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Historical Background

Most topics are best introduced from a historical perspective. Although
synthetic polymers and the plastics industry is a product of the 20th Century,
the history of polymers goes back several centuries. This section presents some
of the key materials and people involved in making the polymer industry into
what it is known today.

2.1 From Natural to Synthetic Rubber

Natural polymeric materials such as rubber have been in use for several
millennia. Natural rubber also known as caoutchoucl or gummi elasticum? has
been used by South American Indians in the manufacture of waterproof
containers, shoes, and torches (Fig. 2.1)[1]. When the natives made an incision
in the bark of a tree it produced a white colored sap, composed of water and a
monomer3 called isoprene (Fig. 2.2). As the sap dried in air, and in conjunction
with the sun’s ultraviolet rays, the isopreme polymerizes into long chains or
polymers, called polyisoprene (Fig. 2.2). This process turns the liquid into a
sticky bouncy mass. Sometimes the natives performed the drying process while
dipping a clay container in and out of a bat of rubber tree sap. This way, the
container was slowly coated with a layer of polyisoprene, and when the layer
was thick enough the clay was broken and washed out. This first dip-coating
process produced a light waterproof container to carry liquids. Similarly, the
indians produced rubber boots, by dip-coating their feet. A container produced
by this method is shown in Fig. 2.3[1].

From a native South American language calnrchii: can (wood) and o-chi (tears). In French (caoutschouc)
and German (Kautschuk) this word is still used to describe some elastomers.

19

From the Latin elastic gum.

While a polymer is made from many parts, a monomer is a single entity.
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2 Historical Background 17

16

Figure 2.3  Container from the Amazon produced by an early dip-coating technique.

The first Spanish explorers of Haiti and Mexico reported that natives played
games on clay courts with rubber balls [2]. Rubber trees were first mentioned
in De Orbe Novo, originally published in Latin, by Pietro Martire d'Anghiera in
1516. The French explorer and mathematician Charles Maria de la Condamine,
who was sent to Peru by the French Académie des Sciences, brought caoutchouc
from South America to Europe in the 1740s. In his report [3] he mentions
several rubber items made by native South Americans including a pistonless
pump composed of a rubber pear with a hole in the bottom. He points out that
the most remarkable property of natural rubber is its great elasticity. The first
chemical investigations on gummi elasticum were published by the Frenchman
Macquer in 1761. However, it was not until the 20th Century that the molecular
architecture of polymers was well understood. Soon after its introduction to
Europe, various uses were found for natural rubber. Gossart manufactured the
first polymer tubes in 1768 by wrapping rubber sheets around glass pipes.
During the same time period small rubber blocks where introduced to erase
lead pencil marks from paper. In fact, the word rubber originates from this
specific application — rubbing.

; i t 1830).
Figure 21  Tapping the rubber trees el These new materials slowly evolved from being just a novelty thanks to

new applications and processing equipment. Although the screw press, which is

= G} = CH the predecessor of today's compression molding press, was patented in 1818 by

n CHZ_'C ] 2 McPherson Smith [4], the first documented polynier processing machinery dates
CHS back to 1820 when Thomas Hancock invented a rubber masticator. The primary

Isoprene use of this masticator, which consisted of a toothed rotor inside a toothed

cylindrical cavity [5], was to reclaim rubber scraps which resulted from the

manual manufacturing process of elastic strapst. In 1833, the development
‘ECHz—CH =C — CH> of the vulcanization5 process by Charles Goodyear6 [6] greatly enhanced
CIH3 n - 4 Perhaps the first plastics recycling program.
5

Pol soprene om the Greek Vulc u, g()d of fire.
]y ¢ 1 E 1 . . I in :en“‘“) had ‘)lrcadS discovered that when 'n(()rp()ratmg sulfur into
ber it 1
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f natural rubber, and in 1836, Edwin M. Chaffee invented the despite of iti

two roll steam-heated mill, the predecessor of the present day calender, for rubger insizlheecgﬁtelsl’lcai\r;ﬂf)?géo :;e(rsiernzlany, ek sm}lggled ey

mixing additives into rubber for the continuous manufacturing of rubber the British blockade forced the Ger e e iy

coated textiles and leather. One of the first applications of vulcanized rubber next two years, Germany painstaki I?ans to produce synthetic rubber. In the

was a set of rubber tires for Queen Victoria's carriage, but it took another 25 using polymerization pr};fess - ih:;%goir;’i,ucef 2/50?;0118 of synthetic rubber
eral months.

years for the veterinarian John Boyd Dunlop of Belfast, to develop the
pneumatic tire to make his son’s bicycle ride a little smoother. ‘

As early as 1845, presses and dies were being used to mold buttons, jewelry,
dominoes, and other novelties out of shellac and gutta-percha. Gutta-percha 7 or
qumnii plasticum?, a gum found in trees similar to rubber, became the first wire
insulation material and was used for ocean cable insulation for many years. A
patent for cable coating was filed in 1846 for trans-gutta-percha and cis-hevea ‘
rubber and the first insulated wire was laid across the Hudson River for the
Morse Telegraph Company in 1849. Charles Goodyear's brother, Nelson,

patented hard rubber, or ebonite, in 1851 for the manufacturing of dental

prostheses and combs. To allow the continuous coating of wires or textiles, the
wley and Richard Brooman in

ram-type extruder was invented by Henry Be
9, the most influential element

1845. The first polymer processing screw extruder
in polymer processing, was patented by an Englishman named Mathew Gray in

1879 for the purpose of wire coating. Figure 2.4 [7] presents Mathew Gray's
extruder as illustrated in his patent.
The demand for rubber grew rapidly in a world that was becoming more Fi
gure 2.4 Mathew Gray' .
industrialized. In the late part of the 19th and early 20th Centuries, most of the w Gray's extruder as presented in his patent of 1879.

\ ,orld’s T lbher came il()]ll the Amazon IEglOIl Of Soutll AmL: Tica. [lns not or )
led to a dt‘pcndancv Of H.KC' industrializ i
1 1 :I nations on O

corporations in a relativ.ely unstab.le part of the world, }?ut also to horr.il?le sesilted ¥ a loss of interest in eoptin
human rights abuses against the natives of the Amazon region by those entities However, it did not take long for the ;?ﬂl;lljr;% Cii’:lkt)pment of synthetic rubber.
o reorganize and as a result,

the properties 0

that controlled the rubber cartel. To free themselves from the Latin-American prices of natural rubber skyrock . .
rubber cartels, the British had planted rubber trees in Maylasia and other South The high rubber 1‘icesr . yroli eted g5 to a high of $1.21 per pound in 1925.
East Asian colonies using seeds that had been smuggled out of South America of the time were It)he maifﬁ:\:ceﬁtivzfzr;grt?ﬁehézrend WG K PR, SRt

an government and industry

by the 1920’s. In Germany, to overcome its dependancy on rubber from other to rein i i
. vest in their synthetic rubber resea
\ rch program.

countries, and other countries’ colonies, the German Kaiser, Wilhelm II,
promised a 25,000 Reichsmark prize to anyone that would invent a synthetic
replacement for natural rubber. By 1909, the German chemist Fritz Hoffmann,
who was working at Bayer in Leverkusen had developed the first synthetic
polyisoprene. The Kaiser's automobile was the first vehicle to be fitted with
synthetic rubber tires (Fig 2.5[1]). When World War I broke out, the German
d that since the war would not last long, it would drop the

government decide
synthetic rubber. Instead,

idea of building large polymerization plants to make

From the Malay gettali and pertja which means rubber and clump, respectively.

From the Latin plastic gum.
9 The screw pump is attributed to Archimedes,
DeWolfe of the United States dates back to the carly 1860s.

and the actual invention of the screw extruder by AG.
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20  Basic Principles

The Kaiser (to left wearing a white coat) and his car fitted with
methyl rubber tires (1912).

Figure 2.5

Eventually, work on developing synthetic rubber became an o.bses(silon on
both sides of the Atlantic ocean. By the late 19205,bthe germans h:clln teorugv augle:é
izati ss of the butadiene mon 3
to speed up the polymerization proces ik W
i : i terial was marketed under the tradena
sodium as a catalyst. Their new mater _ ; sgfp—
f the fir bi of butadiene and natrium. In the
Buna, made up of the first sylla : :
States, Wallace Carothers (see Section 2.()),dof thl; DuPont Cc?l?P—?ﬂ‘};, clilc\;(;];)’)pei
hloropr /hi i ‘keted as Duprene and finally, 32,
olvchloroprene, which was first marke : .
T}ilec);prene Fl’—Iowever, by 1932, the depression had caused the prices of natural

i 3 d. By now, Germany was
G -op to an all time low of 3.5¢ per poun y : .
R T o self-sufficient, and intense research in the field

already in its quest of becoming ‘ ‘ !
;f QyTi/thetic ?ubber was encouraged and funded. This resulted in styrene

butadiene rubber, marketed as Buna S, aqd in butadieng:acr%rjllfnvltrﬂei
copolymers, marketed as Buna N. The Nazi regime saw synthetu. rub t.El SS a
qtrate;;ic element, and so, in addition to stockpiling natural rub ell, ulaé
invested enormously in their synthetic rubber program atl t f\fe e
Farbenindustrie. IG Farben was without doubt the leader in ?e;many.s e cg;hev
f-suffici refor ioved the backing of the regime. \
become self-sufficient, and therefore enjoyec - Tegin
soon started building Buna rubber plants all OVEI};’ Ge{g?yﬁDu}iﬁ‘ﬁ ttI;lcC x{::;,et‘i
i - synthetic rubber, arben : 8
keep up with the large demand for synthetic . : i ;
svn}tjhefic rubber plait in Monowitz, Silecia, just out51de10t A;lsct}lwwxé{l.i"l;gl_lf Z\(f;sl
\ rategi si tion was close to the 51lic
t only a very strategic place, since the loca i
Irfines gkrlat wei*/e far from Allied bombers, but undoubtedly a place that c;n:llcl
supply prisoners for forced labor. This plant became an integral pariJ 0 m-le
Auscliwitz 11l concentration camp and it was referred to as the Buna su -ga, . e;:i.
Despite of its magnitude, the Auschwitz-Monowitz Buna ple}nt never pro ;’lthe
a pound of rubber [8], however, it remains forever closely linked to one o

darkest hours of humanity.

2 Historical Background 21

2.2  Cellulose and the $10,000 Idea

If we step back to the 19th Century, in addition to rubber, another natural
polymer, cellulose, impacted everyday life. The invention of cellulose plastics,
also known as Celluloid, Parkesine, Xylonite, or Ivoride has been attributed to
three people: The Swiss professor Christian Schonbein, the English inventor
Alexander Parkes, and the American entrepreneur John Wesley Hyatt.

Christian Friedrich Schonbein, a chemistry professor at the University of
Basel, loved to perform chemistry experiments in the kitchen of his home,
much to his wife’s dismay. Early one morning in the spring of 1845, Schonbein
spilled a mixture of nitric and sulfuric acids, part of that day’s experiment, on
the kitchen counter. He quickly took one of his wife’s cotton aprons and wiped
the mess up, then rinsing it with water before the acid would damage the cloth.
As he hung the apron to dry over the hot stove, it went into the air in a loud
puff and flame. It had exploded in front of his very eyes. After he recovered
from the shock, Schénbein’s curiosity led him to impregnate wads of cotton
with the acid mixture. Every time, he was able to ignite the mass, leading to an
enormous, uncontrollable explosion. He called his invention guncotton. He had
invented cellulose nitrate. Guncotton was three times as powerful as
gunpowder and did not leave a black cloud after the explosion. Schénbein sold
his patent to the Austrian Empire’s army, but found no buyers in Prussia,
Russia, or France. Finally, he sold his patent to John Taylor, his English agent,
who immediately began production of guncotton in England. The production
ended when his factory exploded, killing 20 workers. Although there were no
buyers, several laboratories did spring up across Europe to investigate
guncotton; going up into the air faster than they were being built. In addition
to its bellicose applications, Schonbein envisioned other uses for the nitrated
cotton mass. He added a solvent or plasticizer made of ether and alcohol and
found a way to nitrate the cellulose fibers into a less explosive material which
he called kollodium, glue in Greek. He reported to his friend Michael Faraday
that this mass “is capable of being shaped into all sorts of things and forms...”
In the spring of 1846, after accidentally cutting himself on the hand, he covered
the wound with a thin elastic translucent film made of kollodium. He sold his
idea to the English, who for years supplied the world with the first adhesive
bandages. In England, there was one person that took particular interest in the
Swiss professor’s inventions. His name was Alexander Parkes.

Alexander Parkes started playing around with cellulose nitrate in 1847, and
spent the next 15 years in the laboratory perfecting the formulas and processes
to manufacture cellulose nitrate. His final process took the nitrated cotton and
added vegetable oils and organic solvents producing a “plastic mass” that was
easily molded into any shape or form after it was softened under heat. He
called his plastic mass Parkesine. The new applications for this versatile
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22 Basic Principles

material, such as combs, knife handles, and decorations, made their debut at the
1862 World Exposition in London. In 1866, Parkes launched the Parkesine
Company Ltd. Due to the low quality of its products, parkesine was not a
success and the company was liquidated in 1868. The poor mixing of the
additives and solvents caused Parkesine products to significantly warp only a
few weeks after manufacture. In 1869, Parkes sold his patents to Daniel Spill, his
chief engineer, who founded the Xylonite Company and renamed Parkesine,
Xylonite. Parkes continued working on his material until his death in 1890 at
the age of 77. Alexander Parkes, the inventor and engineer can be credited with
improving on Schénbein’s invention, paving the road for the future of the
plastics industry. He is also credited with fathering a total of 20 children. A
very busy man, to say the least.

At the same time as the plastics industry seemed to be going under in
England, in the United States John Wesley Hyatt was launching an enterprise
that finally made cellulose nitrate a success, under the name of celluloid. As the
story goes, it all began when in 1865 the billiard ball manufacturer Phelan &
Collendar placed an add that promised $10,000 to the person who would find a
replacement for ivory in the manufacture of billiard balls. Elephants were
being slaughtered at a rate of 70,000 per year, which would have led to the
extinction of this great animal, exorbitant prices for the “white gold” from
Africa, and reduced profits for the billiard ball industry. The $10,000 tag called
the 28-year old Hyatt’s attention. After returning home from his job as a
printer, he worked on this project until eventually he stumbled upon
nitrocellulose in 1869. After finding a way to better mix all the components as
well as allowing the solvents to completely evaporate from the mass before
solidification, he was soon manufacturing high quality billiard balls. Instead of
cashing in on the $10,000 prize, John Hyatt founded the Albany Billiard Ball
Company with his brother Isaiah, becoming a direct competitor to Phelan and
Collendar. For the next thirty years, until Bakelite replaced celluloid on the
billiard table, many guns were pulled in the Wild West when the volatile balls
sometimes exploded upon collision. Another immediate application of
celluloid were dentures (Fig. 2.6[9]), which up until then were made of hard
rubber. In view of loosing a rather profitable business to plastics, the rubber
industry started a propaganda campaign against cellulose in all major US
newspapers. They falsely claimed that celluloid dentures could easily explode
in ones mouth when coming in contact with hot food. This not only cheated
people of a much prettier smile, but also started a rivalry between the two
industries which has caused them to mantain as completely separate entities to
this day. In fact, despite of the materials and processing similarities between
plastics and rubber, the plastics industry and the rubber industry have
completely separate societies and technical journals. A plastics erigineer is
likely to be found in meetings organized by the Society of Plastics Engineers (SPE)
or the Seciety of the Plastics Industry (SPI), while a member of the rubber industry

w

2 Historical Background 23

1 gS ani. y y DlUl 01
VVII atte]ld meetin Olg n Zed b thell own societ y the Rllbbei S101 Of the

With a new and versatile materi

‘ rial, Hyatt and his coworkers
frgzéﬁ?;n; t(l)dr.nass—godﬁlce plastic products. Based on experience fromm:ﬁgte:ll

olding, the Hyatt brothers built and patented the first inioct:
molding machine in 1872, to mold cel] 1 s [10], bp el i
e o ,to o ulose materials [10], as well as the first
; acture hollow products. In th
1869, Hyatt and Spill, res i i ; + donling: T S
! 5 pectively, filed for patents deali i

1r?:fmufac’rure of nitrocellulose materials. This starP"ted a lenegathu;fg al::i]tgosttllle
al 1ga5t51)on Fthat eventually ruled in Hyatt's favor in 1876, Spill died soon after 1):
ge 55 o comphcahons? from diabetes. John Wesley Hyatt lived another’4c4

Figure 2.6  Celluloid dentures.

Wit i
am'cle; 111 Ji}; ;ngf: lfr.oii?ct;otxl: of (rjubber, gutta-percha, cellulose, and shellac
é g eight of the industrial revolution, i 1 i
industry after 1870 saw the i i i 6 Skl S
mvention and development of i i
oy ; . pment of internal kneadin
Ol:e I?)}xgllg machines for tl’}e processing and preparation of raw materials [lljg
€ most notable inventions was the Banbury mixer, developed by'

Fernley Banbury i : :
y Be 1y in 1916. This mixer, with s e — : el
today for rubber compounding, . modifications, is still in use
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24  Basic Principles

23 Galalith -- The Milk Stone

beginning of the 20th century, owes ifs
discovery to a cat, a chemist, and an industrialist. Casein formaldehyde, a milk
protein-based polymer is better known as casein plastic or by various trade
names of which the most memorable ones are Galalith, Aladdinite, Erinoid,
and Lactoid. As an industrial material it has come and gone, and all there is left
are beautiful casein jewelry pieces, buttons, museum exhibits, and memories

for plastic historians.

Galalith, a popular plastic at the

As the story goes, one night in 1897, the German chemist Adolf Spitteler's
cat knocked over a small bottle of formaldehyde. The formaldehyde dripped

2 Historical Background 25

%1;131 ;mj SFODZ glithos)}.1 In Britain it was marketed under the trade name of
, derived from the Gaelic word for Ireland, the

in . : , the source of most
British cheese curds required in the manufacture of the new plastic mass o the

Brigieta;ﬁgi (fgoglfldf werehprofduced using this new semi-synthetic material
‘ rtifacts, such as fountain pens, buttons, clock ‘
jewelry, etc., were all made out of this pol 1;1 Sdition 1o b S,
. In addition to pi i
scales were often blended with casein  roduc e
. to produce a pearlised eff;
1920s, the height of casein formald on, priyets e
’ ehyde production, over 10,000 ton:
0 ’ ¢ d i
;fl rﬁzy teasemgxg/ere being absorbed by the plastics industry worldwidf. f\’z, fl?é
ol :Sm:\l,-ery ,(})/OO tc])znst tc})lf celgﬂose were being transformed into plastic
lu ear. But the end of casein plastics wa
addition to phenol formaldeh i G e Sl e
tio yde, the advent of synthetic polymers caused
casein industry to slowly disappear. The new materials werr:e leyss expensisvee ;r}11§

from the chemists counter down to the floor into the cat's milk dish. The next
morning, when Spitteler returned to his laboratory, he found that the
formaldehyde that had dripped into the dish, had caused the milk to curdle and
turn into a hard horn-like substance, much like celluloid. In fact, his cat had just
invented the first semi-synthetic plastic since cellulose. Soon, Spitteler started
experimenting with cheese curds (casein) and formaldehyde, and he found that
the milk protein was rendered water-insoluble by letting it sit in a formal-
dehyde solution for extended periods of time.

Around the same time, Ernst W. Krische, who owned a small book binding
and school supplies manufacturing company in Hanover, Germany, received a
request from Turkey for washable, white writing boards. Pedagogists of the
end of the 19th century believed that it would be better to teach children to 2.4
write with black chalk on white boards rather than the other way around.
However, the whiteboard had not been invented yet. Krische started
experimenting by coating cardboard with casein. Casein, easily made by letting
milk curdle, had been used for over 100 years as an adhesive, possibly also in
Krische's book binding operation. In fact, the use of casein for non-food
applications goes back even further, to at least 2 centuries B.C.E., in Egypt,
where it was used as a binder for color pigments in the manufacture of paint.
However, all these applications, which were well known at the end of the 19th
century, did not require a water-insoluble material. In addition, there were
many other hurdles that Krische had to overcome, such as the cracking and
warpage which both resulted during the drying process of the wet casein.

Luckily, somehow Spitteler and Krische found each other. The chemist and
the business man started playing with various materials that would soften or
plasticize casein, such as glycerin and borax, and with various amounts and
solutions of formaldehyde that would render the mass water-insoluble.
Finally, in 1899 they were able to patent their invention. They were ot only
able to produce the washable whiteboards but soon their moldable plastic mass
was marketed under the trade name of Galalith, from the Greek words for milk

easier to process.

Today, the use of casein as well as i

A e of other protein-based polymers i

ng;ll. Ho;vever, itis still, for example, possible to find very Ie)xci]usive bitﬁ;};

e g made of casein formaldehyde. Although most people regard Galalith as a
oric material, the fact that protein-based plastics are made of renewable

resources, offering us an unlimi i
oo, g mited supply of raw materials, should not be

Leo Baekeland and the Plastics Industry

I;reg ?(I)in]iriﬁgB?hek?li}r;d isfwejll known for inventing the first synthetic polymer
e father of today’s plastics industry. Dr. Baek i

and inventor, refined and made i ito, plso knov e L

A possible Bakelite, also kn i
Baekeland, the sometimes mischi i I e
ek " chievous, boyish, Belgian immi

origins, was an entrepreneur who created a - e ot

. nd i

known today as the plastics industry. gave momentum fo what 15

Leo Hendrik Baekeland was born N

o ovember 14, 1863, in Ghent, Belgi

533; glelglsl:i—i? E[arenl’is. IIJ-Ie excelled at school and at age 17 enrlollzéjr lggn:dt\z

) ent at the University of Ghent, where h i i

only two years he finished his B 16 T Gaer ke popie gy
' accalaureate in chemist d

received a doctorate summa cum laude. Sh R Rk

. A tly after receiving hi
taught chemistry at the Universi ‘b ha b RonOmE e
. ersity of Bruges, until h

professorship at the University of Ghi e B o . 2
p : versity ent. That same year he married hi j

‘;,):guizslc_)ercso daughter, Cehr}e, much to the old professor’s dismay. Balzkr;ijri);

ke Iantlli years later: . The most important discovery that I ever made was

. e end, a displeased senior faculty member, and a traveling
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26  Basic Principles

fellowship to the United States was enough incentive for the young professor to
embark for New York. During his visit, Professor Chandler at Columbia
University encouraged Baekeland to stay in the United States. The 25-year-old
Leo was now well aware that an academic career was not his calling. He was an
entrepreneur at heart; even while an academic in Ghent he had started a small
business that manufactured dry photographic plates, an enterprise that also
satisfied his passion for photography. From New York, Baekeland telegraphed
his resignation to the University of Ghent and soon after was offered a position
as a chemist at A. & H.T. Anthony & Company, a large photographic supply
house where he worked for two years. He then decided to try it on his own as a
chemical consultant.

The next few years were very difficult for Baekeland. The country went into
a deep recession, which adversely affected his consulting business. Worries
about his finances and his future mounted, affecting Leo’s health to the point
that he was bedridden for an extended period of time. After recovering, he
decided he would concentrate all his energies on one project where he knew he
could strike it big. He returned to his old hobby, photography, and developed a
photographic paper that was so light sensitive that it could be exposed using
artificial light. Sunlight was the only light intense enough to expose the
photographic plates of the late 1890s. Velox, the name he gave to his new
product, was an instant success. It caught George Eastman’s attention, who
invited Baekeland to Rochester, NY, to negotiate the rights to this
revolutionary photographic product. Baekeland had decided that he would ask
Eastman for $50,000 for the rights of Velox, but he was willing go as low as
$25,000. Before Baekeland was allowed to state his demands, the overpowering
magnate took over the meeting and on the spot offered the young scientist
$1 million for his invention. The year was 1899. Ten years after his arrival in
the United States, the 35-year-old Leo Baekeland was wealthy beyond his
wildest dreams.

Baekeland now had the necessary funds to embark on the research that
would eventually lead to the development of Bakelite, the first synthetic
plastic. Bakelite, also known as phenolic, results when phenol and
formaldehyde undergo a condensation polymerization reaction. The reaction
between these two readily available materials had been well known since 1872,
when Adolf von Baeyer first reported it. Baekeland’s contribution was
converting the sticky useless material of the late 1800s into the chemical-
resistant stiff product that could easily be shaped into any imaginable
geometry during the 20th century.

Bakelite not only helped shape the streamlined pre-WWII years, but it also
presented a material that made it possible to mass-produce items that made life
easier in the home, office, street, field, and factory. The ability to mass-produce
plastic products helped create the myth that plastics are a cheap replacement for

2 Historical Background 27

materlal.s of higher quality. The reality is that phenolic is a material of superior
mechéruca.l and electrical properties with higher chemical resistance thanpthose
materlal's it replaced. For example, tough, lightweight, and stiff phenolic-cloth
composite propellers replaced wooden aircraft propellers that easily cracked
causing catastrophic failures in the early years of aviation. In ano);her cas y
Bakelite repllaced wood as the material of choice for radio housings (Fig. 2 7§/
not be.cause' it was a cheaper material, but because it was easier and fagt.er.to/
form nto its finished shape. In addition, phenolic offered the freedom to
experiment with design and esthetics, while at the same time made products
that were previously considered luxuries, available to everyone. ) ’

Figure 2.7  Bakelite radios. (The Kolsch Collection).

Whl'le preside}nt of the American Chemical Society, Baekeland once said: “If
academics are given the opportunities to cut their teeth on some pract.ical
problems, t‘hey may grow to be of decidedly greater service to their science or
its applications.” Baekeland gave himself that opportunity and certainly grew
greater than anyone before or after him in the plastics industry. He diedy %

80 in Beacon, New York, on February 23, 1944. i S

2.5 Herman Mark and the American Polymer Education

EI;rdmc?F Frlanc1s Ma}rk has been cre-dited for being one of the founders of the
=l S};otymgr science and for being the father of polymer education in the
b z eg. ver his lopg and.produ'lctive lifetime, Herman Mark published
Polytechnjn Uox‘/er SQO a.rtldes. His Institute of Polymer Science at the Brooklyn
e ¢ University in New York served as the incubator for some of the
notable polymer scientists of the second half of the twentieth century.
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Herman Mark was born in Vienna, Austria, on May 3, 1895, to a Jewish
father and a Lutheran mother. He spent his formative years in the Viennese
fourth district where his father, a physician, and his mother welcomed many
turn-of-the-century intellectuals into their home. One can only imagine the
impact on young Mark when among his parent’s friends were the musician
Johan Strauss, Sigmund Freud and Theodor Herzl, who with Chaim Weizmann
went on to found the Zionist movement. As a twelve-year-old, his life and
world changed during a visit to a university laboratory. When he got home, the
excited boy reported of “glass bottles and glass beakers, blue flames and
Bunsen burners, bubbling liquids and those long rubber tubes through which

verted.” Soon after, Herman built his own laboratory in his room,

vapors are di
starting a love affair with

where he conducted his own analyses and syntheses,
chemistry that lasted over 80 years.

World War I forced him into adulthood (Fig.2.8[9]). He served as a combat
soldier on various fronts for a period of five years. During this time he had two
short stays in Vienna, the first to recover from a bullet wound. As usual,
making the most of his time, during each stay he completed a semester of
chemistry at the university. During the war, his many acts of bravery made
Herman Mark a national hero. On one occasion, Mark single-handedly held a
dozen Russian soldiers at bay until his whole commando reached safety. At the
end of the war, after a short imprisonment in Italy, Mark, now the most
decorated officer of the Austrian Army, continued his chemistry studies at the
University of Vienna.

After Graduating suma cum laude with a Ph.D. in chemistry in the summer of
1921, he moved to Berlin with his advisor Wilhelm Schlenk who succeeded
Professor Emil Fischer at the University of Berlin. The year 1922 was an
eventful year for Mark: he married Marie Schramek (Mimi) and joined the
Kaiser Wilhelm Institute for fiber chemistry (today the Max Planck Institute),
directed by R. O. Herzog. In Berlin, Mark co-authored over 30 papers, which
included his work on applying the field of X-ray diffraction when analyzing
crystal structures. His stay in the postwar, inflation ridden Prussian capital gave
him the opportunity to work and fraternize with people of various
backgrounds and nationalities, broadening his intellect and interests. He

always felt that a highlight of his years in Berlin was when he conducted
experiments for Albert Finstein to confirm Einstein’s light-quantum

hypothesis.

In the summer of 1926, Professor Kurt H. Meyer, one of the research leaders
at the 1.G. Farbenindustrie chemical giant's BASF labs in Ludwigshafen, visited
Mark in Berlin and proposed that the young scientist move to industry to apply
his basic research abilities to industrial problems. Mark accepted Meyer’s offer
and in January of 1927, moved to Mannheim, where he and his family would
live for the next five years. This dramatic change, along with Mark’s association

2 Historical Background 29

with Meyer, his immediate boss a
yer, h t I.G. Farben, and his continui
f,?liﬁgo;?;?ns w1tlz1 Hermannf S;claudinger and other German academic scig:'llg:tgs
. , served as one of the catalysts that propelled the field
science into the spotlight. In 1924, Hermann S i e o g
' : i taudinger10 had 5
model that described polymers as linear o el
molecular chains. Once thi d
accepted by other scientists, the conce i e
‘ er ; pt used to synthesize new i
realized. For his idea of gi i e b T
] giant molecules, Staudinger was ridiculed b i
conservative peers, who at the time were still convin (it e
. ced that polymer
gta;::{ei égrbtt)er (pqulso};l)re;}e) were made of colloids. It togk intil Slzléghfzi
o receive the Nobel prize for his pioneerin
. g work on pol :
;l;}cl’«;:n y?}tlen%ea;;ri\g gpen—lmligdz%d lf/llermann Mark understood Staudinger’z tk}:gi;:s
ning. In , Mark and Meyer proposed 5
cellulose, rubber, and silk, nearly i i Vthe e b
: 2 ; k, y identical to the ones still accepted t
;Fe};fge (tiht(;ory was su%aportlve of Staudinger’s high molecular weightptheor}(l) c;;}éi
e commonly accepted colloidal association the f i 4
model for polymer molecules differed f i ot el e
. no rom Staudinger’s in that the mol
Welri ﬁlex1ble, not rigid, as Staudinger suggested. Time would prg::c)eeli/lllaltili
lr‘1g f n thfe re.latxvely.short time at I.G. Farben, Mark produced an impressive
ist of publications, which included over 80 papers, 17 patents and 3 boorlis

Figure 2.8 Hermann Mark in 1917.

The idea that po]ymcrs W

7 cre formed by macromole B! i b
i : k ] y macromolecules was not well received by his peer i
However, for this work Staudinger reccived the 1953 Nobel prize in chemistry el
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With the political winds in Germany shifting to the right, and because of
their Jewish ancestry, both Herman Mark’s and Kurt Meyer's positions at LG.
Farben became uncertain in the summer of 1932. The advice that came from the
top of the company was that Mark look for an academic position, preferably
outside of Germany. However, since 1.G. Farben did not want to loose a certain
degree of control on Mark's research, he was promised financial support for his
future academic work. And so, Herman Mark, his wife, Mimi, and two young
children moved to Vienna in the fall of 1932, where he became director of the
first Chemistry Institute at the University of Vienna. His friend and closest
collaborator, Kurt Meyer, moved to Geneva that same year. With I.G. Farben
funds, Mark was able to assemble an impressive team of scientists that included
Eugene Guth, Robert Simha, and Fritz Eirich. In Vienna, Mark published many
fundamental papers on polymer physics including groundbreaking theories on
polymer relaxation, polymerization kinetics and molecular weight
distribution. However, leaving Germany was not enough; during the thirties,
the Austrian political airs also started turning brown, culminating March 15,
1938, when the Nazis marched into Vienna. Mark was arrested the following
day, and released without his passport four days later. The next eight weeks
were spent recovering his passport and securing a position in Canada, in order
to get Canadian and Swiss visas. To finance his trip to North America, the
resourceful Mark purchased over one kilogram of platinum wire that he
carefully wrapped around coat hangers. With visas in-hand, and their precious
currency, the Marks and their niece attached a Nazi flag on the hood of their car

and placed rope and skis to the roof and headed up the Alps. They drove into
Switzerland on May 10, 1938. After bribing their household possessions out of
Austria, the Marks spent the summer in Switzerland, France, and England.
Mark started his new position at the Canadian International Paper Company in
September of 1938.
After almost two years in Canada, Mark moved to New York in the
summer of 1940 where he founded The Institute of Polymer Science at the
Brooklyn Polytechnic University in New York. This marks the official start of
polymer science education in the United States. The Institute of Polymer Science
was the first American institution to award the Ph.D. degree in polymer
science, and thus, became the incubator of many American scientists and
educators. He advised over 100 scientists that included Fritz Eirich, Edmund
Immergut, Herbert Morawetz, and Charles Overberger. Some of his students
went on as educators, multiplying the polymer science education all over the
world. Eirich stayed at Brooklyn, Guth went to Notre Dame, Simha to Caltech
and later to Case Western. Other pupils of Mark served as editors and writers
such as Immergut, who had several editorial positions, including with Hanser
Publishers between 1980 and 1997, which resulted in a vast’ polymer
engineering and science book library, that has served as a reference and
resource to many students, engineers, and scientists. During his years at
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Brooklyn, Mark wrote hundreds of papers, many books and was the founder
and editor of various journals including the Journal of Polymer Science. He also
served as a consultant to DuPont, Polaroid, and others, and maintained

relations with industry in his native Austria.

Herman Mark’s lifetime achievements were recognized by many: he
rece;lved 17 honorary doctorates, numerous medals and awards, and served as
;ig . tgnor;ry meml\l/alerk to dozens of scientific academies and professional

cieties. Herman Mark, the war hero, scientist and t i i

; ’ 7 ea

o cher, died at age 96 in

2.6 Wallace Hume Carothers and Synthetic Polymers

Wallz.ice Hume Carothers is perhaps the most influential American character in
the hlstor.y of polymers. Already as a child he was greatly admired by his grade
school friends, who called him "Doc" for his ability to make, amon %ther
Fhmgs, crystal radios. This was only the beginning of a short but’produc%ve life
In a time when the field of polymer chemistry was still in its infancy. He went
on to author over 50 technical papers, file over 100 U.S, and foreign pa;fents and
2(1))0:/% atl'l, mxfzent nylon, the world's first synthetic fiber. This sp(’ecific
th:r goglzzgcopo(f;:r?etifrs opened the floodgates of invention in the field of

Born on April 27, 1896, in Burlin ton Iowa, Carothers i i
MoAmeS where his father taught at t%le Capital Cities Con‘ivr?lserrcai;sle%g;le]):s
whlch he attended after high school. He then went to Tarkio Colle egir;
Missouri where he received a degree in Chemistry at age 24. From Tarkgio he
moved to the University of Illinois at Urbana-Champaign where he studied
under I?rofessor Roger Adams. In the summer of 1921 he received a science
degree in chemistry and, after a one year teaching position at the University of
Soqth Dakota, defended his Ph.D. in the late spring of 1924. After two earz a
an mstructor at Illinois, Carothers was recruited to teach at Harvard Y ’

~ Carothers' success was also due in great part to the visi
Stme, the Director of DuPont's Chem;gcal Dpepartment. Inolr;207f g’fi‘nght?srézsﬁ:[s.
influence to accomplish something that was unheard of in a corporation of an
size; he convinced the company's executive committee to fund research in ur}(;
ZClence at .the experimental station in Wilmington. With a $25,000 per mgnth
as;ifte:, Stine lured.Caro'thers f;om Harvard were he had beén teaching for
o \f/vo years. Wlth.thls practically unlimited budget and after assembling a
oy 10 extremely bright c.owo%‘kers, including Paul Flory and Julian Hill

rothers was ready to begin his 10-year tenure at DuPont. Building on hisr
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experience as a physical chemist and on the research of his contemporaries, n HOOC - (CH2)4-COOH + n H2N-(CH2)e-NH2
such as Adams, Marvel, Staudinger and Mark, Carothers and 'l:]]S tgamd — -

developed polychloroprene, polyester, and of course Pol);aml i{ o é\: .

polyamide 66. During that time he Fomed the terms so widely vee Fiy.

addition polymerization and condensation pa!ymgrfznhon. Polthlc)‘rople.l1e.1(. ?0 10106 - GHa)e-CONH - GHareNH H+(2n-1)H20*
2.9[9]), an elastomer, was polymerized by. addition polymerization, ls1m1 ar -~ —_

the polymerization of polyisoprene in Fig. 2.2. Polyamide 66 is polymerize

i i i Polyamide 66 Water
by condensation polymerization as shown in Fig. 2.10.

Figure 210  Condensation polymerization of polyamide 66. ‘

Unfortunately, Carothers never saw the dramatic impact of his inventions.
He suffered from two illnesses that in the 1930s were still considered deadly: he
was both a manic-depressive and an alcoholic. And so, in spite of his own
efforts, and the constant care of friends, family, and doctors, the demons finally
took over. Two days after his 41st birthday he was found dead in a Philadelphia
hotel room. He had taken cyanide.

In 1938, a year after Carothers's death, nylon was introduced to the world,
primarily as a replacement for silk in hose and stockings and as toothbrush
bristles. As the story goes, nylon is not an acronym for New York and London,
as many people often believe. It evolved from the suggested name norun (a
descriptive word that was inaccurate, since fiber 66 stockings did run), to nuron
(which sounded too brainy), to nulon (which would have been hard to market
as the new nulon), to nilon (two possible pronunciations) to, finally, nylon. In
the heated pre-WWII years, it was even suggested that the word nylon was an
insulting acronym for the Japanese. Though this is doubtful, it is certain that its
invention gravely affected the Japanese trade balance, and in consequence, the
overall position of the Japanese industry in world markets at the threshold of
World War II. The influence of this miracle fiber is indisputable. Allied use of
nylon in parachutes during the invasion of Normandy may have played a
decisive role in the war's military outcome. The most obvious influence may
come from its impact on consumer consumption. A comical example of this
came after the war, the day a department store in Washington offered to sell a
pair of nylon stockings to the first 1000 callers. As a result the entire phone
system in the D.C. area was flooded and collapsed. This phone system had
always resisted collapse, including the day Pearl Harbor was bombed, the day
Figure 29  Wallace Carothers stretching a sheet of polychloroprene. the war ended, and every historically significant day since. This suggests the

real power of Carothers' invention: a public whose lives have been changed
forever with the advent of thermoplastic polymers.

As Wallace Hume Carothers once said, he had done enough for one
lifetime.

11 Paul Flory who received the 1974 Nobel prize in chemistry worked in Carother's group at

DuPont's rescarch laboratories.
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27 Polyethylene - A Product of Brain and Brawn

By the 1930s Staudinger, Carothers and Mark had paved the road of synthetic
polymers for the chemical industry. At the ICI laboratories in Winnington,
England, in addition to knowledge in polymers and polymerization, it took
muscle power and risk-taking youths, to invent polyethylene, today's highest
volume commodity plastic.

Eric William Fawcett and Reginald Oswald Gibson are the two young
British scientists who can be credited with polymerizing the first few grams of
polyethylene at the Winnington ICI laboratories in England. Fawcett was a
young Oxford graduate who was only twenty years old and had to have his
father come to the Winnington laboratories to sign for him his employment
contract with ICI Gibson had just returned from Amsterdam, where he had
worked with Professor Anton Michels, the world-leading expert on high-
pressure vessel design. They both worked in Lab Z, a small ICI laboratory that
housed a pressure vessel that everyone called "the bomb." It was no coincidence
that the assistants that worked in Lab Z were all young men in great physical
shape. It took significant muscle power to operate the hand pump that could
pressurize the bomb to up to 2,500 atmospheres (almost 37,000 psi). After
pressurizing various liquids and finding that they remained unfazed, they
decided to switch to gases, which they hoped would lead to more exiting

reactions.

Late on a Friday afternoon, March 24 of 1933, they filled the bomb with
ethylene gas, raised the temperature to 170 °C and pressurized it to 1,900
atmospheres. They turned off the lights and went home for the weekend. Since
they couldn't wait all weekend for their results, Fawcett and Gibson went back
to the lab on Saturday morning and found that the pressure inside the vessel
had dropped to 100 atmospheres, a sure sign for a chemical reaction having
taken place. Again they pumped the bomb up to 1,900 atmospheres, and left for
the remainder of the weekend. On Monday, they found the pressure dials
marking 0 atmospheres. They found out that, in addition to the polymerization
reaction that took place inside the vessel, the pressure drop was also due to a
Jeak that sprang around an oil tube connection. After opening the vessel, they
saw that its inside was covered with a waxy white powder, of which they were
able to scrape out 0.4 grams; the first 0.4 grams of polyethylene. They quickly
fixed the leak and repeated the experiment, recovering a total of 4 grams of
polyethylene. They now had collected enough material that they were able to
spin a couple of fibers and form a small thin film. In the third try, the bomb
exploded. Even though the explosion did not harm anyone, the managers did
not find these experiments as important as Fawcett and Gibson knew they
were, and Lab Z was put to rest and the young men were given other tasks.

2 Historical Background 35

Two years later, Fawcett attended The Faraday Society of L

congress in Cambridge were Wallace Carothers,yHerma};l Malfﬁjdl(()ﬂrf(l)\l/lyem:;
and He_rmarm Staudinger were the main guests and speakers. In ythe,
prqceedmgs, Fawcett saw how the future Nobel Prize winner St.audinger
claimed that it was not possible to polymerize ethylene. Fawcett got his
courage together and went up to Staudinger's room at the University Arms
Hotel to attempt to set him straight. There he told the prominent scientist that
gnder certain conditions it was possible to polymerize ethylene. Staudinger
1gnor§d him and gave his talk as planned. After the talk Mark even supported
Staudinger's findings. Undaunted by the prominence and belief of his
f)pporllent.s the young man rose and told the audience that ethylene polymerizes
if maintained at 170 °C under very high pressures. This bold move impressed
Carothers, then a well-known American scientist, who offered Fawcett a job
and took him to the DuPont laboratories in Wilmington, Delaware. :

Soon after, ICI resumed their high-pressure vessel work, r i
Fawecett and Gik?son‘s experiments and patinting polyethylene i;1 Fegrolil;‘(;r:)%
1936. I(;I cpntmued to produce polyethylene using their high-pressure
polymerization process. Soon, their operation had been scaled-up sufficientl
to produce several kilograms of polyethylene every hour. In the meantimz
they hf.id also discovered that this new plastic had excellent dielectric
properties, which made it ideal for insulating thin wires for telecommunica-
tions applications.

B In 1940, the British were at war. The Germans were bombing major English
cities, and .although ground radars detected the bombers, it was usuallyg too
latg. A major breakthrough came when the British were able to reduce the
weight of a radar from several tons to just under 600 pounds with the use of
pplyethylene as a wire insulator. This allowed them to place radars inside their
flghte.r planes, enabling them to detect Nazi planes, before they saw them
shooting them out of the air at the same rate as they were crossing the Britis};
Channel.. This put the British at an advantage, saving their cities from
destrucjaon. Similarly, the radar rendered the German submarine fleet obsolete
protecting the life saving sea transports, from the US.A. to England. As ;
result, hardly any submarines returned to Germany after 1943. .

Twenty years after Fawcett and Gibson produced polyethylene insi

bomb, the German professor and future NobcIe)l Prize wiIr)me}; K:Zrll Z(izeé?:;czgutr}llg
a way to polymerize ethylene at low pressures using catalysts. His catalysts
wfhere metal l?asgd compounds that act as vehicles as they drive through a sea
0h gthylene, picking up each monomer in an orderly fashion resulting in long
chains qf polyethylene. One was now able to produce this versatile material at
mlllch hlgher rates, under safer conditions, and at lower energy costs. Ziegler
sold hxg patent to several resin producers who immediately jumped into
production. However, they soon found out that their new process produced
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ne that cracked easily, rendering the first few thousand tons _C’f hlgh—
gg:\‘;?:l; yplv(e)lyethylene useless. guckily, in 1957 along came a small Chah.fofrmlan
toy manufacturer, The Wham-O Company, who propoged to use the inferior
HDPE on their new toy: the Hula-Hoop (Fig. 2.11). While Wham-O was usu;g
up the world supply of imperfect polyethylene, and America was bui\:mg h(;
hoops by the millions, the chemical companies were SU(;CESSfL’l”y wor mgl ou
the kinks in their polymerization processes. One of Ziegler's occasional co-
workers, the Italian chemical engineer Giulio Natta, extended Zlegle;‘ s
research on organometallic catalysts to discover p_olypropylene. Both, Zlegl er
and Natta received the Nobel Prize in chemistry in 1963, and today, Ziegler-

Natta catalysts are still in use.

Figure 211  The Hula-Hoop.

Soon, polyethylene Hula-Hoops, Tupperware, and plastic bags leecz:]m:e
everyday items. As the years passed, catalysts‘ not only produge ;) 1;1
polymers but also allowed us to tailor an u'ltra—hjgh molecular weight hig l-
density polyethylene that can be spun into flberg that are stronger than steel.
Today, UHMWHDPE is used to manufacture ar.t1f1c1al hip joint replacemergs
that have given many people a quality of life otherwise thought to be
impossible.

Other thermoplastics were also developed during th'at time and in the velars
that followed. Polyvinyl chloride (PVC)12 was m'ade into a useful mz}t.eilallxlz
1927 [12]. Due to its higher wear resistance, polyvinyl chloride replaced she at
as the material of choice for phonograph records in the early 1930s. Polyviny

12 The preparation of PVC was first recorded in 1835 by H.V. Regnault.
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acetate, acrylic polymers, polystyrene (PS), polyurethanes, and polymethyl
methacrylate (PMMA) were also developed in the 1930s [13], and polycarbonate
(PC) in the 1950s. And the list goes on. Today, developing and synthesizing
new polymeric materials has become increasingly expensive and difficult.
Hence, developing new engineering materials by blending or mixing two or
more polymers or by modifying existing ones with plasticizers has become a
widely accepted procedure.

2.8 The Super Fiber and the Woman Who Invented It

When Stephanie Louise Kwolek (Fig.2.12) discovered a low viscosity and
cloudy polymer in 1964, she did not discard it as a contaminated and useless
polymer solution, but continued experimenting with it. Polymers in the melt
state are usually not only highly viscous but also amorphous and therefore
transparent or clear. Kwolek’s curiosity and persistence soon showed her that
she had discovered a polymer that was crystalline in the melt state; she had
discovered liquid crystalline polymers or LCP’s. This invention soon resulted
in the discovery of Aramid fibers, probably better known by their trade name
Kevlar fibers.

Kwolek, who was born in 1923 in New Kensington, Pennsylvania, had an
early passion for fabrics and fashion design, which resulted in new clothes for
her dolls. However, she never imagined that some day people’s lives would be
saved with bullet proof vests made with fabrics weaved out of her fibers. The
super fibers that Stephanie Kwolek discovered were five times stronger than
steel but were only a fifth of its density. Kwolek studied chemistry and biology
at what is today known as Carnegie Mellon University. She wanted to continue
her studies in medicine, but could not afford the high costs of medical school.
To allow her to save some money, she decided to take a job at the DuPont
Company. However, she soon became enamored with the work and shortly
thereafter transferred to DuPont’s Pioneering Research Laboratory of the
Textile Fibers Department. She was in the perfect environment, working for a
company that had discovered and made a name with synthetic polymer fibers.
In 1964 she found herself working with a group of researchers whose main task
was to develop an ultra strong fiber. The main application for this fiber would
be the manufacture of lighter tires that would help reduce fuel consumption,
motivated by early predictions of gasoline shortages. The main breakthrough
came that same year when she discovered that extended-chain aromatic
polyamides could be made into liquid crystalline solutions. These polymers
could in turn be spun into fibers whose molecules were highly oriented,
rendering a very stiff and strong final product.
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Figure 2.12  Stephanie Louise Kwolek showing an Aramid molecule model.

After continued research refining her discovery, Kevlar was 'mtrod'uced to
the market in 1971. Today, in addition to bullet proof' vests, the super _flber can
be found in brake pads of automobiles, trains, and aircraft as well as in safety
helmets, skis, and numerous other applications.

29 One Last Word -- Plastics

The year 1967 was a significant year for plastics. One event, related to Amencan
pop culture and one that some of us tend to remember, is .the advise given 1:0
the young graduate played by Dustin Hoffman in the movie The Graduate. The
prophetic words told to the new graduate —“I just want to say one word to you,
Ben. Just one word — plastics”— where a symbol of the times and a sign of things
to come. The same year that the movie was showing in the tl'.leaters, the
volume of plastics’ production surpassed that of‘all‘metals. combmed..To%a‘X,
almost forty years later, plastics production is six times higher than in 1967,

2 Historical Background 39

while production of metals has barely doubled. However, to be fair, in the
popularity contest between metals and plastics we can always present the data
differently, namely by weight. This way, the tonnage of metals produced
worldwide is over twice the tonnage production of polymers. Neverless, this is
a book about polymers, and we like to point to the fact that today the volume
of polymers produced is three times larger than that of metals.

In fact, the world's annual production of polymer resins has experienced a
steady growth since the beginning of the century, with growth predicted way
into the 21st century. This can be seen in Fig. 2.13 [14] which presents the
world's annual polymer production in millions of tons. There has been a steady
increase throughout the years, with slight dips during the oil crisis in the mid
1970s and during the recession in the early 1980s. In developed countries, the
growth in annual polymer production has diminished somewhat in recent
years. However, developing countries in South America and Asia are now
starting to experience tremendous growth. With the exception of the recession
years, the growth in US polymer production has been declining in the past 20
years to approximately 4% of annual growth rate. Since 1970, China has seen
the highest annual growth in the world, ranging from a maximum
approximately 50% between 1976 and 1977 to a low of 2% between 1980 and
1981.

2.500

1.375 o]

0.250 —

-0.875-

Millions tons/year

-2.000 I L 1 J
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Year
Figure 2.13  World annual plastics production since 1900.

In recent years, there has been a rapid increase in the demand for polymeric
materials in developing countries such as Colombia. The demand for polymers
in Colombia grew from 295,000 tons in 1992 to 389,000 tons in 1993. Although
this number seems small when compared to the 34.4 million tons produced in
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the US in 1993, Colombia has a 32% annual growth compared to the US 4%
growth. It should be pointed out that Colombia produces PE, PP, PS and PVC
for its own consumption and for export to other Latin American countries,
while it imports most of the needed engineering thermoplastics such as SAN,
ABS, PC, etc. [15] from developed countries such as the US and Germany.
Similar trends exist in other Latin American countries.

There are over 18,000 different grades of polymers, available today in the
US alonel. As pointed out in Chapter 1, they can be divided into two general
categories —thermosetting and thermoplastic polymers. In 1993, 90% of
polymer produced in the United States were thermoplastics. However, in a 1995
worldwide projection, thermoplastics account for 83% of the total polymer
production [16]. Figure 2.1314 shows a percentage break down of US polymer
production into major polymer categories. These categories include
polyethylene, polypropylene, polystyrene, polyvinyl chloride, and thermosets.
Polyethylene is by far the most widely used polymeric material, accounting for

41% of the US plastic production.

Thermoplastics Thermosets
Thermoplastic
polyester
Linear low |  Acrylonitrile- Al
density | [~butadiene- Melamine  jiooro
po!yet?ylene | styrene 2% — 29

' All others

Polystyrefe

Polyviny!
chloride &
copolymers
19%

Phenolic &
other tar acids

Low density
polyethyleng

0

? High density
polyethylene

Urethane

Polypropylenée
ypropy 4%

18%

Figure 2.14 Break down of US polymer production into major polymer categories.

Packaging accounts for over one-third of the captive use of thermoplastics
as graphically depicted in Fig. 2.1515, whereas construction accounts for about

13 There are over 6,000 different polymer grades in Europe and over 10,000 in Japan.
14 Source: SPI Committee on Resin Statistics as compiled by Ernst & Young.

Ibid.

2 Historical Background 41

half that number, and transportation accounts for only 4% of the total captive
use of thermoplastics. On the other hand, 69% of thermosets are used in
building and construction, followed by 8% used in transportation. The
transportation sector is one of the fastest growing areas of application for both
thermoplastic and thermosetting resins. It should also be noted that 12% of the
1994 US polymer raw material production was exported.

It cannot be argued that, for some time now, polymers have become an
indispensable material in everyday life. From sports to medicine, and from
electronics to transportation, polymers are not only a material that is often
used, but also the material that in many cases make it possible. One can sum it
up with Hans Uwe Schenck’s often quoted phrase -- “Without natural polymers,
there would be no life; without synthetic polymers, no standard of living.” ~

Thermoplastics Thermosets
N G TR
S, o N
Others 2 o
14% \ BU|ld|ng'& \
Packaging p construction
32% 69%

Transportation
equipment

Furniture&'\\ )
furnishings b4

Electrical ~_ \ -~

%/
Pa

%\ Transportation

equipment I 1 —— Adhesives,
Consumer Electrical —! \ inks, coatings
& institutional equipment Consumer &
products institutional
products

Figure 2.15 Break down of U.S. polymer production into major areas of application.
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Structure of Polymers

3.1 Macromolecular Structure of Polymers

Polymers are macromolecular structures that are generated synthetically or
through natural processes. Cotton, silk, natural rubber, ivory, amber, and wood
are a few materials that occur naturally with an organic macromolecular
structure, whereas natural inorganic materials include quartz and glass. The
other class of organic materials with a macromolecular structure are synthetic
polymers, which are generated through addition or chain growth polymerization,
and condensation or radical initiated polymerization.

In addition polymerization, monomers are added to each other by breaking
the double-bonds that exist between carbon atoms, allowing them to link to
neighboring carbon atoms to form long chains. The simplest example is the
addition of ethylene monomers, schematically shown in Fig. 3.1, to form
polyethylene molecules as shown in Fig. 3.2. The schematic shown in Fig. 3.2
can also be written symbolically as shown in Fig. 3.3. Here, the subscript n
represents the number of repeat units which determines the molecular weight
of a polymer. The number of repeat units is more commonly referred to as the
degree of polymerization. Other examples of addition polymerization include
polypropylene, polyvinyl chloride and polystyrene. The side groups, such as
CH3 for polypropylene and Cl for polyvinyl chloride, are sometimes referred
to as the X groups.

Another technique to produce macromolecular materials is condensation
polymerization. Condensation polymerization occurs when two components
with end-groups that react with each other are mixed. When they are
stoichiometric, these end-groups react, linking them to chains leaving a by-
product such as water. A common polymer made by condensation
polymerization is polyamide where diamine and diacid groups react to form
polyamide and water, as explained n in Chapter 2.

ViacNel
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Introduction to Processing

The mechanical properties and the performance of a finished product are
always the result of a sequence of events. Manufacturing of a plastic part begins
with material choice in the early stages of part design. Processing follows this,
at which time properties of the final part are made and frozen into place.
During design and manufacturing of any plastic product one must always be
aware that material, processing and design properties all go hand-in-hand and
cannot be decoupled. This approach is often referred to as the four P's: polymer,
processing, product and performance. This chapter presents the most important
polymer processing techniques available todayl. Extrusion2 is covered
first, followed by mixing processes and injection molding3. Secondary
shaping shaping operations are discussed next. At the end of the chapter other
processes such as calendering, coating, compression molding, and rotational
molding are presented.

6.1 Extrusion

During extrusion, a polymer melt is pumped through a shaping die and formed
into a profile. This profile can be a plate, a film, a tube, or have any shape for
its cross section. Ram-type extruders were first built by J. Bramah in 1797 to
extrude seamless lead pipes. The first ram-type extruders for rubber were built
by Henry Bewley and Richard Brooman in 1845. In 1846, a patent for cable
coating was filed for trans-gutta-percha and cis-hevea rubber and the first
insulated wire was laid across the Hudson River for the Morse Telegraph
Company in 1849. The first screw extruder was patented by Mathew Gray in
1879 for the purpose of wire coating. However, the screw pump can be
attributed to Archimedes, and the actual invention of the screw extruder in

Anin-depth view of polymer processing is given by Tadmor and Gogos [1].

W o/

For further reading in arca of extrusion we recommend Rauwendaal’s book [2].

For further reading in the area of injection molding we recommend Osswald, Turng and Gramann [3]
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186 Influence of Processing on Properties

polymer processing by A.G. DeWolfe of the United States dates to the early
1860s. The first extrusion of thermoplastic polymers was done at the Paul
Troester Maschinenfabrik in Hannover, Germany in 1935.

Although ram and screw extruders are both usgd to pump highly viscous
polymer melts through passages to generate specified profiles, they are bfased
on different principles. The schematic in Fig. 6.1 shows under what principles
ram extruders, screw extruders, and other pumping systems work.

| %

Centrifugal pump ' Il
Positive displacement pump

Roman aqueduct

Figure 6.1  Schematic of pumping principles.

The ram extruder is a positive displacement pump based on the pressure
gradient term of the equation of motion. Here, as the volume is redu;ed,’tlle
fluid is displaced from one point to the other, resu%ting in a pressure rise. I’h'e
gear pump, widely used in the polymer processipg mcjlustr.y, also works on tl}:s
principle. On the other hand, a screw extruder is a viscosity pump that wox.ds
based on the pressure gradient term and the deformation o_f the flLul ’
represented as the divergence of the deviatoric stress tensor in Fig. 6.1. The
centrifugal pump, based on the fluid inertia, and the Roman aqueiiuct, based 01;
the potential energy of the fluid, are also represented in the figure and ar
typical of low viscosity liquids.

6 Introduction to Processing 187

In today's polymer industry, the most commonly used extruder is the single
screw extruder, schematically depicted in Fig. 6.2. The single screw extruder
can either have a smooth inside barrel surface, called a conventional single
screw extruder, or a grooved feed zone, called a grooved feed extruder. In
some cases, an extruder can have a degasing zone, required to extract moisture,
volatiles, and other gases that form during the extrusion process.

Figure 6.2  Schematic of a single screw extruder (Reifenhduser).

Another important class of extruders are the twin screw extruders,
schematically depicted in Fig. 6.3. Twin screw extruders can have co-rotating or
counter-rotating screws, and the screws can be intermeshing or non-
intermeshing. Twin screw extruders are primarily employed as mixing and

. compounding devices, as well as polymerization reactors. The mixing aspects

of single and twin screw extruders are detailed later in this chapter.
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6 Introduction to Processing 189

! ‘ Non-intermeshing Table 6.1 Typical Extruder Dimensions and Relationships (the Notation for Table
‘ e 6.1 is Defined in Fig. 6.5.) ;
\ Intermeshing j\u i l
‘ { = ; L/D Length to Diameter ratio
P i ﬂ 20 or less for feeding or melt extruders
|\\|\\l 1)) 25 for blow molding, film blowing, and injection molding ‘,
¥ / 30 or higher for vented extruders or high output extruders |
{\L\ | D Standard diameter i
|\‘T\1/ﬂ US (inches) 0.75,1.0,15, 2, 2.5, 3.5, 45, 6, 8, 10, 12, 14, 16, 18, 20, and 24 ‘l
Co-rotating Counter-rotating Counter-rotating Europe (mm) 20, 25, 30, 35, 40, 50, 60, 90, 120, 150, 200, 250, 300, 350, 400, 450, 500, and
: et S 600 .
o = 4> f‘\Qf\L /T/t’ (J (l) [;;1 ¢ Helix angle
) e b 1
¢ ¥ sk t{\\‘t\l/q‘/ }'l \\l\_ i 17.659 for a square pitch screw where Lg=D
) 41 &L {\CJ/’?H [\f\* H/’ New trend: 0.8 < Lg/D < 1.2
S i F a8 <, L 7 A A I ¥ i
4 ‘T‘ >L K 4 [N \LI,//‘(/} t\'\[t‘ |/L h Channel depth in the metering section
b | > \’\NDL 8%, mll// | (0.05-0.07)D for D<30 mm |
( \ % [ ( ’
TS5 S e | /'/} (0.02-0.05)D for D>30 mm
= o ;\:\‘J;F' f I B Compression ratio:
i ic of di i xtruders Pfeed = fh
Figure 6.3 Schematic of different twin screw e : ‘ 2 to 4
N Clearance between the screw flight and the barrel
1.1 The Plasticating Extruder 0.1 mm for D<30 mm
Bil1 8 0.15 mm for D>30 mm
The plasticating single screw extruder is the most common equipment in the N Screw speed

: injection molding unit and found in 1-2 rev/s (60-120 rpm) for large extruders
polymer industry. It can be part of an inj & 1-5 rev/s (60-300 rpm) for small extruders

numerous other extrusion processes, including blow molding, fih:.l’l blowing, _ . |
and wire coating. A schematic of a plasticating or three-zone, single screw Vb Barrel velocity (relative to screw speed) = TDN
extruder, with its most important elements is given in Fig. 6.4. Table 6.1 0.5 m/s for most polymers

% . . : . b ek AT 0.2 m/s for unplasticized PVC
presents typical extruder dimensions and relationships common in single screw . 1.0 m/s for LDPE
extruders.

The plasticating extruder can be divided into three main zones:

Hopper Barel * The solids conveying zone

Sorew * The melting or transition zone \
* The metering or pumping zone | ‘

Cooling lines

Extrudate

Band heaters

The tasks of a plasticating extruder are to:

* Transport the solid pellets or powder from the hopper to the screw

channel
* Compact the pellets and move them down the channel ‘
* Melt the pellets
i * Mix the polymer into a homogeneous melt
* Pump the melt through the die

Metering zone

Transition zone :
(Pumping)

i ing zone
Solids conveying (Melting)

(Compaction)

Figure 64  Schematic of a plasticating single screw extruder.
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Shown in Fig. 6.6 are also lines that represent critical aspects encountered

\ ¢ __‘ p during extrusion. The curve labeled Tmax represents the conditions at which
< S v excessive temperatures are reached as a result of viscous heating. The
r\?\ R Y ? feasibility line (s, ) represents the throughput required to have an

,\\ < ‘ economically feasible system. The processing conditions to the right of the

-\ D homogeneity line render a thermally and physically heterogeneous polymer
\ melt.

T 0, G 6.1.1.1 The Solids Conveying Zone
S

b Lg—

The task of the solids conveying zone is to move the polymer pellets or

Figure 65 Schematic diagram of a screw section. powders from Fh.e hopper to the screw channel. Once the material is in the
screw channel, it is compacted and transported down the channel. The process
. i to compact the pellets and to move them can only be accomplished if the
i i teristic of an extruder can be represented 16 T« .
. The pumping capabllltyland Ct:;l'sf:icc curves. Figure 6.6 presents such curves friction at the barrel surface exceeds the friction at the screw surface. This can
with sets of d.l - ax;cz scre;:hcl:;rjgl) single screvx; extruder be visualized if one assumes the material inside the screw channel to be a nut
for a conventional (smo :

sitting on a screw. As we rotate the screw without applying outside friction, the
nut (polymer pellets) rotates with the screw without moving in the axial

80 direction. As we apply outside forces (barrel friction), the rotational speed of
e, the nut is less than the speed of the screw, causing it to slide in the axial
Homogeneity direction. Virtually, the solid polymer is then "unscrewed" from the screw.
N=185 rpm
60

To maintain a high coefficient of friction between the barrel and the
polymer, the feed section of the barrel must be cooled, usually with cold water
cooling lines. The frictional forces also result in a pressure rise in the feed
section. This pressure compresses the solids bed which continues to travel
down the channel as it melts in the transition zone. Figure 6.7 presents the
pressure build-up in a conventional, smooth barrel extruder. In these extruders,
_______ most of the pressure required for pumping and mixing is generated in the
metering section.

Op 100 200 300 400 500 -
g i N= 120 rpm
Figure 6.6  Screw and die characteristic curves for a 45 mm diameter extruder with -
an LDPE. -
i i S 200+
The die characteristic curves are Landel K1, K2, K3, and K:l in ascending =t
order of die restriction. Here, K1 represents a low resistance die such as f%fh a o ool
thick plate, and K4 represents a restrictive die, such as is used fgr film. - e
different screw characteristic curves represent different screw rotational speeds.
In a screw characteristic curve the point of maximum 'throughput a_ngil nz 0 l : ; |
pressure build-up is called the point of open discharge. This occurs when ther ] . B oo gie S

is no die. The point of maximum pressure build-up and no throughput is called

: Figure 6.7 Conventional extruder pressure distribution.
the point of closed discharge. This occurs when the extruder is plugged.
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The simplest mechanism for ensuring high friction between the polymer 800

and the barrel surface is grooving its surface in the axial direction [4, 5].
Extruders with a grooved feed section where developed by Menges and
Predohl [4, 5] in 1969, and are called grooved feed extruders. To avoid excessive

pressures that can lead to barrel or screw failure, the length of the grooved Sa0
barrel section must not exceed 3.5D. A schematic diagram of the grooved

section in a single screw extruder is presented in Fig. 6.8. The key factors that -

propelled the development and refinement of the grooved feed extruder were 8 400

the processing problems, excessive melt temperature, and reduced productivity a 1

posed by high viscosity and low coefficients of friction typical of high

molecular weight polyethylenes and polypropylenes. - i
l
l

_ seal thermal ingulator
N ___ & ° |
— ' = | ] ] T 1 1
/ s T . 0 5D 10D 15D 20D 25D I

Figure 6.9  Grooved feed extruder pressure distribution.

[ —— |
! ,M‘jr_—j;r:l = ‘mns |
g b ‘ e ‘
= E |
80f O [ /Q N=185 rpm !
groaves cooling lines N=160 |‘
heated barrel ] ] / ‘
__ 60
Figure 6.8  Schematic diagram of the grooved feed section of a single screw extruder. g o N=120 .
2 7
F 40 ] / / /
In a grooved feed extruder, the conveying and pressure build-up tasks are y y Ne80
assigned to the feed section. Figure 6.9 presents the pressure build-up in a
single screw extruder with a grooved feed section. The high pressures in the 20 f o
feed section lead to the main advantages over conventional systems. With b i /S S
grooved feed systems, there is a higher productivity and a higher melt flow ‘// |
stability and pressure invariance. This is demonstrated with the screw = ‘ | ‘ g |
characteristic curves in Fig. 6.10, which presents screw characteristic curves for a 0 100 200 300 400 500
45 mm diameter grooved feed extruder with comparable mixing sections and | AP (bar)

die openings as shown in Fig. 6.6. Figure 6.10 Screw and die characteristi
¢ curves for a i
extruder with an LDPE. grooved feed 45 mm diameter '

, » T;i(‘)tf;avic:r of (;he }two extruders in Figs. 6.6 and 6.10 are best compared if
1 hput and the press build- -di i i
im0 i b is ure build-up are non-dimensionalized. The
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194 Influence of Processing on Properties

i (6.1)

1
PND

and the dimensionless pressure build-up is

- ApD
Ao = 6.2
¢ mN"L. B2

where L represents the total channel length and for a 25L/D extruder is

I, - '.350 (6.3)
sin(¢)

where fis assumed to be 17.65° (square pitch). Figure 6.11 presents the results
shown in Figs. 6.6 and 6.10 after having been non-dimensionalized using Eqs.
6.2 and 6.3. The figure clearly shows the higher productivity of the grooved
feed extruder where the throughput is at least 50% more than that observed
with the conventional system for a comparable application. Used with care,
Fig. 6.11 can also be used for scale-up.

¢ N=185rpm
' o N=160 rpm ‘
100- v N=120 rpm
‘ O N= 80 rpm )
0-||— 0 1 I T l
0 5 10 15 20 25
ApD
mN"L

Figure 611 Dimensionless screw characteristic curves for conventional and grooved
feed extruders.
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6.1.1.2 The Melting Zone

The melting or transition zone is the portion of the extruder were the material
melts. The length of this zone is a function of the material properties, screw
geometry, and processing conditions. During melting, the size of the solid bed
shrinks as a melt pool forms at its side, as depicted in Fig. 6.12a which shows
the polymer unwrapped from the screw channel.

4 Solid bed

Unwrapped channel

/ ) Leading flight
Trailing flight / W Melt film
le

l /
s O "— | | s
i

. v)
Figure 6.12 (a) Solids bed in an unwrapped screw channel and (b) screw channel
cross section.

Figure 6.12b presents a cross section of the screw channel in the melting
zone. The solid bed is pushed against the leading flight of the screw as freshly
moli;en polymer is wiped from the melt film into the melt pool by the relative
motion between the solids bed and the barrel surface.
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196 Influence of Processing on Properties

Knowing where the melt starts and ends is important when designing a
screw for a specific application. The most widely used model to predict melting
in a plasticating single screw extruder is the wel'l known -Tadmor M.odgl [5].
Using the Tadmor Model, one can accurately predict the _sohd bed profile in the
single screw extruder. Figure 6.13 presents the experimental and prechct_ed
solids bed profile of an LDPE in a single screw e?<truder. The r‘naterxal
properties and processing conditions used in the calculations are given mn Table

6.2.

Qo o o e i e e R L I (NI A
; 0.9} P}}A 1
£ 08} N 4
2 o7f °eg;;‘ L WP I -
© 0.6 236460 = o0 o
g 0.5 GAAAAA ° A _|
@ 0.3+ P i)
'§ 0.2k Ae X/W at barrel surface Model \_
=}
o
(O]
o«

0:1 t Ao X/W at screw root =
0.0 Loy La Yl g Uy l-\w—'\-.l_\—é—w“ﬁ—
5 7 9 11 13 15 17 18 21 23 25 27

Tumns
Figure 6.13  Predicted (Tadmor Model) and experimental solids bed profile.

Extruder Parameters, Processing Conditions, and Material Properties for

Table 6.2 ing ¢
the Solids Bed Profile Results in Fig. 6.13.

Extruder Geometry:
Square pitch screw, D=63.5 mm, L/D=26.5, W=54.16 mm

Feed zone -12.5 turns h1=9.4 mm
Transition zone - 9.5 turns h1=9.4 mm
Metering zone - 4.5 turns hp=3.23 mm

hp=3.23 mm

Processing Conditions:
Tg=24°C Tp=149°C N=60rpm Dp=204bar =618 kg/hr

Material propertics (LDPE):

Viscosity: n=0.345 a=0.01°C"  mg=5.6x10" Pa-s" Tm=110°C

Thermal:
km=0.1817 W/mPC  Cm=2.59 kI/kg°C
Pbulk=595 kg/m'  ps=915.1 kg/m
2=129.8 kJ/kg

Cs=2.763 K]/ kg°C

pm=8527 + 5.018x107p - 0.4756T |
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From experiment to experiment there are always large variations in the
experimental solids bed profiles. The variations in this section of the extruder
are caused by slight variations in processing conditions and by the
uncontrolled solids bed break-up towards the end of melting. This effect can be
eliminated by introducing a screw with a barrier flight that separates the solids
bed from the melt pool. The Maillefer screw and barrier screw in Fig. 6.14 are
commonly used for high quality and reproducibility. The Maillefer screw
maintains a constant solids bed width, using most effectively the melting with
melt-removal mechanism, while the barrier screw uses a constant channel
depth with a gradually decreasing solids bed width.

Barrier flight <

Maillefer screw

Barrier screw

Figure 6.14  Schematic diagram of screws with different barrier flights.

6.1.1.3 The Metering Zone

The metering zone is the most important section in melt extruders and
conventional single screw extruders that rely on it to generate pressures
sufficient for pumping. The pumping capabilities in the metering section of a
single screw extruder can be estimated by solving the equation of motion with
appropriate constitutive laws. For a Newtonian fluid in an extruder with a
constant channel depth, the screw and die characteristic curves for different
cases are represented in Fig. 6.15. The figure shows the influence of the channel
depth on the screw characteristic curves. A restrictive extrusion die would
clearly work best with a shallow channel screw, and a less restrictive die would
render the highest productivity with a deep channel screw.
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6.1.2 Extrusion Dies
il e Operating points

.\ Less restrictive die The extrusion die shapes the polymer melt into its final profile. The
‘ (Thick sheet)

‘ :. Deep channel screw extrusion die is located at the end of the extruder and its used to extrude

e Flat films and sheets

» Deep channel screw * Pipes and tubular films for bags
m| (Higher heater temperatures) ¢ Filaments and strands
. \ * Hollow profiles for window frames
Shallow channel screw | e Open profiles
. As shown in Fig. 6.17, depending on the functional needs of the product,
/ Re(_f_'giiﬁ“f‘i’l‘:n;j'e several rules of thumb can be followed when designing an extruded plastic

profile. These are:

A\

* Avoid thick sections. Thick sections add to the material cost and increase
sink marks caused by shrinkage.

ot i * Minimize the number of hollow sections. Hollow sections add to die cost
i haracteristic curves (Newtoman). Minimize : ho

Figure 615 Screw chara ) and make the die more difficult to clean.

In both the grooved barrel and the conventional extruder, the diameter of * Generate profiles with constant wall thickness. Constant wall thickness
the screw determines the metering or pumping capacity of the eth“dﬂ" Figure in a profile makes it easier to control the thickness of the final profile
61‘36S presents typical normalized mass throughput as a function of screw and results in a more even crystallinity distribution in semi-crystalline
diameter for both systems. profiles.

2T' Grooved Feed

Bad design

1 q— ° Conventional .

|
|

g | =

Ap

Improved designs

K (kg » min / hr)

1

s I

Cost increase

0.+ . Figure 6.17  Extrusion profile designs.

0.2- ‘

0 1‘7 1,,\_|_Ol_l e 6.1.21 Sheeting Dies

10 5
. 5 E;(mr:il)grooved e extrudis. o \ One of the most widely used extrusion dies is the coat-hanger sheeting die. A

Figure 6.16 Throughput for conventional an

| sheeting die, such as depicted in Fig. 6.18, is formed by the following elements:
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« Manifold: evenly distributes the melt to the approac:l\ or llem((i1 ‘relg'ion 6.1.2.2 Tubular Dies
1 . i the manifold to the die lips
. gPplx:oach orfla:;‘r:ll.t g:rfnmejl t:}fa;‘if;l; f;;)?;xe Ee“ In a tubular die, the polymer melt exits through an annulus. These dies are
* Die lips: perio : : 4 d to extrude plastic pipes and tubular film. The film blowing operation is
: : 4 iform profile used to plastic pip e g opera
e Flex lips: for fine tuning when generating a un

discussed in more detail later in this chapter.

Choker bar The simplest tubing die is the spider die, depicted in Fig. 6.20. Here, a
\ ; symmetric mandrel is attached to the body of the die by several legs. The
A polymer must flow around the spider legs causing weld lines along the pipe or

film. These weld lines, visible streaks along the extruded tube, are weaker

\ : - f regions. |

Flex-lip X \ 4 s |
DA % ‘ ¢ I — Heaters |
e | ‘ |
N33 = § ‘—ﬂ : | !
[N F il \
n ~— NS |
Removable lower lip | = |
' [ | ’ !
Manif‘old ‘ _‘: | l‘
Figure 6.18  Cross section of a coat-hanger die. I |

Figure 6.20  Schematic of a spider leg tubing die. ‘
To generate a uniform extrudate geometry at the die lips, the geometry of ’

: e i . FHi 6.19 presents the
th{? maéufo;cjjl ;:;;s}t-, agf;erssti:glfvl\;& :%gzzs?:;aetii‘;tribf;éi that coFr’responds to To overcome weld line problems, the cross-head tubing die is often used.
schematic o -

€ ; 2 t to mention that the flow Here, the die design is similar to that of the coat-hanger die, but wrapped '
a-gie st render§ & umfo;m the xtrud:(t;cg ;Soﬁngééaeid (c)m the non-Newtonian around a cylinder. This die is depicted in Fig. 6.21. Since the polymer melt I
though _the manifold an ir agsd So the design of the die depends on the must flow around the mandrel, the extruded tube exhibits one weld line. In
Pﬁopeirlgs Qf th}fet?:\}zjor?f; T}’ie l};olyl;ler Hence, a die designed for one material addition, although the eccentricity of a mandrel can be controlled using
shear thinning : g

adjustment screws, there is no flexibility to perform fine tuning such as in the

does not necessarily work for another. coat-hanger die. This can result in tubes with uneven thickness distributions.

Manifold

Pressure (bar)

=" Island or
approach

Choker bar

distribution i t-hanger die Figure 6.21  Schematic of a cross-head tubing die used in film blowing.
Figure 6.19  Pressure distribution in a coat- 3
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nl d to extrude tubular blown films, eliminates When creating a polymer blend, one must always keep in mind that the
commonly used to 4

‘, The spiral die, ically homogeneous blend will probably be remelted in subsequent processing or shaping
| weld line effects and produlce§ " theg:? g)ile %n:wge&:figﬁaséveral fe%d ports processes. For example, a rapidly cooled system, frozen as a homogenous
extrudate. The polymer me't in  Sp e circumference of the mixture, can separate into phases because of coalescence when re-heated. For all

into independent spiral channels wrapped around th

; = tical purposes, such a blend is not processable. To avoid this problem,
mandrel. This type of die is schematically de icted in Fig. 6.22. prac
I. This type of die i tically dep

compatibilizers, which are macromolecules used to ensure compatibility in the
boundary layers between the two phases, are common [6].

The mixing can be distributive or dispersive. The morphology
development of polymer blends is determined by three competing
Mechanisms: distributive mixing, dispersive mixing, and coalescence. Figure
6.23 presents a model, proposed by Macosko and co-workers [6], that helps us
visualize the mechanisms governing morphology development in polymer
blends. The process begins when a thin tape of polymer is melted away from 1
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)

the pellet. As the tape is stretched, surface tension causes it to rip and to form l
g into threads. These threads stretch and reduce in radius, until surface tension ’
S becomes significant enough which Jeads to Rayleigh distrurbances. These cause
Spi \l drel manifold the threads to break down into small droplets. |
piral mandrel man
Morphology without \ o
compatibilizer
00 e |
Figure 6.22  Schematic of a spiral die. Coalescons™ ‘800 o 1 ;,
© © 000 ¢ ce0 ]
! Morphol i
Poo °ce o 3083’.," wit corm s ibikzer il
i & X - oe; \ | il |
6.2 Mixing Processes e |
( ® |
Toda most processes involve some form of ml)ﬂng As discussed in the - - \ Dispersion
ecay: : : extruder is a mixing zone. In fact, Rayleigh 2 |
previous section, an integral part of a screw = ; imilarly, the disturbances ! ,
most twin screw extruders are primarily used as mixing dev1ce_s. .Slm ar y’Th‘ | il
| plasticating unit of an injection molding machine often hz.zls a mixing zone;. is o \ ‘ < it
is im rta;t because the quality of the finished product in almpst all polymer Torsad ot Il
is z:es depends in part on how well the material was mixed. Both the component ‘(
roce :
Emterial properties and the formability of the compound into shapesi_ part? :l}rlz I
highly influenced by the mixing quality. Hence, a better understanding o
mixing process helps to op , |
A Hole formation due to |
quahty. interfacial instability fo ‘

i ixing i i istributing
)\ blending or mixing is accomplished 'by distri
The process of polymer d;sry component within a major component -
be thought of as the continuous | ;
d or dispersed phases in the

Sheet or ribbon of the

or disperSing a minor or secon ! secondary component

serving as a matrix. The major component can
phase, and the minor components as distribute
form of droplets, filaments, or agglomerates.

Figure 6.23  Mechanism for morphology development in polymer blends.

C4
Distribution ‘
S = . t i
timize processing conditions and increase par . . ‘
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There are three general categories of mixtures that can be created:

« Homogeneous mixtures of compatible polymers,
* Single phase mixtures of partly incompatible polymers, and
« Multi-phase mixtures of incompatible polymers.
Table 6.3 lists examples of compatible, partially incompatible,
incompatible polymer blends.

Table 6.3  Common Polymer Blends

and

Compatible polymer blends

Natural rubber and polybutadiene
Polyamides (e.g., PA 6 and PA 66)
Polyphenylene ether (PPE) and polystyrene

Partially incompatible polymer blends

Polyethylene and polyisobutylene
Polyethylene and polypropylene (5% PE in PP)
Polycarbonate and polybutylene terephthalate

Incompatible polymers blends

Polystyrene/ polyethylene blends
Polyamide/ polyethylene blends
Polypropylene/ polystyrene blends

6.2.1 Distributive Mixing

Distributive mixing or laminar mixing of compatible liquids is usually
characterized by the distribution of the droplet or secondary phase within the
matrix, This distribution is achieved by imposing large strains on the system
such that the interfacial area between the two or more phases increases and the
Jocal dimensions, or striation thicknesses, of the secondary phases decrease.
This concept is shown schematically in Fig. 6.24 [7]. The figure shows a Couette
flow device with the secondary component having an initial striation thickness
of &,. As the inner cylinder rotates, the secondary component is distributed
through the systems with constantly decreasing striation thickness; striation
thickness depends on the strain rate of deformation which makes it a function
of position. The total strain that a droplet or secondary phase undergoes is

defined by

v (@) = [Y(®dt - (6.4)

where 7 is the magnitude of the strain rate of deform tion defined by Egs. 4.7
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fmtd 4.8, iapd 7 is an arbitrary_ point in time. For a sphere, which is deformed
into an ellipsoid, the total strain can be related to the striation thickness using

-025

8=2R(1+7?) 65)

3 Revolutions

Final system

Ilgure 6.24 Expemnental sul
s of distributi mixing in C and
re: t distr ve g ouette ﬂOW, schematic of

6.2.1.1 Effect of Orientation

Hz&osmg large strains on the system is not always sufficient to achieve a
posit(i)gsns?l:}sq n;uxture. The type of mixing device, initial orientation and
e o e two or more fluid components play a significant role in the
ot Jid eI mlgfur.e'. For example the mixing problem shown in Fig. 6.24
e n%lin ously distributes tth .melt within the region contained by the
i iseshcut across by the ’mltlal secondary component. The final mixed
Wby shown in Fig. 6.24. Figure 6.25 [8] shows another variation of initial

ion and arrangement of the secondary component. Here, the secondary
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206 Influence of Processing on Properties

hase cuts across all streamlines, which leads to a homogeneous mixture
throughout the Couette device, under appropriate conditions.

Figure 6.25  Schematic of distributive mixing in Couette flow.

A common way of quantifying mixing is by following the growth of the
interface between the primary and secondary fluids. In a simple shear flow, a
simple expression exists that relates the growth of the interface, the strain, and
the orientation of the area of the secondary fluid with respect to the flow

direction [9]:

L. y cosa (6.6)

where A, is the initial interface area, A is the final interface area, y is the total
strain and « the angle that defines the orientation of the surface, or normal
vector, with respect to the direction of flow. Figure 6.26 [2] demonstrates this
concept. Here, both cases (a) and (b) start with equal initial areas, A,, and
undergo the same amount of strain, y =10. The circular secondary component
in (a) has a surface that is randomly oriented, between 0 and 2, whereas most
of the surface of the elongated secondary component in (b) is oriented at /2
leading to negligible growth of the interface area. An ideal case would have
been a long slender secondary component with a surface oriented in the
direction of flow or vertically between the parallel plates. Hence, the maximum
interface growth inside a simple shear mixer can be achieved if the direction of
the interface is maintained in an optimal orientation (cosa=1). In a simple
shear flow this would require a special stirring mechanism that would
maintain the interface between the primary and secondary fluid components in
a vertical position. Erwin [10] and Ng [11] demonstrated this in an experimental
study that involved placing black and white polyethylene blocks in a Couette
device (Fig. 6.27a). Figure 6.27b shows that after applying a small amount of
shear, the surfaces that were originally oriented in the radial direction have
stretched a certain amount and have changed their orientation. It is clear from
the photograph that the same surface tends to align with the planes of shear,
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reducing the mixing efficiency of the process. Hence, in o i
le;ifectlveness of the mixer Ng [11] took the Couette colntentr:relrd t::nlrlltc rif:tliente}:/s
2 [‘?jCks’ that were pl.aced _msxde the Couette device rotated by 900(Fig. 6.27c)
mo:ecl;?fn%fid Te ?rxfn;fho?f of the surfaces back to a position where the)./ can
ectively feel the effects of deformation. By repeating this d
several times, Erwin and co-workers [10, 11] were a{;le tﬂ demgcm te that the
N - ! it
etxkr‘ea g.ro.wth is also a function of the number of re-orientation that o?;irﬂ;::rit;l :
e mixing process. If N is the total number of shearing stages, separated b :
re-orientation, the area growth can be computed using . ’e

(6.7)

where y, . is the total strain applied during th i i

El‘.Wln [10] demqnstrated that thg) I1)1pper bouncgi foi t?lreO;:g(SeZI 11-11151;15 1t: }Sog?\zc'ept/
mixer that applies a plane strain extensional flow or pure shear flow to lgla
fluid and vyhere the surfaces are maintained ideally oriented during the whole
process; this eccurs when N == and each time an infinitesimal ammgmt of sheai

is applied. In such i i
re1ag£n it a system the growth of the interfacial areas follows the

L 6.8)

In Erwin's i i ixing i
n's ideal mixer the amount of mixing increases in an exponential

faShiOIl, COIIlpaled to a hneal increase if t]le orientation of ”Ie e
. .
ﬂuldS' int rfaces

e
LLLLLLLLLLL LIPS LSS I LIS LI L LS
- ~~—

(a) (b)

Figure 6.26  Effect of initial surfaCe orientation on distributive mixing.
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208 Influence of Processing on Properties

Figure 6.27  Couette deformation and reorientation scheme.

6.2.2 Dispersive Mixing

Dispersive mixing in polymer processing involves breaking a secondary
immiscible fluid or an agglomerate of solid particles and dispersing them
throughout the matrix. Here, the imposed strain is not as important as the
imposed stress which causes the system to break-up. Hence, the type of flow
inside a mixer plays a significant role on the break-up of solid particle clumps
or fluid droplets when dispersing them throughout the matrix.

6.2.2.1 Break-Up of Particulate Agglomerates

The most common example of dispersive mixing of particulate solid

agglomerates is the dispersion and mixing of carbon black into a rubber
compound. The dispersion of such a system is schematically represented in Fig.
6.28. However, the break-up of particulate agglomerates is best explained using
an ideal system of two small spherical particles that need to be separated and

dispersed during a mixing process.

If the mixing device generates a simple shear flow, as shown in Fig. 6.29,
the maximum separation forces that act on the particles as they travel on their

6 Introduction to Processing 209

:;ﬁi?lgf (l)ccu;lwhen T?}llley are oriented in a 45° position as they continuously
r ring flow. e magnitude of the fo i
agglomerate” is given by [12] e g o sepaate the

— D
—— S
— T
p——

/ e

Figure 6.28  Break-up of particulate agglomerates during flow.
NANNNNN ‘7 N N\ NN 0
j Fshear
=
Fshear
N N\ N\ NN N

Figure 6.29  Force applied to a two-particle agglomerate in a simple shear flow

F = )
shear 3”7’])”' (6 X 9)

where 7 is the viscosity of th i id,
e carrier fluid, y the magni i
and r are the radii of the particles. ! e

However, if the flow field i
. \ geperated by the mixing device i
elongational flow, such as shown in Fig. 6.30, the partifles wil]e E:JSWZygul;:

riented at 0 ’ the Osition (&) i
() ) o, ma i
: ‘y . L p f Ximum IOICG. The magnltude ()f the fOICe fOI
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1 N
\ K e
R
e S
Felong‘—w’_’ Felong
-
d - >
A v
4 4

Figure 6.30  Force applied to a two-particle agglomerate in an elongational flow.

F gy = 6707177 (6.10)
which is twice as large as the maximum force generated by .the system th}:?t
roduces a simple shear flow. In addition, in an c_alongatlonal flow, the
ggglomerate is always oriented in the direction of maximum force generatloﬁl,
whereas in simple shear flow the agglomerate tumbles quickly through the
position of maximum forcet. ' |
The above analysis makes it clear that for mixing processes which retgiun’ef
break-up and dispersion of agglomerates, elongation 1s the preferred mode o
deformation. This is only valid if the magnitude of the rate of defor.mfit}og
tensor can be kept the same in elongation as in s'hear. Hence, when optimizing
mixing devices it is important to know which mode of deformazllofg 13
dominant. This can be accomplished by computing a flow number [13], define
by
D (6.11)
Y-
eformation tensor and « the
’

i ici f 0 implies pure rotational
nitude of the vorticity tensor. A flow number o 1 :
rf?:vg./ a value of 0.5 represents simple shear flow, and pure elongational flow is

implied when 1is 1.

where 7 is the magnitude of the rate of d

- " N
4 A full description of the relation between flow field and rotation of fibers and agglomerates 15 givel

in Chapter 7.
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6.2.2.2 Break-Up of Fluid Droplets

In general, droplets inside an incompatible matrix tend to stay or become
spherical due to the natural tendencies of the drop trying to maintain the
lowest possible surface to volume ratio. However, a flow field within the mixer
applies a stress on the droplets, causing them to deform. If this stress is high
enough, it will eventually cause the drops to disperse. The droplets will
disperse when the surface tension can no longer maintain their shape in the
flow field and the filaments break-up into smaller droplets. This phenomenon
of dispersion and distribution continues to repeat itself until the deviatoric
stresses of the flow field can no longer overcome the surface tension of the new
droplets formed.

As can be seen, the mechanism of fluid agglomerate break-up is similar in
nature to solid agglomerate break-up in the sense that both rely on forces to
disperse the particulates. Hence, elongation is also the preferred mode of
deformation when breaking up fluid droplets and threads, making the flow
number, A, an indispensable quantity when quantifying mixing processes that
deal with such systems.

A parameter commonly used to determine whether a droplet will disperse
is the capillary number defined by

G (6.12)
g

where 7 is the flow induced or deviatoric stress, R the characteristic dimension
of the droplet and o the surface tension that acts on the drop. The capillary
number is the ratio of flow stresses to droplet surface stresses. Droplet break-up
occurs when a critical capillary number, Ca,,, is reached. This break-up is
clearly shown in Fig. 6.31 [1], which shows the disintegration of a Newtonian
thread in a Newtonian matrix. Because of the continuously decreasing thread
radius, the critical capillary number will be reached at some specific point in
time. Due to the competing deviatoric stresses and surface forces, the
cylindrical shape becomes unstable and small disturbances at the surface lead to
a growth of capillary waves. These waves are commonly referred to as
Rayleigh disturbances. Disturbances with various wavelengths form on the
cylinder surface, but only those with a wavelength greater than the
circumference (2nR;) of the thread lead to a monotonic decrease of the
interfacial area.

Figure 6.32 [14] shows the critical capillary number as a function of
viscosity ratio, ¢, and flow type, described by the mixing parameter 4. For a
Viscosity ratio of 1 the critical capillary number is of order 1 [1].
Distributive mixing is implied when Ca is much greater than Ca,, since the

crit
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S rieoryer
>DOOQOQQOoQ°

isi i i diameter castor oil thread in a
Figure 6.31 Disintegration of a Newtonian 0.35 mm
A Newtongjran silicon oil matrix. Redrawn from photographs taken every

second.
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Figure 6.32 Critical capillary number for drop break-.up as a function of viscosity
ratio in a simple shear and a 2-D elongational flow.

interfacial stress is much smaller than shear stresses. For such a c;:aselzhf
capillary waves which would cause Firoplet break-up wofultc\i no'tt' (]avga (})r
Dispersive mixing is implied when Ca is close to the va_]ue of the critica 2
when interfacial stresses are almost equal to the deviatoric stresses _Epu'e-teg
droplet break-up. In addition, break-up can m}]y occur 1f'enough tu:e is glr\ow
for this to happen. The disturbance amplitude, «, is assumed to §

exponentially as
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a=qe” (6.13)

where a, is the initial disturbance amplitude, sometimes assumed to be 0.3% of
the thread radius, and the growth rate g defined by

B (6.14)
2n,R,

In the above equation R, represents the initial radius of the thread and Q a

dimensionless growth rate presented in Fig. 6.33 as a function of viscosity ratio

for the wavelength disturbance amplitude which leads to break-up. The time

required for break-up, #,, can now be computed using the above equations as

g = éln(a% 0) (6.15)

Q(}‘max)

108 103 1071 101 103 105

nymz

Figure 6.33  Dominant growth rate of interfacial disturbances as a function of
viscosity ratio.

where @, is the amplitude at break-up which for a sinusoidal disturbance is
Q, =\/%Ro. The break-up time decreases as the critical capillary number is
exceeded. The reduced break-up time 7, can be approximated using [14]

C -0.63
E a
f, = t,,( = ) (6.16)

crit
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