiiforced polymer (FRP) or a fiber reinforced composite (FRC). The purpose of
introducing a fiber into a matrix is to transfer the load from the weaker
material to the stronger one. This load transfer occurs over the length of the
fiber as schematically represented in Fig. 9.57. The length it takes to complete
the load transfer from the matrix to the fiber, without fiber or matrix fracture,
is usually referred to as critical length, L.. For the specific case where thereis
perfect adhesion between fiber and matrix, the critical length can be computedas

ii, D on,De (9.90)ee

 

where D is the fiber diameter, o,, is the tensile strength of the fiber and r,,, is
the shear strength of the matrix. Although Eq. 9.90 predicts L/D as low as 10,
experimental evidence suggests that aspect ratios of 100 or higher are required
to achieve maximumstrength [28]. If composites have fibers that are shorter
than theircritical length they are referred to as short fiber composites, and if the
fibers are longer they are referred to as long fiber composites [29].
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Figure 9.57 Schematic diagram of load transfer from matrix to fiber in a composite.

9.7.1 Anisotropic Strain-Stress Relation

As discussed in Chapter 6, filled polymers are often anisotropic, and the
relations presented in Eqs. 9.1-9.15 are not valid. The three-dimensional
anisotropic strain-stress relation where, for simplicity, x, y, and z have been
replaced by 1,2, and 3, respectively, is often written as

 

 

 

1 Var Vai&,=— 9, -—a,,-oa 9.91it E,, 11 E,, 2 E,, 33 ( )

En =o +o, -2¢ (9.92)
22 7 IL E,, a2 Ex 33

V5 Vo3 1
E53 = =m -—On + — 05, (9.93)I 22: 33

| 9.94)Ya = G To (9.12

(9.95)
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Ys) = Ta (9.96)

and in matrix form for the more general case:

amy Sy Sin Sy Sig Sis Sie|O4,

En Sy Sx Sus Sag Sas Sag||One

&33 = $3, S52 S55 Shy Sy5 Sy|]Ory (9.97)
Yio Sa Sg Sug Sag Sys Sge||Tir

Yas Ss S52 853 Sy Sg5 S55|]Tos

Yst Sor S52 S53 Seg S53, So|Tat

where coupling between the shear terms and the elongational terms can be
introduced.

9.7.2 Aligned Fiber Reinforced Composite Laminates

The most often applied form of the above equations is the two-dimensional
model used to analyze the behavior of aligned fiber reinforced laminates, such
as that shown schematically in Fig. 9.58. For this simplified case, Eqs. 9.91-9.96
reduce to

Vin
ee 9.98& E, Oo, Ey Or ( )

Vir 1oy gs all. 99T E, oO, E, Or 9 )
1

Yor a” (9.100)
which can also be written as

{Er} = [Sir Hour} (9.101)

where the subscripts L and T define the longitudinal and transverse directions,
tespectively, as described in Fig. 9.58, and [S,, ] is referred to as the compliancematrix.
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Figure 9.58 Schematic diagram of unidirectional continuousfiber reinforced

laminated structure.

The longitudinal and transverse properties can be calculated using the
widely used Halpin-Tsai model [30] as

l-no

E, = E,, ot me
1-1

 

C., = a4} * *¢) = G, “iLl-Agp ven

where

icE,,

n= Te ;eS

 

(9.102)

(9.103)

(9.104)

(9.105)

(9,106)
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Here, the subscripts f and m represent the fiber and matrix, respectively; L the
fiber length; D the fiber diameter; ¢ the volume fiber fraction which can be
expressed in terms of weightfraction, w, as

= a 9.108? y+ (l+y(e,/p,,] ( )
It should be pointed out that, in addition to the Halpin-Tsai model, there are
several other models in use today to predict the elastic properties of aligned
fiber reinforced laminates [31, 33]. Most models predict the longitudinal
modulus quite accurately as shownin Fig, 9.59 [31], which compares measured
values to computed values using the mixing rile. This comes as no surprise,
since experimental evidence clearly shows that longitudinal modulus is
directly proportional to the fiber content for composites with unidirectional
reinforcement. However, differences do exist between the models when

predicting the transverse modulus, as shownin Fig. 9.60 [31].

6000

Predicted values
e Measured values5000

4000

3000

2000

Longitudinalmodulus,EL(MPa)
Practical range—<=$-+$_$_______

 
02 03 04 05 O06 O7 O28

Glass fiber volumefraction, ¢

Figure 9.59 Measured and predicted longitudinal modulus for an unsaturated
polyester/aligned glass fiber composite laminate as a function of
volumefraction of glass content.
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20000 7—— -—— Model with Poisson's effect
—-—-—-—-Model without Poisson's effect

Halpin-Tsai model
= Stiffness of the matrix

15000 ——————Forster model= measured values

Practical range
|Transversemodulus,ET(MPa)

5000
 

02 03 o4 05 06 OF O8

Glassfiber volume fraction

Figure 9.60 Measured and predicted transverse modulus for an unsaturated
polyester/aligned glass fiber composite laminate as a function of
volumefraction of glass content.

9.7.3. Transformation of Fiber Reinforced Composite Laminate

Properties

The loading ina laminated structure is not always aligned with the transverse
and longitudinal directions of the reinforcement. Hence, it is often necessary to
rotate the laminate and its properties by an angle 6. Figure 9.58 depicts the
laminate's material coordinate system L-T and a rotated arbitrary coordinate
system 1-2. If we rotate the axes from the 1-2 system to the L-T system, we can
transform the stress components using

on c os 2se |{a,,
Orfaf ssc -2se Pouy or (9.109)

Tp —sc SC (c° -s*) %;

{o.r}=[Z, Hou} (9.110)

The transformation of the strain components carry an extra 1/2 term for the
shear strains and is written as

cS SC Ei,
& ta] 8 8 -se e5¢ OF (9.111)
EL

Yer -2se 2sc (c? -s) Yio
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{er} =[Z Het (9.112)

Combining Eq. 9.101 with the above transformations, we can write

[7, Heist =[S,,Toon} (9.113)
or

{é.2} = [ZT [Sir [ToKo2} (9.114)

The compliance matrix in the L-T coordinate system has four independent
components and the 1-2 system has six. The inverse of [T,] is equivalent to
rotating the coordinates back by -8. This leads to

 

 
c s 2c°s"

S, cs cs
S,, st ct 28°C os’ Sh
Si cs” es ci +s* -c*s? Syoe ; i: ( , ‘ we He (9.115)
Sua 4c°s° 4c°s" -8c°s° (c? -s Sir
Sia 2c45 —2es° 2(es° - c*s) (es° - c*s) Sss |5

*4 2es -2c35 Ac s- cs’) (c’s = cs’)
or

{So} =[R(O)S,7} (9.116)

The engineering elastic constants in the 1-2 system can easily be computed:

E,=2 (9.117)
ul S, .

Ey => (9.118)
22 Soy A

1
Gy == (9.119)

Sua

S 2
Van (9.120)

5, I

§

Voi = “s., (9.121)
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Sia
a= (9.122)

4 S,

5,

Tha = S.. (9.123)

y= Si (9.124)
Sug

Ny = S.o (9.125)
as

Figure 9.61 [33] shows how thestiffness decreases as one rotates away from the
longitudinal axis for an aligned fiber reinforced composite with different
volume fraction fiber content. From the figure it is evident that for high
volumefraction fiber contents only a slight misalignmentof the fibers from the
loading direction results in a drastic reduction of the properties. Along with the
predicted stiffness properties, the figure also presents the stiffness for a
composite with 0.56 volume fraction of fibers measured at various angles from
the longitudinal axis of the composite. The measured and the predicted values
agree quite well.

1.0

0.9

 
te

K ‘ ® Measured values for $= 0.561 0.8 |

07 ay ‘a
0.6 my \ L\ 2 \
05 Ly \

04 - \\

asf \\PR?
02 Nos =

oi  o=0. a.

Fractionoflongitudina!stiffness,Ex/EL  
 

0 10 20 30 40 50 60 70 80
Angle, ¢

Figure 9.61 Measured and predicted elastic modulus in a unidirectional fiber
reinforced laminate as a function of angle between loading and fiber
direction.
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9.7.4 Reinforced Composite Laminates with a Fiber Orientation
Distribution Function

The above transformation can be used to compute the properties of planar
systems with a fiber orientation distribution function. This is done by
superposing aligned fiber laminates rotated away from the principal 1-2
coordinate system by an angle @ and with a volumefiberfraction given by (0).
The transformation is written as

{5,.}=J((RO)]{S.,}o(@)}a9 (9.126)7 nw

which can be written in discrete terms to be used with fiber orientation
distribution function attained from computer simulation:

{si}= S([ela)fS.r}u(9))s6 (2.127)
Using Eq. 9.126, one caneasily predict the stiffness properties of a part with
randomly oriented fibers, where (0) =1/x, using5

1 1 I 31 31 2», 11
-t_ - A Vor (9.128)

8E, 8E, 8E, 8G,

 

ae Eesti

9.8 Strength Stability Under Heat

As mentioned earlier, polymers soften and eventually flow as they are heated.
Itis, therefore, important to know whatthe limiting temperatures are at which
a polymer component can still be loaded with moderate deformations. Three
tests are commonly performed on polymer specimens to determine this
limiting temperature for that material. They are the Vicat temperature test (DIN
53460), shownin Fig. 9.62, the Martens temperature test (DIN 53458 or 53462),
oe the heat-distortion temperature (HDT) test (ASTM D 648-72) shownin Fig.636,

5 :
The incorrect expression £,.,.,,, =3/86, +5/8E, is often successfully used, for low fiber content, to
Approximatethe stiffness of the composite with randomlyoriented fibers. However, using this equation
for composites with large differences between EL and Er,thestiffnesscan be overestimated by 50").

6 Courtesyof BASF,
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In the Vicat temperature test, a needle loaded with weights is pushed
against a plastic specimen inside a glycol bath. This is shown schematically in
Fig. 9.62. The uniformly heated glycol bath rises in temperature during thetest.
The Vicat number or Vicat temperature is measured when the needle has
penctrated the polymer by 1 mm. The advantage of this test methodis that the
test results are not influenced by the part geometry or manufacturing
technique. The practical limit for thermoplastics, such that the finished part
does not deform under its own weight, lies around 15 K below the Vicat   

 
 

 

temperature.

‘Test specimen

Figure 9.63 Apparatus to determine a material's shape stability under heat using the
heat-distortion-temperature test (HDT).

It is important to point out that these test methods do not give enough
information to determine the allowable operating temperature of molded
plastic components subjected to a stress. Heat distortion data is excellent when

Needle (1mm?) comparing the performanceof different materials and should only be used asa
—- + \¢ reference not as a direct design criterion.

‘ayooSf tors
—s — | — Table 9.4 Heat Distorsion Temperature for Selected Thermoplastics

Test specimen Material HDT(°C) 1.86 MPa 0.45 MPa

Figure 9.62 Apparatus to determine a material's shape stability under heat [BASF] HDPE 50 50
using the Vicat temperaturetest. PP 45 120

uPVC 60 82

To determine the heat distortion temperature, the standard specimenlies in PMMA 60 100
a fluid bath on two knife edges separated by a 10 cm distance. A bending force PA66 105 200
is applied on the center of the specimen. Similar to the Vicat temperaturetest, PC 130 145 
the bath's temperature is increased during the test. The HDT is the temperature
at which the rod has bent 0.2 mm to 0.3 mm (see Fig. 9.63). The Vicat
temperature is relatively independent of the shape and type of part, whereas
the heat-distortion-data are influenced by the shaping and pretreatment of the Examples
test sample. Table 9.4 shows the heat distortion temperature for selected
thermoplastics measured using ASTM D648.

9.1 Aloaded high-density polyethylene componentis not to exceed 4%strain
after 60 days of loading at room temperature. Using the short term data
Presented in Fig. 9.64 estimate the maximum allowable stress within the
component.

In the Martens temperature test, the temperature at which a cantilevered
beam has bent 6 mm is recorded. The test sample is placed in a convection oven
with a constantly rising temperature. In Europe, the HDT test has replaced the
Martens temperature test.
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Figure 9.64 presents constants E, and D, as a function of rate of the case of biaxial stress, composed of a hoop stress, o,,, and an axial stress,
deformation é. The time given in this design is 60 days (1440 h) and the o,, defined by
strain is 4%. Therefore the average rate of deformation is _ _
4%/1440h =0.0028%/h. At that rate, we read E£,=250MPa and D, = 28. o, = PPL 17.67 MPa ando.- PPE
Wecan now use Eq. 9.25 to compute the allowable stress 4 2h , a ane Oa = 4heae

Ee  2S0MPa(0.04) where, p is the pressure and fh is the thickness. These stresses are
a obAeee= 4.72MPa constant and will cause the pipe to creep. Using the PMMA creep data

1+D,e  14+28(0.04) we can generate a 1 year isochronous curve, which is presented in
| ; ; ow: oo. Fig.9.67. The strains that correspond to stresses of 17.67 MPa and

It should be noted that the prescribed strain of 4% is quite high. As a 8.83 MPa ate ¢, =1.32% and ¢, =0.6%, respectively. Since this is a |
rule of thumb, a componentthatis subjected to a long term load should | biaxial case we must correct the hoop strain using Poissons effect
not have strains larger than 2%, to avoid creep rupture. Hence, if we b 5 ; 5 Zé , "7 efore computing the diameter change. For treduce our allowable strain to 2%, the rate of deformation during the P 5 ge. For this weruse
60 days should be é= 2% /1440h = 0.0014% /h. At the new rate we read
E, =245MPa and D, =26 from Fig. 9.64. Using the new constants, the
maximum allowable stress for a 2% strain in 60 days is 3.22 MPa. However, since we were not given Poisson’s ration, v, we assume a

value of 1/3. Thus,

,
Ey = Ey — VE,

 

   
 

| 2000 80 &, = 1.32~(4)0.6 =1.12%
To compute the diameter change we use

1500 “160
cc = AD,

o ee a= =
S 1000fS S -|49 0 | Hence,
Pl g )

a AD = (53mm)(0.0112) =0.594mma

5007 ~|20 |
| |

Q | \ \ ! =l0 Steel tank _______ Steel cap0.001 0,01 04 1 10 100 1000

 
Strain rate, [%/h] PMMAtube

| Figure 9.64 Coefficients for PE-HD short term data

9.2 Ina special laboratory experiment, a PMMApipe is used to cap a tank that
is pressurized at 2 MPa, as shownin Fig. 9.65. The 3 mm thick pipe has a
50 mm internal diameter and is 300 mm long. Estimate the diameter
change of the pipe after one year of testing? Use the creep data given
below [34].

To solve this problem we can use the thin pressure vessel
approximation, working with an average diameter, D = 53mm. Thisis a Figure 9.65 Schematic of the apparatus described in Example 9.2. 

MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 227



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 228

9 Mechanical Behavior of Polymers 435 | 
 

 
9.3 In the assembly shownin Fig. 9.68, a tubular polypropylene feature is

pressed on a 15 mm long metal stud. The inner diameter of the 1 mm thick
PP tubular element is 10 mm. The metalstudis slightly oversized with a
diameter of 10.15 mm. With a coefficient of friction u=0.3 estimate the
force required to disassemble the parts shortly after assembly, and after
one year. Use the creep data givenin Fig. 9.69.

a Sh Ait
434 Engineering Design Properties

] 2.0

1.5

1.0

 
 

 
 
 

aaStrain(%) | This is a classic constant strain, ¢,, stress relaxation problem. Theinitial
hoop stress that holds the assembly together can be quite high.
However, as time passes the hoop stress relaxes and it becomes easier
to disassemble the two components. The strain in the system after
assembly is computed using

0.16mm
6

0.5  
11mm = 0.0145 —+1.45%

     
 

Time (h) & In order to follow the hoopstress history after assembly we generate a
i > 1.45% isometric curve, which is shown below (Fig. 9.70).

| Figure 9.66 PMMAcreepdata.|

| “yg tty

~ |ITI
1 year }

20-
cSoa

=

| |
3 10
a

|
;

0+ 7 7 1 F0 0.4 0.8 1.2 1.6 2

Strain, € (%)

) Figure 9.67 A 1 year isochronous curve for PMMA. Figure 9.68 Assembly for Example 9.3.
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3.0
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2.0

 
1.45%
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0.5

 

10-2

Time (h)

Figure 9.69 PP creep data.
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1

@ 10oa

eo
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awooO
5w

So 5<=   
10-2 10-1 1 10 102 103>

Time (h) ©

a ©. Bs

1year
Figure 9.70 Isochronous curve for PP at 1.45% strain.

From the isochronous curve we can deduce that the hoopstress, o,,, is
13.7 MPa shortly after assembly and about 5 MPa one year after
assembly. The pressure acting on the metal stud, due to the hoopstress,
can be computed using

2ha
- 45

which gives p=2.49MPa right after assembly and p=0.91MPa after
one year. From the pressure and the friction we can calculate the
disassembly force with

F = up(2DL)

where L=15mm is the length of the stud. Using the above equation, the
computed force necessary to pull the two components apart is 358 N
(80 Ib) after assembly and 130 N (29 Ib) after one year.
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9.4 You are asked to design a polypropylene bracket of circular cross-section,
as depicted in Fig. 9.71, to hold a 10 N load for a one year period. The
maximum strain you would like the bracket to feel is 2%. Calculate the
diameter of the bracket using the PP creep data given in Example 9.3. D=3 oe 3 SATONO.D5mm)=9.2mm

RO m(6.5 x 10"Pa)

Hence, we can solve for D using

 

 
  

 
 
 
 
 
 
 
 

 
 
 

 
 

 
  
 

 

c=D/2
| 6e sphere M=FL

i aD"[=
64

 

9 =
*, “

| 8
| | 7-

L=50 mm a 6
=

| . ° |

H 3-
Q-

1-

| | 0-5 7 i 1
0 1 2 3

Strain, ¢ (%)|

Figure 9.72 A 1 year isochronous curvefor PP.

Figure 9.71 Cantilevered bracket of circular cross-section. At this point tis important = arenan Sat bs design hppanany ar
First a solid cross-section such as this will result in a long cycle time

| during manufacturing due to the slow cooling, In addition, thick cross-
In this design, the instant the bracket is loaded it will begin to creep. sections result in large amounts of shrinkage, especially with a semi-| Sincethelife of the system is designed to be one year, with a maximum crystalline material such as polypropylene. Finally, the bending
strain of 2%, we will work with a1 year isochronous curve(Fig.9.72), strengthof a solid circular cross-section is only a fraction (lower than
generated using Fig.9.69. 20%) of the bending strength that an I-beam could deliver. This means

that by changing the cross-sectional geometry of the beam, we would
| From the isochronous curve we find that 6.5 MPais the stress that only need 20% orless of the material required for the present design.

corresponds to a 2% strain. In a cantilevered beam the maximum
| stresses occur in the upper (tensile) and lower (compressive) points

where the bracket joins the wall. For a cantilevered system we use
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Problems

9.1 Using the coefficients Eg and D2 for the high-density polyethylene
presented in Fig. 9.73 compute the stress for 0%, 2%, 4%, and 6% strain
and reconstruct the stress-strain curve for a specimen tested at 23 °C with
a 100% /h deformationrate.

 

 
 

0 0
0.001 0.01 0.1 1 10 100 1000

, Strain rate, [%/h]

Figure 9.73 Coefficients Eg and D2 for a high density polyethyleneat 23 °C,

9.2 For the above material calculate the 1% strain secant modulus for 6 min,
1h, 10h, and 100h. Plot the data and comment on yourresults.

9.3 Using the time-temperature superposition principle described below,
plot the stress-strain curve of Problem 9.1 for T = 40 °C.

Log(é,,, /é)=A(L/T-1/T,,}, with k=10400K

94 Generate a 2 year isochronous curve for the polypropylene curve
presented in Fig. 9.21. Using this curve estimate the thickness of a
50 mm diameter polypropylene pipe whose maximum allowable strain
in a2 year period should be 2%, while subjected to a 200 kPa internal
pressure. Note: neglect effect of biaxial state of stress.

9.5 After a continuos | year operation, whatis the diameter change ofa cast
acrylic tube whichis part of a fluids experimental set-up that transports

 
 

 

9 Mechanical Behavior of Polymers 441 

9.6

9.7

9.8

air at a pressure of 10 bar. Use the following
¢ Tube inside diameter = 50 mm,
¢ Tube thickness = 3 mm,
° Tube length = 300 mm.

Use the 20 °C creep curves given below.

You are to re-design the 50 mm long solid polypropylene circular
bracket described in Example 9.4 using a hollow circular cross-section
with a 2 mm thickness. How much material are you saving?

A cast iron pump housing has a polypropylene cover. The cover is
tightened with steel bolts causing a compressive strain of 1.5% on the
edge of the plate. When will the pumpstart leaking if it generates
internal pressures of up to 4 MPa. Usethe creep data given in Fig. 9.20.

Rework Example 9.3 using polyacctal data given in Fig. 9.74.

 
2.0

1.5 
Ss
oo~
a

  
i |

107 1 10 102 103 104 105
Time (h)

 

Figure 9.74 Creep data for polyacetal.

MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 231

 



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 232

 

442 Engineering Design Properties 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 

 
 

 
 
 
 

 
 
 
 
 
 

9 Mechanical Behavior of Polymers 443  

9.9 Two metal pipes are to be connected using a polypropylene fitting as 912 You are to design two long fiber reinforced cylindrical structural
shown in Fig. 9.75. The tubes are inserted onto thefitting causing a 1% components. Component A is to be loaded axially. ComponentBis to
hoopstrain. be loadedin torsion.

* Whatis the ideal orientation of the fibers for each component?
* If you were to choose between pultrusion, filament winding, and

injection molding, which process would you choose to manufacture
your components. Why?

9.13 You are asked to design a polyacetal snap-fit as depicted in Fig. 9.76.
Find the maximum force between the two components shortly after
assembly, and after one year. Use the creep data presented in Fig. 9.74
[20].

  
PolypropyleneFitting

Figure 9.75 Polypropylene snap-fit assembly. A-A h=3 mm
b=2 mm

Using the creep curves given in Fig. 9.69, estimate the initial hoop stress
in the polypropylenefitting.

The pressure of the water inside the tubes is 5 MPa. Estimate how long
will this design be water-proof?

Whatinitial hoop strain do you recommend to make the design water
proof for 1 year?

Draw a 1 day isochronousstress-strain curve.

9.10 Derive the equation given for Young's modulus, Erandom, for a plate with
randomly oriented fibers. Assume that the fiber length is much larger
than the thickness of the plate.

 
: . sos . Fi 9.76 Pol tal -fit assembly.

9.11 Similar to the Halpin-Tsai model, the mixing rule is another common —_ —————
technique to compute the properties of a unidirectional fiber reinforced

composite part. The mixing rule for the longitudinal modulusis written 914 Ina certain design, in which creep plays a SigniicaRELGOle, Fou NEE
| ' decide between a polyacetal and a polypropylene component. Your

maximum allowable strain is 2% after one year. Which one would you |
E,=@E, +(1-9)E,, choose if cost plays a major role in your design decision. To help you |

solve this problem, use the creep data presented in Figs. 9.76 and 9.69, for
POM and PP, respectively, and the cost data presented in Chapter1.

  
 

 Plot Ey as a function of ¢ for E, /E,, =2,10 and 20,
nm
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 444 Engineering Design Properties

9.15 In Problem 9.13, how would your decision be if weight played a higher
role than cost?
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Failure and Damageof Polymers
SSSrree

Failure of a componentis a designer and engineer’s biggest headache. Thefield
of study that analyzes failed products or predicts failure is very large and
complex. With polymers, failure is caused by mechanical, thermal, chemical, or
other environmental influences. This chapter begins with a small overview of
fracture mechanics. Here, simple models are presented that can be used to
quantify the strength of polymers. The subsequent sections cover short term
behavior, impact strength, creep rupture, fatigue, wear, and environmental
effects.

10.1 Fracture Mechanics

A common and relatively simple approach to analyzing failure of polymer
components is derived from linear elastic fracture mechanics (LEFM). The main
assumption when using LEFM is that the material under consideration behaves
like a linear elastic solid. The technique has been found to work well even for
those materials for which the region nearthe crack tip behaves inelastically but
everywhere the materials showselastic behavior. When a polymer component
is loaded at relatively high speeds, its behavior can be considered elastic,
justifying the usage of linearelastic fracture mechanics to analyzeits failure. In
fact, polymer components made of a ductile material will often undergo a
brittle failure whensubjected to impact.

However, LEFM is not appropriate to model the fracture behavior in
viscoelastic media or where extensive plasticity is present during deformation.
For these cases the Jintegrals can be used to determine energy change during
fracture. LEFM does not apply to long-term tests such as creep rupture since the
mechanical properties of the componentortest specimen are viscoelastic. If the
time scale of the loaded componentis carried to the extreme, say on the order
of a few months or years, the material behavioris viscous.
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The next sections will discuss linear elastic as well as linear viscoelastic

fracture mechanics, applying them to quantitatively analyze strength
properties of cracked polymer components or parts with sharp notchesorstress
concentrators.

10.1.1 Fracture Predictions Based on the Stress Intensity Factor

From. the basic three crack growth modesof failure, shown in Fig. 10.1, mode |
most resembles an internal crack growing under a tensile load. For the
analysis, consider the cracked body displayed in Fig. 10.2 with a crack length of
2a and an applied stress o. Near but not at the crack tip, the stress in the
direction of loading can be approximated by

K,..
= (10.1)

af 2007

where r is the distance from the crack tip and K,,is the critical stress intensity

oO, =

 

factor needed for mode I crack growth andfailure, defined by

K,, =o,aa (10.2)

This stress intensity factor depends on crack size relative to componentsize,
crack shape, boundary conditions, etc. Hence, a more general form of Eq. 10.2
is given by

K,, =Yo.na (10.3)

where Y is a dimensionless correction factor tabulated for various geometries
in Table 10.1. In a linear elastic solid, fracture occurs instantaneously at a
combination of stress and crack size that results in a critical stress intensity
factor, K,.. The critical stress intensity factor is a material property that
depends onthe temperature, grade of polymer, orientation, etc., wherea large
value implies a tough material. Table 10.2 [1, 2] shows stress intensity factors,
also called fracture toughness, for common polymers.
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Mode | Mode tI Mode III

opening mode sliding mode tearing mode
Figure 10.1. Three modes ofcrack loadings.
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Figure 10.2 Stress near a crack tip in an infinite plate.

Table 10.1 Values for Geometry Factor ¥ For Various Crack Configurations
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450 Engineering Design Propertics

Table 10.2 Values of Plane Stress Intensity Factor and Strain Toughnessfor
Various Materials

 aie Kyc(MN/m*/?) Gtc(ki/m?)
ABS 2-4 5
Acetal 4 1.2-2

Epoxy 0.3-0.5 0.1-0.3
LDPE il 6.5
MDPE-HDPE 0.5-5 3.5-6.5

Polyamide 66 3 0.25-4
Polycarbonate 1-2.6 a

Polyester-glass reinforced 5-7 5-7
Polypropylene copolymer 3-4.5 8

Polystyrene 0.7-1.1 0.3-0.8
PMMA 1.1 13

uPVC 14 1.3-1.4

Aluminum-alloy 37 20
Glass 0.75 0.01-0.02

Steel-mild 50 12

Stcel-alloy 150 107
Wood 0.5 0.12

10.1.2 Fracture Predictions Based on an Energy Balance

To analyze a mode I crack growth case using an energy balance and LEFM,
consider the cracked body used in the previous analysis, where the actual forces
are used instead of stresses, as displayed in Fig. 10.3. The crack widthis also 2a,
and the body is subjected to a load F. The load-displacement behavior of the
cracked body is described by the solid line in Fig. 10.4. The elastic energy
stored in the loaded componentis given by the area under the curve:

€u, =1Fx (10.4)2

As the crack grows by an amountAa,thestiffness of the component decreases as
shownby the dashedline in Fig. 10.4, and the elastic energy changes to

Ul = o(F + AF)(X + AX) (10.5)
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The change in stored elastic energy for the body with the growing crack is
described by

AU=U,-U, (10.6)

Figure 10.3. Load applied on a cracked specimen.

F

  
Figure 10.4 Linearelastic behavior of a cracked specimen.

The external work done as the crack grows the distance Aa is defined by the
shaded area in Fig. 10.4 and can be written as

AF
AU, =| F+——|Ax; ( + =| (10.7)
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452 Engineering Design Properties

By subtracting Eq. 10.6 from Eq. 10.7 we can compute the energy required to
generate new surfaces during fracture:

AU, ~ AU = (FAX - XAF) (10.8)
Griffith's hypothesis [3], commonly used as a fracture criterion, states that for a
crack to increase in size, the rate of stored elastic energy decrease must be
larger or equal to the rate at which surface energy is created during crack
growth. Griffith's hypothesis can be related to the expression in Eqs. 10.6 and
10.7 as

1a(U, -U)
t

=G,, 10.92G, (10.9)

where G,. defines the energy required to increase a crack by a unit length in a
component of unit width and is usually referred to as the elastic energy relcase
rate, the toughness or the critical energy release rate. Equations 10.6, 10.7, and 10.9
can be combined to give

G, = (r= 7 xS) (10.10)2\ da oa

Making use of the compliance defined by

J=— 10.11- (10.11

and defining the force at the onset of crack propagation by F., we can rewrite
Eq. 10.10 as

_ Fea= 10.12
2t da ( )

te

This equation describes the fundamental material property, G,,, as a function of
applied force at fracture and the rate at which compliance changes with respect
to crack size. Equation 10.12 is more useful if it is written in termsof stress as

G,2 (10.13)&

This equation only applies for plane stress and must be redefined for the plane
strain case as

10 Failure and Damage of Polymers 453oeSssSSSsssSSsssssMMeee

Gi, - ss (1-7) (10.14)
 

Table 10.2 also displays typical values of toughness for common materials.
By substituting Eq. 10.3 into Eqs. 10.13 and 10.14, we can relate the stress

intensity factor K,, and the toughness G,, with

K:
G, =—#te "Fg (10.15)
 

for the plane stress case and

G, = Kev) (10.16)
for the plane strain case.

10.1.3 Linear Viscoelastic Fracture Predictions Based on J-Integrals

Because of the presence of viscous components and the relatively large crack-
tip plastic zone during deformation, the elastic energy release rate, G,,, is not
an appropriate measure of the energy release or toughness during fracture of
many thermoplastic polymers. TheJ-integral concept was developedby Rice [4]
to describe the strain energy transfer into the crack tip region and, using the
notationin Fig. 10.5, is defined by

ou

J, = [Wdy - fTods (10.17)T r

where W represents the strain energy density, T the traction vector, and u the
displacement vector. As with G,, J, is a measure of the energy release rate,
thus, analogous to Fig. 10.4. We can consider Fig. 10.6 to determinethe energy
release in a viscoelastic material with a growing crack. Again, the shadedarea
in the curve represents the energy release rate which, apart from second order
effects, is the same for constant load and constant deformation and for a
specimen of thickness t can be computed by

AU = J,,tha (10.18)

which gives

(10.19)
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Figure 10.5 Strain energy transfer into the crack tip region of a component.

Constant force Second ordereffects

 
Figure 10.6 Non-linear behavior of a cracked specimen.

At fracture, J, can be related to the crack opening displacement, 6, and the
yield stress, o,, by

J, = 9,6 (10.20)

One important feature of the J-integral as defined in Eq. 10.17 is that it is
path independent, so any convenient path can be chosen where stresses and
displacements are known. A good choice for a path is one that completely
encloses the crack tip with the plastic region but which lies within the elastic
region of the body. Another property of the J-integral is that for linear elastic
cases, J, =G,,.  
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10.2 Short-Term Tensile Strength

As discussed in the previous chapter, short-term tensile tests DIN 53457 and
ASIM D638 are available to test the stress-strain behavior of polymeric
materials at room temperature (23 °C)'. The resulting data is plotted in a stress-
strain curve that reflects the type of matcrial and the modeof failure associated
with the test polymer. When regarding polymeric materials from the failure
mode point of view, there are two general types of fracture: brittle and ductile.
However, depending on the temperature, environment, and whether a
componentis notched or not, a material can fail either way. Figure 10.7 shows a
diagram developed by Vincent [5] which helps the engineer to distinguish
between the different modes of failure of various thermoplastics. The figure
represents a plot of brittle stress at about -180 °C (0,) versus yield stress at -
20 °C (A) and 20 °C (O). The data points to the right of line A represent
polymers that are brittle unnotched. The points that are between lines A and B
are those polymers that are ductile unnotched butbrittle notched, and those to
the left of line B represent polymersthat are ductile even when notched.
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Figure 10.7 Brittle stress at -180 °C versus yield stress at -20 °C (A) and 20 °C (0)
for various polymers.

1 We « anew
fae that itis imperative thal the rate of deformation withinthe tensile specimen be maintained

; ant. In Chapter 9 we presented the Knausenberger-Menges lechnique that maintains this condition
using optical techniques,
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10.2.1 Brittle Failure

Brittle failure usually occurs with thermoplastics below their glass transition
temperature, 7,, and with highly cross-linked polymers. However, as discussed
later in this chapter, brittle failure also occurs in creep rupture and fatigue tests
performed at temperatures above the glass transition temperature of the
polymer. Typically, it occurs at very small strains— perhaps 1% or less— andit
is generally associated with amorphous thermoplastics below their glass
transition temperature. Figure 10.8 shows the stress-strain curve for the
injection molded polystyrene ASTM D638M type I test specimen showninFig.
10.9. The stress strain curve has a constant slope until the point where small
microcracks form just before failure. These small microcracks form in the plane
perpendicular to the maximum principal stress and are nucleated at points of
high stress concentrations such as scratches, dust particles in the material and
material inhomogeneities. These cracks, which are more commonly known
ascrazes, impair clarity and reflect light, which makes them particularly
obvious in transparent materials.

45

Brittle fracture

 —. 30o
a

=wn

3
a 15

0
0 10 20 30

%Strain

Figure 10.8 Stress-strain curve for a polystyrene at room temperature.

25mm

Gate [| ;27 nim

L660 mm __]
ee__— 150 mm ——____—_—_}

Figure 10.9 ASTM Type I test specimen.  
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Figure 10.10 [6] shows electron micrographs of the center and edge of a
craze in a polystyrene specimen. As can be seen in the micrograph, the craze
boundaries are connected with load bearing fibrils which make them less
dangerous than actual cracks. Crazing is directly related to the speed at which
the component or test specimen is being deformed. At high deformation
speeds, the crazes are small and form shortly before failure, which makes
them difficult to detect. At slow rates of deformation, crazes tend to be large
and occur early on during loading. A typical craze is about 0.5 um wide at the
center and 200 um long.2 However, the length and width of a craze is material-
dependent.

 
Fi j
igure 10.10 Electron micrographsof the center and edge of a craze ina polystyrene

specimen.

2

The length of a craze will vary between 10 um and 1000 jm.
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Figure 10.11 [7] shows the relation between stress, strain, craze size
formation and failure. By extrapolating the craze formation line, one can see
that at high stress crazes form at the same time asfailure. When crazes form
under static loading, they do not pose immediate danger to the polymer
component. However, crazes are irreversible, and they imply a permanent
damage within the material. It should also be noted that once crazes and
microcracks have formed, the material no longer obeys the laws of linear
viscoelasticity. The limit strain at which microcracks will form is sometimes
depicted by epx. Complex models exist, beyond the scope of this book, which
relate thecritical strain to the surface energy within a craze[8].

 
1. 2. EIre =Crazing

x ES =| 54 >99> 9gei te
M2 . o=Const,

‘ ’ ey
a p=Craze formationa — Fe

  
 

log t ~

Figure 10.11 Relation betweenstress, strain, time and craze formation.

Figure 10.12 [7] showsthe relationship between strain, time, and damage
for PMMA. The bottom of the figure shows the time-temperature
superposition. For example, the damage that occurs at 10 hours for 23 °C will
occur at 105 hours for a component at 60 °C.It is interesting to see how the
critical strain, epx, is delayed as the temperature of the polymer component
rises.
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Figure 10.12=Strain limits for linear viscoelasticity. 
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Figure 10.13 [7] showsa plot of critical strain versus temperature for an
impact resistant polystyrene and compares the damage behavior curve to the
shear modulus, The two curves are almost a mirror images of each other and
demonstrate that the formation of microcracks is inversely proportional to the
stiffness of the material. The figure also demonstrates the influence of
orientation on the onset of microcracks. As expected, in a component loaded
perpendicular to the orientation, or across the polymerchains, the microcracks
form earlier than in one loaded parallel to the orientation direction.
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Figure 10.13 Shear modulus and crazingstrain as a function of temperature for a
high impact polystyrene.

10.2.2 Ductile Failure

A ductile failure takes place with semi-crystalline thermoplastics at
temperatures between the glass transition temperature, 7,, and the melting
temperature, T,,, A ductile failure is a succession of several events, as is clearly
shown in the stress-strain dia fi in Finin t | diagram for polypropylene, shown in Fig. 10.14 andexplained in the following paragraphs. ° "
Fi ne first, the semi-crystalline polymer behaves like an elastic solid whose
. oeis reversible. For the polypropylene sample test results shown in
8. 10.14, this linear elastic behavior holds for deformations of up to 0.5%, This
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behavior takes place when the component's load is applied and released fairly
quickly, without causing a permanent damage to the material and allowing the
component to return to its original shape. This is graphically depicted in Fig.
10.15 [7].

40
_-Stress whitening

wi _- Necking=—

20Stress(MPa) 
0

0 100 200 300

Figure 10.14  Stress-strain curve for a polypropylene at room temperature.

} om

 
0.5% § 

Figure 10.15—Elastic deformation within a spherulitic structure.

If the load is increased or the process is slowed, the stress-strain curve
becomes non-linear, reflected by the reduction of rate of stress increase. At this
point, microcracks form in the interface between neighboring spherulites, as
shownin the photograph of Fig. 10.16 [9] and schematically in Fig. 10.17 [7].
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Figure 10.16 Micrograph of crack formation at inter-spherulitic boundaries (poly-

propylene).

 a
F !

=

Split spherulite

Figure 10.17 Schematic of crack formation at inter-spherulitic boundaries.

_ The formation of such microcracks, also called stress whitening, is an
irreversible process, causing a permanent deformation in the polymer
component. Other than the white coloration that makes itself noticeable in the
stressed component, the cracks are not visible to the naked eye. These
microcracksare fairly constant in length, about the size of the spherulites. Their
formation and growth, and their relation to the stress-strain behavior of a semi-
crystalline polymer, are depicted in Fig. 10.18 [7].
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Relation between microcrack formation and thestress-strain behavior

of a semi-crystalline polymer.
Figure 10.18

Figure 10.14 shows that by further deforming the specimen,the stress-strain
curve teaches a maximacalled the yield point or yield strength. Beyond the yield
point the stress drops, an event that is followed by necking, a localized
reduction in cross-sectional area. Once necking has occurred, the specimen or
component continues a long cold drawing process where the spherulitic
structure is first deformed and then broken up, creating highly oriented regions

 
within the polymer component. Figure 10.19 shows the progression of the
necked region during tensile tests of polypropylene samples. This mode of
failure is commonin semi-crystalline components, such as the one shownin
Fig. 10.20 for a polyethylene automotive fan blade.

aae

a

a————eee
_—ee

Figure 10.19

ia

| 
Necking progression of a polypropylene specimen during a tensile test. 
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Figure 10.20=Necking of a polyethylene automotive fan blade[11].  
Necking and cold drawing can be explained with the molecular model [10]

shown in Fig. 10.21. Once the amorphous ties between lamellae have been
completely extended, a slip-tilting of the lamellae is induced. As deformation
continues, lamellae fragments get aligned in the direction of draw, forming
fibrils of alternating crystal blocks and stretched amorphousregions.

   
Figure 10.21 Molecular model used to represent necking and drawing during a

tensile test.
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10.2.3. Failure of Highly Filled Systems or Composites

A polymer that usually fails under a brittle fracture can be toughened by
adding filler particles. The most common examples for this effect are high
impact polystyrene (HIPS) and ABS. In both these systems, brittle polymers,
acrylic, and polystyrene, were toughened with the inclusion of rubbery
particles into the material as shownin the schematic of the structure of HIPS in
Fig. 10.22 [12]. This increase in toughness is reflected in the stress-strain
behavior of HIPS shownin Fig. 10.23, where the rubbery elastic behaviorof the
rubber particles lowered the stiffness and ultimate strength of the material but
increased its toughness. The rubber particles halt the propagation of a growing
craze. Characteristic lengths of crazes that form in such systems are only as
large as the characteristic gap between filler particles. This creates a system that
has a large number of small crazes instead of the small numberoflarge crazes
present in the unfilled polymer. Table 10.3 [2] presents the effect of volume
fraction of rubber particles on the mechanical and fracture properties of rubber-
modified polystyrene. The impact strength and the fracture strain are
maximized at a rubber particle volumefraction of about 20%.

 

 
 Figure 10.22. Schematic of the structure of a high impact polystyrene. 
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Figure 10.23—Stress-strain curve of a high impact polystyrene.

Table 10.3 Effect of Rubber Particle Volume Fraction, ¢, on the Properties of Rubber

 

Modified Polystyrene

Volumefraction Tensile modulus Impact strength Fracture strain
o GPa M]/m? %

0.06 2.8 0.42 3

0.12 24 1.90 20

0,22 1.9 11.6 45

0.30 1.0 5.6 34

0.78 0.55 1.2 § 

This increase in toughness can be observed evenif the filler material is also
brittle. Electron micrographs of such systems have shownthat cracks propagate
until they hit a filler particle, which often stops the propagation [2]. In
thermosetting polymers, this effect is commonly referred to as crack pining,
Figure 10.24 compares plots of impact-absorbed energy as a function of
specimen size for unfilled epoxy and epoxies filled with irregular-shaped silica
with weight percents of 55% and 64%.

Thefailure of a fiber-filled material begins at the interface betweenfiller or
reinforcement and the matrix, as shown in the electron micrograph presented
in Fig. 10.25 [13] . The micrograph was taken when a glass fiber filled polyester
specimen was placed under loading and shows the breakage of the adhesion
between imbedded glass fibers and their matrix. This breakage is generally
referred to as debonding. This initial microcrack formation is reflected in a
stress-strain curve by the deviation from the linear range of the elastic
constants. In fact, the failure is analogous to the microcracks that form between
Spherulites when a semi-crystalline polymeris deformed.
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Figure 10.24 Impact absorbed energy as a function of specimen size for unfilled
epoxy and epoxies filled with irregular-shaped silica with weight
percents of 55% and 64%.

 
Figure 10.25 Electron micrograph of crack formation between polyester matrix and

a glassfiber. 
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10.3 Impact Strength3

In practice, nearly all polymer components are subjected to impact loads. Since
many polymers are tough and ductile, they are often well suited for this type of
loading. However, underspecific conditions even the most ductile materials,
such as polypropylene, can fail in a brittle manner at very low strains. These
types of failure are prone to occur at low temperatures and at very high
deformation rates.

According to several researchers [14, 15] a significantly high rate of
deformation leads to complete embrittlement of polymers which results in a
lower threshold of elongation at break. Menges and Boden designed a special
high-speed elongational testing device that was used to measure the minimum
work required to break the specimens, The minimumstrain, Eninr Which can be
measured with such a device, is a safe value to use in calculations for design
purposes. One should always assume that if this minimum strain value is
exceeded at any point in the component, initial fracture has already occurred.
Table 10.4 [16, 17] presents minimum elongation at break values for selected
thermoplastics on impact loading.

Onthe other hand, the stiffness and the stress at break of the material under
consideration increase with the rate of deformation. Table 10.5 [16] presents
data for the stress at break, g,,,,, for selected thermoplastics on impact loading.
This stress corresponds to the point where the minimum elongation at break
has just been reached.

Table 10.4 Minimum Elongation at Break on Impact Loading

Polymer Emin (%)

HMW-PMMA 2.2
PA6 + 25% SFR 1.8
PP 1.8
uPVC 2.0

POM 4.0
PC + 20% SFR 4.0

pc 6.0——eSSSSSSSSSSSSMSMMMMMMsFeee

3

The term “impact strength” is widely misused, since one is actually referring to energy absorbedbefore failure,
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Table 10.5 Minimum Stress at Break on Impact Loading

Polymer Omin (MPa)
HMW-PMMA 135

PA6 + 25% SFR 175
uPVC 125

POM >130

PC + 20% SFR >110
PC >70

Figure 10.26 summarizes the stress-strain and fracture behavior of a HMW-
PMMA tested at various rates of deformation. The area underthe stress-strain
curves represents the volume-specific energy to fracture (w). For impact, the
elongation at break of 2.2% and the stress at break of 135 MPa represent a
minimum of volume-specific energy because the stress increases with higher
rates of deformation, but the elongation at break remains constant. Hence,if we
assume a linear behavior, the minimum volume-specific energy absorption up to
fracture can be calculated using

Wein = O50pgEmin (10.21)
 

Stresso,(MPa)  
PMMA-HMW

T= 23°C

  

 
i 1 1

6 8 % 10
Strain e

Figure 10.26—Stress-strain behavior of HMW-PMMaAatvarious rates of deformation.
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If the stress-strain distribution in the polymer componentis known, one can
estimate the minimum energy absorption capacity using w,,,. It can be
assumed that failure occurs if w,,, is exceeded in any part of the loaded
component. This minimum volume-specific energy absorption, w,,,, can be
used as a design parameter. It was also used by Rest [18] for fiber-reinforced
polymeric materials.

Glass fiber reinforced thermoplastics generally undergo brittle failure.
Figure 10.27 [16] shows how the impact resistance of a polyamide 6 material
was dramatically reduced with the addition of a glass reinforcement.
Interesting to note is that the impact resistance of polyamide 6 with 6% and 30%
glass reinforcement is essentially the same when compared to the unfilled
material. However, a specimen with a sharp notch that resembles a crack will
have a higher impact resistance if it is glass reinforced. Figure 10.28 [16]
illustrates this by showing a plot of izod test data for polyamide 6 specimens
and polyamide 6 specimensfilled with 30% glass reinforcement as a function
of notch radius. Here, the data for a small notch radius reflect the energy it
takes to propagate the crack through the specimen. The data for a large notch
radius approachthe energy it takes to both, initiate and propagate a crack. In a
filled polymer, a filler can sometimes increases the impactresistance of the
component. For example, the volume fraction of crazes in a rubber particle
filled polystyrene increases with increasing particle content. Figure 10.29 shows
the volume fractionof craze voids as a function of rubber particle content in a
high impact polystyrene. The figure also schematically depicts the relation
between rubber particle content and craze geometry.

 
 

Polyamide 6
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Figure 10.27 Effect of glass fiber content on energy to crack and shatter for poly-
amide 6.
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or tear strength of elastomers can be tested using the ASTM D1004, ASTM

 
 

C D1938, or DIN 53507 test methods. The latter two methods make use of_ .Zo rectangular test specimens with clean slits cut along the center. A typical tear
£ Polyamide 6 7 ‘ propagation test for an elastomer composed of 75 parts of natural rubber (NR)
My 1 Polyamide 6, and 25 parts of styrene butadiene rubber (SBR) is presented in Fig. 10,31.4 The
e j 30% glass-illed tear strength of elastomers can be increased by introducing certain types of
3 pf particulate fillers. For example, a well dispersed carbon black filler can double
= ~ the ripping strength of a typical elastomer. Figure 10.32 [7] showstheeffect that

different types of fillers have on the ripping strength of a polychloroprene
elastomer. 

 0.02 0.04 0.06 0.08 0.10 In general, one can sayif thefiller particles are well dispersed and have
 

Notchradius (in.) diameters between 20 nm and 80 nm,they will reinforce the matrix, Larger
Figure 10.28 Impact strength as a function of notch tip radius for a filled and un- particles will act as microscopic stress concentrators =nd will lowerthe strength

filledspalyarrise 6, of the polymer component. A case where the filler adversely affects the
polymer matrix is presented in Fig. 10,33 [7], where the strength of PVC is
lowered with the addition of a calcium carbonate powder.
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Figure 10.29 Volumefraction of craze voids as a function of rubber particle content 100 80 60 40 20 0: | Propylene (weight, %)
in a high impactpolystyrene. | :

Figure 10.30 Impact strength of a propylene-ethylene copolymer and a polypro- |
pylene -polyethylene polymerblend.

The impact strength of a copolymer and polymer blend of the same
materials can be quite different, as shown in Fig. 10.30. From the figure it is
clear that the propylene-ethylene copolymer, which is an elastomer, has a much
higher impact resistance than the basic polypropylene-polyethylenc blend. It
should be pointed out here that elastomers usually fail by ripping. The ripping Courtesyof ICIPC, Medellin, Colombia
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Figure 10.33 Tensile strength of PVC as a function of calcium carbonate content.

  
0.0 10.3.1 Impact Test Methods25 30 75

AL (mm) Impact tests are widely used to evaluate a material's capability to withstand

oO

i ity impact loadings. The most common impacttests are the Izod andi i last sed of 75 parts of high velocity imp 2: pa :Higure USL rear ietsaden —ofstyrenebutadiene rubber (SBR). ° | the Charpy tests. The Izod test evaluates the impact resistance of a cantilevered
om . notched bending specimenasit is struck by a swinging hammer. Figure 10.34
a [19] shows a typical Izod-type impact machine, and Fig. 10.35 [19] shows a

detailed view of the specimen, the clamp, and the striking hammer. The
“4 a pendulum or hammer is released from a predetermined height and after

5 i striking the specimen, travels to a recorded height. The energy absorbed by
A Tale the breaking specimen is computed from the difference between the two

heights. The standard test method that describes the Izod impact test is the25

20

x

10
aaeeee|

0 40 80 120
Parts offiller/100 parts of polychloroprene

  ASTM-D 256test. There are several variations of the Izod test. These variations
include positioning the test specimen such that the stresses in the notch are
tensile or compressive by having the notch face away or toward the swinging
pendulum, respectively. In addition, the clamping force exerted on the test
specimen can have a great effect on the test results. The Charpy test evaluates
the bending impact strength of a small notched or unnotched simply supported
Specimenthat is struck by a hammersimilar to the Izod impact tester [19]. The .
hotched Charpytest is done suchthat the notch faces away from the swinging |hammer creating tensile stresses within the notch, see Fig. 10.36. Both, the
Standard ASTM D256 and DIN 53453 tests describe the Charpy impacttest.

Rippingstrength,Op(MPa)    
Figure 10.32 Ripping strength of a polychloroprene elastomer as a function of filler

contentfor different types offillers. 
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Figure 10.34 Cantilever beam Izod impact machine.

Specimen- 4|=|
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s

Planes C and D mustbe parallel towithin 0,025 mm

Figure 10.35 Schematic of the clamp, specimen and striking hammer in an izod
impacttest. 
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Figure 10.36 Schematic of the clamp, specimen, and striking hammerin a Charpy

unpact test.

A variable of both tests is the notch tip radius. Depending on the type of
material, the notchtip radius may significantly influence the impact resistance
of the specimen. Figure 10.37 [2] presents impact strength for various
thermoplastics as a function of notch tip radius. As expected, impact strength is
Significantly reduced with decreasing notch radius. Another factor that
influences the impactresistance of polymeric materials is the temperature. This
is clearly demonstrated in Fig. 10.38 [2], in which PVC specimens with several
Notch radii are tested at various temperatures. In addition, the impact test
Sometimes brings out brittle failure in materials that undergo a ductile
breakage in a short-term tensile test. The brittle behavior is sometimes
developed by lowering the temperature of the specimen or by decreasing the
Notchtip radius. Figure 10.39 [1] showsthebrittle to ductile behavior regimes
aS'a function of temperature for several thermoplastic polymers.
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Figure 10.37 Impact strength as a function of notch tip radius for various polymers.
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Figure 10.39 Brittle to ductile behavior regimes as a function of temperature for
several thermoplastic polymers.

Another impact test worth mentioningis the falling dart test. This test is well
suited for specimens that are too thin or flexible to be tested using the Charpy
and Izod tests. This test, which is described by the ASTM3029 and DIN 53 453
standard methods, also works well when the fracture toughness of a finished
product with large surfaces is sought. Figure 10.40 shows a schematic of a
typical falling dart test set-up [19]. The test consists of dropping a fup, with a
spherical tip and otherwise variable shape and weight onausually circulartest
specimen that is clamped around the periphery. The weight of the tup and the
height from whichit is dropped are the test variables. The energy needed to
fracture the test specimen is directly computed from the potential energy of the
tup before it is released; written as

U, =mgh (10.22)

Where nis the mass of the tup, h the height from whichit is dropped, and g¢
Btavity, Tt is assumed that the potential energy is fully transformed into kinetic
€nergy and, in turn, into fracture energy. Thetestitself is much simpler thanthe Charpy and Izod tests, since Eq. 10.22 can be used to interpret the results
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directly. However, a large number of tests are required to determine the
energy required for fracture.

Release
“= mechanism

  

  a Sly
15.8640.10 mm / Adjustable
(0.62520.004 in.} bracket

eal —_ * Support
Drop tube ——~.. (0.500+0,003 in.) shaft

« met!38.140,4 mm
(1.500+0.01 in.} 
 
 
 

 
  

-—— Clamping
cylinders

Lo

|
\-—+— Movableclamp

iy A — SpecimenGeome y a
76.20+1.6 mm <p~~ Stationary

(3.00+0,06 in.) : nt Tl clampGeometryB38.140.8 mm
(1.5020.03in.)
GeometryC127,0+2,5 mm
(5,00+0.10 in.)

 

Figure 10.40 Schematic of a drop weight impacttester.

10.3.2 Fracture Mechanics Analysis of Impact Failure

Although the most common interpretation of impact tests is qualitative, it is
possible to use linear elastic fracture mechanics to quantitatively evaluate
impact test results. Using LEFM, it is common to compute the material's
fracture toughness G, from impact test results. Obviously, LEFM is only valid
if the Izod or Charpy test specimen is assumed to follow linear elastic behavior
and contains a sharp notch. At the onset of crack propagation, Eq. 10.4, which
gives the elastic energy stored in the loaded test specimen, can be rewritten in
terms of compliance, J, as

10 Failure and Damage of Polymers 479SSSA

l

U.=SFe (10.23)

Solving for F, in Eq. 10.12 and substituting into Eq. 10.23 results in

J
U, =G,,i] ——= Gy, (75) (10.24)

Introducing the test specimen's width, w, and a geometrical crack factor, G,
given by

~ (lary'
oF aa (10.25)

we can write Eq. 10.24 as

U.=G,wta (10.26)

The parameter a is found in Table 10.6 [20] for various Charpy impact test
specimens and in Table 10.7 [20] for various Izod impacttest specimens. The
elastic energy absorbed by the test specimen during fracture, U., can also be
represented with energy lost by the pendulum, U,. This allows the test
engineer to relate impact test results with the fracture toughness G, of a
material. When plotting U_ versus na, the kinetic effects lead to a positive
intercept on the U, axis. This can be corrected by subtracting the kinetic effects,
U,, from U.. The kinetic effects can be computed using [20]

 

U, = (1+ al + ral - on=“a (10.27)
where m is the mass of the specimen, M the massof the tup, V the velocity,
and ¢ the coefficient of restitution.

Figure 10.41 contains both Charpy and Izod test result data for a medium
density polyethylene [20] as plots of U. versus twa with kinetic energy
corrections. We can now calculate G,, from the slope of the curve (Eq. 10.26).

However, as mentioned earlier for polymers that undergo significant
plastic deformation before failure, Eq. 10.26 does not apply and_ theJ-
Integral must be used. Here, by taking the Charpy or Izod specimen and
ong full yield, having a plastic hinge, we can calculate the energy by

sing

6

U,= 3% t(w-a) (10.28)
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Table 10.6 Charpy Impact Test Geometric Crack Factors @ Table 10.7 Izod Impact Test Geometric Crack Factors @
2L/D=4 2L/D=6=2L/D=8=2L/D=10—- 2L/D=12 21./D=4 2L/D=6  2L/D=8=2L/D=10 2L/D=12

a/D afD

0.04 1.681 2.456 3.197 3,904 4.58000615401744.1850.2049LL
0.06 1.183 1.715 2..220 2.700 3.155 ; 0.08 1.273 1.400 1.485 1.675 1.906
0.08 0.933 1.340 1.725 2.089 2.432 0.10 1.060 1.165 1.230 1.360 1.570
0.10 0.781 1.112 1.423 1.716 1.990 0.12 0.911 1.008 1.056 1.153 1.294

: 0.12 0.680 0.957 1.217 1.461 1.688 0.14 0.795 0.890 0.932 1.010 1.114
0.14 0.605 0.844 1.067 1.274 1.467 l 0.16 0.708 0.788 0.830 0.900 0.990
0.16 0.550 0.757 0.950 1.130 1.297 0.18 0.650 0.706 0.741 0.809 9.890
0.18 0.505 0.688 0.858 1.015 1.161 0.20 0.600 0.642 0.670 0.730 0.810 }

| 0.20 0.468 0.631 0.781 0.921 1.050 0.22 0.560 0.595 0614 0.669 0.750
0.22 0.438 0.584 0.718 0.842 0.956 0.24 0.529 0.555 0.572 0.617 0.697
0.24 0.413 0.543 0.664 0.775 0.877 0.26 0.500 0.525 0.538 0.577 0.656
0.26 0.391 0.508 0.616 0.716 0.808 0.28 0.473 0.500 0.510 0.545 0.618
0.28 0.371 0.477 0.575 0.665 0.748 0.30 0.452 0.480 0.489 0.519 0.587
0.30 0.354 0.450 0.538 0.619 0.694 0.32 0.434 0.463 0.470 0.500 0.561
0.32 0.339 0.425 0.505 0.578 0.647 0.34 0.420 0.446 0,454 0.481 0.538
0.34 0.324 0.403 0.475 0.542 0.603 y 0.36 0.410 0.432 0.440 0.468 0.514

0.36 0.311 0.382 0.447 0.508 0.564 0.38 0.397 0.420 0.430 0.454 0.494 }
0.38 0.299 0.363 0.422 0.477 0.527 0.40 0.387 0.410 0.420 0.441 0.478

| 0.42 0.276 0.328 0.376 0.421 0.462 0.42 0380 0.400 0.414 0.431 0.460
0.44 0.265 0.311 0.355 0.395 0.433 ! 0.44 0.375 0.396 0.402 0.423 0.454
0.46 0.254 0.296 0.335 0.371 0.405 0.46 0.369 0.390 0.395 0.415 0.434
0.48 0.244 0.281 0.316 0.349 0.379 0.48 0.364 0.385 0.390 0.408 0.422
0.50 0.233 0,267 0.298 0.327 0.355 0.50 0.360 0.379 0.385 0.399 0.411 |
0.52 0.224 0.253 0.281 0.307 0.332 _

0.54 0.214 0.240 0.265 0.88 0.310
Using the relation in Eq. 10.20 with Eq. 10.28 we can write

 
  
 

  

0.56 0.205 0.228 0.249 0.270 0.290

0.58 0.196 0.216 0.235 0.253 0.271 i a= 2U, (10.29)
0.60 0.187 0.205 0.222 0.238 0.253 A

Where 1(- @) was replaced by A or the cross-sectional area of the specimen
Where fracture occurs. Figure 10.42 gives results for U. as a function of A for
igh-impact polystyrene. The results show close agreement between the

Eaae fzod test methods anda linear correlation exists, as predicted with
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0.8 10.4 Creep Rupture
@ Charpy test ,

0.77 5 Izodtest ;

During creep, a loaded polymer component will gradually increase in length. 0.6) until fracture or failure occurs. This phenomenonis usually referred to as creep
rupture or, sometimes, as static fatigue. During creep, a component is loaded| 05) Slopegives: under a constant stress, constantly straining until the material cannot withstand

. Gjg=8.1 kd m2 further deformation, causing it to rupture, At high stresses, the rupture occurs
S gal sooner than at lower stresses. However, at low enough stresses, failure may
ri never occur. The time it takes for a componentortest specimen to fail depends

on temperature, load, manufacturing process, environment, etc.It is important
0.35 to point out that damage is often present and visible before creep rupture

f occurs. This is clearly demonstrated in Fig. 10.43 [7], which presentsMe . c
02+ ged isochronous creep curves for polymethyl methacrylate at three different

temperatures. The regions of linear and non-linearviscoelasticity and of visual
o1/ damageare highlighted in the figure.

4 °C 60 40 20 Temperature
tw (105 m2) = —

Figure 10.41 Elastic energy absorbed at impact fracture as a function of test 407-50
specimencross-sectional geometry for a medium-density polyethylene. 30+

40 Non-linear n
60 apt viscoelasticity.

~ z 108 hA, <& 4
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: 20h
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F LL itt pa i 4 Figure 10.43 Isochronous creep curves for PMMAatthree different temperatures.01 2 3 4 5 6 7 8 9
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Figure 10.42—Elastic energy absorbed as a function of cross-sectional area for a high

impact polystyrene test specimen.
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10.4.1 Creep Rupture Tests

The standard test to measure creep rupture is the same as the creep test
discussed in the previous chapter. Results from creep rupture tests are usually
presented in graphs of applied stress versus the logarithm of time to rupture. A
sample of creep rupture behavior for several thermoplastics is presented in Fig.
10.44 [21]. As the scale in the figure suggests, the tests were carried out with
loadings that cause the material to fail within a few weeks. An example of a
creep rupture test that ran for 10 years is shown in Fig. 10.45 [22, 23]. Here, the
creep rupture of high density polyethylene pipes underinternal pressures was
tested at different temperatures. Two general regions with different slopes
become obviousin the plots. The points to the left of the knee represent pipes
that underwent a ductile failure, whereas those points to the right represent the
pipes that had a brittle failure. As pointed out, generating a graph such as the
one presented in Fig. 10.45, is an extremely involved and lengthy task, that
takes several years of testing.5 Usually, these types of tests are carried out to
1,000 h (6 weeks) or 10,000 h (60 weeks) as shown in Fig. 10.466 for a polyamide
6 with 30% glass fibers tested at different temperatures. Once the steeper slope,
which is typical of the brittle fracture has been reached, the line can be
extrapolated with some degree of confidence to estimate values of creep
rupture at future times.
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Figure 10.44 Creep rupture behavior for various thermoplastics.

5 These tests where done between 1958 and 1968 at Hoechst AG, Germany.
6 Courtesy Bayer AG.
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Figure 10.45 Creep rupture behavior as a function of temperature for a high density
polyethylene.
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Figure 10.46 Creep rupture behavior as a function of temperature for a polyamide 6
with 30% glass fibers (Durethan BKV 30).

_ Although the creep test is considered a long term test, in principle it is
difficult to actually distinguish it from monotonic stress strain tests or even
Impact tests. In fact, one can plot the full behavior of the material, from impact
to creep, on the same graph as shown for PMMA undertensile loads at room
temperature in Fig. 10.47 [7].

a|
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Figure 10.47 Plot of material behavior at room temperature, from impact to creep, for
a PMMA undertensile loads.

The figure represents strain as a function of the logarithm of time. The
strain line that represents rupture is denoted by ¢,. This line represents the
maximum attainable strain before failure as a function of time. Obviously, a
material tested under an impact tensile loading will strain muchless thanthe
same material tested in a creep test. Of interest in Fig. 10.47 are the two constant
stress lines denoted by o, and o,. The following example will help the reader
interpret Fig. 10.47. It can be seen that a PMMA specimen loaded to a
hypothetical stress of o, will behave as a linear viscoelastic material up to a
strain of 1%, at which point the first microcracks start forming or the craze
nucleation begins. The crazing appears a little later after the specimen's
deformation is slightly over 2%. The test specimen continues to strain for the
next 100 h until it ruptures at a strain of about 8%. From the figure it can be
deduced that the first signs of crazing can occur days and perhaps months or
years before the material actually fractures. The stress line denoted by 6»,
where o,>0,, is a limiting stress under which the component will notcraze.
Figure 10.47 also demonstrates that a component loaded at high speeds(i.e,
impact) will craze and fail at the same strain. A limiting strain of 2.2% is shown.

Since these tests take a long time to perform, it is often useful to test the
material at higher temperatures, where a similar behavior occurs in a shorter
period of time. Figure 10.48 [7] shows tests performed on PMMA samples at
five different temperatures. When comparing the results in Fig. 10.48 to the
curve presented in Fig. 10.47, a clear time-temperature superposition becomes
visible. In the applied stress versus logarithm of time to rupture curves, such as
the one shownin Fig. 10.45, the time-temperature superposition is also evident.
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Figure 1048 Strain at fracture for a PMMA in creep tests at various temperatures.

10.4.2 Fracture Mechanics Analysis of Creep Rupture

Crack growth rates during static tests have been found to have a power law
relation with the stress intensity factor Kjor AS

da a
5 TAK (10.30)

where A and mare material properties and K1. can be computed using Eq. 10.3which results in

da Mm m2
7 7 Ave)" (aa)”" (10.31)

By ignoring the timeit takes for crack initiation, this equation may be used to
Predict a conservative time for creep rupture of a polymer component. If we
eeorate Eq. 10.31, we can predict the time it takes for a crack to grow from a
ength a, toa length a, by using
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Experimental evidence shows that for slow crack growth, the value of mis
large, and ranges between7 and 25. Hence,the timeit takes for a crack to grow
between a, and a, is dominated by the initial crack length, because a small
crack will grow much slowerthan a large one.

10.5 Fatigue

Dynamic loading of any material that leads to failure after a certain numberof
cycles is called fatigue or dynamic fatigue. Dynamic fatigue is of extreme
importance since a cyclic or fluctuating load will cause a component to fail at
much lowerstresses than it does under monotonic loads.

10.5.1 Fatigue Test Methods

The standardfatigue tests for polymeric materials are the ASTM-D 671 test and
the DIN 50100 test. In the ASTMtest, a cantilever beam, shownin Fig. 10.49 [19],
is held in a vise and bent at the other end by a yoke which is attached to a
rotating variably eccentric shaft. A constantstress throughoutthetest region in
the specimenis achieved by its triangular shape.

Fatigue testing results are plotted as stress amplitude versus numberof
cycles to failure. These graphs are usually called S-N curves, a term inherited
from metal fatigue testing [24]. Figure 10.50 [25] presents S-N curvesfor several
thermoplastic and thermoset polymers tested at a 30-Hz frequency and about a
zero meanstress, Om.

We must point out here, that most fatigue data presented in the literature
and in resin supplier data sheets does not present the frequency, specimen
geometry or environmental conditions at which the tests were performed.
Hence, such data is not suitable for use in design. The data we presentin this
section is only intended to illustrate the various problems that arise when
measuring fatigue life of a polymer. The information should also serve to
reflect trends and as a comparison between various materials and conditions.

rra
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Figure 10.49 ASTM constant force fatigue test specimens. :
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lines and filler particles. The gate region is also a primeinitiator of fatigue
cracks, Corrosive environments also accelerate crack initiation and failure via

fatigue. Corrosive environments and weathering will be discussed in more
detail later in this chapter.

 
25 =

20,

Stressamplitude,og(Pa)
cr   
 

103 104 10° 108 107
Cyclesto failure, Ng

Stress-life (S-N) curves for several thermoplastic and thermoset
polymerstested at a 30-Hz frequency about a zero mean stress.

Figure 10.50

It is interesting to point out in Fig. 10.50 that thermoset polymers show a
higher fatigue strength than thermoplastics. An obvious cause for this is their
greater rigidity. However, more important is the lower internal damping or
friction, which reduces temperature rise during testing. Temperature rise
during testing is one of the main factors that lead to failure when
experimentally testing thermoplastic polymers under cyclic loads. The heat
generation during testing is caused by the combination of internal frictional or
hysteretic heating and low thermal conductivity. At a low frequency and low
stress level, the temperature inside the polymer specimen will rise and
eventually reach thermal equilibrium when the heat generated by hysteretic
heating equals the heat removed from the specimen by conduction. As the
frequency is increased, viscous heat is generated faster, causing the temperature
to rise even further. This phenomenon is shown in Fig. 10.51 [21] in which the
temperature rise during uniaxial cyclic testing of polyacetal is plotted. After
thermal equilibrium has been reached, a specimen eventually fails by
coriventionalbrittle fatigue, assuming the stress is above the endurance limit.
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Figure 10.51 Temperature rise during uniaxial cycling under various stresses at 5-Hz.

However, if the frequency or stress level is increased even further, the
temperature will rise to the point at which the test specimen softens and
ruptures before reaching thermal equilibrium, This modeoffailure is usually
referred to as thermal fatigue. This effect is clearly demonstrated in Fig. 10.52
[21]. The points marked T denote those specimens that failed due to thermal
fatigue. The other points represent the specimens that failed by conventional
mechanical fatigue. A better picture of how frequency plays a significant role in
fatigue testing of polymeric materials is generated by plotting results such as
those shown in Fig. 10,52 [21] for several frequencies (Fig. 10.53 [21]). The
temperature rise in the component depends on the geometry and size of test
specimen. For example, thicker specimens will cool slower and areless likely
to reach thermal equilibrium, Similarly, material around a stress concentrator
will be subjected to higher stresses which will result in temperatures that
are higher than the rest of the specimen leading to crack initiation caused by
localized thermal fatigue. To neglect the effect of thermal fatigue, cyclic tests
With polymers must be performed at very low frequencies that make them
much lengthier than those performed with m i iI etals and other materialhave high thermal conductivity, nets wi
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‘a Figure 10.54 Fatigue curves for an uPVC using specimens with and without 3 mm
103 105 107 hole stress concentrators tested at 23 °C and 7-Hz with a zero mean

Cycles tofailure stress.

Figure 10.52 Fatigue and thermal failures in acetal tested at 1.67 Hz.
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| 10 ee aay 10 Figure 10.55 Fatigue curves for polyamide 66 (Durethan A308) using specimens
: . : . with and without 3 mm hole stress concentr OoFigure 10.53 Fatigue and thermalfailures in acetal tested at various frequencies. entrators tested at 23 OC and7-Hz with a zero mean stress.

As mentioned carlier, stress concentrations have a great impact on the
fatigue life of a component. Figures 10.547 and 10.55¢ compare S-N curves for
uPVC and polyamide 66, respectively, for specimens with and without a 3 mm  

 
  7 Allcourtesy of Bayer AG, Germany.
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circular hole acting as a stress concentrator. Material irregularities caused by
filler particles or by weld lines also affect the fatigue of a component. Figures
10.566 and 10.576 compare S-N curves for regular PC and ABS test specimens to
fatigue behavior of specimens with a weld line and specimens with a 3-mm
circular hole.

|
B = Brittle failure

D= Ductile failure|| |

wo oS

  
 
 

 nm a
  

 

  
  Stressamplitude(MPa)

 
  
   

  
Hi0

103 jo4 105 106 107
Cycles to failure (N)

      
 

 
Figure 10.56 Fatigue curves for polycarbonate (Makrolon 2800) using regular

specimens and specimens with 3 mm hole stress concentrators and
weldlines tested at 23 °C and 7-Hz with a zero meanstress.
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Figure 10.57 Fatigue curves for ABS (Novodur PH/AT) using regular specimens
and specimens with 3 mm hole stress concentrators and weldlines
tested at 23 OC and 7-Hz with a zero meanstress.
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Up to this point, we assumed a zero mean stress, Om. However, many
polymer components that are subjected to cyclic loading have other loads and
stresses applied to them, leading to non-zero mean stress values. This
superposition of two types of loading will lead to a combination of creep
caused by the meanstress, and fatigue, caused by the cyclic stress, o,. Test
results from experiments with eyclic loading and nen-zero mean stresses are
complicated by the fact that some specimensfail due to creep and others due to
conventionalbrittle fatigue. Figure 10.58 illustrates this phenomenon for both
cases with and without thermal fatigue, comparing them to experiments in
which a simple static loading is applied. For cases with two or more dynamic
loadings with different stress or strain amplitudes, a similar strain deformation
progression is observed. Figure 10.59 [26] presents the strain progression in
polyacetal specimens in which two stress amplitudes, one above andone below
the linear viscoelastic range of the material, are applied. The strain progression
Ac, is the added creep per cycle caused by different loadings, similar to
ratcheting effects in metal components where different loadings are combined.

Eg(Crack formation)fa

  strain

(a)

 
Time

Figure 10.58 Creep and thermalfatigue effects during cyclic loading.

MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 258



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 259

 

 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
  
  

  

496 Engineering Design Properties 10 Failure and Damage of Polymers 497  

 
 

 

 
 

       
  

|

= 0.08 16,000
5 Glassfiber reinforced

| B 0.08 14,000 | Nylon 68
S 0.04
3 Cc 123000I Orientation Orientation_al 7 erpendicular
B 002 & 10,000 oe axis °| Oo

_ 2 L Nylon 66 |
. 005 04 06 08 10 g@ 8,000 woe---nS

Ly/Le ” (Failure-thermal softening)6,000 |
Loading program ~~

20 MPa Dynamic 4,000
; Static

| abe z 2,000 |i]

uy é Ql poe es vil jy ed yy Use i HE

| ‘ 10 102 10810 105406=to? 108
on BeNes Numberof cycles (N)

Figure 10.60 Flexural fatigue curves for a polyamide 66 and a glass fiber filled
Figure 10.59 Strain progression in polyacetal specimens during fatigue tests with polyamide 66 tested at 20 °C and 0.5 Hz witha z ‘. : . ero mean stress.

two stress amplitudes.

Fiber-reinforced composite polymers are stiffer and less susceptible to
fatigue failure. Reinforced plastics have also been found to have lower
hysteretic heating effects, making them less likely to fail by thermal fatigue.
Figure 10.60 [27] presents the flexural fatigue behavior for glass fiber filled and

| unfilled polyamide 66 tested at 20 °C and a 0.5 Hz frequency with a zero meanstress. Parallel to the fiber orientation, the fatigue life was greater thanthelife
of the specimens tested perpendicular to the orientation direction and the
unfilled material specimens. The fatigue life of the unfilled specimen and the
behavior perpendicular to the orientation direction were similar. However, the
unfilled material failed by thermal fatigue at high stresses, whereas both the
specimens tested perpendicular and parallel to the orientation direction failed
by conventional fatigue at high stress levels. Fiber reinforced systems

. generally follow a sequence of events during failure consisting of debonding,
cracking, and separation [28]. Figure 10.61 [29] clearly demonstrates this
sequence of events with a glass-filled polyester mat tested at 20 °C and a
frequency of 1.67 Hz. In most composites, debonding occurs after just a few
cycles. It should be pointed out that often reinforced polymer composites do
not exhibit an endurance limit, making it necessary to use factors of safety Figure 10.61
between 3 and 4. The fracture by fatigue is generally preceded by cracking of ,
the matrix material, which gives a visual warning of imminent failure. It 1s
important to mention that the fatigue life of thermoset composites is also
affected by temperature. Figure 10.62 [30] shows the tensile strength versus

100 

  
 

 

Separation

Cracking
~ ns ~~Stressamplitude(MPa) on oO   

0! i" 4 i i ve“1
10 1 10 402 403 404 405 108 407

Cycles

Fatigue curves for a glass filled polyester mat tested at 20 °C and a
frequency of 1.67 Hz.
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Figure 10.62 Fatigue curves for a 50% by weight glass fiber reinforced polyester
resin sheet molding compoundtested at 23 °C and 93 °C and 10 Hz.

number of cycles to failure for a 50% glass fiber filled unsaturated polyester
tested at 23 °C and 93 °C. At ambient temperature, the material exhibits an
endurance limit of about 65 MPa, which is reduced to 52 MPa at 93 °C.

10.5.2 Fracture Mechanics Analysis of Fatigue Failure

Crack growth rates during cyclic fatigue tests are related to the stress intensity
factor difference, AKct

da ' .
~" = B(AK,,)’ 10.33)«BAK,

where B and n are material properties and AK, =Kicmc—Kyemin Can be
computed using Eq. 10.3 with the maximum and minimumalternating stresses.
Crack growth behavior for several polymers is shown in Fig. 10.63 [29, 31]:
Hertzberg and Manson[29] also show that for some materials, the crack erowth
rate is reduced somewhat withincreasing test frequency.
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Figure 10.63 Crack growth rate during fatigue for various polymers.

10.6 Friction and Wear

Friction is the resistance that two surfaces experience as they slide or try to
slide past each other. Friction can be dry (i.e., direct surface-surface interaction)
4 nas. where the surfaces are separated by a thin film of a lubricatinguid.

The force that arises in a dry friction environment can be computed using
Coulomb's law offriction as

F =uN (10.34)
where F is the force in surface or sliding direction, N the normal force, and u
pecoctficient of friction. Coefficients offriction between several polymers and

verent surfaces are listed in Table 10.8 [7]. However, when dealing with
mes, the process of two surfaces sliding past each otheris complicated by
nit ect that enormous amountsof frictional heat can be generated and stored

t the surface due to the low thermal conductivity of the material. The
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analysis of friction between polymer surfaces is complicated further by

environmental effects such as relative humidity and by the likeliness of a |polymer surface to deform whenstressed, such as shown in Fig. 10.64 [7]. The rey/
top two figures illustrate metal-metal friction, wheareas the bottom figures [MeraAwan- — J

. illustrate metal-polymerfriction. {

| Table 10.8 Coefficient of Friction for Various Polymers
  
Specimen Partner Velocity (mm/s)

0.03 0.1 0.4 0.8 3.0 10.6

Dry friction |
PP’ PP 0.54 0.65 0.71 0.77 0.77 0.71
PA’ PA’ 0.63 - 0.69 0.70 0.70 0.65

) Pr PP 0.26 0.29 0.22 0.21 0.31 0.27
PA" PA" 0.42 = 0.44 0.46 0.46 0.47 Before loading After loading

a oe os a a on oe an Figure 10.64 Effect of surface finish and hardnessonfrictional force build-up.
rr’ Steel 0.33 0.34 0.37 0.37 0.38 0.38
PA" Steel 0.39 - 0.41 0.41 0.40 0.40

Waterlubricated

    
 

 

PP’ PP’ 0.25 0.26 0.29 0.30 0.28 0.31
PA" PA" 0.27 - 0.24 0,22 0.21 0.19

Steel PP 0.23 0.25 0.26 0.26 0.26 0.22 I 3

PP’ Steel 0.25 0.25 0.26 0.26 0.25 0.25 <¢
PA” Steel 0.20 - 0.23 0,23 0.22 0.18 7

3; . 8
Oil lubricated 2
PP PP 0.29 0.26 0.24 0.25 0.22 0.21 3

j PA” PA” 0.22 - 0.15 0.13 0.11 0.08 it
Steel PP’ 0.17 0.17 0.16 0.16 0.14 0.14 surface-
Steel PA" 0.16 - 0.11 0.09 0.08 0.08 i PEW
PP’ Steel 0.31 0.30 030 0.29 0.27 0.25 i
PA" Steel 0.26 - 0.15 0.12 0.07 0.04

0 l Nee
Note ! = injection molded, ° = sandblasted, ™ = machined. 0 100 200 300

— i A pin as 0
Temperature plays a significant role on the coefficient of friction as Temperature, T (°C)

clearly demonstrated in Fig. 10.65 for polyamide 66 and polyethylene. In the Figure 10.65 Temperature effect on coefficient of friction for a polyamide 66 and a
case of polyethylene,the friction first decreases with temperature. At 100 °C the high density polyethylene. .
friction increases because the polymer surface becomes tacky. The friction
coefficient starts to drop as the melt temperature is approached. A similar
behavior is encountered with the polyamide curve.   
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As mentioned earlier, temperature increases can be caused by the energy
released by the frictional forces. A temperature increase in time, dueto friction
between surfaces of the same material, can be estimated using

vtATS (10.35)
Vv a4]kpc,

where k is the thermal conductivity of the polymer, p the density, C, the
specific heat and the rate of energy created by thefrictional forces which can be
computed using

O=Fy (10.36)

whcre v is speed betweenthe sliding surfaces.

Wearis also affected by the temperature of the environment. Figure 10.668
shows how wearrates increase dramatically as the surface temperature of the
polymerincreases, causing it to becometacky.

Table 10.9 [32] presents relative volumctric wear values for selected
polymers and beechwood using the volumetric wear of steel St 37 as a
reference.

  

um km(

0.75

0.50Frictionwear,S
0.25

0.10

 
0 50 100 150 200

Temperature, T (°C)

Figure 10.66 Wear as a function of temperature for various thermoplastics.

 8 Courlesy of BASF.
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Table 10.9 Relative Volumetric Wear—Eee

 Polymer Density (¢/cm’) Wear/Wear,,,,

Steel 7.45 1.0

Beechwood 0.83 17.9

PMMA 1.31 11.2

PVC-U 1.33 5.8

HDPE 0.92 3.8

PP 0.90 2.8

HDPE 0.95 2.1

PA 66 1.13 1.0

UHMW-HDPE 0.94 0.6 
 

10.7 Stability of Polymer Structures

The failure of certain structures is often determined by thestiffness of the
structural element and not by the strength of the material. Such a failure is
commonly referred to as buckling. The common example of buckling is the
failure of a slender column under compressive loads. Slender columns with
hingedends havea critical load, F.,,;,, defined by

2
nu EI

BE
2

crit >
 

(10.37)

where E is the modulus, J the area momentofinertia and L the length of the
column. If we use the relation /= Ar’, where A is the cross-sectional area of the
column and ris the radius of gyration, we can rewrite Eq. 10.37 as

   

(10.38)
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where F,,,/A is often referred to as critical unit load and A the slenderness | 2.0 © PE-LD square columns
; ratio. For a square cross-section of dimensions axa the slenderness ratio is >°& Polyester, Celluloid,

defined by 1.01 PMMAcylindrical
columns

| Longterm buckling of
L

7 ~Vi2 (10.39) axially loaded PE pipes
Menges and Dolfen performed a series of compression tests on glass fiber
reinforced unsaturated polyester specimens of square cross-section. Figure
10.67 [33] presents the unit loads and compressive strains at failure of the
composite columns as a function of slenderness ratio. Their experiments
demonstrated that al slendernessratios smaller than 20 the columns failed bya
shear delamination mode, while columns with slendernessratios larger than 20
failed by buckling. Similarly, Gaube and Menges [34] performed experiments
with various shell structures. Figure 10.68 presents the critical strain as a
function of slenderness ratio. We can see here that in all cases buckling of
polymer structures occurred below the value predicted by classical stability
theory. 0.02

<———£) =

 
2 bo

° —
|Criticalstrain,ek(%)

2 O° a
|   
 

 0.01

20 30 40 60 80 100 150

 
300

Slendernessration,

200 \ Figure 10.68 Buckling of columns and tubes,

150

10.8 Environmental Effects on Polymer Failure

100.UnitLoad,N/mm2 Strain,e(%)
The environment or the media in contact with a loaded or unloaded component
plays a significant role onits properties, life span, and mode of failure. The

' environment can be a natural one, suchas rain, hail, solar ultra-violet radiation,
extreme temperatures, etc., or an artificially created one, suchas solvents, oils,

- J o.75 detergents, high temperature environments, etc. Damage in a polymer
component due to natural environmental influences is usually referred to as
weathering.

 
  Deiamination——»-<«—Buckling—e|

A0 0.5 10.8.1 Weathering5 10 20 30 40

Slendernessratio,

 
  

 
 

When exposed to the elements, polymeric materials begin to exhibit
Figure 10.67 Delamination and buckling of glass reinforced UPE columns. €nvironmental cracks, which lead to early failure at stress levels significantly   
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lower than those in the absence of these environments. Figure 10.69 [35] shows
an electron micrographof the surface of a high-density polyethylene beercrate
after nine years of use and exposure to weathering. The surface of the HDPE
exhibits brittle cracks, which resulted from ultra violet rays, moisture, and
extremes in temperature.

 
Figure 10.69 Electron micrograph of the surface of a high density polyethylene beer

crate after nine years of use and exposure to weathering.

Standard tests such as the DIN 53486 test are available to evaluate effects of

weathering on properties of polymeric materials. It is often unclear which
weathering aspects or what combination of them influence material decay the
most. Hence, laboratory tests are often done to isolate individual weathering
factors such as ultra-violet radiation. For example, Fig. 10.70 showsthe surface
of a polyoxymethylene specimen irradiated with ultra violet light for 100 hina
laboratory environment. The DIN 53487 xenotest is a standard test to expose
polymer test specimens to UV radiation in a controlled environment. Figure
10.71 is a plot of impact strength of notched PMMA specimens as a function
of hours of UV radiation exposure in a controlled DIN 53487test and years of
weathering under standard DIN 53486 conditions. The correlation between the
twotests is clear. The ASTM-D 4674test evaluates the color stability of polymer
specimens exposed to ultra violet radiation. Standard tests also exist to test
materials for specific applications such as the ASTM-D 2561 test, which
evaluates the environmental stress cracking resistance of blow molded
polyethylene containers.    
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Figure 10.70

Impactstrength(Nmm/mm2)
Figure 10.71

Surface of a polyoxymethylene specimenirradiated with ultra violet
light for 100 h in a laboratory environment.

 
 

 
 

>oDa~
Ro

|
———Xenotest

—— Weathering

 250 500 750 1000 1250Xenotest(hours)T 

0.5 1.0 15 2.0 Weathering (years)
Impact strength of notched PMMA specimensas a function of hours of
UV radiation exposure in a controlled test and weathering exposure

As can be seen, the effect of ultra violet radiation, moisture, and extreme
temperature is detrimental to the mechanical properties of plastic parts. One
€xample in which weathering completely destroys the strength properties of a
Material is shown for PVC in Fig. 10.72. The figure presents the decay of the
impact stren
[36]. As can
months and

gth of PVC pipes exposed to weathering in the United Kingdom
be seen, the impact strength rapidly decreases in the first six

is only 11% of its original value after only two years. The location
and climate of a re t
Polymer component

gion can play a significant role on the weathering of
s. Figure 10.73 [36] shows the decrease in impact strength
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of rigid PVC as a function of time at five different sites. After five years of
weathering, the PVC exposed in Germanystill has 95% of its original impact
strength, whereas the samples exposed in Singapore have less than 5% of their
initial strength. The degradation in PVC samples is also accompanied by
discoloration as presented in Fig. 10.74 [36]. The figure showsdiscoloration of
white PVC as a function of time at various locations. The samples exposed in
Arizona showed significantly higher discoloration than those exposed in
Pennsylvania and Florida.

100
=

2 805
a
3 60oea

= 40DO
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> 20oa
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Time (months)

Figure 10.72 Impact strength of PVC pipe as a function weathering exposure time
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Figure 10.73 Impact strength as a function of weathering time of uPVC exposed in
different geographic locations.
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Figure 10.74—Discoloration as a function of weathering time of white PVC exposed
in different geographic locations.

The strength losses and discoloration in a weathering process are mainly
attributed to the ultra-violet rays received from sunshine, This can be
demonstrated by plotting properties as a function of actual sunshine received
instead of time exposed. Figure 10.75 [37] is a plot of percent of initial impact
strength for an ABS as a function oftotal hours of exposure to sun light in three
different locations: Florida, Arizona, and West Virginia. The curve reveals the
fact that by “normalizing” the curves with respect to exposure to actual
sunshine, the three different sites with three completely different weather
conditions? lead to the same relation between impact strength and total
sunshine.

9 Florid
yer a has a subtropical coastal climate with a yearly rainfall of 952 mm and sunshine of 2750 hours,
Bld has a hot dry climate with 116 mm ofrainfall and 3850 hours of sunshine. West Virginia has

der climate with 992 mm of rainfall and 2150 hours of sunshine [28]
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Figure 10.75 Impact strength of an ABS as a function of hours to actual sunshine
exposure.

The effect of weathering can often be mitigated with the use of pigments,
such as TiO2 or soot, which absorb ultra violet radiation, making it more
difficult to penetrate the surface of a polymer component. The most important
one is soot. For example, ABS with white and black pigments exhibit a
noticeable improvement in properties after exposure to ultra violet radiation,
Figure 10.76 [37] shows the reduction of impact strength in ABS samples as a
function of exposure time to sunshine for four pigment concentrations: 0.5%,
0.7%, 1%, and 2%. It is clear that the optimal pigment concentration is around

%. Beyond 1% of pigmentation thereislittle improvementin the properties.

100

Pigmentconcentratio
0.7%

50 Relativeimpactstrength(%)
i i

0 100 «#200 300 400 500 600 700 800

Sunshine (hours)

 
0

Figure 10.76 Influence of pigment concentration on the impactstrength reduction of
ABS specimens exposed to weathering.
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10.8.2 Chemical Degradation

Liquid environments can have positive and negative effects on the properties of
polymeric materials. Some chemicals or solvents can have detrimental effects
on a polymer component. Figure 10.77 [25] shows results of creep rupture tests
done on PVC tubes as a function of the hoop stress. It can be seen that the life
span of the tubes in contact with the iso-octane and isopropanol has been
significantly reduced as compared to the tubes in contact with water. The
measured data for the pipes that contained iso-octane clearly show a slope
reduction with a visible endurance limit, making it possible to do long-life
predictions. On the other hand, the isopropanol samples do not exhibit such a
slope reduction, suggesting that isopropanol is a harmful environment which
acts as a solving agent and leads to gradual degradation of the PVC surface.

 

  
 

107 7
8 Ls

= 6oO

& L ~po-Water. Peeg
a 4}
= lso-octanegy
3 >

DB a

e
2 | lsopropano=

1 ! i L

i071 1 101 402 103 104
Time to rupture (hours)

Figure 10.77 Effect of different environments on thestress rupture life of PVC pipe
at 23 9C.

The question, of whether a chemical is harmful to a specific polymeric
material is one that needs to be addressed if the polymer componentis to be
Placed in a possibly threatening environment. Similar to polymer solutions, a
chemical reaction between a polymer and another substance is governed by the
Gibbsfree energy equation, as discussed in Chapter5.If the change in enthalpy,
AH,is negative then a chemical reaction will occur between the polymer and
the solvent.
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The cffect of the solubility parameter of several solvents on the fatigue
response of polystyrene samples is presented in Fig. 10.78 [31]. Here, the
relation in Eq. 6.24 becomes evident; as the absolute difference between the
solubility parameter of polystyrene, which is 9.1 (cal/em3)1/2, and the
solubility parameter of the solvent decreases, the fatigue life drops
significantly.
 

 Ethanol Methanol
“eo0 5 10 5 20 25 30

a\lf2

Solubility parameter, 5,(cal/em’)
Figure 10.78 Effect of solubility parameter of the surrounding media onthe fatigue

life of polystyrene specimens.

It should be pointed out again that some substances are more likely to be
absorbed by the polymer than others10. A polymerthat is in a soluble environ-
ment is more likely to generate stress cracks and fail. This is illustrated in Fig.
10.79 [38], which shows the strain for crack formation in polyphenylene
oxide samples as a function of solubility parameter! of various solutions. ‘The
specimens in solutions that were + 1 (cal/cm>)!/2 away from the solubility
parameter of the polymer generated cracks at fairly low strains, whereas those
specimens in solutions with a solubility parameter further away from the
solubility of the polymer formed crazes at much higher strains.

10 Pleaserefer to Chapter13.
11 Pleaserefer to Chapter 6.
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Critical strain in air,
 

14p774

1.2

a%)Sorit(7
o ©

—t  
Polyphenylene oxide

! = | po
0 2 4 6 8 10 12 14 16 18 20

Solubility parameter, § (cal/em3)1/2

Figure 10.79 Strains at failure as a function of solubility parameter for polyphe-
nylene oxide specimens: (¢) cracking, (O) crazing.

  
Environmental stress cracking or stress corrosion in a polymer component

only occurs if crazes or microcracks exist. Hence, stress corrosion in a hostile
environment can be avoided if the strain within the component is below the
critical strain, &,,.

10.8.3 Thermal Degradation of Polymers

Because plastics are organic materials, they are threatened by chain breaking,
splitting off of substituents, and oxidation. This degradation generally follows
a reaction which can be described by the Arrhenius principle. The period of

ae or residence time permitted before thermal degradation occursis given¥

A

Fsormitted ~ exo2 (10.40)
where A is the activation energy of the polymer, R the gas constant and T the
absolute temperature.

A material that is especially sensitive to thermal degradation is PVC;
furthermore, the hydrogen chloride that results during degradation attacks
metal parts. Ferrous metals act as a catalyzer and accelerate degradation.
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——]
 

An easy method for determining the flash point of molding batches is by
burning the hydrocarbons which are released at certain temperatures. This is

! shown schematically in Fig. 10.8012 . For PVC one should use a vial with soda 1c . ;lye, instead of a flame, to determine the conversion of chlorine. 10.1 Charpy Impacttests were performed on PVC samples with crack lengths
of 1, 2, 3,4, and 5mm. The energy absorbed by the specimen during
impact was 0.1, 0.062, 0.046, 0.037 and 0.031 J. The specimen’s cross-section
was 10 mm x 10 mm,andits length 40 mm. For a PVC modulus of 2 GPa

Ey whatis the material's fracture toughness ?

Examples

  
   
 

EI We must first compute a/D and read a@ from Table 10.6, where
D=10mm and L=40mm. Next we can calculate mwa (Dwa for the

  

 
notation used in Table 10,6), where w =10 mm. Table 10.10 tabulates all
the data. 

   
We can now plot U versus Dwdé and estimate the fracture toughness
from the slope, as shownin Fig. 10.82.

= IDE - la==] 3 | NyTest~ = \ |

   
   

ial _-- Heated

ieteval —— bath | 10mm |
See ! I

Figure 10.80 Test procedure to determine flash point of polymers. Ye

| Thermogravimetry (TGA) is another widely used method to determine the
resistance to decomposition or degradation of polymers at high temperatures. “ 40mm |

 For this purpose, the test sample is warmed up in air or in a protective gas |
while placed on a highly sensitive scale. The change in weight of the test ; .sample is then observed and recorded (see Chapter 3). It is also very useful to Figure 10.81 Sample geometry for Example 10.1.
observe color changes in a sample while they are heated inside an oven. For
example, to analyze the effect of processing additives, polymers are kneaded

 for different amounts of time, pressed onto a plate, and placed inside a heated ‘ Table 10.10 Tabulated data for Example 10.1
i i ignify when

ao. a color change occurs is recorded to signify whe a aID : Dus a
, (mm) (m2) 0) 

1 0.1 0.781 78.1x10° 0.1

0.2 0.468 46.8x10° 0.0622

3 0.3 0.354 35.4x10% 0.0465

4 0.4 0.287=28.7x10° 0.037

5 0.5 0.233 23.3x10° 0.031 
12 Courtesy of BASF.
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0.1

 

5mm
0.09 -

0.08 
 

0.07 - Gic=1.3 kd/m2 | 200 mm |
0.06 -

0.05
Energyabsorbed,U(J)

  
 

T T
0 coxi8 40xi0® —sox10 aoxi0 100x108

Dwa (m?)

| Figure 10.82 Fracture toughness plot for Example 10.1.  

We canalso compute thecritical stress intensity factor K,,. using  
 

Ke = VEGjp =1.61MNm™

10.2 You are asked to design a cylindrical 200 mm diameter, 5 mm thick
polycarbonate pressure vessel, as depicted in Fig. 10.83. To attachafixture, Figure 10.83
the pressure vessel has a series of 0.5 mm deep grooves alongits length.
During its life, the pressure vessel will experience occasional pressure

Pressure vessel geometry for Example 10.2.

surges. Using the data given below, estimate thecritical pressure inside Note that since the vessel is axially restricted, the axial stress can be
the vessel that will result in fracture. neglected. We can now solve for the pressure that will lead to failure

using

G,, =5kI/m*, E=2.1GPa, v=0.33
Gye 4 Eh?

ta (1 = v*)D
i= [oa 4(2.1GPa)(5 mm)? |"This problem can be solved using Eq. 10.14 x(0.5 mm) (1 —.33°)(197.5 mm) = 4.39MPa (645 psi)  

G, = 224 (1-4)
 

! . Problems }

where, o, is the hoop stress given by

_ 10.1 Is polystyrene an appropriate material to use for safety goggles? Why?
_ PP aid

Oe Op 10.2 A high impact strength polycarbonate hasa stress intensity factor, K,,, of
2.6 MN/m"”, and a strain toughness, G,, of 5.0 k]/m2. The polycarbonate
will be used to assemble a hockey face guard. The face guard will fit onto
the helmet using several snap-fits located on the helmet, This requires
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 518 Engineering Design Properties

1.5 mm deep grooves on the polycarbonate face guard. What maximum
stresses will you be able to subject the face guard in the region of the
grooves.

10.3 Someone in your company designed high-density polyethylene water
pipes to transport cold and hot water at pressures of 1.5 bar. The hot

water will be at 50 OC, and you can assumethe cold water to be at room
temperature. The pipe’s inner diameter is 50 mm with a wallthickness of
1mm. Would you approve this product with a 5 year warranty for the
above specifications? Why?

10.4 A PS-HI test specimen with a 20 mm x 1 mm cross-section and 2 mm long
central crack is carrying a 100 N load. Plot the stress distribution near,
but notat the crack tip.

10.5 A PS component with 0.5mm long crazes is being stressed between
-5 MPa and +5MPa. At what rate is the length of the crazes growing?
Estimate the numberof cycles to failure.

10.6 A creeping PS component loaded to a stress of 2 MPa is showing the
formation of small crazes that measure approximately 200 wm. Estimate
the time it takes for the crazes to grow to a length of 500 um. Use m=7
and m=25.
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| Electrical Properties of Polymers
ey

In contrast to metals, common polymers are poor electron conductors. Similar
to mechanical properties, their electric properties depend to a great extend on
the flexibility of the polymer’s molecular blocks. The intent of this chapteris to
familiarize the reader with electrical properties of polymers by discussing the
dielectric, conductive, and magnetic properties.

 
11.1 Dielectric Behavior!

11.1.1 Dielectric Coefficient

The most commonly used electrical property is the dielectric coefficient, ¢,. Let
us begin the discussion on dielectricity by looking at a disk condenser charged
by the circuit shown in Fig 11.1. The accumulated charge, Q,is proportional to
the consumed voltage, U:

 
Q=CU (11.1)

where the proportionality constant, C, is called capacitance. The capacitancefor
the disk condenser in a vacuum, also valid for air, is defined by

A

| Cy =£&, a (11.2)
where ¢ is the vacuum’sdielectric coefficient, A the disk’s area and d the
Separation between the plates. Hence, the condenser’s chargeis given by

Q, 7 CU (11.3)

1

con ofthis chapter are based on thelecture notes of Prof. EI, Hersping at the RWTH-Aachen, Germany,72),
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522 Engineering Design Properties 

If we replace the vacuum or air between the disks of the condenser by a real
dielectric, the charge increases, for the same voltage U, by the factor ¢
represented by

   

Q Fe, Q (11.4)

and the capacity changes to

C=eC,= ge) (11.5)

JUA, NR
—_ A

4 4 SSS
Ul y 1 +++ + + se

| toe a—{'/'\. — =
ES i

Figure 11.1 Condensercircuit used to measure capacitance properties.

The constant ¢, is often called the relative dielectric coefficient. It is dimensionless,
and it is dependent on the material, temperature, and frequency. However, the
charge changes when a dielectric material is inserted between the plates. This
change in charge is due to the influence of the electric field developing
polarization charges in the dielectric. This is more clearly represented in Fig.
11.2. The new charges that develop between the condenser’s metal disks are
called @,. Hence, the total charge becomes

Q=0,+0, (11.6)

In general terms, the charge is expressed per unit area as

2 9 Q,SoM, Lp 11.A A A an)
where D is the total charge per unit area. Introducingthe electric field intensity,
E, Eq. 11.2 can be rewritten as

pV1%19 118)
d g& A &€,A

which results in

Q ee (11.9)A
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Figure 11.2 Polarization charges a) withouta dielectric, b) with a dielectric.
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—_________]}

If the charged condenser is separated from the voltage source beforehand
the voltage of the condenser will decrease with insertion of a dielectric. Thus,
the inserted dielectric also increases the capacity of the condenser. Let us rican
the charge density of the polarization surface as

 
Q,

—T (11.10)

This causes the total charge per unit area to become

D=6,E +P (11.11)
which can be rewritten as

P=D-£E (11.12)

No field can develop within metallic condenser plates because of the high
electric conductivity. Therefore, using the dielectric charge density per unit
area, Eqs. 11.7 and 11.8 can be combinedto give

D=6,E (11.13)
Substituting this result into Eq. 11.12, we get

P=e0¢,E-&E (11.14)
or

P =e,[e,-1JE =e,yE (11.15)
The factor y is generally referred to as dielectric susceptibility. It is a
measurement of the ability of a material to be a polarizer. ,

Table 11.1 lists the relative dielectric coefficients of important polymers.
© Measurcments were conducted using the standard test DIN 53 483 in

Condensers of different geometries which, in turn depended on the sample type.
The ASTM standard test is described by ASTM D150. Figures 11.3 [1] and 11.4 [1]
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524 Engineering Design Properties 11 Electrical Propertics of Polymers 525

present the dielectric coefficient for selected polymers as a function of 15
temperature and frequency, respectively. aN

Table 11.1 Relative Dielectric Coefficient, ey, of Various Polymers [Hersping] |

Polymer Relative dielectric coefficient, €, PVC10 -

800 Hz 106 Hz = “
sg A: ,

Expanded polystyrene 1.05 1.05 2 as 3 eo %
Polytetrafluoroethylene 2.05 2.05 8
Polyethylene (density dependent) 2.3-2.4 2.3-2.4 SI
Polystyrene DS 2.5 8
Polypropylene 2.3 2.3 @ 5 ori’
Polyphenyleneether 2.7 2.7 7 F
Polycarbonate 3.0 3.0
Polyethyleneterephthalate 3.0-4,0 3.0-4.0 — ( \ PET
ABS 4.6 3.4 1 f +
Celluloseacetate, type 433 5.3 46 ~PS “PE 0.96 “PSUS PTFE
Polyamide 6 3.7-7.0 Tle \ ron ew owe fy

(moisture content dependent) 0 40 380 120 °C 160
Polyamide 66 3.6-5.0 ; i

(moisture content dependent) : = :
Epoxyresin (unfilled) 2.5-5,4 ue aoe) F 400
Phenolic type 31.5 6.0-9.0 6.0 Temperature
Phenol type 74 6.0-10.0 4.0-7.0 Figure 11.3 Dielectric constant as a function of temperaturefor various polymers.
Urea type 131.5 6.0-7.0 6.0-8.0

Melamine type 154 5.0 10.0 45

11.1.2 Mechanisms of Dielectrical Polarization

The two most important molecular types for the polarization of a dielectric in : |
an electric field are displacement polarization and orientationpolarization. w 10 )- |ce |

Underthe influence of an electric field, the charges deform in field direction 2
by aligning with the atomic nucleus (electron polarization) or with the ions 8 PF
(ionic polarization). This is usually called displacement polarization and is clearly 2
demonstrated in Fig. 11.5. 8o =

Because of their structure, some molecules possess a dipole moment in the oO °; PMMA pvc /B-Glass
spaces that are free of an electric field. Hence, when these molecules enter an PAGS
electric field, they will orient according to the strength of the field. This is EF
generally referred to as orientation polarization and is schematically shown in [*s ‘f ge PE 0.06
Fig. 11.5. PCTFEol. | | ' |

102 104 108 108 Hz 1910

, Frequency
Figure 114 Dielectric constantas a function of frequencyfor various polymers.
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=> $49 4¢49 +40
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Paw ——re E—
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Figure 11.5—Polarization processes.

It takes some time to displace or deform the molecular dipoles in the field
direction and even longer time for the orientation polarization. The more
viscous the surrounding mediumis, the longer it takes. In alternating fields of
high frequency, the dipole movement can lag behind at certain frequencies.
This is called dielectric relaxation, which leads to dielectric losses that appear as
dielectric heating of the polar molecules.

In contrast to this, the changes in the displacement polarization happen so
quickly that it can even follow a lightwave. Hence, the refractive index, u, of
light is determined by the displacement contribution, ¢,, of the dielectric
constant?. The relation between n and e,is given by

n= VE, (11.16)

Hence, we have a way of measuring polarization properties since the
polarization of electrons determines the refractive index of polymers. It should
be noted that ion or molecular segments of polymers are mainly stimulated in
the middle of the infrared spectrum.

A number of polymers have permanent dipoles. The best known polar
polymer is polyvinyl chloride, and C=O groups also represent a permanent
dipole. Therefore, polymers with that kind of building block suffer dielectric
losses in alternating fields of certain frequencies. For example, Fig. 11.6 shows
the frequency dependenceof susceptibility.

2 Fora more in-depth coverage of optical properties the readeris referred to Chapter 11 of this book.
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Infrared Ultraviolet
  

 
ect—- “~UHF-Microwave

Dipol
2|polarization\

tonic polarization

Electron polarization

Frequency —=

 
Figure 11.6—Frequency dependenceof different polarization cases.

In addition, the influence of fillers on therelative diclectric coefficientis of
considerable practical interest. The rule of mixtures can be usedto calculate the
effective dielectric coefficient of a matrix with assumingly spherically shaped
fillers as

Emnatrix — E filterEee =a~ 39atan) (11.17)2Emacy + eFitter

Materials with air entrapments such as foams, havea filler dielectric coefficient
of €,,,=1; thus, the effective dielectric coefficient of the material reducesto

Enatiie — 1
Fram = Ematrix 1-36 1.| ra a j (11 18)

and, for metalfillers where ¢,,,,, = ©, it can be written as

Goin = Enanis (1+ 30) (11.19)

Whether a molecule is stimulated to its resonant frequencyin alternating fields
or not depends onits relaxation time. The relaxation time, in turn, depends on
viscosity, 1), temperature, 7, and radius, r, of the molecule. The following
relationship can be used:

aa (11.20)
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The parameter A,, is the time a molecule needs to move back to its original
shape after a small deformation. Hence, the resonance frequency, f,,, can be
computed using

w ]
=m 11.21Jn 2n 2xA, ( )

11.1.3 Dielectric Dissipation Factor

The movement of molecules, for example, during dipole polarization or ion
polarization in an alternating electric field, leads to internal friction and,
therefore, to the heating of the dielectric. The equivalent circuit shownin Fig,
11.7 is used here to explain this phenomenon. Assumean alternating current is
passing through this circuit, with the effective value of U volts and an angular
frequency defined by

w=20f (11.22)

where f is the frequency in Hz. Through sucha system, a complex current I
will flow, composed of a resistive or loss component, /,, and of a capacitive
component, /,. The vector diagram in Fig. 11.8 showsthat with

I.=U/R (11.23)

and

I,=@Cu (11.24)

we can write

IT =U/R+iwCU (11.25)

Here, i represents an imaginary component oriented in the imaginary axis of
the vector diagram in Fig. 11.8. An alternating current applied to a condenser
free of any current loss components would result in

= =tand > 0 (11.26)«

In such a case, the condenser current is purely capacitive, which leads to no
losses at all. This results in a voltage that is lagging the current by 90°, as
demonstrated in Fig, 11.9. Accordingly, capacitance also consists of a real
component and an imaginary component.
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Figure 11.7 Equivalentcircuit diagram for the losses in a dielectric.
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Figure 11.8 Current-voltage diagram or power-indicator diagram of electric alter-
nating currents.
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Figure 11.9 Current and voltage ina condenser. / = current, U = voltage, ¢ = time
a) Without dielectric losses (ideal condition), current and voltage are
displaced by the phase angle gv =90° or 2/2; b) With dielectric loss, the
current curve I’ is delayed by the loss angle 6.

i the condenser has losses, when tané>0, a resistive current Tis formed
which leads to a heating energy rate in the dielectric of

1

E, = 5 lace tand (11.27)

Where I, represents the total current or the magnitude of the vector in Fig.
11.8. Using Eq. 11.25 for capacitance leads to
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Gee = Gace" (11.28)Rao

where C’is the complex capacitance, with C’ as the real component defined by

” LA
C’ = e€' a (11.29)

and C” as the imaginary component described by

C"=—=6,¢"—. (11.30)w

Using the relationship in Eq. 11.5 we can write

C’ =C,(e! ie’) = Cye, (11.31)

where ¢. is called the complex dielectric coefficient. According to Eqs. 11.25 and
11.31, the phase angle differenceordielectric dissipation factor can be defined by

an
T

tand= t=“ (11.32)
I. €,

If we furthermore consider that electric conductivity is determined by

guid (11.33)RA

then the imaginary component of the complex dielectric coefficient can be
rewritten as

gos, e’ tand (11.34)
QE,

Typical ranges for the dielectric dissipation factor of various polymer groups
are shown in Table 11.2. Figures 11.10 [1] and 11.11 [1] present the dissipation
factor tan 6 as a function of temperature and frequency, respectively.

Table 11.2 Dielectric Dissipation Factor (tand) for Varoius Polymersee
Material tand

Nompolarpolymers(PS,PEPTE)~=~C~S~*~“<~S~S~SCSOOS
Polar polymers (PVC and others) 0.001-0.02

Thermosetresinsfilled with glass, paper, cellulose 0.02-0.5
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Figure 11.10 Dielectric dissipation factor as a function of temperature for various
polymers.
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Figure 11.11 Dielectric dissipation factor as a function of frequency for various
polymers.
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11.1.4 Implications of Electrical and ThermalLossin a Dielectric

The electric losses through wire insulation running high frequency currents
must be kept as small as possible. Insulators are encountered in transmission
lines or in high-frequency fields such as the housings of radar antennas. Hence,
we would select materials which have low electrical losses for these types of
applications.

On the other hand, in some cases we want to generate heat at high
frequencies. Heat sealing of polar polymers at high frequencies is an important
technique used in the manufacturing of soft PVC sheets such as the ones
encountered in automobile vinyl seat covers.

To assess whether a material is suitable for either application, one must
know the loss properties of the material and calculate the actualelectrical loss.
To do this, we can rewrite Eq. 11.27 as

E, =U’wCtand (11.35)
or as

E, =2xfU'd'e,e. tanoc, (11.36)

The factor that is dependent on the material and indicates the loss is the loss
factor e.tand, called e¢” in Eq. 11.34. As a rule, the following should be used:

é'tand <10° for high-frequency insulation applications, and

e'tand >10~ for heating applications.

In fact, polyethylene and polystyrene are perfectly suitable as insulators in
high-frequency applications. To measure the necessary properties of the
dielectric, the standard DIN 53 483 and ASTM D 150tests are recommended.

11.2 Electric Conductivity

11.2.1 Electric Resistance

The current flow resistance, R, in a plate-shaped sample in a direct voltage field
is defined by Ohm’s law as

ra¥ (11.37)
I
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or by

_ld
oAR (11.38)

where o is known as the conductivity and d and A are the sample’s thickness
and surface area, respectively. The resistance is often described as the inverse of
the conductance, G,

R=— 11.39a (11.39)

and the conductivity as the inverse of the specific resistance, p,
|

as (11.40)
The simple relationship found in Eq. 11.37-39 is seldom encountered since the
voltage, U, is rarely steady and usually varies in cyclic fashion between 10-1 to
1011 Hz [2].

Current flow resistance is called volume conductivity and is measured one
minute after direct voltage has been applied using the DIN 53 482 standardtest.
The time definition is necessary, because the resistance decreases with
polarization. For some polymers westill do not know the final values of
resistance, However, this has no practical impact, since we only need relative
values for comparison. Figure 11.12 compares the specific resistance, p, of
various polymers and showsits dependence on temperature. Here, we can see
that similar to other polymer properties, such as the relaxation modulus, the
specific resistance not only decreases with time but also with temperature.

The surface of polymer parts often shows different electric direct-current
resistance values than their volume. The main cause is from surface

contamination (e.g., dust and moisture). We therefore have to measure the
surface resistance using a different technique. One common test is DIN 53 482,
which uses a contacting sample. Another test often used to measure surface
resistance is DIN 53 480. With this technique, the surface resistance is tested
between electrodes placed on the surface. During the test, a saline solution is
dripped on the electrodes causing the surface to become conductive, thus
heating up the surface and causing the water to evaporate. This leads not only
to an increased artificial contamination but also to the decomposition of the
polymer surface. If during this process conductive derivatives such as carbon
form, the conductivity quickly increases to eventually create a short circuit.
Polymers that develop only small traces of conductive derivatives are
considered resistant. Such polymers are polyethylene, fluoropolymers, and
melamines,

 
MacNeil Exhibit 2117

Yita v. MacNeil IP, IPR2020-01139

Page 277



MacNeil Exhibit 2117
Yita v. MacNeil IP, IPR2020-01139

Page 278

 
 

 
 

 
 
 
 
 

  
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 

  
 

 
 
 

 
 

  

 

 

 

 
 

 
   
 

      
534 Engineering Design Propertics | 11 Electrical Properties of Polymers 535

| 4020 | density speeds up this diffusion process. The strong decrease of specific
= Polyethylene resistance with the absorption of moisture is caused by ion conductivity.
E 40'¢} —

= } Sem!
e 40°2 Bolovine _ Silver, copper4 108 }
o Celiuloseacetate et lron |
5 PE type 31 resin |Metal | Wismut, mercury |— 104 i 1 CON) Polyacetylene
108 >} Yo — iio | TTF*TCNQB SO In. Sb-|_ 12 NMP-TCNQ

aan Polyacrylnitrile organic r 7 10 KCPBS} 4 semiconductor —_ | | Germanium _|_ _|
SB 10 |Semi-conductors| j 10% Trans-(CHo — 49-4 4-Trans-
E | Silicon -|_ 10 x
= 1 r i ~ 10°67Pressed graphit | =
Q Esme 10°8 |wn 104 _| Constantan ; Glass — jo16- ~ . he

1 —l1_ Liatee _Insulators | _ DNAS 1012) eee
-20 0 200©400 Diamond-~ 49-14.) OY

Temperature, T (°C) Sulfur-— 49-16
Quarz7 49-18

Figure 11.12 Specific electric resistance of polymers and metals as a function of tem- ort om-1
perature. : ; oa

Figure 11.13 Electric conductivity of polyacetylene (trans-(CH)x) in comparison to
11.2.2 Physical Causes of Volume Conductivity aal |

Polymers with a homopolar atomic bond, which leads to pairing of electrons, M, My My
do not have free electrons and are not considered to be conductive. Conductiveeeeae ee

t

ae . M = Mediancontact points per particle
polymers -—still in the state of development—in contrast, allow for movement 100 200-300 

 

 
        
 

of electrons along the molecular cluster, since they are polymer salts. The
classification of these polymers with different materials is given in Fig. 11.13. 1012) SS

Potential uses of electric conductive polymers in electrical engineering 4010 WitezecL |
include flexible electric conductors of low density, strip heaters, anti-static ©T=200°C |
equipment, high-frequency shields, and housings. In semi-conductor enginee- © 98
ring, some applications include semi-conductor devices (Schottky-Barriers) @ \
and solar cells. In electrochemistry, applications include batteries with high & 7|| ||
energy and power density, electrodes for electrochemical processes, and g »
electrochrome instruments. 7 |—

Becauseof their structure, polymers cannot be expected to conductions. Yet ——
the extremely weak electric conductivity of polymers at room temperature and 402be
the fast decrease of conductivity with increasing temperatures is an indication
that ions do move. They move because engineering polymers always contain a yoo bet
certain amount of added low-molecular constituents which act as moveable o 10 on. 50
charge carriers. This is a diffusion process which acts in field direction and | lpn particle content (Vol 2)
across the field. The ions “jump” from potential hole to potential hole as | vy Ve V3
activated by higher temperatures (Fig. 11.12). At the same time, the lower Figure 11.14 Resistance R of a polymerfilled with metal powder(iron).
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Conducting polymers are useful for certain purposes. When weinsulate
high-energy cables, for example, as a first transition layer we use a
polyethylene filled with conductive filler particles such as soot. Figure 11.14
demonstrates the relationship between filler content and resistance. When
contact tracks develop, resistance drops spontaneously. The numberof inter-
particle contacts, M, determines the resistance of a composite. At Mz or M=1
there is one contact per particle. At this point, the resistance starts dropping.
When two contacts per particle exist, practically all particles participate in
setting up contact and the resistance levels off. The sudden drop in the
resistance curve indicates why it is difficult to obtain a medium specific
resistance by filling a polymer.

Figure 11.15 [3] presents the resistance in metal flakes or powder filled
epoxy resins. The figure shows howthe critical volume concentration for the
epoxy systemsfilled with copper or nickel flakes is about 7% concentration of
filler, and the critical volume concentration for the epoxy filled with steel
powderis around 15%.
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Figure 11.15=Resistance in metal flakes and powderfilled epoxy resins.
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11.3 Application Problems

11.3.1 Electric Breakdown

Since the electric breakdownof insulation may lead to failure of an electric
component or may endanger people handling the component, it must be
prevented. Hence, we have to know the critical load of the insulating material
to design the insulation for long continuous use and with a great degree of
confidence. One of the standard tests used to generate this important material
property data for plate or block-shaped specimens is DIN 53 481. This test
neglects the effect of material structure and of processing conditions. From the
properties already described, we know that the electric breakdown resistance or
dielectric strength must depend on time, temperature, material condition, load
application rate, and frequency.It is furthermore dependenton electrode shape
and sample thickness. In practice, however, it is very important that the upper
limits measured on the experimental specimens in the laboratory are never
reached. The rule of thumb is to use long-term load values of only 10% of the
short-term laboratory data. Experimental evidence shows that the dielectric
strength decreases as soon as crazes form in a specimen under strain and
continues to decrease with increasing strain. This is demonstrated in Fig 11.16
[4].

230 |_|
PP (T =40 °C)

Eg=f(Emech)im) 210-———|—
 

 
190
 

170
 Dielectricstrength,Ey(

150
   
 

    
120 

2 4 6 8 10 12

Strain, © (%)

Figure 11.16 Dropof the dielectric strength of PP films with increasing strain.
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On the other hand, Fig. 11.17 [4] demonstrates how the dielectric dissipation
factor, tan 6, rises with strain. Hence, one can easily determine the beginning of
the viscoelastic region (begin of crazing) by noting the starting point of the
change in tan 6. It is also known that amorphous polymers act more favorably
to electric breakdown resistance than partly crystalline polymers. Semi-
crystalline polymers are more susceptible to electric breakdown as a result of
breakdownalong inter-spherulitic boundaries as shown in Fig. 11.18 [5]. Long-
term breakdown of semi-crystalline polymers is either linked to “treeing,” ag
shown in Fig. 11.19, or occurs as a heat breakdown, burning a hole into the
insulation, such as the one in Fig. 11.18. In general, with rising temperature and
frequency, the dielectric strength continuously drops.

Insulation materials— mostly LDPE~ are especially pure and contain
voltage stabilizers. These stabilizers are low-molecular cyclic aromatic
hydrocarbons. Presumably, they diffuse into small imperfections or failures,
fill the empty space and thereby protect them from breakdown.

Table 11.3 [6] gives dielectric strength andresistivity for selected polymeric
materials.
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Figure 11.17_Increase of dielectric dissipation with increased strain in PPfoils.

 

 
Figure 11.18=Breakdown channel around a polypropylene sphcrulitic boundary. |

 
Figure 11.19 Breakdown channel in structureless finely crystalline zone of poly-

propylene.
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Table 11.3 Dielectric Strength and Resistivity for Selected Polymers 

 

Polymer Dielectric strength Resistivity
MV/m Ohm-m

ABS 25 1014

Acetal (homopolymer) 20 1015
Acetal (copolymer) acrylic 20 101s
Acrylic 1 1913
Cellulose acetate 11 109
CAB 10 10?

Epoxy 16 1915
Modified PPO 22 1915

Nylon 66 8 1913
Nylon 66 + 30% GF 15 1012
PEEK 19 1914
PET 17 1918
PET + 36% GF 50 1gl4

Phenolic (mineral filled) 12 10?
Polycarbonate 23 191s
Polypropylene 28 1915
Polystyrene 20 jol4
LDPE 27 igl4
HDPE 22 1ols
PTFE 45 1016

uPVC 14 1gl2

pPvc 30 toll
SAN 25 1914
 

11.3.2 Electrostatic Charge

An electrostatic charge is often a result of the excellent insulation properties of
polymers— the very high surface resistance and current-flow resistance. Since
polymers are bad conductors, the charge displacement of rubbing bodies,
which develops with mechanical friction, cannot equalize. This charge
clisplacement results from a surplus of electrons on one surface and a lack of
electrons on the other. Electrons are charged positively or negatively up to
hundreds of volts. They release their surface charge only when they touch
another conductive body or a body which is inversely charged, Often the
discharge occurs without contact, as the charge arches through the air to the
close-by conductive or inversely charged body, as demonstrated in Fig. 11.20.
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The currents of these breakdowns are Jow. For example, there is no danger
when a person suffers an electric shock caused by a charge from friction of
synthetic carpets or vinyls. There is danger of explosion, though, when the
sparks ignite flammableliquids or gases.

Discharges]

\l/

|

  
n — Meee

 

ae | | Flow of charge
through polymerpart

Figure 11.20 Electrostatic charges in polymers.

As the current-flow resistance of air is generally about 10? Qcm, charges and
flashovers only oceur if the polymer has a current-flow resistance of >10° to
10'” Qem. Another effect of electrostatic charges is that they attract dust
particles on polymer surfaces.

Electrostatic charges can be reduced or prevented by the following means:

° Reduce current-flow resistance to values of <109? Qcm, for example, by
using conductive fillers such as graphite.

Make the surfaces conductive by using hygroscopic fillers that are
incompatible with the polymer and surface. It can also be achieved by
mixing-in hygroscopic materials such as strong soap solutions. In both
cases, the water absorbed from the air acts as a conductive layer. It
should be pointed out that this treatment loses its effect over time.
Especially, the rubbing in of hygroscopic materials has to be repeated
over time.

Reduce air resistance by ionization through discharge or radioactive
radiation.
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11.3.3 Electrets

An electret is a solid dielectric body that exhibits permanent dielectric
polarization. One can manufacture electrets out of some polymers when they
are solidified under the influence of an electric field, when bombarded by
electrons, or sometimes through mechanical forming processes.

Applications include films for condensers (polyester, polycarbonate, or
fluoropolymers).

11.3.4 Electromagnetic Interference Shielding (EMI Shielding)

Electric fields surge through polymers as shown schematically in Fig. 11.20.
Since we always have to deal with the influence of interference fields, signal-
sensitive equipment such as computers cannot operate in polymer housings.
Such housings must therefore have the function of Faradayic shields,
Preferably, a multilayered structure is used— the simplest solution is to use
one metallic layer. Figure 11.21 classifies several materials on a scale of
resistances. We need at least 102 Qcm for a material to fulfill the shielding
purpose. With carbon fibers or nitrate coated carbon fibers used asafiller, one
achieves the best protective properties. The shielding properties are
determined using the standard ASTM ES 7-83test.
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Figure 11.21 Comparison of conductive polymers with other materials: a) Electric
resistance p of metal-plastics compared to resistance of metals and
polymers b) Thermal resistance 4 of metal-plastics compared to
other materials
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11.4 Magnetic Properties

External magnetic fields have an impact on substances which are subordinate to
them because the external field interacts with the internal fields of electrons
and atomic nuclei.

11.4.1 Magnetizability

Pure polymers are diamagnetic; that is, the external magnetic field induces
magnetic moments. However, permanent magnetic moments, which are
induced on ferromagnetic or paramagnetic substances, do not exist in
polymers. This magnetizability M of a substance in a magnetic field with a
field intensity H is computed with the magnetic susceptibility, x as

M=xH (11.41)

The susceptibility of pure polymers as diamagnetic substances has a very small
and negative value. However, in some cases, we make use of the fact thatfillers
can alter the magnetic character of a polymer completely. The magnetic
properties of polymers are often changed using magnetic fillers. Well-known
applications are injection molded or extruded magnets or magnetic profiles,
andall forms of electronic storage such as recording tape, floppy or magneticdisks.

11.4.2 Magnetic Resonance

Magnetic resonance occurs when a substance, in a permanent magnetic field,
absorbs energy from an oscillating magnetic field. This absorption develops as
a result of small paramagnetic molecular particles stimulated to vibration. We
use this phenomenon to a great extent to clarify structures in physical
chemistry. Methods to achieve this include electron splaning resonance (ESR) and,
aboveall, nuclear magnetic resonance (NMR) spectroscopy.

Electron spinning resonance becomes noticeable whenthe field intensity of
4 stalic magnetic field is altered and the microwaves in a high frequency
alternating field are absorbed. Since we can only detect unpaired electrons
using this method, we use it to determine radical molecule groups.

When atoms have an odd number of nuclei, protons and neutrons, the
Magnetic fields which are caused by self-motivated spin cannot equalize. The
alignment of nuclear spins in an external magnetic field leads to a
Magnetization vector which can be measured macroscopically as is
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544 Engineering Design Properties

 schematically demonstrated in Fig. 11.22 [7]. This method is of great
importance for the polymer physicist to learn more about molecularstructures.

Optical Properties of Polymers
   ! QJ Lbs < ||\
Nuclear resonance

   
signal . |

Since some polymers have excellent optical properties and are easy to mold
Figure 11.22 Schematic of the operating method of a nuclear spin tomograph: and form into any shape, they are often used to replace transparent materials

1) magnet which produces a high steady magnetic field 2) radio wave such as inorganic glass. Polymers have been introduced into a variety of
generator 3) high-frequencyfield, produced by 2, when switch5is in applications such as automotive headlights, signal light covers optical fibers
upper position 4) processing nucleus, simulated by high frequency imitation jewelry, chandeliers, toys, and home appliances, Organic materials
field 5) switch; in this position the decrease of relaxation of the such as polymers are also an excellent choice for high-impact applications
nucleus’ vibrations is measured. where inorganic materials such as glass would easily shatter, However, due to

i the difficulties encountered in maintaining dimensional stability, they are not
References apt for precision optical applications. Other drawbacks include lower scratch

resistance, when compared to inorganic glasses, making them still impractical
1. Domininghaus, H., Plastics for Engineers, Hanser Publishers, Munich, (1993). for applications such as automotive windshields.
2. Baer, E., Engineering Design for Plastics, Robert E. Krieger Publishing Company, __In this section, we will discuss basic optical properties which include the

index of refraction, birefringence, transparency, transmittance, gloss, color, and
behavior of polymers in the infrared spectrum.

(1975).
3. Reboul, J.-P., Thermoplastic Polymer Additives, Chapter 6, J.T. Lutz, Jr., Ed., Marcel

Dekker, Ine., New York, (1989).

. Berg, H., Ph .D Thesis, IKV, RWTH-Aachen, Germany, (1976). |
Wagener, H., Internal report, AEG, Kassel, Germany, (1974).

. Crawford, R.J., Plastics Engincering, 2nd Ed., Pergamon Press, (1987). |

. From Bild der Wissenschaft. 12.1 Index of Refraction
SQOB

the change in the speed of light from one media to the other, The fundamental
material property that controls the bending of the light rays is the index of

| refraction, N. The index of refraction for a specific material is defined as thetatio between the speed of light in a vac : is acuum to the speed of light through ttMaterial under consideration J - “ee

As rays of light pass through one material into another, the rays are bent due to

c

wh > are i
esect, and v are the speeds of light through a vacuum and transparent media,

pectively. In more practical terms, the refractive index can also be computed
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function of the angle of incidence, 6,, and the angle of refraction, 6,, as The index of refraction foas a fun OF,

t organic plastic materials can be measured usingthe standard ASTM D 542 ¢follows:
est. It is important to mention that the index of

 refraction is dependent on the wavelength of the light under whichit is beingsin 8, measured. Figure 12.2 shows plots of the refractive index for various organicN=—— 12.7 and inorganic materials as a function of wavelength. One of the significantsing, (12.2) points of this plot is that acr
ylic materials and polystyrene have similarin Fig. 12.1 refractive properties as inorganic glasses.where @, and 6, are defined in Fig. 12.1.
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; . : 4|- AcryliFigure 12.1 Schematic of light refraction.

gt

1.75 200 400 600 800: | Wavelength, & (nm)
Figure 12.3. Dispersionas a function of wavelength for various materials.1.70}

An important quantity that can be deduced from the light's wavelength= +65/- dependenceontherefractive index is the dispersion, D, whichis defined byc
7

2 dN= D=— 12.3| ‘> 1.60 aA (12.3)3

s Figure 12.3 showsplots of dispersion as a function of wavelength for the same2 1.55 materials shownin Fig. 12,2. The plots show that polystyrene and glass have a
high dispersion in the ultra-violet light domain.

1.50- [t is also important to mention that since the indexof refraction is a function
of density, it is indirectly affected by temperature. Figure 12.4 shows how the
refractive index of PMMA changes with temperature. A closer look at the plot145-— q00 aaa 300 reveals the glass transition temperature,

Wavelength, 4 (nm)
, ials.

Figure 12.2 Index of refraction as a function of wavelength for various materia
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Figure 12.4 Index ofrefraction as a function of temperature for PMMA

(A = 589.3 nm).

12.2 Photoelasticity and Birefringence

Photoelasticity and flow birefringence are applications of ae=
anisotropy of transparent media. When a transparent material is out) ate
strain field or a molecular orientation, the index of 7 Tac eco
directional; the principal strains ¢, and é,are associated wit os pe —
of refraction N, and N, in a two-dimensional system. The i aita ee
the two principal indices of refraction (birefringence ) can : 7 adifference of the principal strains using the strain-optical coefficient, k,

N,-N, = k(e, -€2) (12.4)

or, in terms of principal stress, and

N,-N,=C(a,-0,) (12.5)

where C is the stress-optical coefficient.
i i ravels

Double refractance in a material is caused when a beam ot ae© Ae
through a transparent media in a direction Ceaon et he Ptli 1 i rai " ex, a ;i rinci re t strain or refraction index,
contains the principal directions o |‘ inc “aschematically in Fig. 12.5 [1]. The incoming light waves split into wo = 7that oscillate along the two principal directions. These two waves
phase by a distance 6, defined by
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Figure 12.5 Propagation of light in a strained transparent media.

6=(N, -N,)d (12.6)
where d is the thickness of the transparent body. The out-of-phase distance, 6,
between the oscillating light wavesis usually referred to as the retardation.

In photoelastic analysis, one measures the direction of the principalstresses
or strains and the retardation to determine the magnitude of the stresses. The
technique and apparatus used to performed such measurements is described in
the ASTM D 4093 test, Figure 12.6 shows a schematic of such a set-up, composed
of a marrow wavelength band light source, two polarizers, two quaterwave
plates, a compensator, and a monochromatic filter. The polarizers and
quaterwave plates must be perpendicularto each other (909), The compensator
is used for measuring retardation, and the monochromatic filter is needed
when white light is not sufficient to perform the photoelastic measurement.
Theset-up presentedin Fig. 12.6 is generally called a polariscope.

The parameter used to quantify the strain field in a specimen observed
through a polariscope is the color. The retardation in a strained specimenis
associated to a specific color. The sequence of colors and their respective
retardation values and fringe order are shownin Table 12.1 [1]. The retardation
and color can also be associated to a fringe order using

fringe order = : (12.7)
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\ .

Monochromator S&S spaaa neay (fringe order zero) represents a strain free body, and closely
=~ A Noe oedsa ohOF oath RL a component with high strain gradients. The color. ey ac > are generally called the tsochromatics. Fi ‘byVAD LK ; ere : fics. Figure 12.7 shows the isochromaticQuarterwave platesa \ \ niDlee in a stressed notched bar, The fringe pattern can also be a desuSS ok ecular orientation and residual stresses in a molSY. | : ded tr: .
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Figure 12.6 Schematic diagram of a polariscope. : —io

4 —— Yeltowoteen

Table 12.1 Retardation and Fringe Order Produced in a Polariscope 7 ; RedOO | | | ‘Pale yellow akeColor Retardation (nm) Fringe order | | | Emerald
= | | RedBlack 0 0 |. otow Por

Gray 160 0.28 Green / \White 260 0.45 a \
Yellow 350 0.60

Orange 460 0.79
Red 520 0.90

Tint of passage 577 1.00 \
Blue 620 1.06 -5 \
Blue-green 700 1.20 4
Green-yellow 800 1.38
Orange 940 1.62 |
Red 1050 1.81 i!

Tint of passage 1150 2.00 |Green 1350 2.33
reen-yello 2.50 i :

nie yeuow a ee Figure 12.7 Fringe pattern on a notched bar under tension. |
Tint of passage 1730 3.00Green 1800 3.10
Pink 2100 3.60

Tint of passage |
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Flow induced birefringence is an area explored by several researchers ek
Likewise, the flow induced principal stresses can be related to the Principarefraction indices. For example, in a simple shear flow this relation can be
written as [5]

2C 2C

sin2xa sin2x - (12.8)
  

(N, -N,)=

where x is the orientation of the principal axes in a simple shear flow.

Figure 12.9 [6] shows the birefringence pattern for the flow of linear low-
density polyethylene in a rectangulardie.

 
Figure 12.8|Transparent injection molded part viewed through a polariscope.

        
Figure 12.9 Birefringence pattern for flow of LLDPEin a rectangular die.

 

a - —

12 Optical Properties of Polymers 553 

12.3. Transparency, Reflection, Absorption, and Transmittance

As rays of light pass through one media into another of a different refractive
index, light will be scattered if the interface between the two materials shows
discontinuities larger than the wavelength of visible light!. Hence, the
transparency in semi-crystalline polymersis directly related to the crystallinity
of the polymer. Since the characteristic size of the crystalline domains are
larger than the wavelengths of visible light, and since the refractive index of
the densercrystalline domainsis higher compared to the amorphous regions,
semi-crystalline polymers are not transparent; they are opaque or translucent
Similarly, high impact polystyrene— which is actually formed by two
amorphous components, polybutadiene rubber particles? and polystyrene —
appears white and translucent due to the different indices of refraction of the
two materials. However, filled polymers can be made transparentif the filler
size is smaller than the wavelength of visible light. Figure 12.10 shows various
types of high impactpolystyrene. The two types of HIPS shownin the lower
part of the figure have polybutadiene particles that are smaller than the
wavelength ofvisible light, making them transparent.

 
Figure 12.10 Morphology of

different types of high impact polystyrene.
polybutadiene particles in a polystyrene matrix for

The wavelen2th of visible light runs between 400 and 700 nm (0.4 and 0.7 kum).
‘The characteristic size of a rubberparticle in high impactpolystyrene is 1-10um.
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The concept of absorption and transmittance can be illustrated using the
schematic and notation shownin Fig. 12.11. The figure plots the intensity of a
light ray as it strikes and travels through an infinite plate of thickness d. For
simplicity, the angle of incidence, 6,, is 0°. The initial intensity of the incoming
light beam, I, drops to /, as a fraction p, of the incident beam is reflected out.
Thereflected light beam can be computed using

I, = pl (12.9)

Intensity

  
 

x=0 x=1/K x=d Distance x

Figure 12.11. Schematic of light transmission througha plate.

The fraction of the incident beam whichis reflected can be computed using
Beer's law:

WI+x (12.10)
(N+l) +x

0

Here, x is the absorption index described by

yee (12.11)4n

where A is the wavelength of the incident light beam and K the coefficient of
absorption.

12 Optical Properties of Polymers 555 

4 oe fraction of the beam that does penetrate into the material continues to
;yop ue to absorption as It travels throughthe plate. The intensity fraction of

e incident beam as it is transmitted through the material can be computed
using Bourger's law,

_ - AN

T(x) = Le (12.12)
wiere K is the coefficient ofabsorption. The intensity fraction of the incident beam
transmitted to the rear surface of the plate can now be computed using

Kd

T=(1~p,)e (12.13)

However,as illustrated in Fig. 12.12, part of the beam is reflected back bythe rear surface of the ié plate and is subsequently re 5several times as it travels 4 Piswected and cigeised

Ip(|-p)2er2ks — = =i Ip(l-p)Pe@Ke

pl f = _ =

\(-p)2erks  
———— q ——___»

Figure 12.12 Scmematic of light reflectance, absorption and transmission through aplate.

WwW the fr mt an Cc urTas .bet een Oo d ba k 5 ces 0 the plate The infinite sun of transmitted

(pe
1 pre2® (12.14)

and the total reflected rays can be approximated with

t=
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p= p(l+ te“) (12.15)
The fraction of incident beam absorbed by the material and transformed into
heat inside the material is calculated using

a=1-t-p (12.16)

Figure 12.3 showsthis relationship as a function of dimensionless thickness Kd.

 

1.0 Reflexion pq = 0.05 
 
 Transmission

 S
a

Absorption

  0.0
0.01 0.1 1.0 10

Dimensionless thickness, Kd

Figure 12.13 Reflection, transmission and absorption as a function of thickness.

Absorption,transmission,reflexion
The above analysis is complicated further for the case where the incident

angle is no longer 0°. For such a case, and for materials with low coefficient of
absorption, the amount of visible light reflected can be computed using
Fresnel's equation [7],

a} {sin(6-8) , tan(8-8), (12.17)
2\sin°(0,+0,)  tan’(@, +6,)

which can be written as

1=ply (12.18)

Plots of p as a function of incidence angle are shown in Fig. 12.14 for various
refraction indices.

For the case with 6,=0° the equation can be rewritten in terms of
transmittance, T, as

7f 7| (12.19)N°+1
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Figure 12.14 Influenceof incidence angle onreflection losses.
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Figure 12.15 Ultraviolet light transmission through PMMA,

which is the fraction of the incident light that is transmitted through the
material. For example, a PMMA witha refractive index of 1.49 would at best
have a transmittance of 0.92 or 92%. The transmittance becomes less as the
wavelength of the incident light decreases, as shown for PMMA in Fig. 12.15
The figure also demonstrates the higher absorptionof the thicker sheet. ——
; The transmissivity of polymers can be improved by altering their chemical
ReNarada For example, the transmissivity of PMMA can be improved by
Uostituting hydrogen atoms by fluorine atoms. The improvement is clearly
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in Fi ifications bring polymers a step closer todemonstrated in Fig. 12.163. Such modifications 1g Pr
materials appropriate for usage in fiber optic applications#. Nucleating agents
can also be used to improve the transmissivity of semi-crystalline polymers. A
large numberof nuclei will reduce the average spherulite size to values below
the wavelength of visible light.

i inoué j f a transparent polymer isThe haziness or luminous transmittance o =measured using the standard ASTM D 1003test, and the transparency of a thin
olymer film is measured using the ASTM D 1746 test. The haze mensurement(ASTM D 1003) is the most popular measurementfor film and sheet quality

control and specification purposes.
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Figure 12.16 Effect of fluorine modification on the transmissivity of light through
PMMA.

3 Courtesy of Hoechst, Germany. . seaniae vadeoreosll| ibrati “ings ing manufacturing make sorTheir ability to withstand shock and vibration and cost savings during . ay Ce eeoeamorphous. polymers important materials for fiber optics applications. a : a using alae| f 50% iter i Mereas iepolymer fibers, the initial light intensity drops to 50% after only 100 m, wherea
fibers the intensity drops to 50%after 3000 m.
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12.4 Gloss

Strictly speaking, all of the above theory is valid only if the surface of the
material is perfectly smooth. However, the reflectivity of a polymer
componentis greatly influenced by the quality of the surface of the mold ordie
used to make the part.

Specular gloss can be measured using the ASTM D 2457standard technique
which describes a part by the quality of its surface. A glossineteror lustremteteris
usually composed ofa light source and a photometer as shown in schematic
diagram in Fig. 12.17 [8]. These types of glossmeters are called gomophotometers.
As showninthefigure, the specimen is illuminated with a light source from an
angle a, and the photometer reads the light intensity from the specimen from a
variable angie §. The angle a should be chosen according to the glossiness of
the surface. For example, for transparent films values for « range from 20° for
high gloss, 45° for intermediate and 60° low gloss. For opaque specimens
ASTMtest E 97 should be used. Figure 12.18 presents plots of reflective
intensity as a function of photometer orientation for several surfaces with
various degrees of gloss illuminated by a light source oriented at a 45° angle
from the surface. The figure shows how the intensity distribution is narrow and
sharp at 45° for a glossy surface, and the distribution becomes wider as the
surface becomes matte. The color of the surface also plays a significant role on
the intensity distribution read by the photometerasit sweeps through various
angular positions. Figure 12.19 shows plots for a black and a white surface with
the same degree of glossiness. The specular gloss is used as a measurementof
the glossy appearance of films. However, gloss values of opaque and
transparentfilms should not be compared with each other.

Test
specimen
 
 
 
 
 

 

  

Proj. lens mosepipn pele
| oN angie Source mirror
| ss ah ; imageCondenser a | B 7 Ss / -Collectorlens le : Sash lens

 \ Sourcefield stop
— Source Receptor field stop -» >)

Spectral correction — d
filter

eas.unit Receptor |  xaa(+   

|

Figure 12.17 Schematic diagram of a glossmeter.
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\ \ | | Another form

= |A AyPhotomerer
B B B —

o° 90° Q°

    
 
 
 

a° 90° 0° 90° 90° <>} Lens
Wedge

<——_______——-increasing gloss — Color filter (red, green, blue)K Lens |

Figure 12.18 Reflective intensity as a function of photometer orientation for , po aS\
specimens with various degrees of surface gloss. fo

S “| Light source| | oy

| a Specimen
B -B Figure 12.20=Sch ic di i

Black specimen White specimen 8 ematic diagram ofa colorimeter.

 
Figure 12.19 Reflective intensity as a function of photometer orientation for black .

and white specimens with equal surface gloss. of measuring color is to have an observer com pare two surfaces. One surfaceis
the sample under consideration illuminated with a white light. The other
surface is a white screen illuminated by light coming from three basic red
green, and blue sources. By varying the intensity of the three light sources the

12.5 Color color of the two surfaces are matched. This is shown schematically in Fig. 12 2]AY Et. : 5

[9]. Here too, the intensities of red, green, and blue are represented with Y, }
and Z, respectively,

 
t

The surface quality of a part is not only determined by how smooth orglossy it | The . .: : . tee resulting data 54 reyis but also by its color. Color is often one of the most important specifications imvensities ae 6 is better analyzed by normalizing the individual
for a part. In the following discussion it will be assumed that the color is
homogeneous throughout the surface. This assumptionis linked to processing, x
where efficient mixing must take place to disperse and distribute the pigments iae (12.20)
that will give the part color.

Color can always be described by combinations of basic red, green, and
blue5. Hence, to quantitatively evaluate or measure a color, one must filter the Se ) b
intensity of the three basic colors. A schematic diagram of a color measurement ~ N4+V4Z (12.21)
device is shownin Fig, 12.20. Here, a specimenis lit in a diffuse mannerusing 4
photometric sphere, and the light reflected from the specimen is passed
throughred, green, and bluefilters. The intensity coming from the threefilters 2 (12.2)
are allocated the variables X, Y, and Z for red, green, and blue, respectively.
The variables X,Y, and Z are usually referred to as fristinuilts valtes,

The parameters X, Y, and Z, usually termed trichromatic coefficients, are
5 Mostcolor measurementtechniques are based on the CIE system. CIF is the Commission International de plotted on a three-dimensional i; = / aph that contains thel'Eelairage, or International Commission on Wiumination. &rap whole spechiim of
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  visible light, as shown in Fig. 12.22. This graph is usually referred to as a

chromaticity diagram. The standard techniques that make use of the chromaticity
diagram are ASTM E 308-90 and DIN 5033. Three points in the diagram have
been standardized:

0.8

* Radiation from a black body at 2848 K corresponding to a tungsten
filament light and denoted by A in the diagram;

* Sunlight, denoted by B; and

¢ North sky light, denoted by C.
0.6 |f   
   

500 pm
It is important to note that colors plotted on the chromaticity diagram are

only described by their hue and saturation. The luminance factor is plotted in the y
z direction of the diagram. Hence, all neutral colors such as black, gray, and
white lie on point C of the diagram. 0.4

Observer L
yy

y 0.2 |
Primary color,.. fo
lanterns. \\\ cs f
A las

ox VEX Sh
SOF TN | 1
a \ sl a ‘
| 400 pm 0.2 0.4 0.6 0.8

+ x
| > \ j J Figure 12.22 Chromaticity diagram with approximate color locations.

i 12.6 Infrared Spectroscopyscreen surface

Figure 12.21 Schematic diagram of a visual colorimeter. Infr
nfrared spectroscopy has developed into one of the most important techniques

used to identify polymeric materials. It is based on the interaction between
| matter and electromagnetic radiation of wavelengths between 1 and 50 um. The

atoms in a molecule vibrate in a characteristic mode, which is usuallycalled a
fundamental frequency. Thus, each molecule has a set group of characteristic
frequencies which can be used as a diagnostics tool to detect the presence of
distinct groups, Table 12.2 [10] presents the absorption wavelength for several
chemical groups. The range for most commercially available infrared
Spectroscopes is between 2 and 25 um. Hence, the spectrum taken between 2
es 35 umserves as a fingerprint for that specific polymer, such as shown in

1g. 12.23 for polycarbonate.
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An infrared spectrometer to measure the absorption spectrum of a material is
schematically represented in Fig.12.24. It consists of an infrared light source
that can sweep through a certain wavelength range, and that is split in two
beams: one that serves as a reference and the other that is passed through the
test specimen. The comparison of the two gives the absorption spectrum, such
as shownin Fig. 12.23.

Using infrared spectroscopy, also helps in quantitatively evaluating the
effects of weathering (e.g., by measuring the increase of the absorption band of
the COOH group, or by monitoring the water intake over time). One can also
use the technique to follow reaction kinetics during polymerization.

Table 12.2 Absorption Wavelengths for Various Groups 

Group Wavelength region (um) 

2.74
3.00
3.36
9.67

11.49
5.80
5.94
6.07
6.57

Z0ro

OOn1

PPOPLEDAOZOMt
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Figure 12.23 Infrared spectrum of a polycarbonatefilm.
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Reference |  
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Figure 12.24 Schematic diagram of an infrared spectrometer.

12.7 Infrared Pyrometry

Today it is possible to measure the temperature at the surface of

—Output

 

IR detector

a polymer
melt or component using an infrared probe. Infrared pyrometry is based on
bVv

7 oa

wn - /AT,

Planck’s law, which describes the spectral distribution of blackbody radiation

(12.23)

where A is the meaneffective wavelength utilized by an IR pyrometer, J, is the
amount Of spectral radiance emitted by a blackbody with a spectral radiance
temperature of 7, (K), and ¢,(=3.742x10" Wum' /m)and ¢.(= 1.439104 umK)
are | lanck 5 first and second radiation constants, respectively, Within the range
of typical polymer processing temperatures, Planck’s law can be further
simplified as Wien’s law,i.e., exp(c,/AT)>>1 whichis given by

(12.24)
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Equations 12.23 or 12.24 can be used to convert the measured radiance from an
IR pyrometer, J,, into a temperature, T,, for a blackbody with an emissivity of
1.0. However, when measuring the temperature of a non-blackbody whose
emissivity is ¢ (4 1.0), the true surface temperature of the non-blackbody, T,
and the spectral radiance temperature, T,, can be related to each other using Eq.
12.24 by the following equation

eC Ee)
L --——8,—.--_™ (12.25)

raeof = nit exf =BY A *

The true surface temperature of a polymer melt or component can then be
calculated from rearranging Eq. 12.25 to,

1 lia

T = 7 + on) (12.26)
The spectral surface emissivity of a material can be obtained by either direct
measurement [11] or by calculation using both Kirchhoff’s law and the
radiation energy balance equation (i.e., Eq. 12.16). Kirchhoff’s law basically
states that the emissivity and the absorptivity of the material are equal(i.c.,
€, =a@,). Therefore, if the reflectivity and transmissivity of a semi-transparent
polymer are known, then the emissivity of a polymer can be computed from
Eq. 12.16 as

£,=1-1,-¢, (12.27)

However, if the polymer specimen is thick enough, we can eliminate
transmissivity from Eq. 12.27, taking the measurements at a wavelength at
which polymers absorb strongly; that is, at a wavelength which has a strong
dip in its spectrum. To do this we select proper narrow-bandfilters to control
the bandwidth and meaneffective wavelength of the pyrometer. This conceptis
clearly demonstrated in Fig. 12.25 [12], which shows the transmissivity
spectrum of polyethylene and polytetrafluoroethylene. It is easy to spot the
bandsof low transmissivity such as the one around 6.8 um (CH3 band) in the PE
spectrum. For most polymer films one can assumea reflectivity value, p, of
0.05 [13].

As indicated from the preceding description, if the mean effective
wavelength of an IR pyrometer is controlled at a bandwidth where the target
polymer has a low transmissivity, then the IR pyrometer can measure the
surface temperature of the target polymer. More recently, attempts have been
made to measure the subsurface temperature in a polymer melt stream in a
non-invasive manner using IR probes [14, 15]. For such measurements, the
meaneffective wavelength of an IR pyrometer is controlled at a bandwidth

a i
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where the transmissivity of the polymeris relatively high(ie., the polymer has
a low radiation absorbing behavior), then the IR pyrometer is able to capture
subsurface radiation and provide bulk temperature information of the
polymer. Since the captured bulk temperatures contain detailed thermal
information about the volume of the polymer, it is possible to retrieve the
detailed temperature profile from the captured bulk temperatures using an
inverse radiation technique [16]. The inverse radiation technique basically
deciphers a set of bulk radiation measured at several different meaneffective
wavelengths utilized by an IR pyrometer, to retrieve the temperature
distribution within the polymer. The theoretical background of the inverse
radiation technique provides the foundation of a new generation IR pyrometer
whichwill be very useful for process monitoring during polymer processing.
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Figure 12.25 Transmissivity of a polyethylene and a polytetrafluoroethylene.

12.8 Heating with Infrared Radiation

Althoughthe heating of polymer sheets for thermoforming or other membrane
stretching processes belongs to the field of radiative heat transfer, it is largely
anoptical problem. In such processes, an infrared heater is used to radiate
infrared rays onto the surface of the sheet under consideration. Much of the
process that takes place can be analyzed using the theory of absorption and
transmittance discussed in Section 12.3. For example, the absorption properties
largely depend on pigments or spherulite size. Figure 12.26 [17] shows a plot of
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the inverse of the absorption coefficient (penetration depth) of polypropylene
with twodifferent spherulite sizes as a function of the wavelength. Figure 12.27
[15] presents a similar graph for polystyrene without pigmentation, aleiedpolystyrene with a blue pigment, and opaque polystyrene with a white
pigment. The absorption of polymers also varies according to the temperature
of the radiative heater. Figure 12.28 [15] shows this dependence for various
polymer sheets of 1 mm thickness and variable pigment. It is interesting to
note that all polymers observe a similar absorption at a heater temperature of
1200 K.
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Figure 12.26 Penetration depth of infrared rays into polypropylenes with different
morphology.
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Figure 12.27 Penetration depth of infrared rays into polystyrenes with different
pigmentation.
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Permeability Properties of Polymers
NN

Because of their low density, polymers are relatively permeable by gases and
liquids. A more in-depth knowledge of permeability is necessary whendealing
with packaging applications and with corrosive protection coatings. The
material transport of gases andliquids through polymers consists of various
steps. They are:

° Absorption of the diffusing material at the interface of the polymer, a
process also knownas adsorption,

° Diffusion of the attacking medium through the polymer, and
* Delivery or secretion of the diffused material through the polymer

interface, also known as desorption.

With polymeric materials these processes can occur only if the following
rules are fulfilled:

* The molecules of the permeating materials are inert,
¢ The polymerrepresents a homogeneous continuum, and

* The polymer has no cracks or voids which channel the permeatingmaterial.

In practical cases, such conditions are often not present. Nevertheless, this
chapter shall start with these “ideal cases,” since they allow for useful estimates
and serveas learning tools for these processes.

13.1 Sorption

Wetalk about adsorption when environmental materials are deposited on the
Surface of solids. Interface forces retain colliding molecules for a certain time.
Possible causes include van der Waals! forces in the case of physical adsorption,
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572 Engineering Design Properties 

chemical affinity (chemical sorption), or electrostatic forces. With polymers, we
have to take into accountall of these possibilities.

A gradient in concentration of the permeating substance inside the material
results in a transport of that substance which we call molecular diffusion. The
cause of molecular diffusion is the thermal motion of molecules that permit the
foreign molecule to move along the concentration gradient using the
intermolecular and intramolecular spaces. However, the possibility to migrate
essentially depends on the size of the migrating molecule.

The rate of permeation for the case shown schematically in Fig. 13.1 is
defined as the mass of penetrating gas or liquid that passes through a polymer
membrane per unit time. The rate of permeation,i, can be defined using Fick's
first law of diffusion as

dx

where D is defined as the diffusion coefficient, A is the area and p the density. If
the diffusion coefficient is constant Eq. 13.1 can be easily integrated to give

m=-DAp (13.1)

m= —-DAp(c, —c.)/L (13.2)

The equilibrium concentrations c; and c, can be calculated using the pressure,p,
and the sorption equilibrium parameter, S:

c= Sp (13.3)

whichis often referred to as Henry’s law.

Polymer

Py . Po

C, Co

X=0 X=L

Figure 13.1 Schematic diagram of permeability through a film.

13 Permeability Properties of Polymers 573

The sorption equilibrium constant, also referred to as solubility constant, is
almost the same for all polymer materials. However, it does depend largelyon
the type of gas and on the boiling, Ty, or critical temperatures, T», of the eas
such as shownin Fig. 13.2. ee

€

 

SO20 SOo.
C4Hy C4Hy O»10} C4Hgo 2

 
log S(298) = -2.1 + 0.0123 Th

  
0 100 200 300 400

Temperature, T (K)

Figure 13.2 Solubility (cm3/em3) of gas in natural rubber at 25 °C and 1 bar as a
function of the critical and the boiling temperatures.

13.2 Diffusion and Permeation

Diffusion, however, is only one part of permeation. First, the permeating
substance has toinfiltrate the surface of the membrane;it has to be absorbed by
the membrane. Similarly, the permeating substance has to be desorbed on the
Opposite side of the membrane, Combining Eq. 13.2 and 13.3 we can calculat
the sorption equilibrium using - ~

tit = -DSpA(p, ~ p,)/L (13.4)
where the product of the sorption equilibrium parameter and the diffusion
coefficient is defined as the permeability of a material
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P=DS= mL
AApp

 

(13.5)

Equation 13.5 does not take into account the influence of pressure on the
permeability of the material and is only valid for dilute solutions. The Henry-
Langmutr model takes into account the influence of pressure and works very well
for amorphous thermoplastics. It is written as

 

P= s+ =1+ bAp

where K=cyb/S, with cy being a saturation capacity constant and b an
affinity coefficient. The constant R' represents the degree of mobility, R’=0 for
complete immobility and R’=1 for total mobility. Table 13.1 [1] presents
permeability of various gases at room temperature through several polymer
films. In the case of multi-layered films commonly used as packaging material,
we can calculate the permeation coefficient Pc for the composite membrane
using

1 fn L.
—ry— 13.7oP emé

-
Po

Table 13.1 Permeability of Various Gases Through Several Polymer Films 

Permeability (em? mil/100 in2/24 h/atm)
 Polymer CO? O2 H20

PET 12-20 5-10 2-4
OPET 6 3 1
PVC 4.75-40 8-15 2-3
HDPE 300 100 0.5
LDPE 425 1-1.5
PP 450 150 0.5
EVOH 0.05-0.4 0.05-0.2 1-5
PVDC 1 0.15 0.1 

Sorption, diffusion, and permeation are processes activated by heat and as
expected follow an Arrhenius type behavior. Thus, we can write

S = Syer Misia (13.8)

(13.9) 
-E,!

D=De"'"" and

a " as

13 Permeability Properties of Polymers 575

po Ep RE
Pa Pei (13.10)

where AH.s is the enthalpyof sorption, E » and £, are diffusion and permeation
activation energies, R is the ideal gas constant, and T is the absolute
temperature. The Arrhenius behavior of sorption, diffusion and permeabilit
coefficients, as a function of temperature for polyethylene and methyl broinie
at 600 mm of Hg are shownin Fig. 13.3 [2]. Figure 13.4 [3] presents the
permeability of water vapor through several polymers as a ‘function of
temperature. It should be noted that permeability properties drastically change
once the temperature goes above the glass transition temperature. This ‘s
demonstrated in Table 13.2 [4], which presents Arrhenius iffusie < [4], which const
of selected polymers and CH30H, anni

 

   
  

3.9)
3.8

Sx 104

3.7; r
3.6} e3.5/
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® 35 Px 1910
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— 3.0 e
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Figure 13.3 Sorption, diffusion, and permeability coefficients, as a function of
temperature for polyethylene and methyl bromine at 600 mm of Hg.
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~ 2
@ eS a

~ Polyuipvichlenice ho 20 40 80 80599 20 40 60 80.445 20 40 60 8045, 20 40 6080 i
| o Polyethylene Glasstransition temperature, Ty (K)>

= oO

6 SO Figure 13.5 Graph to determine the diffusion activation energy Ey as a function ofRubber- ~ lass transiti 1 size of the lecule dy, using the2 id : glass transition temperature and size of the gas molecule dy, using the5 hydrochloride NN, size of a nitrogen molecule, dys, as a reference. Rubbery polymers (¢): 1=o Silicone rubber, 2= Polybutadiene, 3= Natural rubber, 4=10°77 \ Butadiene/ Acrylonitrile K 80/20, 5= Butadiene/ Acrylonitrile K 73/27,
\ \ 6= Butadiene/ Acrylonitrile K 68/32, 7= Butadiene/ Acrylonitrile K2 61/39, 8= Butyl rubber, 9= Polyurethane rubber, 10= Polyvinyl acetate !

(r), 11= Polyethylene terephthalate (r). Glassy polymers (QO): 12=
Polyvinyl acetate (¢), 13= Vinylchloride/ vinyl acetate copolymer,

Polyvinylidene- 14= Polyvinyl chloride, 15= Polymethyl methacrylate, 16= Polystyrene, |chloride 17= Polycarbonate. Semi-crvstalline polymers (X); 18= High-density
polyethylene, 19= Low density polyethylene, 20= Polymethylene oxide,
21= Gutta percha, 2?= Polypropylene, 23= Polychlorotrifluoroethylene,\, 24= Polyethyleneterephthalate, 25= Polytetraflourethylene, 26= Poly(2,6-10°8 30 32 3.4 36 diphenylphenyleneoxide),

Temperature, 1/T (10°8K"1)
7 P / ‘ function of temperature through Table 13.2. Diffusion Constants Below and Abovethe Glass TransitionFigure 13.4 Permeability of water vapor as a fun Temperaturevarious polymerfilms.

Polymer Te (OC) Do (cm2/s) Ep (Keal/mol)The diffusion activation energy E, depends on the temperature, the size of °

lecule d, » and the glass transition temperature of the polymer. This rags a Tot =,the gas mo “ — ith the size of nitrogen g g g grelationship is well represented in Fig. 13.5 [1] with the si a
molecules, d,,as a reference. Table 13.2 contains values of the effective : Polymethylmethacrylate a 037 om aot mesection size of important gas molecules. Using Fig. 13.5 with the values a Polystyrene 38 0.33 37 97 175
Table 13.1 and using the equations presented in Table 13.3 the diffusion coefficicit, Polyvinyl acetate 30 0.02 300 7.6 20.5D, for several polymers and gases can be calculated.
 

Table 13.4 also demonstrates that permeability properties are aapenet 4
the degree of crystallinity. Figure 13.6 presents the permeabl iPaintpolyethylene films of different densities as a function of temperature. Ag
theArrheniusrelation becomes evident.
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Table 13.3 Important Properties of Gases 10-7 \

Gas d Ver Tb Ter dN,/dx

(nm) (em) k) (k)
— g \.

He 0.255 58 4.3 53 0.67 5 Q
Iho 0.370 56 373 647 0.97 & %
Ho 0.282 65 20 33 0.74 a \ 3
Ne 0.282 42 27 44.5 0.74 108 is
NH3 0.290 72.5 240 406 0.76 S

02 0.347 74, 90 55 0.91 = a

Ar 0.354 75 87.5 151 0.93 2
CH30H 0.363 118 338 513 0.96 5
Kr 0.366 92 121 209 0.96 e .
co 0.369 93 82 133 0.97

CH, 0.376 99.5 112 191 0.99
No 0.380 90 77 126 1.00 10-9
CO? 0.380 94 195 304 1.00
Xe 0.405 119 164 290 1.06

S02 0.411 122 263 431 1.08 ae a dl i
CoHg 0.416 124 175 283 1.09 3.2 3.4 abe 3.6 i
CH3Cl 0.418 143 249 416 1.10 Fioure 13.6 P a Temperature, 1/T (10°9K-1) |
C2H6 0.444 148 185 305 117 gure ty. ermeation of nitrogen through polyethylenefilms of various densities.
CH2Cly 0.490 193 313 510 1.28

C3Hg 0.512 200 231 370 1.34

Ce6He 0.535 260 353 562 141 13.3 Measuring S, D, and P

The permeability P of a ‘baie gas through a polymer can be measured direct]
Table 13.4 Equations to Compute D Using Data from Table 13.1 and Table 13.2° determining the transport of mass through a membraneperunit time 2 

The sorption constant S$ can be measured by placing a saturated sample intovinctommex logp - £2 [t-t)-4 an environment which allows the sample to desorb and measure the loss of
weight. As shown in Fig. 13.7, it is commonto plot the ratio of concentration of
absorbed substance ¢(t) to saturation coefficient c.. with respect to the root of

. En {11 time. |Amorphousthermoplastics log D = —--~-|-5

The diffusion coefficient D is determined using sorption curves as the one
shown in Fig. 13.7. Using the slope of the curve, a, we can compute the

By (2 1 ,(x) diffusion coefficient as- —x

 

 

 
Semi-crystalline thermoplastics logD=
 H p23

ae (13.11)
4 Tr = 435K and X is the degree of crystallinity.

where L is the thickness of the membrane.
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Another methodusesthe lag time, fg, from the beginning of the Permeationprocess until the equilibrium permeation has occurred, as shown in Fig. 13.8.
Here, the diffusion coefficient is calculated using

pet. (13.12)
61,

i i ermeability ofThe most important techniques used to determine gas p :polymers are the ISO 2556, DIN 53 380 and ASTM D 1434 standardtests.

>—  

 

 

‘sO

Figure 13.7. Schematic diagram of sorption as a function time.

  
Transient Steady state
diffusion diffusion

t=0 to ——» ft

Figure 13.8 Schematic diagram of diffusion as a function of time.

13.4 Corrosion of Polymers and Cracking [5]

i j isms
In contrast to metallic corrosion, where electrochemical corrosion mechana
are dominant, several mechanisms play a role in the degradation °°. Pe aeAttacks may occur by physical or chemical means or by combinations o

13 Permeability Properties of Polymers 581

Even without a chemical reaction,
surrounding medium can adversely affe
the low density of polymers, ever
molecules will infiltrate or

permeated by silicon oils, which
infiltration of silicone oil caused stress cracks and embrittlement in
thermoplastics in the regions of lowdensity, such as particle boundaries, filler
material interfaces, and general surface imperfections. If we consider
imperfections or particles of characteristic size Ie we can perform an energybalance and concludethat thecritical strain, ¢,,,, at which a erack will occur is
given by [6]

eovit ~ {t (13.13)
where E£represents Young's modulu
individual particles. Crack formation
in Fig. 13.9 [7]. Figure 13.10! shows ane
media through the inter-spherulitic bound

sand y the adhesion tension between the
and propagation is shown schematically

lectron micrographof permeating
aries of polypropylene.

Saturated particles

{. Air bubble
ke

Pe

ve7

~~4  
Figure 13.9 Schematic diagram of crack formation and propagation duringdiffusion.

Desorption, schematically shown in Fig, 13.11
polymeric components. Similar to soil, which cracks
the stresses that arise as the me

- is also undesirable for

as it dries out too quickly,
dium desorbs from the polymer give rise to

cracks which may lead to failure of the component. As the absorbed media
desorbs, the polymer component shrinks according to the loss of volume.
However, inner layers which remain saturated do not shrink, leading to
residual stress build-up similar to that which occurs with a cooling component
with high temperature gradients. The schematic of the residual stress build-up

the purely physical effect of a
ct the properties of a polymer. Due to

y surrounding medium that has moveable
permeate the polymer. Experiments have shown

that polymer samples under high hydrostatic pressures have even been
are completely inert at low pressures. The

amorphous
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582 Engineering Design Properties 

and concentration of the absorbed media is shown in Fig. 13.12 [8]. The stress
history at the edge and center of a desorbing film is shownin Fig. 13.13. The
stresses that arise during desorption are easily three times larger than during
absorption. The maximum stress, which occurs at the outer edge of the part can
be calculated using

= (13.14)l-vDrax 7 ©turntion

The volume change in the immediate surface of the component is caused by the
desorption process. The desorpting materials can be auxiliary agents for
processing such as coloring agents, softeners, stabilizers, and lubricants, as well
as low molecular components of the polymer.

 
Figure 13.10 Electron micrograph of permeating media through the interspherulitic

boundaries of polypropylene.

—
~~ oe aL

— ae
ae—

“

™~ a

ems cee
alt, ae—
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—— -- -L- -

Figure 13.11 Schematic diagram of desorption from a plate.
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Figure 13.13 Residual stresses inside a plate during desorption.

13.5 Diffusion of Polymer Molecules and Self-diffusion

ae apuity ‘o oo the surface of a host material decreases with molecular
size. Molecules o > 5 x 10° can hardly diffuse th h
membrane. Self-diffusion is when am yinthe melt,duringane. olecule moves, say in the melt, during
crystallization. Also, when bonding rubber, the so-calledtack is explained eethe self-diffusi . : : eeeditieendenaa of the molecules. The diffusion coefficient for self-diffusion is

T

= (13.15)
whete 7is the temperature and 7 the viscosity of the melt.

Gr) as function of
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Sound waves, similar to light waves and electromagnetic Waves, can be
reflected, absorbed, and transmitted whenthey strike the surface of a body. The
transmission of sound waves through polymeric parts is of particular interest
to the design engineer. Of im portance is the absorption of sound and the speed
at which acoustic waves travel through a body, for example in a pipe, in the
form of longitudinal, transversal, and bend ing modes of deformation.

14.1 Speed of Sound

The speed at which soundis transmitted througha solid barrier is proportional
to Young's modulus of the material, E, but inversely proportional to its
density, p. For sound waves transmitted through a rod, in the longitudinal
direction, the speed of sound can be computed as!

co [E (14.1)
Ve

Similarly, the transmission speed of sound waves through a plate along itssurface direction can be computed as

phtc ta7 (14.2)
where v is Poisson's ratio. The transmission speed of sound waves through aninfinite three-dimensional body can be computed using

aay
7 loa +v)(1-2v) (43)
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586 Engineering Design Propcrtics

The transmission of sound waves transversely though a plate (in shear) can be
computed using

is

cee = te (14.4)p

where G is the modulusof rigidity of the material. The transmission speed of
sound waves with a frequency # which cause a bending excitation in plates can
be computed using

Qnfh E
CPge PE 14.5| ne Av ue)

where h is the thicknessof the plate.

 

The speed of sound through a material is dependent on its state. For
example, sound waves travel much slower through a polymer melt than
through a polymerin the glassy state. Table 14.1 presents orders of magnitude
of the speed of sound through polymers in the glassy and rubbery states for
various modes of transmission. One can see that the speed of sound through a
polymerin the rubbery state is 100 times slower than that through a polymer
in a glassy state.

In the melt state, the speed of sound drops with increasing temperature due
to density increase. Figure 14.1 [1] presents plots of speed of sound through
several polymer melts as a function of temperature. On the other hand, speed of
sound increases with pressure as clearly demonstrated in Fig. 14.2 [1].

Table 14.1 Order of Magnitude of Properties Related to Sound
Transmission
 

Modulus (MPa) Speed of sound (m/s)  

Glassy(v = 0.3)

EU 10° to 104 Cr U 2000
CTU 1000

C3p U 2000 

Rubbery(v = 0.5)

EU 1 to 102 Cy, U 10 to 400
CT U 6 to 200
C3p VU 2000
 

ss
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Figure 14.1 Speed of sound as a function of temperature through various polymers 7 |
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Figure 14.2 Speed of sound asa function of pressure through various polymers.

14.2 Sound Reflection

Sound reflection is an essential property for practical noise reduction. This c
be illustrated using the schematic in Fig. 14.3. As soun traveling
through media 1 strike the surface of media 2, the
reflected back into media 1 is computed using ,

id waves traveling
fraction of sound waves

Z,—Z,a 1

“Z4z, (14.6)
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Air Sound insulating wall

 
Figure 14.3. Schematic diagram of sound transmission througha plate.

where Z is the impedance or waveresistance, and is defined by

Z= pC (14.7)
Ww

where C,, is the sound wave speed.

In order to obtain high sound reflection, the mass of the media 2 nabe
high compared to the mass of media 1 such that Z, >> Z,. The mass of insu atingsound walls can be increased with the useof fillers such as plasticized PVC wit
barium sulfate or by spraying similar anti noise compounds on the insulating
walls. Using the mass of the insulating wall, another equation used to compute
sound reflectance is

 

R= soi"a (14.8)0

where /is frequency of the sound wave, M the mass of the insulating lgZ, is the impedance of air. However, doubling the thickness of a wall (me ja )
results in only 6 dB of additional sound reduction. It is common practice 77
composite plates as insulating walls. This is only effective if walls who iflexural resonance frequencies do not coincide with the frequency of the soun
waves are avoided.

ms

14 Acoustic Properties of Polymers 589

14.3 Sound Absorption

Similar to sound reflection, sound absorption is an essential property for
practical noise insulation. Materials which have the same characteristic
impedanceasair (Z,UZ,) are the best sound-absorbent materials. The sound
waves that are not reflected back out into media 1, penetrate media 2 or the
sound insulating wall. Sound waves that penetrate a polymer medium are
dampedoutsimilar to that of mechanical vibrations. Hence, sound absorption
also depends on the magnitude of the loss tangent tandé, or logarithmic
decrement A, described in Chapter 9. Table 14.2 presents orders of magnitude
for the logarithmic decrement for several types of materials. As expected,
elastomers and amorphous polymers have the highest sound absorption
properties, whereas metals have the lowest,

Table 14.2. Damping Properties for Various Materials
 

 

 
Material Temperature range Logarithmic decrement A

Amorphous polymers T<Tg 0.01 to 0.1

Amorphous polymers ToT, 0.1 to 1
Elastomers 0.1 to 1

Semi-crystalline polymers Tg<T<Tyy = 01

Fiber reinforced polymers Tg<T<Iy < 0.01

Wood T<Tg 0.01 to 0.02

Ceramic and glass T<Tg 0.001 to 0.01
Metals T<Tm <0.0001
 

In a material, sound absorption takes place by transforming acoustic waves
into heat. Since foamed polymers have an impedance of the same orderas air,
they are poorreflectors of acoustic waves. This makes them ideal to eliminate
multiple reflections of sound waves in acoustic or sound proof reons. Figure 14.4
[2] presents the sound absorption coefficient for several foamed polymers as a
function of the sound wave frequency. It should be noted that the speed at
which sound travels in foamed materials is similar to that of the solid
polymers, since foaming affects the stiffness and the density in the same
Proportion.
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Figure 14.4 Sound absorption coefficients as a function of frequency for various
foams. 

When compared to wood, even semi-crystalline polymers are considered
“sound-proof” materials. Materials with the glass transition temperature lower
than room temperature are particularly suitable as damping materials. |
Commonly used for this purpose are thermoplastics and weakly cross-linked
elastomers. Elastomer mats are often adhered on one or both sides of sheet

metal, preventing resonance flexural vibrations of the sheet metal such as in
automotive applications.
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Table I Guide Values of the Physical Properties of Plastics
  

 
 

Polymer

  

Abbre-
   
 

 
 
 

Density

 

  
  
  
   

 
Mechanical properties

 

 
 

 

 

 
    

 
     

   
 
   

 

 

 
 

   
 

 
   
 
 

viation ———
g/cm? Ib/in? Tensile strength

N/mm? psi

Low density polycthylenc PE-LD 0.914/0.928|0.0329-0,0330|8/23 1140/3270
High density polyethylene PE-HD 0.94/0.96 0.0338-0,0345|18/35 2560/4980
EVA EVA 0.92/0.95 0.0331-0,0341|10/20 1420/2840
Polypropylene PP 0.90/0.907|0.0324-0.0327|21/37 2990/5260
Polybutene-1 PB 0,905/0.920|0.0325-0,0331|30/38 4270/5400
Polyisobutylene PIB 0.91/0.93 0,0327-0.0334|2/6 284/853
Poly-4-methylpent-1-ene PMP 1.83 0.0298 25/28 3560/3980
Tonomers - 0.94 0.0338 21/35 2990/4980

Rigid PVC PVC-U 1.38/1.55 0.0496-0.0557|50/75 71£0/10670
Plasticized PVC PVYC-P 1,16/1.35 0.0417-0.0486|10/25 1420/3560

Polystyrene 1.05 0.0378 45/65 6400/9240
Styrene/acrylonitrile copolymer 1.08 0.0392 75 10670
Styrene/polybutadiene graft polymer 1.05 0.0378 26/38 3700/5400
Acrylonitrile/polybut./styrene graft polymer 1.04/1.06 0.0374-0.0381|32/45 4550/6400
AN/ANelastomers/styrene graft polymer 1.04 0.0374 32 4550

Polymethylmethacrylate 1.17/1.20 0.0421-0.0431|50/77 7110/10950
Polyvinylcarbazole 1.19 0.0428 20/30 2840/4270
Polyacetal 141/142 0.0507-0.0511|62/70 8820/9960

Polytetrafluoroethylene PTFE 2.15/2.20 0.0774-0.0791|25/36 3560/5120
Tetrafluoroethylene/hexafluoropropylene copolymer|FEP 2.12/2.17 0.0763-0.0781|22/28 3130/3980
Polytrifluorochlorethylene PCTFE 210/212 0.0755~0.0762|32/40 4550/5690
Ethylene/tetrafluoroethylene E/TFE 17 0.0611 35/54 4980/7680

Polyamide 6 PA6 1.13 0.0406 70/85 9960/12090
Polyamide 66 PA 66 1.14 9.0410 77/84 10950/11950
Polyamide 11 PA It 1.04 0.0374 56 7960
Polyamide 12 PA 12 1.02 0.0367 56/65 7960/9240
Polyamide 6-3-T PA-6-3-T|1.12 0.0403 70/84 9960/11950

Polycarbonate PC 1.2 0.0432 56/67 7960/9530
Polyethyleneterephthalate PET 1.37 0.0492 AT 6680
Polybutyleneterephthalate PBT 1.31 0.0471 40 5690
Polyphenyleneether modified PPE 1,06 0.0381 55/68 7820/9670

Polysulfone PSU 1.24 0.0446 50/100 7110/14 200
Polyphenylenesulfide PPS 1.34 0.0483 75 10670
Polyarylsulfone PAS 1.36 0.0490 90 12800
Polyethersulfone PES 1.37 0.0492 85 12090
Polyarylether PAE 1.14 0.0411 53 7540

Phenol/formaldehyde, grade 31 PF 14 0.0504 25 3560
Urea/formaldehyde, grade 131 UF 1.5 0.0540 30 4270
Melamine/formaldehyde, grade 152 MF 15 0.0540 30 4270
Unsaturated polyester resin, grade 802 UP 2.0 0.0720 30 4270
Polydiallylphthalate (GF) molding compound PDAP 1.51/1.78 0.0543-0.0640|40/75 5690/10670
Silicone resin molding compound SI 18/19 0.0648 0.0684|28/46 3980/6540
Polyimide molding PI 1,43 0.0515 75/100 10570/14200 H

Epoxyresin, grade 891 EP 19 0.0683 30/40 4270/5690
Polyurethane casting resin PU 1.05 0.0378 70/80 9960/11 380,
Thermoplastic PU-elastomers Pu 1.20 0.0432 30/40 4270/5690
Linear polyurethane (Uso) PU 1.21 0.0435 30 (6,) 4270 (a,)

Vulcanized liber VF LI/LA4S 0.0396-0.0522|85/100 12090/14 200
Celluloseacetate, grade 432 CA 1.30 0.0468 38/(a,) 5400 (c,}
Cellulosepropionate cp 1.19/1.23|0.0429-0,0452|14/55 7990/7820
Celluloseacctobutyrate, grade 413 CAB 118 0.0425 26 (9.) 3600 (a,)

   

 
   

 

 
  

 

 

 

 

 

 

 

 

 

 

 

    
ee Tensile modulus ofelasticity|Ball indentation hardness Impact Notched impact strengthrea SS= t

% N/mm? kpsi 10-s-yvalue 10-s-value :a kI/m? ftlb/
psi in of notch

300/1000~|200/500 28.4/71.1 13/20 1850/2840 no break no break - |
Ee 2700/1400 99.6/199 40/65 5690/9240 no break no break
% en 7/120 0.99/17.1 - - no break no break no break
PA 11000/1300 156/185 36/70 5120/9960 no break 3/17 0.5/20
° ee 250/350 35.6/49.8 30/38 4270/5400 no break 4/no break|no break- = - = bi a
13/22 1100/1500 «156/213 - = — _ one
250/500 _| 180/210 25.6/29.9 = . = 6/15. |
10/50 1000/3500 142/498 75/155 10670/22000|no break/->20 | 2/50 0.4/20

yj = ~ - - no break no break EF
3/4 | 3200/3250 455/462 120/130 17100/18500|5/20 2/2.5 0.25/0.6
a 3600 5 512 130/140 18500/19900|8/20 2/3 0.35/0.5
ie 1800/2500 256/356 80/130 11380/18500|10/80 5/13 no break
ia 1900/2700 270/384 80/120 11380/17 100|70/no break 7/20 2.5/12

1800 256 1% 10670 no break 18 6/8
2/10 2700/3200 384/455 180/200 25.600/28400 | 182 2
: 3500 498 200 28400 5 2 one
25/70 2800/3200 398/455 150/170 21300/24200|100 8 1/2.3
ae 410 58.3 27/35 3840/4980 no break 13/15 3.0
eid 350 49.8 30/32 4270/4550 = no break
120/175 1050/2100 149/299 65/70 9240/9960 no break 8/10 2.5/2.8
400/500 1100 156 65 9240 - ‘ a break

ae 1400 199 75 10670 no break~|no break 3.0
so 0 2000 284 100 14200 no break 15/20 2.1
ee 1000 142 75 10670 no break 30/40 18

- 1600 228 75 10670 no break 16/20 2/55
70/150 2000 284 160 22800 no break 13 -[200 |
100/130 2100/2400 299/341 110 15600 no break 20/30 12/18
oo 3100 441 200 28400 no break 4 0.8/1.0

2000 284 180 25600 no break 4 0.8/1.0
50/60 | 2500 356 - 2 no break / 4
25/30 2600/2750 370/391 s = - = 13
3 3400 4g4 2 = - 03
re 2600 370 - = : = 1/2
30/80 2450 348 = - is
25/90 2250 320 = - = = 8.0

0.4/0.8 5600/12000 796/1710 250/320 35600/45500|>6 > Ls 0.2/0.0.5/1.0 7000/10500 96/1490 260/350 39000/49800|>6.5 >25 20i
0.6/0.9 4900/9100 697/1294 260/410 37000/58300|>7.0 >15 0. 2/03
0.6/1.2 14000/20000 1990/2840 240 34100 >45 >3.0 05/16
L 9800/15500 1394/2200|— = - a 04/15
7 6000/1200  853/1710 - - 0.3/0.8
4/9 23000/28000 3270/3980 = - = 0.5/1.0

4 21500 3060 - 8 |3/ 4000 569 = - = = i
ae” 700 99.6 ~ no break no break no break

[35 1000 140 |= z | no break 3= - 80/140 11380/19900|20/120 - ] -
:i 2200 313 50 7110 65. 15 2.5
7 ( 100 420/1500 59,7/213 47/79 6680/11 240 no break 6/20 15I] é.) 1600 228 35/43 4980/6120 no break 30/35 4/5
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Table I (cont.) Guide Values of the Physical Properties of Plastics  

 
 

 

 

 
 
 
 
 
 

 
 
 
 
 
  

  

 
  

 
 

 

 

  
 

 

Polymer Abbre- Densityviation |
g/cm? Ib/in?

Low density polyethylene PE-LD 0.914/0.928|0.0329-0.0330
High density polyethylene PE-HD 0.94/0.96 0.0338~-0,0345

i EVA EVA 0.92/0.95 0.0331-0.0341
Polypropylene PP 0.90/0.907|0.0324-0.0327
Polybutene-1 PB 0.905/0,920|0.0325-0.0331
Polyisobutylene PIB 0.91/0.93 0.0327-0.0334
Poly-4-methylpent-1-ene PMP 0,83 0.0298

| Ionomers 0.94 0.0338
 

 

  

 
 

 

 
 

 

 
 

 

 

 

 

 

 
 

  
 
  

 
   
 

 
 

   
 

 
 
  

 

 
  
 
 

 

  
 
 
 

 
 

 

 

 

 

  

 

 
 

 
 

 

 
 

 
 
 
 

    

Rigid PVC 1.38/1.55 0.0496-0,0557

| Plasticized PVC PVC-P 1.16/1.35|0.0417-0.0486
| Polystyrene PS 1.05 0.0378

Styrene/acrylonitrile copolymer SAN 1.08 0.0392
Styrene/polybutadiene graft polymer SB 1.05 0.0378
Acrylonitrile/polybut./styrene graft polymer ABS 1,04/1.06 0.0374-0,0381
AN/ANelastomers/styrene graft polymer ASA 1.04 0.0374

Polymethylmethacrylate PMMA 1.17/1.20 0.0421-0.0431
Polyvinylcarbazole PVK 1.19 0.0428
Polyacetal POM 141/142 0,0507-0,0511

Polytetrafluoroethylene PTFE 2,15/2.20 0.0774 0.0791
Tetrafluoroethylene/hexafluoropropylene copolymer|FEP 2,12/2.17 0,0763-0.0781
Polytrifluorochlorethylene PCTFE 2.10/2.12 0.0755-0.0762
Ethylene/tetrafluoroethylene E/TFE 1.7 0.0611

Polyamide 6 PA6 1.13 0.0406
Polyamide 66 PA 66 1.14 0.0410
Polyamide 1 PAIL 1.04 0.0374

| Polyamide £2 PA 12 1.02 0.0367
Polyamide 6-3-T PA-6-3-T|1.12 0.0403

Polycarbonate PC 12 0.0432
Polyethyleneterephthalate PET 1.37 0.0492
Polybutyleneterephthalate PBT 1.31 0.0471
Polyphenyleneether modified PPE 1.06 0.0381

Polysulfone PSU 1.24 0.0446
Polyphenylenesulfide PPS 1.34 0.0483
Polyarylsulfone PAS 1.36 0.0490
Polyethersulfone PES 1.37 0.0492
Polyarylether PAE 1.14 0.0411

Phenol/formaldehyde, grade 31 PF 14 0.0504
Urea/formaldehyde, grade 131 UF 15 0.0540
Melamine/formaldehyde, grade 152 MF 1.5 0.0540
Unsaturated polyester resin, grade 802 UP 2.0 0.0720
Polydiallylphthalate (GF) molding compound PDAP 1.51/1.78 0.0543 -0.0640
Silicone resin molding compound SI 1.8/L9 0.0648-0.0684
Polyimide molding PI 1.43 0.0515

Epoxyresin, grade 891 EP 19 0.0683
| Polyurethane casting resin PU 1.05 0.0378

Thermoplastic PU-elastomers PU 1.20 0,0432

| Linear polyurethane (Uso) PU 1.21 0.0435
Vulcanized fiber VE 1.1/1.45 0.0396-0.0522

| Celluloseacetate, grade 432 CA 1.30 0.0468
Cellulosepropionate CP 1.19/1.23 0.0429--0.0452
Celluloseacctobutyrate, grade 413 CAB 1.18 0.0425—__—__i__

 
 

   

 

     
Optical properties Water absorption
Refractive index Transparency mg %
np? (4d) (24h)

1.51 qj transparent <O.01 <0.01
1.53 opaque <0.01 <0.01

transparent/opaque — 0.05/0.13
1.49 transparent/opaque <0.01 0.01/0.03

opaque <0.01 <0.02
= opaque <0.01 <0.01
146 opaque - 0.01

L 1.51 transparent 0.1/1.4
1.52/1.55 transparent/opaque 3/18 0.04/0.4

transparent/opaque 6/30 0.15/0.75

1.59 transparent |= 0.03/0.11.57 transparent - 0.2/0.3
opaque - 0.05/0.6

= opaque 0.2/0.45
= translucent/opaque = =

1.49 transparent 35/45 0.1/0.4
- opaque 0.5 0.1/0.21.48 opaque | 20/30 0.22/0.25
1.35 opaque 0
1.34 transparent/translucent|— <O.1
1.43 translucent/opaque 040

I transparent/opaque 0,03 |
1.53 translucent/opaque - 1.3/1.9
1.53 translucent/opaque 1.5
a52 translucent/opaque - 0.3

translucent/opuque 0.25
1,53 transparent = 0.4

1.58 transparent 10 0.16
transparent/opaque 18/20 0.30

= opaque ~ 0.08
opaque - 0.06

1.63 transparent/opaque - 0.02
opaque 0.02

1.67 opaque = L8
1.65 transparent 0.43
- translucent/opaque - 0.25

opaque <150 0.3/1.2
- opaque <300 0.4/0.8

opaque <250 0.1/0.6
= opaque <45 0.03/0.5

opaque - 0.12/0.35
opaque - 0.2

= opaque 0.32

opaque <30 0.05/0.2
= transparent = 0.1/0.2

translucent/opaque 0.7/0.9
translucent/opaque 130 -

opaque - 7/9
1.50 transparent 130 6
1.47 transparent 40/60 1.2/2.8
147 transparent 40/60 _| 0.9/3.2 | 

(continued on next page)
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Table I (cont.) Guide Values of the Physical Properties of Plastics  
 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

  

 

  

 

 

    
 

 
 

 

 

 

   
 

 
 

     

{ Polymer Abbre- Density Thermal properties

aay g/em? | Ibjin? Service temperature
max,/short time max./continuous
°C oF °C oF

Lowdensity polyethylene PE-LD 0.914/0.928|0.0329-0.0330|80/90 176/194|60/75 140/167
High density polycthylene PE-HD|0.94/0.96|0.0338-0.0345|90/120 194/248|70/80 «158/176
EVA EVA 0.92/0.95 0.0331-0.0341|65 149 55 131
Polypropylene PP 0.90/0.907|0.0324 0.0327|140 284 100 212
Polybutenc-1 PB 0,905/0.920|0,0325-0.0331|130 266 90 194
Polyisobutylene PIB 0.91/0.93 0,0327-0,0334|80 176 65 149
Poly-4-methylpent-1-ene PMP 0.83 0.0298 180 356 120 248Tonomers - 0,94 0.0338 120 248 100 212

Rigid PVC PVC-U 1.38/1,55 0.0496-0,0557|75/100 167/212|65/85 149/185
Plasticized PVC PVC-P 1,16/1.35 0.0417-0.0486|55/65 131/149|50/55 122/131
Polystyrene PS 1.05 0.0378 60/80 140/176|50/70 122/158
Styrene/acrylonitrile copolymer SAN 1.08 9.0392 95 203 85 185
Styrene/polybutadiene graft SB LOS 0.0378 60/80 140/176|50/70 122/158
Acrylonitrile/polybut./ ABS 1.04/1.06 0.0374-0.0381|85/100 188/212|75/85 167/185
styrene graft polymer
AN/AN elastomers/ ASA 1.04 0.0374 85/90 188/194|70/75 158/167
styrene graft polymer
Polymethylmethacrylate PMMA 1.17/1.20 0.0421-0,0431|85/100 188/212|65/90 149/194
Polyvinylcarbazole PVK 1.19 0.0428 170 338 160 320
Polyacetal POM 141/142 0.0507-0.0511|110/140 230 90/110=194/230

Polytetrafluoroethylene PTFE 2.15/2.20 0.0774-0,0791|300 572 250 482 |
Tetrafluoroethylene FEP 2.12/2.17 0,0763--0,0781|250 482 205 401
hexafluoropropylene copolymer
Poly trifluorochlorethylene PCTFE 2.10/2.12 0.0755-0.0762|180 356 150 302
Ethylene tetrafluoroethylene E/TFE 1.7 0.0611 220 428 150 302
Polyamide 6 PA 6 113 0.0406 140/180 284/356|80/100 176/212
Polyamide 66 PA 66 1.14 0.0410 170/200 338/392|80/120=176/248
Polyamide 11 PA 11 1.04 0.0374 140/150 284/302|70/80 158/176
Polyamide 12 PA 12 1.02 0.0367 140/150 284/302|70/80 158/176
Polyamide 6-3-T PA-6-3-T|1.12 0.0403 130/140 266/284|80/100 [76/212
Polycarbonate PC 1.2 0.0432 160 320 135 275
Polyethyleneterephthalate PET 1.37 0.0492 200 392 100 212
Polybutyleneterephthalate PBT 1.31 0.0471 165 329 100 212
Polyphenyleneether modified PPE 1.06 0.0381 150 302 80 176
Polysulfone PSU 1.24 0.0446 200 392 150 302
Polyphenylensulfide PPS 1.34 0.0483 300 $72 200 392
Polyarylsulfone PAS 1.36 0.0490 300 $72 260 500
Polyethersulfone PES 1.37 0.0492 260 500 200 392
Polyarylether PAE 1.14 0.0411 160 320 120 248
Phenol/formaldchyde, grade 31 PF 14 0.0504 140 284 110 230
Urea/formaldehyde, grade 131 UF 1.5 0.0540 100 212 70 158
Melamine/formaldehyde, grade 152 MF 15 0.0540 120 248 80 76
Unsaturated polyester resin, grade 802|UP 2.0 0.0720 200 392 150 302
Polydiallylphthalate (GF) PDAP L51/1.78 0.0543-0.0640|190/250 374/482|150/180 302/356
molding compound
Silicone resin molding compound SI 1.8/1.9 0.0648-0.0684|250 482 170/180 338/356
Polyimide malding PI 1.43 0.0515 400 752 260 500
Epoxy resin, grade 891 EP 19 0,0683 180 266
Polyurethane casting resin PU 1.05 0.0378 100 176
Thermoplastic PU-elastomers PU 1.20 0.0432 110 176
Linear polyurethane (U;,) PU 121 0.0435 80 140
Vulcanized fiber VF 1A/L4s 0.0396-0.0522|180 221
Celluloseacetate, grade 432 CA 1.30 0.0468 80 158
Cellulosepropionate cP 1.19/1.23 0.0429-0.0452|80/120 176/248|60/115 140/239
Celluloseacetobutyrate, grade 413 CAB 1.18 0.0425 80/120 176/248|60/115 140/239   

 

 

 
  

 

   
 

     

Heat deflection temperature Coefficient of Thermal Specific
°C oF linear expansion conductivily heat

VSP Lat/ NST 264f1K-14. 10% infin| W/mK=BTU in/|ki/ BTU/
— - (Vicat|O045N/ (Vicat|66 psi -107° ft?h°F|kek 1b°F

min,/continuous 5k) mm? Ib) °

7 35 a | 95 250 140 0.32/0.40 2.2/2.8 2.1/2.5  8.8/10,560/70 50 140/158|122 200 110 0,38/0.51 2.6/3.5|2.1/2.7 8.8/11.5
- 34/62 = 93/144|160/200 90/110|0.35 2.4 23 9.5
85/100|45/120 185/212|113/248|150 83 O.17/0.22 L215|2.0 8.3
70 60/110 158 140/230|150 83 0.20 14 18 715
- - - - 120 67 0.12/0.20 08/14|- -
= = = - 117 65 0.17 12 2.18 91

= 38/45 = 100/113|120 67 0.24 17 2,20 9.2 |75/110|60/82 167/230|140/180|70/80 39/45 0.14/0.17 1.0/1.2|0.85/09  3.55/3.75
40 = 104 150/210 83/110|0.15 1.05 0.9/1.8 3.75/75
78/99 110/80 172/210|230/176|70 39 0.18 1.25 13 5.4
- 104/90) - 219/194|80 45 0.18 1.25 153 34
71/95 104/82 171/203|219/180|70 39 0.18 1.25 1.3 3.4
95/110|80/120 203/230|176/248|60/110 33/61 0.18 1.25 1.3 54

92 100/110 198 212/230|80/110 44/61 0.18 1.25 1.3 54

70/100 | 60/100 158/212|140/212|70 39 0.18 1.25 1.47 6.15
180 7 356 - = - 0,29 2.0 - -
160/173|110/170 320/344|230/338|90/110 50/61 0.25/0.30 1.7/2.1 1.46 6.1

~/121 - ~/250 100 56 0.25 L7 1.0 4.20
= -/710 = -/158 80 45 0.25 17 1,12 4.65

- —/126 ~ -/259 60 33 0.22 1,5 0.9 3.75
71/104 = 160/219|40 22 0.23 1,6 0.9 3.75

180 80/190 356 176/374|80 44 0.29 2.0 1.7 ral
200 105/200 392 221/392|80 44 0.23 16 17 ial}
175 150/130 347 302/266|130 72 0,23 1.6 1,26 5.25
165 140/150 329 284/302|150 83 0.23 16 1.26 5.25
145 140/80 293 284/176|80 45 0.23 1.6 1.6 6.70

138 130/145 280 266/293|60/70 33/39 0,21 1.45 1.17 4.90
188 = 280 = 70 39 0.24 1.65 1.05 4.40
178 30/190 352 122/374|60 33 0.21 145 1.30 5.40
148 100/140 298 212/284|60 33 0.23 1.60 1.40 5.85

175/180 347/356|54 30 0,28 1.95 1,30 5.40
- 137/- ~ 277/- 55 31 0.25 1.70 e -
~ ~ - 47 26 0.16 1.10 ee
- - - - 55 31 0.18 1.25 1.10 4.6
- 150/160 - 302/320|65 36 0.26 1.80 1.46 6.1
- 150/190 — 302/374|30/50 17/28 0,35 2.40 1.30 3.40

130/- = 266/- 50/60 28/33 0.40 2.75 1.20 5.0
= 180/- = 356/- 50/60 28/33 0.50 3.45 1.20 5.0

- - 230/- - 446/- 20/40 11/22 0.70 4.85 1.20 5.0
= 220/- - 428/- 10/35 55/19 0.60 4.15 = 5.0

~ 480/— - 896/- 20/50 11/28 0.3/0.4—2,05/2.75] 0.8/0.9—3.35/3.75

= 240/-— = 464/- 50/63 28/35 0.6/0.65  4.15/4.50 | =- 200/- - 392/- 11/35 61/19|0.88 6.1 0.8 3.35
90/- - 194/- 10/20 55/11 0.58 4.0 1.76 7.30

- - - 150 83 1.7 1.15 0.5 2.10
100 = 212 - 210 12 1.8 1.25 04 1.65

50/63 90/- 122/144|194/- 120 67 0.22 1.50 1 6 67
100 73/98 212 163/208|110/130 61/72 0.21 1.45 17 71
|60/75 62/71 140/167|144/160|120 67 0.21 145 16 6.7 

 (continued on next page)
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Table I (cont.) Guide Valuesof the Physical Properties of Plastics

Polymer DIN 7728|Density Electrical properties
= g/cm? Tb/in* Volume Surfaceresistivity resistance

Qem a

|

Lowdensity polyethylene PE-LD 0.914/0.928|0.0329-0.0330|>10'7 1o'*
High density polycthylene PE-HD 0.94/0.96 0.0338-0,0345|> 1017 10'*
EVA EVA 0,92/0.95 0.0331-0.0341|<1075 10!3
Polypropylenc PP 0.90/0.907|0.0324-0.0327|> 107 10"?
Polybutene-1 PB 0.905/0.920|0.0325-0,0331|> 1017 1073
Polyisobutylene PIB 0.91/0.93 0.0327-0.0334|> 10!° 1013
Poly-4-methylpent-l-ene PMP 0.83 0.0298 > 10'® 1074

| Ionomers - 0,94 0.0338 > 1016 1018
Rigid PVC PVC-U 1.38/1.55 0.0496-0.0557|> 101° 10'3

Plasticized PVC Pvc-P —— 0.0417-0.0486|> 10"!|10%Polystyrene PS 1.05 0.0378 e 10'* > 105
Styrene/acrylonitrile copolymer SAN 1.08 0.0392 > 106 > 1013
Styrene/polybutadiene graft polymer SB 1.05 0.0378 > 10'¢ > 10%
Acrylonitrite/polybut,/styrene graft polymer ABS 1,04/1.06 0.0374-0.0381|> 101% > 1033
AN/ANelastomers/styrene graft polymer ASA 1.04 0.0374 > 1016 >to
Polymethylmethacrylate PMMA 1.17/1.20 0.0421-0.0431|> 1075 105
Polyvinylcarbazole PVK 1.19 0.0428 > 1016 10**
Polyacetal POM 1.41/1.42 0.0507-0.0511|>107° 1073
Polytetrafluoroethylene PTFE 2.15/2.20 0.0774-0.0791|> 10*® 10°”
Tetrafluoroethylene/hexafluoropropylene copolymer|FEP 2.12/2.17 0.0763-0,0781|>101° 1016

| Polytrifluorochloroethylenc PCTFE 2.10/2,12 0.0755-0.0762|> 10** 1016
Ethylene/tetrafluoroethylene E/TFE [7 0.0611 i8 103
Polyamide 6 PA6 1.13 0.0406 101? tot?
Polyamide 66 PA 66 1.14 0.0410 1032 10'°
Polyamide 11 PAIL 1.04 0.0374 10! 10"!

| Polyamide 12 PA 12 1.02 0.0367 10% to?
Polyamide 6-3-T PA-6-3-T|1.12 0.0403 1ol4 101°
Polycarbonate PC 12 0.0432 >10'7 > 10°

| Polyethyleneterephthalate PET 1,37 0.0492 1016 10'¢
Polybutyleneterephthalate PBT 1.31 0.0471 106 tol?
Polyphenyleneether modified PPE 1.06 0,0381 ote 1014
Polysulfone PSU 1.24 0.0446 > 1076
Polyphenylenesulfide PPS 1,34 0.0483 > 1076 -
Polyarylsulfone PAS 1.36 0.0490 > 1016
Polyethersulfone PES 1.37 0.0492 10”7 -Polyarylether|Paz 1.14 0,0411 >10'° =
Phenol/formaldehyde, grade 31 PF 14 0.0504 101} > 108
Urea/formaldehyde, grade 131 UF 1.5 0,0540 101? >10%°
Melamine/formaldehyde, grade 152 MF 1.5 0.0540 111? > 108
Unsaturated polyester resin, grade 802 UP 2.0 0.0720 > 10" > 101°
Polydiallylphthalate (GF) molding compound PDAP 1.51/1.78 0.0543-0.0640|1043/101¢ 10'°
Silicone resin molding compound SI 1.8/1.9 0.0648-0.0684|10'* 10!
Polyimide molding PI 1.43 0.0515 >10!6 > 1045
Epoxy resin, grade 891 EP 19 0.0683 >10'4 > 107?
Polyurethane casting resin PU 1.05 0.0378 106 10!*
Thermoplastic PU-elastomers PU 1.20 0.0432 10)? 101!
Linear polyurethane (159) PU 1.21 0.0435 1073 10’?
Vulcanized fiber VE LA/L45 0,0396-0.0522|107° 108
Celluloseacetate, gradé 432 CA 1.30 0.0468 103 10°?
Cellulosepropionate CP 1.19/1.23 0.0429 0.0452|10*® 1o’*
Celluloseacetobutyrate, grade 413 CAB 1.18 0.0425 10'6 10'*

 
  

 

  

 

  

 

  

 

 

  

 

 

 

 

 

 
 

   
Dielectric constant Dissipation {power)factor | Dielectric strength Tracking resistancetan

{ —- kV/25 ky,| 50 Hz [10° Hz|50Hz 10° Hz ia = KA KB Kc
2.29 2.28 15+ 10¢ 0.8- 1074 >700 [-y ~ 3b
2.35 2.34 24-1074 2.0-10-* >700 . 3c en os
2.5/3.2 2.6/3.2 0.003/0.02|0.03/0.05 620/780 = = =
ao - <4. 10-4 <5-10-*|800 500/650 3c > 600 > 600
25 2 7-10" 610-4 700 is 3c >600 > 600; - 0004 230 3 600212 2.12 7.1075 3-1075 280 700 3c > 600 at

- 2 ; iy 015 200/400 350/500 2/3b~—|600 600; fl [o 150/300 300/400 = de =
28 r | 2.5 1/4-10-* 0,5/4-10-*|S00 300/700 | 1/2 140 |150/250
a 2.6/3.1 6/8 1073 7/10-1073|500 400/500 1/2 160 150/260
oval Bee 420 i ; +|420-10-*|500 300/600 2 > 600 > 600i 4/3. “107 2/15-10°3|400 350/500 3
3/4 3/35 0,02/0.05 _{.02/0.03 350 ae 3a :i :as
3.3/3.9 | 2.2/3.2 Bae | £:004/0.04 300 400/500 a > 600 > 600; “107 6/10-10-+|500 = 3b > 600; > 600
3.7 37 a 0.005 0.005 700 380/500 3b ££ 600 [> 600
a <21 <2-10°* | <2-107*=|500 480 3e > 600 > 600
el it <2-10 <7:10°*=|500 550 3c >600 > 600
23/28 2.3/2.5 1.1073 2.1072 500 550 3¢ > 600 > 600

| 2.6 2.6 8.1074 5.1073 380 400 3c > 600 > 600

ig 7 0.01 | 0.03 350 400 3b > 600 > 600
37/33‘ be 0.08 300 25 sb {z00|~600i : J . 425 3b > 600 >600

2 a oe 0.03 300 450 3b > 600 > 600
I ;|0.04 250 350 3b > 600 > 600

3.0 29 7-10-* 1-107? 350 380 2

4 p 40 2 10" 2-107? 500 420 ) ein ie; 23102 2-107? 500 420 3b 3: 2 42

26 2.6 [4 to-4 = 9-10°4 500 450 1 3003.1 3.0 8-10-74 3.1073 =
31 3.2 4.1074 7-10-4 - a e ”»
39 37 3.1073 13-1073 - 350 - - a.
3.5 3.5 1-107? 6- 10-3 400 - - E
3.14 3.10 6-1073 _[ 710° ~ 430 =

4.5 T :
4 afe 0.03 50/100 300/400 1 140/180 125/175
: 03 80/150 300/400 3a > 400 >600
: 0.06 0.03 80/150 290/300 3b > 500 > 600
5 4 o 0.02 120 250/530 3c > 600 > 600
7 oo 0.03 bs 400 3c > 600 > 600
7 003 0.02 - 200/400 3c > 600 > 600

F : 5.10 - 560 1 > 300 | > 3803.5/5 0.001 0.01 Ee 300/401. 0

= 0.05 0.05 aol a =0 “001600- 0.03 0.06 LE 300/600 3

Ls 0.12 0.07 330 a * | ee FE“
a 0.08 = 70/180 7 - = -
46 a 0.03 320 400 3a > 600 > 600
fa a Be iy 400 3a > 600 > 6005 , f 400 3a > 600 > 600

__|
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Table II Permeability of Films Made from Various Polymers _ Table III General Properties of Selected Polymeric Materials
Polymer Temper-|Film Water N2 Air|O. coz Hz Ar He .ieee | thickness|vapor ABS - Acrylonitrile-Butadiene-Styrene Copolymer

Sl Characteristics: Glossy, high stiffness, impact
  

 
 
 
 
 

 
 

  
  
  
  
  

oC ww ') g/cm? day|cm?/m? day bar resistance, scratchresistance, high dimensional  
         

   
  

       
  

    
  

   
stabili ili i

PE-LD 3 100 1 700|1100|2000|10000|sooo lity, ability to be galvanized, poorenvironmental resistance.
PE-HD 25 40 09 525 754|1890 7150|6000|— -
(p=0.95 g/cm, 30 40 L7 720 960|2270 8600|7600|-
unstretched} 40 40 3.5 1220 1660|3560 13100=|11400|— = Tdentified by: Opaque, smells sw i50 40 8.1 2140|2630|5650|19500|16800]-|- cet ye 'Paque, sweet during burnest, yellow flame with soot.
PE-HD 25 40 1.0 430 680|1210 5900|5000|-
(p =0.95 g/cm?, 30 40 16 560 830|1530 7200|6000|— =
stretched) 40 40 43 1050 1490|2650|11200|9400 ‘50 40 10.5 1870 2670|4650|18100|14800|- -

E/VA copolymer, 23 100 455 1400 = 4000|17000|— = -
EN aA p=1.03-107 glen
Polypropylene 25 40 21 430 700|1900 6100|17700|1480|19200

| (unstretched) 30 40 3.2 600 960|2500 8400|18200|2100|21700 Cy = 1470S ke /K40 40 74 1280 1820|5100|14800|28100|4100|29800
50 40 19.0 2800 3600|9200|27300|46600|8000|43500

k=0.3W/m/K
Polypropylene 25 40 0.81 200 350|1000 3300 6700|- 7300
(stretched) 30 40 12 260 480|1200 3900|$200|- 8500

40 40 33 560 940|2300 7050|12300|— 12100 shonti th, 7 Fern = 80-95°C50 40 8.4 1200 1850|4150|13200} 19800 17800 max 95

PVC-U (unstretched 20 40 7.6 12 28 87 200 + -
PVC-U(stretched) 20 40 44 13 13) 43 110 - - = plone term _ 95 _ 950max 5- 85°C
PVC-P 20 40 20 350 550} 1500|8500 |- -
Polyvinylidenechloride 25 25 0.1/0.2 1.8/2.3 5/10|17/11 60/700 630/|- -1400  
 

 

 
 
 

 
 

 

 

 
PA6 - Polyamide 6 

   

  
 
   
  

    

 

   

  
  

    
  
  

 
  

      Polystyrene (stretched) 25 50 14.0 27 80|235 800 1260
Polyacetal 20 40 2.5 10 16|50 96 420 Characteristics: Abrasion resistance, impact |
PFEP copolymers 40 25 20 375 —  |3000|6500|2000 resistance, aborbs waterup to 9.5%, often found as a
CTFE 40 25 0.38/0.85|39 - 110/230|250/620|3400/ fiber or filament, often found reinforced5200 °

| E/TTE copolymers 23 25 0.6 470 1560 3800 =
| E/CTFE copolymers 23 25 9.0 150 = 39.0|1700PVF 23 25 50.0 3.8 - 4.7 170 900 “gs

| | niin by: Opaque, cream color, smells of burntPolyamide 6 25 25 80/110 14 - 40 200 1500 - air during burn test, yellow fla riPolyamide 66 25 25 15/30|AL - 80 140|- . 8 “J me with blue halo.
Polyamide 11 25 25 1.5/4.0 50 = 540 2400 5000 —
Polyamide 12 25 25 0.35 200/280|— 800/ 2600/ = |

1400|$300 102 «103° «104=~108

Polycarbonate 23 25 4 680 - 4000 14500|22000 . %, (1s)
p=l1.12-1.15 g/em?

Polyethyleneterephthalate|23 25 0.6 9/15 - 80/110|200/340|1500
(stretched)

Polysulfone 23 25 6 | 630 3600|15000|28000 “ Cp = 16704 /kg/ K
PU elastomers 23 25 13/25 550/ = 1000/ 6000/ : =

1600 4500 22000 k=0.24Wim/K

Polyimide 23 25 25 94 | 7 390 700 3800 = =ft ——

Celluloseacetate 25 25 150/600 470/630|— 1800/ 13000/|14000|— pa eM _ 14g 160°C2300 15000 .
Celluloseacetobutyrate 25 25 460/600|3800 = 15000|94000 _ =

    
 

Tlens fern 80—100°
*) 1 ym = 0.0394 mil. max iG
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 Table III General Properties of Selected Polymeric Materials (continued) 

PA66 - Polyamide 66 
 
 
 

 
 
 

 

found reinforced.

Characteristics: Abrasion resistance, impact
resistance, aging and heat resistance, aborbs water
up to 8.5%, often foundas a fiberor filament, often

Identified by: Opaque, cream color, smells of burnt
hair during burntest, yellow flame with blue halo.

 

  
102 103=104

4, (ls)  

 
 
 

 
 
 

 
p=1.13-1.16g/cn4

Cp = 1670S [kg /K

k=0.24 Wim/K

paliort teem 40-170°C

Tle erm _ 80 100°C

   
 

0

   
1 , (%) 2

 

    
  
 

 

PA66 GF30 - Polyamide 66 -30% Glass Reinforced
 

 
  
 
 
  

   
 

  

 p=138¢/en>

 
 Cp = L260J fkg /K

 
k=0.52WlinlK

me term _ 140-170°C 

 
plane Ferm = g9_ 100°C

    

Characteristics: Abrasionresistance, highstiffness,
| impact resistance, aging and heatresistance.

Identified by: Opaque, cream color, smells of burnt
hair during burn test, yellow flame with blue halo.

 
 

LES
101 102 10=104

ys) 

    

— i

Table III General Properties of Selected Polymeric Materials (continued)
 

PC - Polycarbonate 

Characteristics: Glossy, high optical properties, high
dimesional stability, impact resistance, high thermal
stability.

Identified by: Transparent, dark yellow flame
during burntest, soot forming,self extinguishing.

104
 

    
 

p=1.20-1.24 elem?

Cy =b260F fky /K

k=0.2Wim/K

peer term 135°C   
 

rine fern 100°C

   
  
  

PMMA - Polymethylmethacrylate 

Characteristics: Scratch resistance, stiffness,
brittleness, good chemical and environmental
stability, succeptible to stress cracking.

Identified by: Transparent, flamability, blue flame
during burntest, fruity and sweet smell during burntest.   102

109

 
——a

101 102108

;

o

iN|  
y (Vs) 

p=1.15-1.19 ¢/em3

Cp = L470/ke/ K

k=O0.2Wim/K

Thor ferm _ g96_ 95? Ccman ie

Tien form _ 65 _ 80°C
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Table III General Properties of Selected Polymeric Materials (continued) Table III General Properties of Selected Polymeric Materials (continued)

POM - Polyoxymethylene (Polyacetal) [Ps - Polystyrene
 
 

Characteristics: High strength and stiffness, highly
flexible, low friction coefficient, high dimensional
stability, low succeptibility to stress cracking,
sensitive to UV light.

~ . s * are. 4
Characteristics: High stiffness, brittle, glassy smooth te
surface, good dimensionalstability, succeptibilityto
stress cracking, limited chemical stability, 

Identified by: Opaque, white color, smell of
| formaldehyde during burntest, blue flame during

burn test.

Identified by: Transparent, sweet smell (styrene)
during burntest, yellow flame and svot during burntest.   

 
  

p=14l-1 43 g/cm? 30 - 1000 10h p=1L05¢/cem3
  

Cy = L4I0S ike IK Cp = 13400 kg K 

k= O.2WililK K=O0.15 Wins Kv,(cm3/g) o,(MPa)
poker term © 110—140°Cmax altutt tern

Tins = 90°C    
 

     
rene tem og100°C

 
Tins form _ 80°C

 
 
 

 
  

PP_- Polypropylene PVC-R_- Rigid Polyvinyichloride
Characteristics: Lowstrength andstiffness, low
dimensional stability, low stress cracking,
homopolymeris brittle at low temperatures,
copolymerized with ethylene reduces glass transition
temperature, often filled and reinforced, chemical
resistance, inexpensive.

  
 

Characteristics: Low toughness at low temperature,
good dimensionalstability, good environmental
resistance, inexpensive, large variability in
properties whenplasticized.

  
  
    
  
  
 

n,(Pa-s)
 

 
Identified by: Transparent to opaque, poisonous
fumes during burn test, hydrochloric acid during
burn test, self extinguishing.

  Identified by: Translucent, smell of parafin during
burntest, bright blue flame during burntest.

    
     

 
 

   
  
 
 
 

  

  p=0.90-0.91 glem? p=1.38-1.55 g/em>

  Cp = 1930S Leg /K  
 
  

Cp = LOO/ke/K

   
 k=0.24 Wins K k=0.16Wiin/K

 

  phone wer 1 39¢¢ TRterm _ TyeeIman.

 
  

 
  

fong term _ gy
pionsertog?

fong term 0
Prag” = 60°C
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Table IIL General Properties of Selected Polymeric Materials (continued) Table TV Energy Equation
 
 
PE-HD - High Density Polyethylene “aA Tensor notation
Characteristics: low density, low strength and
stiffness, low dimensionalstability, high chemical DT IpC,= (v-evr) + —u(j i}+0

  
 

resistance, inexpensive, high degree of crystallinity =~ 103
(60-80%). @ 4

a

Identified by: Milky color, smell of parafin during = 492 Expanded equation in rectangular coordinates(x,y,z):
burn test, yellowflame, drips.

ar aT
101 re Bi ‘t a fs = Kl ara

101 102. 108 104 z : os ax” ay”
y, (l/s) .  

=0.940- 3 2p= 0,940-0.960 g/cm ay: 2 ay, av. /EI :
ax Oz dy |

Cy = 2300S (kg IK  

Expanded equationin cylindrical coordinates(r,9,2):

ar af svg ar gs vr a| +e, + g +4, 7 =K = pm + me me :ar or r 06 ~ ag roér\ ar rae az

2

av 1 & l “) av, oa VP; +u + + =4—
K 0s or dé, or dz

k=0.63WimlK oc,(MPa)
 

regtiort fern _ gg 110"

  
 

Ties erm _ 6H 80°C

 
  
 

PE-LD - Low Density Polyethylene

Characteristics: low density, easily processed, high
flow stability, low dimensionalstability, inexpensive,
low degree of crystallinity (40-55%).

 
 

Table V Continuity Equation in Compressiblefluids, 

Identified by: Translucent, smell of parafin during Tenson notation
burn test, yellowflame, drips.
   

  
p=0.914-0.928 g/cm? retypgy

ov oy Oz
C,, =2,300 kg iK    

k=033Wiimni/K Expanded equation in cylindrical coordinates(r,0,z)

 
la 1 av ‘I!
18yy 4 bi, Bevr or r dé az

=0

 
raue term _ 99-90°C

 
  

pions tern 60~70°Cmax 7
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Table VI Equation of Motion in Terms of r 

Tensor notation

Dv
pop—-=-Vp+[V-t]+peDt i

Expanded equation in rectangular coordinates(x,y,z)

 
ai dv / av, Op{ at, ATs.

oe ay - — t=
or * ab 3 , ~ dz ax\ode Ay

 

  
Table VII Equation of Motion in termsofv (Navier-Stokes Equations),
 
 

  
 

Tensor notation

Dy 2
— =-Vp t+ uV'v+ pgDt =

 

Expanded equation in rectangular coordinates (x,4,2) 
 
 

ox dy az Ox . - dz

2 3 5

ov, dv ii dv op vy vy vy
Pl +e, ty tty faypot Oe |, P&x

or ‘| “ z ce ay ds /

dv, av, ay, av, ap av, ry, ay,
A +¥ +1 +i ——]=-—+u ++ + pg,. ay Ox” ay" az

 

 

Expanded equation in cylindrical coordinates (r,8,z)

 ay. WN, wy Or, ve ay a afla lav, 2 ayy asp—+y,—t+4 — baMi)ir : (rv) [+= - Stot ar r @é r dz or or\r ar rr” age 7 jr @@ de

av dg Uy Ov wy a la afla lav, 2 av,pj +p, —H4 2 e oe, ---? iy ‘ (vy) |+=—# - =
or ar r 00 r * dz r og or \r ar ro ga or

ave av. vy ov, av) gp oft af av.) vat pty
pl —+v,— 4+ Sty. }=-4u r—|+ >> +—S]+ ps.

ar ar or OO ™ Oz a ror\ ae yor? dd arm J ~
 

 +e
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Subject Index

A

Abbreviations 6

abs 99,102,105,450,464,476,494,497,509,510
absorplion 468,469,535,543,553,555,556,563,
564

absorption index 554
acoustic properties 585
acrylic materials 547
acrylonitrile-butadiene-styrene (abs) 69additives 71

alternating copolymers 68
amorphousthermoplastics
56,58,84,85,88,382,386,393,409,410,413,414
anisotropic strain-stress relation 422
anisotropy induced curvature change 357
Anisotropy 283,285,294,345,537,418
aramid fiber 416

arrangement of polymer molecules 55
atactie 51,53

Avrami equation 327
azodicarbonamide 262

B

Baekeland 25,26,27
Bagley Equation 162
bakelite 22,25,26,27
Banbury Mixer 214,216
Beer's law 554

Bingham Fluid 140
biot number 347,348,351,352
bipolymer 68
birefringence 284,285,287,545,548,551,552
blackbody radiation 565
blends 203,204
block copolymers 68
blow molding 129,140,156,169,245,249
blowing agents 262
Boltzmann Superposition Principle 76,80,83398

Bourger’s law 555
brittle failure 456,469,475,484,492-495
brittle fracture 455,456,464,484

7

Cc

calendering 185,222,224,255
caoutschouc 15,17

capacitance 521,522,528530
capillary viscometer 149,159
Carothers 20,31-35

Castro-Macosko curing model 340
cavity transfer mixing section 219
cellulose acetate 285,286
Charpy test 473,478,482
chemical degradation 511
chewing gum 76
China 39

chromaticity diagram 561,562,563
cis-1,4- polybutadiene 53
clamping unit 233,239,240
closed cell 262

co-rotating twin screw extruder 187,221-224
cokneader 220
cold feed rubber extruder 218
Colombia 39
Color 560

common polymer blends 204
compatibilizers 203
compatible polymers 204
complex current 528
complex dielectric coefficient 530
complex capacitance 530
complex modulus 401
composite laminate properties 426
compression molding 140,244,260,261,292,293,
295,297,303,308,310
condenser 521-523,528,529,542

conformation and configuration of polymermolecules 51

consistency index 138
continuity equation 608
continuum mechanics 129
convected derivative 151

corrosion of polymers 580
Couette flow 204,205
Couette Rheometer 166
Coulomb's law offriction 499

counter-rotating twin screw extruder 221,223,259

crack growth 448,450,451,487,498
crack pinning 465
cracking 496,506,513
crazes 457,458,464,469,470,513.
crazing 457,458,459,465,486,513
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612 Subject Indexel

creep compliance 389,390
creep modulus 389,391,400,402
creep response 389,390,392,400,402,404
creep rupture 447,456,483,485,487,489
creep rupture test 484,511
creep test 388,389,392,400,404,484
critical capillary number 211,212,213
critical energy release rate 452
critical stress intensity factor 448,516
critical surface tension 171
cross-linked elastomers 67

cross-linked polymers 418
cross-linking 67
crystalline growth rate 328,329
crystallinity 53,54,58,59,61
crystallinity for high density polyethylene 59
crystallinity for low density polyethylene 59
crystallization 322,323,326,332
cure Kinctics 336,339

curing reaction 321,334,336,337,353
curtain coating 257,259

D

damage of polymers 447
debonding 466,96
deborah number 134

deformation dependent tensor 154
degree of crystallization 322
degree of cure 142-145,336,337
density 54,55,58,59,78,97,100,101,109,111,122
density measurements 122
desorption 571,581,582,583
deviatoric stress 131,133,140,151,176

diamagnetic substances 543
dielectric behavior 521
dielectric coefficient 521,523,524,527,530
dielectric dissipation factor 528,531,538
dielectric strength 537,538,540
dielectric susceptibility 524
dielectrical polarization 524
differencial scanning calorimer (DSC) 118,
328,336

differential thermal analysis (DTA) 117
differential viscoelastic models 151
diffusion 571,574575,576,577,583
diffusion coefficient 572,576,579,580,583

dioctylphthalate 227
dip coating 257
dispersed melting 220
dispersion index 225,226

dispersive mixing 203,208,246,266
displacement gradient tensors 155
displacement polarization 524,526
distributive mixing 203,204,211,214,219
double refractance 548
double refraction 284

drop break-up 211
ductile failure 459,484
ductile fracture 455

dynamicfatigue 488
dynamic mechanical test 393

E

effect of orientation 205

efficiency 207,214,225
Finstein's model 146

elastic energy release rate 452
electrets 542
electric breakdown 537
electric breakdownresistance 537

electric conductivity 523,531,532,534,535
electric field intensity 522 :
electric resistance 532,534,542
electrical loss in a dielectric 532

electrical properties 521
electromagnetic interference shielding
(EMIShielding) 542
electron spinning resonance (ESR) 543
electrostatic charge 540
elongational viscosity 140
emulsions 140endurance stress 486

energy balance 97
energy consumption 224
energy equation 608
engineering elastic constant 427
enthalpy 322
environmental effects 500,505
Epoxy 5,450,465,466,490
Erwin's ideal mixer 207

ethylene 43,44,55,68
ethylene propylene rubber 5
ethylene-propylene 68,70
ethylene-propylene copolymer 70
extensional rheometry 167
extrudate swell 135
extruder dimensions 188
extrusion 185,249
extrusion dies 199

a —_ l

F

failure of composites 464
failure of polymers 447
falling dart test 477,
fatigue 483,488
fatigue failure 496,498
fatigue test method 488
fiber attrition 312

fiber damage 312,314
fiber density continuity equation 299
fiber orientation 429

fiber reinforced polymer (FRP) 421
fiber spinning 129,140,141,245,246
fibers 4,8,10,246,260
filled polymers 378,422
fillers 225
film 243,245

film blowing 247
film casting 246,247
finger strain tensors 154
finile strain tensors 155

first contravariant convected time derivative151

first normalstress differences 134,156
first-order particle interactions 146
flexural strength 49,50
flow induced birefringence 552
foaming 140,262
Folgar-Tucker Model 303,304,308,310
fountain flow effect 289-291,306
Fourier's Law 97

fracture mechanics 447,498
fracture prediction (energy balance) 448
fracture toughness 448,477,478,479
friction 490,499
fringe order 549,550,551
frozen-in flow 346

G

Geisbtisch model 146

general properties 3
generalized Maxwell model 83
generalized Newtonian fluid 131
geometrical crack factor 479

Gibbs free energy equation 229
Giesekus model 152

glass fiber 102-106,108,109,111,112
glass filled polyester mat 496
glass transition 45,57,59,60,63-66,86
glass transition temperature 

Subject Index 613

45,47,57,59,60,76,79,86,88
gloss 559
glossmeter 559
goniophotometer 559
graft copolymers 68
Griffith's hypothesis 452
grooved feed extruder 187,192,193,194,198
gummi elasticum 15,17
gummi plasticum 18
Guth equation 378
Guth's model 146

gutta-percha 18,23

H

Halpin-Tsai model 424
haze measurement 558
heat activated cure 334
heat of crystallization 322,332
heat of fusion 107,119,123,322,332
heattransfer during cure 340
heat transfer during solidification 329
heat-distortion temperature 429
Hele-Shaw model 306

Henry’s law 572
Henry-Langmuir model 574
high density polyethylene
5,135,156,374,383,384,477,484,485,501,506
high impact polystyrene
69,73,395,459,464,469,470,481,553
hookean model 399
hue 562

I

immiscible fluid 208
impact failure 478
impactstrength 447,464,467,506
impact test method 473
incompatible polymers 204
indexof refraction 545

infrared pyrometry 565
infrared radiation 567

infrared spectrometer 564,565,
infrared spectroscopy 565,563
infrared spectrum 545,564
injection molding 233,306,312,313,316
injection molding cycle 234
injection molding machine 202,238,239,240,
241,273
injection unit 238
integral viscoelastic model 154
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614 Subject Index 

inter-molecular attraction 45

intrinsic viscosity 48
introduction to processing 185
isochromatic 284,285,286,551
isochronouscreep plots 391
isometric creep plots 391
isotactic 52,53,63,64

izod impact test 473,474,479,481
izod-type impact machine 473

—

J-integrals 447,453
Jeffrey Model 401

K

Kelvin model 399
Kenics static mixer 215

kinetic theory of rubberelasticity 375
Kirchhoff’s law 566

Knappe's model 106
knife coating 257,258
knitlines 293,295

L

lamellar crystal 58
linear coefficient of thermal expansion 110,
113

linearelastic fracture mechanics (LEFM) 447,
478
linear viscoelastic fracture 448, 453

linear viscoelasticity 76,80,81
liquid crystalline polymers 416
logarithmic decrement 394,395,410
long fiber composites 421
long-term tests 388
loss modulus 87,394,398,401,407
loss tangent 395
lowdensity polyethylene 5,54,58,102,132,134
lubricating squeezing flow 167
luminance 562
lustremeter 559

M

Maddock mixing section 220
magnetic properties 543
magnetic resonance 543
magnetic susceptibility 543
magnetizability 543

Mark-Houwinkrelation 48

Martens temperature test 429
material derivative 130
Maxwell model 81-86
Maxwell-Wiechert Model 405
mechanical behavior 371
melamine 5
melt flow indexer 159
melt fracture 135,136

melting temperature 102,109,113,114,116
melting zone 195
memory function 154,155,156
metering zone 197
methane 51,52

methyl bromine 575
microcracks 456,457,460,466,486 513
Mixing 202
mixing activated cure 334,336,340
mixing devices 202,210,214
mixing in single screw extruder 218
mixing processes 185,202,225
mixing quality 202,214,223,225
mixing section 192,218,219,220
molding diagram 236,237
molecular bonds 45
molecular diffusion 572

molecular weight 45,56,57,61
Mooneyplot 377
Mooney-Rivlin equation 376
morphological structure 325,414
morphology development 203,222
morphology development of polymer blends

motion equation 609
multi-layered films 574

N

natural rubber 5,374,376,377,378,379,577,
581

necking 460,462,463
Neumann solution can 330

non-linear viscoelasticity 76
normalstresses 133

notched Charpytest 473
nuclear magnetic resonance (NMR) 543
nucleating agents 262
number average 46-48,50
nylon 66 497

 

O

open cell 262
optical properties 545
optimal orientation 206

orientation 206,207,208,215,219,243,245,246,
251, 261,283,295,297,298
orientation (planar) 298
orientation (predicting) 297,306
orientation distribution function 298,300,310
orientation polarization 524,526
oriented thermoplastic 412

P

p-v-T diagram 109,110-114,324
particle motion 300
particulate agglomerates 208
penetration depth 568,569
permeability 575,578,579,580
permeability properties 571,575
permeation 572,573,575
Phan-Thien Tanner models 152
phenol-formaldehyde 67
phenolic 5,67,72
photoclasticity 548
pin barrel extruder 218,219
pin mixing 219
pineapple mixing section 219
Planck’s law 565
plane strain 372,373
plane stress 372
plasticating extruder 188,189
plasticating unit 202,233,238,239,244,255,262
plasticization 227
plasticized polyvinyl chloride 5
plasticized PVC 382,384,385,386,390,409
plasticizers 228,229,233
PMMA 380,390,391,413,431,547,557,569,573
Poincaré sections 227
Poisson's ratio 391,433
polariscope 549,550,552
polyamide 5
polyamide 6 102,104,107,227-229,231
polyamide 66 107,109,111,126,228,229,231,
277329,450,322

polybutadiene rubberparticles 553
polybuthadiene 5
polybutylene terephthalate 420,421
polycarbonate 5,102,104,108,109,110,204,231,
374,408,450,477,494,563,564
polydispersed polymer 48

Subject Index 615 

polydispersity index 48
polyethylene
43,44,49,54,55,58,61,132,156,168,575
polyisobutylene 8, 76,406,407
polymethyl methacrylate 5,101,114
polyoxymethylene 506
polypropylene 5,43,53,63,72,101,107,136,139,
140,173,322,326,327,329,332,334,388,392,395,39
6,408,412,419,450, 459,460,462,467,470,471,477
577,581,582

polypropylene copolymer 388,450
polystyrene
5,37,40,43,45,50,69,75,83,84,85,86,108,
131,132,139,140,148,152,152,173,204,231,234,24
9,262,322,329,352,395,408,
410,411,450,569

polytetrafluoroethylene 5
polyurethane 5

~—polyvinyl chloride 43,57,58,72,73,75,477
powerlaw index 138,139,149,164,166
power law model 137
predicting orientation 297,306
processing thermoplastic polymers 283
processing thermoset polymers 292
pumping systems 186
PVC fabric 121

PVC pipes 507

Q

QSM-extruder 218
quality 223,225,239

s

R

random copolymers 70
ratcheting 495
rate of deformation 131,141,176
Rayleigh disturbances 246
reactive end-groups 55,56
reduced stress 377

Reducedviscosity 133
Reflection 553,556
refractive index 545,547,557
reinforced polymer 420
relative dielectric coefficient 522,524,527
relaxation test 381,386
relaxation time 77,83-87,90,91
representative viscosity method 163
residence timedistribution 226
residual stress 341,343,344,346,349,350
resistive current 529
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616 Subject Index 

retardation 549,550

rheology 129
rheometry 159
roll coating 257,258
rotational molding 264
rubber 3,16

rubberelasticity 373

S

S-N curves 488,493,494
saturation 562

Schottky-Barriers 534
screw characteristic curves 190,192,194,197,198
secant modulus 381
second normalstress differences 133,134
second-orderorientation 304

self-cleaning 220
self-diffusion 583

Semi-Crystalline Thermoplastics 58,381,382,
385,393,408,410,414
shark skin 135
shear modulus 57,59,61

shear thinning effect 131
sheet inflation 170

sheet molding compound (SMC) 260
sheeting dies 199
shish-kebab 326,328
short fiber composites 421
short-term tensile strength 455
short-termtensile test 371,373
silicone rubber 5

single crystals 326
single screw extruder 187,188,190,192,218,
220,239
sink marks 343,358
sinusoidal disturbance 213

sinusoidaloscillatory test 397
slurries 140
solidification 321,329

solidification of thermoplastics 322
solidification of thermosets 334

solids conveying zone 188,191
solubility constant 573
solubility parameters 230,512
solutions 574

sorption 574,575,579
sorplion constant 579
sorption equilibrium constant 573
sound absorption 589
sound proof rooms 589

sound reflection 587,589

specific heat 97,98,107,119
specific resistance 535,536
spectral radiance 565,566
specular gloss 559
speed of sound 585
spherulites 58,325,326
spring-forward effect 357
spurt flow 135
squeezing flow 167,168
stabilizers 255
standard linear solid model 403

static fatigue 483
static mixers 215

Staudinger 29,32,34,35
stefan condition 332

stick-slip effect 135
storage modulus 87,398,401,407
strain 371,373,422

strain-optical coefficient 548
strength stability under heat 429
stress 371,373,400,403,405
stress cracking 344
stress intensity factor 487,498,516
stress relaxation 380,381,388,389,400,405,406
stress relaxation test 76,392,391
stress whitening 460,461
stress-optical coefficient 548
striation thickness 204
structural units 63-66

Structure of Polymers 43
styrene-butadiene-rubber (SBR) 5,374
substantial derivative 130
surface tension 170

suspension rheology 146
swelling 229,230
syndiotactic 52,53

T

tacticity 51,53
tangent modulus 381
tensile test 379

tensor representation offiber orientation 304
terpolymer 68,69
thermal conductivity 100
thermal conductivity of ABS 105
thermal conductivity of LDPE 103
thermal conductivity of polyamide 6 104
thermal conductivity of polycarbonate 104
thermal degradation 119,227,237,513

Subject Index 617ee

thermal diffusivity 98,112
Thermal Expansion 113
thermal fatigue 491,495,496
Thermal Penetration 115

thermodynamics during cooling 322
thermoforming 130,140,169,245,253
thermogravimetry (TGA) 121,514
thermomechanical analysis (TMA) 120
thermoplastic polymers 51,55,58,379
thermosets 55,67
tie molecules 414

time-temperature superposition 76
torsion pendulum 393
total stress 131,141
toughness 448,450,452,453,464,479
trans-1,4- polybutadiene 53
translucent 58

transmissivity 557,558,566
transmittance 553,556,567
transparency 545,553
transparent 56,58
treeing 539
trichromatic coefficients 561
tristimulus values 561

Trouton viscosity 141
tubular dies 201

twin screw extruders 187,188,202,214,221,222

U

ultra high molecular weight polyethylenefibers 416

ultra-drawn, ultra-high molecular weight high
density polyethylene 8
ultra-violet radiation 505

Union Carbide mixing section 220
United States 19,20,22,26,29,30,40
unplasticized PVC (uPVC) 5,382,383,386
unsaturated polyester 334,335,342,361
unsaturated polyester 5
unsaturated polyester/aligned glass fiber
composite laminate 425
upper convective model 151

Vv

Van-der-Waals forces 45

Vicat temperature test 429
vinyl ester 142-144,336,337
viscoelastic flow models 151

Viscosity average 46,48
viscosity curves 132,142  

viscosity ratios 215
viscous flow models 137

volume conductivity 535,536
volume-specific energy absorption 469
volume-specific energy to fracture 496
vulcanization 18

Ww

warpage (predicting) 354
warpage 323,325,330,344,354,359 |
wavelength disturbance amplitude 213wear 499

weathering 505
weight average 46
Weissenberg-Rabinowitsch Equations 162
White-Metzner model 151
Wien’s law 565

Williams-Landel-Ferrey (WLF) equation
78,79,80,85-87,90,91
wire coating 257

x

X groups 43,51,53

Y

yield point 462
yield strength 462
yield stresses 140
Young’s modulus 585

Z

zero shear rate viscosity 139
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This unified approach to polymermaterials science is divided
Tai iaieerem atts(Olmestsvel(010 1e

¢ Basic Principles — covering historical background, basic
material properties, molecular structure, and thermal
properties of polymers

Influence of Processing on Properties — tying processing and
design by discussing rheology of polymer melts, mixing and
processing, the developmentof anisotropy, and solidification
processes.

Engineering Design Properties - covering the different
properties that need to be considered when designing a
polymer component — from mechanical properties to failure
mechanisms,electrical properties, acoustic properties, and
permeability of polymers.

A new chapterintroducing polymersfrom a historical perspec-
tive not only makes the topic less dry, but also sheds light on
the role polymers played, for better and for worse, in shaping
today's industrial world.

Thefirst edition was praised for the vast numberof graphs
and data that can be used asa reference. A new table in the

appendix containing material property graphs for several
polymers further strengthensthis attribute.

The most important change madeto this edition is the
introduction of real-world examples anda variety of problems
at the end of each chapter.

ISBN 1-56990-348-4

Hanser Gardner Publications

http://www.hansergardner.com

ISBN 3-446-22464-5 il | |
Carl HanserVerlag 781569
http://www.hanser.de
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