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Suspersion, emulsion, bulk and solvent techniques convert viny! chloridz mono-
mer into polyviny! chlorides. Initliating the reaction and controliing polymer size,

length and molecuiar vveight depend to 2

large extent on the chemistry and on the

{ype of multiple-phasec relations that occur during the course of polymerization.

LYLE F. AIBRIGHT, Purdee University

Polyviny i chlaride polymers (commonly called PVC
potviners) arc tie second largest family of high poly-
rers in the U.S, based on the amount prodiced. Ia
1966, production waz over 2 Lillion Ib., or over 1777 of
all plastics. The terin “PVC polymers” as nsed here
will incluoe materiais produced by polymerizing pure
vinyl chloride (VC), or mixtures of comonumsrs that
arve pradomd vinyl chiloride.

PVC polymers ave by far the most important mem-
ber of the family of vinyl pelymers,® which nermally
include: pohvvinyi ehlonide, polyvinyl acctate. palyvinyd
alcoho], poivvinyi acetals and polyvinylidene chloride.

Production of IPVC polyviners sirce 1955 has giown
almost 153% /xr. in the U.S.'- 1'% This rate is exyrected
to remain af this level for the next five vears. I muiny
parts of the world, production hins increased cven more
rapidly then in the U.S. In 1016, the U.S. produced
807¢ of all PVC, but it only mukes about 257 cur-
rentiy. The wmcont of I'VC prodaeced in Convian Mai-
ket counntries now surpasses thau in this country, and
Japancze ouipui is over half of that in the U.S

Part of the major increase for PVC )no(!uuum in
the 1041 of the world is caused by delavs in getting
adequate prodaciion of other thermepiustic pulymers,
including polyvethylene. When othicr polymers are pro-
duced abread in larger quantitiecz, they may displace
PV for certain vees, Nevertheless, the averagre annual
growth rate for I'VC polymers is estimated to be s3b-
stantiz! in most coantries, and o vary between 12 and
14% for the Common Market {rom 1965 to 1070,

Ineraased production of PVC darine the last few
years has Leen eaused in part Inoa steady and swe-
nifdvant decrease in the selling price. Present prices for
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the general-purpoze grade PVC ave 135¢/1b., or much
lower for quantity purchases. Projoections based con
recent preocess improvenients (particularly those fm
vinyl chleride manufactire) indicate that PVC
sell for less than 10c/Ib. (based on 1965 doliars} by
197010 At Jeast 23 companies in the U.S. presently
produce and =ell P'VC resins.

The usez for PVC are many and varied, as indicazed

n Table 1.7% Extreinely wide variations in the physical
propmtnx arc possible because of several major nrudi-
fications that include plisticized polymiers or coepe's-
mers praduced primarily Trom viny) chiaride. PV nio
ducers are spending large amounis of mouey in o1
eifort to find new uses aud te develop improved . od
ucts, ‘They have high hopes for:

. Developing clear PVC pelymers that can be us>d

End-uses for polyvinyl chloride poclymers anti
copolymers during 1965 in the U.S.—Table |
Flexible polyviny! chicrides
Coatin s 40T CObES . i ittt et 1275
Films and sheets. . o ieiiiiniiiie i ianiscnoncansans 157
[ LT ] T RPN 1775
[0 T L LY P 107
tdisccitzreous extruded products. ..o vveiiieiasennrannss 1475
MG CeIICOUS USBS. ittt iiiiianreneeenarannaaaasnans 147
9375
Hizid pulyviryl chlorides
Thims end IUNGS . o i iiiar e aaann Ceveeieeeans 5%
Boitles, reccrds, eConnnnnn., e eeeerateineaetaneeas T
fuimis ang shects oo iiiiiiininens treseeriaoan veaeee &5
100
Data calcutane & from Clrewer.?
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The Chemistry of Vinyl

Vinyi ehlotide or mixtures of comoncme:s that me
predommantly vinyl chlanle are polyiernized  come-
mierctaily by frce-vadieal charn re cetiuns that are quite
similar in the basic steps ta those of hreh-prosaue
Tohvmenzation  of  cthylene.* The basic steps and
lkinctics for vinyl chlonde poivimerizacon follow.

Tuitiation is novmally accomplished with a compound
that forms fice radicals at relatively lew temperatues,
Initintors in large-scale use for vinyl chloride poly-
merization are laura)! perovide, izovropyl petcarbanate,
and azo-bis-sobutyvionnrile About S0/ of ol peroxide
initiatogs  (for polvmerization of vairious polymers)
are used for vinyl pelymers, including polyvinyl ace-
tzte. Consumpuion of peroxide mitatars totals ahout
13 to 1t imithon 1b. vr. Chemical steps that ec~ur during
initiation are:

L4

I —= 2L

Ye 4+ CiL,=CHCl = R-—CIT,—¢11C)

v
)

where Iie is a free radical obtained from the initiator
I, and It is the rate constant for Fq. (1). The imtiator
fragment Re becomes incorporated in the iree radical
formed in Eq. (2).
The rate of decomposition of I is:
—dD 4t = k(D (6]

where the parentheses zround I in Eq. (3) indicate
concentration of 1 in the solution. [Parentheses will he
used similarly in other kinetic equations in this article.]

Since two free-radicals Re are fuimed from cach
decamnosition of 2n initiator molecule, and since only
a fraction j of Ile rcacts via I2q. (2):

A0e) fat — 2, 10y (1)
where Me is the free radical formed after the addition
of a vinyl ehloride molecule to a tree radical such as Re,

Prepageting involvag addition of vinyl chloride to
free pudical at the end of a growing chain.

. i
w1 (—=CH— CHCD = CH—CHCl + CH,==CHCl ——
R(—CH,—CHCY, 4—CH—~CUCl (5)

where » vanies fiom zero to a very larze number. The
reaction-rate constanl h» for the propapgation steps is
considired to be independent of chain length, e, the
value of ». Such an a<sumption has been verified for
many types of freearwdical palymerizations. The kinetic
cquation for Eg. (5) is then:
~dCH.==CHCO/dt = k(M) (CH,==CHCD

is, in this case, the concentration of:

R(—CH—=CHCH. —=CU.—ClIC]

Termiretion gteps, in which the concentration of frce
radicals decreases, often involve the reaction hetween
two erovwing chams Me, Counling is css ntially the com-
bination of (Med., and (Med, to form M.-M.o wheie »
and morefer to the numner of (—~CH.CHOL <) gouns
inceach chan, Nesprapor vonation resulis in two polvmer
neolecit<, Mo and M. one of the molecules 1~ saturated,
and e other has o double bond at one end. The rate
cgnation is:

(Y

where e

—d(\MaY/ I = (")

whore L,ois the rate eonaiant fer tenmination by hoth
coupline and disproportionation, Fae ateger, 2, 0. re-
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Chloride Polymerization

quited, s'nee two free-radicals are destroyed by each
terpunation reaction,

The steadyostate approvimation 13 often applicable
to free-radical polymenizations, includingg these of vinyl
chloride. Tias approvimatien savs that d(Me) ¢ ap-
proaches and remains equal to zere for most of the
pelymer.zation Therefore, the sum of Egs. (4) and (7)
1= zero, and hence:

[

(Uld

(\Mey =( -~ (S)

Substituting Eq. (8) into Eq. () yields:
_ A=y (1
R N

12 -

L (CH=CHCH (I (@

If f has a lsw value, it is then essentially divectly
proportional  te (Me}., In this case, the rate
of wvinyl calotide polymerization 1s proportinual 1ta
(CH.=CHC})™ -,

Since (1) and (CH.=CIIChH vary with tine, g, (1)
or its madiications has frequently been u:ed only for
determining initial rates of polymerization—in which
case, the quantitivs (I and (CH.=CHCl) refer tn tne
initial concentrations. Eq. (¢) has been found to vep-
resent the kinetic data for some polymerizations of
vinyl chlotide that occur in dilute solutions. This evi-
dence tends to substantiate the proposed model for the
reaction. However, when concentrated solution: or un-
diluted vinyl chlorides are used, the equation does not
fit the data. In suspension polymenrization, which is of
major industrial importance, vinyi chloride is present
in an und.lated state.

Chawn-transier steys are methods of terminating the
ciowth of a free-radical chaing but, in the process, the
1iadical 1s tran-ferred to another molecule. Tne net
1esult is that there is no decrease in the concentration
of free racicals. Chain transfer can occur with vinvi
chloride as foliows:

R(—CIH—~CHCly---CH.—CHCl 4+ CH.~CHCl—
R(—CH—CHCH, —CHCHCL + CH=CH

Vinyl chimide ean add to the radizal CIIL=CI to
form another wowing chain, However, some of thesc
1adicals act to terminate and destroy other fice radi-
tals.” For example:

20 H=CN — CIL—-Cll- -CU=CH,
(Butadiend)
Butadiene acts as a chain ternunator. When it wdds to
a wrowing chamn, an unreactive resonance-stabilired
alivhradiea i~ formed.

Chain transfer can alse oceur with the initiator or
PVC polymer molecule. With the latter, a lon:c-chuin
branch will form. Chain-tran~fer steps in which an-
sher acuve radical is formed do not et the over-all
rate of peivorerization. Usualiy, the molecular weiaht
of the polymer i~ decrcased when transfer is with
vinyl chiloride or with the imitintor; hut it is not de-
creased when tansfer is with a polymer moiccule,

Operatinzg conditions  durnne polvimerization atfect
tire characieristics of I'VC molecules. As a rule, n-
creimsed  tewrpesature and incrcased concentiations of
inthator dectense the molecular weivht of the PVE
polviner. Chian byanchinge becomes of inercased ime-
portance wieg the contentration of polymer tnnlds up,
Pooat Lieh degree of polymerization, Various additnes
such as thowe ueed in supension and cmuolsion poly-
merization wo peswdt in chain-tiansfer steps,
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for feod pachaging. At present, PVC film has found
wide aceeptance as a meat-wrap, and some believe that
it will dorminate this field by 1968, Suitable plasticizers
that can get elearance from the Food and Drug Admin-
istrition are not ahwvayvs available for other types of
film, or blow-mmded bottles, Revnolds Metals has pub-
lierved sume features of its process to form a heat-
shrinkabie PVC film that is plasticized with an epoxi-
dized soybean cil. or simiiar material.® This latter film
is propesed for irregularly shaped articles such as
fruits, vegetables or frankfurters, Necently Air Ieduce-
tion Co. has snnounced a propyiene-modified PVC that
is clem and has received FDA clearance.®

2. Intreazing use of PVC polvmers in buildings®.3
An effort iz heiny made to develop suitable polymers
for sidiug, window frames, conduiis. gutters aud til-
ing. In many cases. it is neceszary to have archaic
building cedes changed to allow use of these plastics
for building components.

Polymerization Fundamentals

More than one phase exists during polymerizations
of vinyl chloride. This is particularvly true in suspen-
sion or emulsion polymerization—presently the two
mest common commercial methods. In both methods,
at least two phases are alwavs present, namely the
discontinuous organic phase and tke continuous water
phasz. However, as polymerization progresses, there
is botl: a vinyl chloride phase and a PVC phase also
present. Mass transrer is then of importance dwiag
the polymerization reaction.

Suspensicn Polymierization

Winelow and dMatrevek-7 have presented a schemiatic
diagranmi of the states of dispersion of vinyl chloride
for susponsicn poly merization. TLis is shown in Fig. 1.
The disperzed vinyl chloride droplets suspended
threughout the water phase are subjected to shear by
means of mechanical agifation. As a result, the larger
unstabiiized dropicts are broken up into smaller ones
that tend 1o cealesce and reform inte larger droplets.

A dyvnamic cquilibriam between dispersion and coales-
cence then cccurs, The degree and type of dispersion-
coalescence is tmportant in terms of the porosity and
bulh den<itv of the final poivmer product.

Protective collotds such as stiarch, proteinaceous ma-
te:ials or, frequently, polvvinyl alcohol (25 mdicated
in Fig. 1y are ;1(1;10(! to =tabihize the vinyl chloride
droplcts and help prevent agglomeration of the PVC
droplets. Thnese colloids me soiuble im watey but in-
soluble in vinyi chloride. One of their important prop-
erties i3 that thev can increase the viscosity of the
water laver, and hence delay the process of coales-
cence.”? Inorganic materials are sometimes udded to
kelp prevent or regulate coalescence. Mater.als such as
kaolin. bar:um sulfate, magnesium carbonate. 1alcum.
neutral phosnhates, and bentonite clay have been found
effcctive, Tihasze inorganic particles are guite insoluble
in either phize, and concentrate at the interface be-
tween the waier and organic phases.

The initiator that starts polymerization is soluble
in vinyl chloride. Viscosity of the organic phase in-
creases as polymerization occurs, and poivmer mole-
cules form throughout the droplets, which become
syrupy. Aggiomeration of particles is a problem during
this phase of polymerization. Since PVC is quite
insoluble in vinyl chloride, a “PVC phase™ is produced
in the dispersed organic droplets. When this phase
occurs, autc-acceleration is noted by an increase in the
rate of polvmerization instead of the decrease that is
expected z: viryl chloride concentration decreases.

Aute-neceleration has been explained Ly
in the rate of termination steps for the over-ail reac-
tion. Lvidurce has been obtained to indicate that po-
lvmeriz.iion occurs in both the vinyl chioric: andg PV
phases. Pulimerization 1m the PVC phase occurs s
vinyl chloride ditfuses 1o the active sites of that
pha;e " These active sites tend to be located close to
tie surface of the semisolid PVC phase. Due to their
Jnnited mability in the PVC phase, the aclive site=
cannot easiiy react with each other {o cause coupling
or disproportionation reactions that destroy free rad-
icalz. Wien autoe-acecleration ozcurs, the degree of
polymeii (tion also increases—thus supporting the
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hypothosis that thern is a0 decrcased possibeaty of
chain-termuating ~teps.

Emulsion Polymerization

The theory of c¢mulsion polymerization is not yet
completely understond. Althouwh the general cancept
as outlined by Heorkins'™ s widely aceepieds the mech-
anism may not be entirely applicable to all tapes of
emulsion polymerization of vinyl chloride. For exumpic,
Pegrion and others'™ yreport data for some polymeriza-
tions, which do not agree with the earlier mechunism.

At least four cemponents are invelved in emulsion
polymerization-—water, vinsi chluride, initiators, and
an cmulsifying agent. Water is the continuous phase:
vinyl chloride i< the discontinuous phase. The initi-
ators are water <nluble. and the emulxifving agent
stabilizes the emulsion fwmed when the system is
agitated. Emulzificrs, either anionic or catieniz, behave
as cssentially normal electreivies at low concentra-
tionsz. When the cmulsiter concentration is increazed,
surface tenzion defreases hetween phases, and conduce-
tivizy of the mianture increases. Eventually a critical
concentiration is achieved. Abonve this concentration,
surface tenszion and conductivity change less rapidly.
The emulsifier that was previously diztributed uni-
formly begins to aggiomerate into groups (called
micelles) that contain 20 to 30 molecules. M

The initiater in the water phase forms a {rec radical

that migrates to tiie miceile. Here the radical reacts -

with vinyl chloride to initiate the polymer chain, as
shown in Eq. (2).

Propagation reactions occur as additional viuyi chlo-
ride molecules combine with the growing free radical,
as shown in E¢. (3). A polvimer particle starts to
form. ard the emuisizier collects at the surface. Vinyl
chleride m Jvcules then diufuse from the dispersed
droplets of viny! chloride through the water phuse and
through the cmustfier to the growing chain. .\s polym-
erization progresse:, and as the other pelymer par-
ticles grow in ~ize, more emulsifier is needed at the
surface of the particles. In some cases when 12 to
200 conversion is reached during emulsion polsymeri-
zation, the emulsifier micelles have disappeared and
the emulsifier is all located at the surface of the par-
ticles.* At higher conversions (perhaps 609¢), all of
the monomer is in the polymer phase.

The nuniber of polymer particles formed and hence
their size seems to be controlled in the early slaees
of polymcerization. Initially, there is competition be-
tween growing palvmer particles and micelles for each
vinyl chloride molecule that is transferred. If a grow-
iny polvmer chain forms in most micelies, there will
then be many parvticles, but cach will be small because
the molecutes of vinyl chloride will be limited. In some
cases, the 1y amber of palymer partidles remains alimost
censtant after the micelles dizappezar.?® Evidently, poly-
merizations caninot eazily ve initiated in dispersed
vinyl chloride droplets,

Atto-aceelerition sometimes eccurs in emulsion po-
hrmerization.™ wnd appavently hoth manomer and poly-
mer phases exictn the polymer particles, After all of

154 CTL030835
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the emuisitfior has heen trans<ten 1 to the poivner
phasc. and as the polumer particled prow, a leszer and
lesser amount of emolsifier s avallable for a ginven
surface arei.

The amount of emul-ifier affects the stability of the
emulsion®’; the number of micelles, and hence the
numb2r of polymer particles produced: and, in seme
cases, the rate of polvmerization. The results of Peus
gion'™ differ from tho-c of Huarkias! relative to tiwe
eticet of some of the operating varmahles. Peggion s
gests that in the carh stages of polymerization some
vinyl chioride is polvmerized while it is dissolved in
the water. He pointz out that a rather appreciable
amount (0677 by waight) of vinyl chlonide iz soludble
in water at 50 C. After the polvmer groups formed by
iritiatien in the micelle grow, and after tne mice.les
disappear, poalymer formed 1n solution coagulates and
precipitates on other polvmer particles. Peggion indi-
cates that the mechanizm for polvmerizing vinyi chlo-
ride max be quite difTerent than that for Jess-solub'e
monoemers,

Termination steps involving coupling .r disproper-
tionation are rare in emulsion poivmerization because
the number of PVC polvmer chains for each particle
is small. Hence, PVC polymers produced by emulsion
polymerization tend to have high molecular weights,
Occasionally, a second free radical enters the polvmer
particle and causes termination, or initiates another
polymer chain.

There is still a need for considerably more investi-
gation of emuisivn polymerization. Many operating
variables are of impeortance. and ecach has complex
effects on the fincl reactior and on the chararcter of the
emulsion. There is evidence that no sharp line of ditfer-
ence exists between emulsion and suspension polvm-
erizatiun,

Buik Polymerization

The charactevistics of bulk polymerization are essen-
tially identical to those of suspension polymerization
if the temperature can be adequately controlied, Math-
ods of temperature control are quite different. and will
be discussed in a later article that will describe a
commercial bulk-poalymerization process.

Solvent Polymerization

The kineties and mechanism of solvent polymeriza-
tion have been therouyhly discussed by Mickley, Mi-
chacls and Moore.'™ A sol:d PVC phu~e often forms as
polymerization progresses, and scine solvents are het-
ter for solubilizing PVC than others. When a sotid
PVC phase occurs, auto-acceleration also oceurs. The
reaction mechanism i~ in many respects similar to that
of suspension polvmerization.

Characteristics of FVC Molecules

Vinyl chloride monomers can combine in several
ways during propagation. In most cases, vinyl chlovide
molecules react to form a head-to-Cul arrangement of

o
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Effect of molrculur weighi

on unplasticirzed PVC and blends of PVC and ALS polymers—Table It

Vygen GS5° Vygen 85° Vygen 120° Vygen ES/ABSt Vygen 120/ABS:

tAoiccularvapht of PVC.o iaivviat... 02,000 74,000 107,000 74,000 107,000
Scluban VISZOSItY L i i eaae 0.70 0.20 I
Tensde strenyth, PSi e eeveeevreeinnnnn 7,750 7,775 7.550 6,150 6,250
Flexura! strorpeth, pSi. e iieninenienes 11,750 12.000 12,5090 9,225 9,600
Flexural moduius, pSt.veeieennan.. 420,600 420,000 440,000 330,000 360,630
Notched 1zod at 77 7., it.-b./in.. . ..... .. 0.44 0.50 0.80 14.0 18.0
Heat distortion (264 psi) fcr:

10-mal deflection, “Coeviiinnnncinvenns 63 €9 75 66 72

60-mil deilecticn, °C..... Ceeeriieneeans 75 76 80 74 78

s Product of Corneral Tire & Ruhber Co.

$Blend contang s ot nis Vo en &% and 30 parts £8S

§ Ciend contuins /U, "ls Vyen 120, anu 30 parts AES.

Effect of molecular weight on plasticized FVC—Table Iil
Vygen E5* Vvgen 105° Vygen 110° Vygen 120°*

s T L AT R 74,000 83,000 93,060 107,2C0O
SOlULiCN VISCOSI Y et vt e et vt eaaaieennasatenenranssnnananne 0.860 0.93 1.03 1.18
Tensile stren T, £Si . iieieeeeeeroeeaeaccaansssacasnan . 2,160 2,490 2,730 2,890
Uitimzate elonzalion, Ch. ittt iiiiiisieaassennses vee 230 300 340 350
Tenste strerizth 2t 1007 elongation, pSic..vveeeeeenes 1,280 1,400 1,420 1,460

* Preduct of General Tire & Rutter Co. The formulation for the plasticized PVC (Vygen) is: 100 parts resin, 50 parts plasticizer (doctyl

phthatzte), one 2 paors of Lo Cd stuoihzer,
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the repeating units (—Cl.—CHCl=) in thc cnain'3:

tail
L/ \:l
(—CH . —CHCl= CI—CHCl—)
T, /1

head

Occasionalls, a few tail-te-lail and head-to-head ar-
ranvements coour:

(—CHC1—CH.—Cl.—CHCl-=)
(—CH~-CilCl=-CHCl—-CN.—)

Crystallinity Factors

The carben afom to which the chlorine atom is at-
tached is asyvmmetric. As a result. PVC polvmers
can oceur in various steicospecince arrangementst--
namely, atactic, syndiotactic and isotactic.'-#4-% Com-
merciad PVC has been reporied to be primanily syndio-
_::1'-\ M n e of these shoreos pecrie anrarsonents of the
Fepotng o ot abcaa!y demansiratod
1o Mcpd ot s sen e Py Weth
that 1t~ ol ds o plasine st tie
Jrotiv e as o Pl e il
e bae st of e
jeoatinge un e of the
U e Gl e e ald -
MR TTREN W ITY| clie torm that
tadd Lo Lot Cernt N pe sty it r.
T S FX S TYURS DTS S DRRTRTTY S IRUM TS FTCRS CYTRILE)

e nf o
At

et Cen,et o be

U
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tactic in nature but is said to have censiderable
amounts of ataclic regions.! =' Some polymer exuperts
believe that PVC is primarily atactie. In ans cose,
commercial PVC is only slightlv crystalline—perhaps
being as hizgh as 10 to 15%.%* % Crystallinity vavies
with the method of polymerization. The polymer nuacro-
molecule is thought to be serew-shaped.

Attempts have Leen made to produce isotactic PVC,
and partial success seems to have been realized. The
following poinis must be considered to determiune
whether isotactic PVC would have important commer-
cial interest:

1. The unplasticized product would presumably be
quite crystaliine, having increased density and tensiie
strength. These improved properties would be of defi-
nite interest.

2. The unplasticized product would presumably have
a higher softening temperature.®' A problem with
presently available PVC is a high <oftenin:: tempera-
ture that iz almost as high as its decomposition tem-
perature. This is expecially true of high-molecalar-
weirht PVC. The decomposition problem with sovnetic
PVC would Bikely be accentuaied. perbaps to an unrea-
sonible eatent. It «o, comentional methods of extru-
sion and injection molding might not Le applicabic
with the unplasticized product. Further, modification
of these molding methods would likely Lie eapenaive.

CTLO30836 5s
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3. If setactic VO were plaslicioed Loodestrov its
improved packing ond ervstailimits, 1t is aucstionahle
whether the materiai would have nry ~ienificantly im-
proved preperties as compared with prezently ssailable
plasticized materials,

Molecular Weight of PVC Polymers

Commercial PVC palymers have number-aveiage
molecnlar weights that vary fiomt about 50.030 to
150,000.24 *% Novtine Lboratory te<t: for PVC gener-
ally invohe the mea~urement of selutiun viscosity of
the polymer rather t(han ibe direct measurement of
molecular weight. The relarionshin between solution
viscosity n and molecular werght M far a zpecific poly-
mer is: n = RKY" vwhere A and a are constants for a
given polymer-solvent combination.

The higher-molecu’ir-weight PV iesins are plas-
ticized and used for doxible tubing, welting, electrical
components, garden nrose and calendered film. These
products are obtained by extrusinn, and the resin is
subjected to elevated process conditions for only a short
period of time.? Intermediate-molecular-weight resins
are used in film and shee:. coated fabrics and rigid
products. Low-molecular-weight resins are used in
fluidized-bed coatingsz, phenozraph records and injec-
tion-malded parts.

Tables 11 and IIl indicate the effect of molecuiar
weight on the physical preperties of unplasticized und
plasticized PVC polymers® Molecular weight has a sig-
nificant ¢ffect on the imniaet resistance of unplusticiced
polymers, and on the o'ungrotien and tensile stvenath at
100%¢ elongation of plastivized products. Even better
impact strength is obtaired for rigid polymers (con-
taining little or no pl.sticizers) by blending nilrile
rubber or ADS polymers® with PVC polvmers. As in-
dicated in Table II. a bloud of 7047 PVC and 3C%
ARBS produces impact strencths up to 20 times greater
than pure PVC. Tensile and flexural strengths of the
blends are somewhat lower.

Chemical Faclers Afiecting Stability

PVC polymers are relativelv unstable with vegard
to temporature (especially 200 C.. or higher) and
light.* IIydregen chloride is then evoived. Some of the
double bonds thus formed are attacked by oxygen or
enter into cross-linking reactions. Severe degradation
of physical properties and aprearance may result. de-
pending on the plasticizer. Although all factors aflect-
ing stability are not known, several features of the
polymer minlecule contribrite to thisainstability, (Henee,
variations in the techmigues of pohvirerization that
minimize these featares are important)

The end-groups of VO m~*ecules are often the weak
point at which decormpos ition reactions begring Such an
end-gronp is, —CHUCI=CI_—CCLLCHL A free-radieal
mechani-m can eastly bewn 2t the double bond, Aade-
tional double bond. e prodeced daring dehydro-
chlorination, allowing additionad decompazition reac-

(A), butadicne (i), ond afy-

®Circipolyniers of acesiuantoade
rene (X)),

CTL030837

154

tions {0 occur on o riven polvner Chain, Dvidenee sap-
rorting these facts ix:

1. The rate of dehvdrochlorination inereases as
molecular weight decreases, ie. the rate is essentially
proportional {o the number of end-gronpa,

2. Chiorination of the double bonds decreases the
rate of dehydrochloriation.

Initiator fragments on the end of PPVC polyvmer
molecuies mav also he the stairting peint for decom-
position rcactiens. Chaimn branching, which occurs to
only a re'ativelv small extent. aleo decreaszes the sta-
bility of the polymer because tertiarv carbon atoms
exist with chlerine atems attached. Such chlorvine
atoms arc much easier to abstract than those attached
to secondary carbon atoms, If any head-to-head ar-
rangement occurred. the polvmer molecule would be
relatively unstable at the point where the two chloriae
atoms were adjacent.

The exact mechanism for dehyvdrochlorination is not
completelvy understood but depends on the presence or
absence of oxygen. Inorganic stabilizers are added to
most PVC resins.

Quality Control Tests

The following tests are generally made on batches
of the finished polymer before shipment to the con-
sumer: (a) solution viscosity in order to delermine
average molocular weight, (b) bulk density, (¢} plas-
ticizer takeup, (d) irreversille plasticiier tukeup. (e)
moisture content, (f) mill staLility, (g) clarity, (W)
“fish evas” or gel particles, () fareign narticles such
as dirt, (i) particle-size distribution. and (k) press
stability. ¥or electrical-grade PVC, the foliowing addi-
tional tests are made: conductivity and pH. Plasticizer
takeup is of interest since it indi ates the rate at
which the plasticizer and PVC resin mix. and hence
the rate at which extrusion or injection nmolding can
be done. Careful control of quality is therctore essen-
tial in order to produce suitable polymers.

Compounding of PVC Polymers

The polymers of viny! ehloride are aften compounded
(i.e., blended) with plasticizers and stabilizers. Lubri-
cants and pigments are sometimes added.

Hard, hornlike PVC is converted to a s=ofter and
rather flexible material by compounding it with a
plasticizer. Generally, plasticirers devrease the tensile
strength of the polvmer, decrease the processing time
for extrusion or molding operations, inercase the allow-
able clongalion of the polvnier, and increase the im-
pact strength and the low-temperature foxihility o
The exact role of the plasticizer in PVC is not known,
but it acts to partially solvate the polymer ¢hains. As
a result, separation of the chain s inereased and,
honee, the otherwise strong intormoleenbir forces he-
tween the chains are decreased. Any erystathinity
oviginally present in PVC poalvimers is destroyved by
the plusticizer.

Table IV grives one example of the relationship
amony the various degrees of plasticization and im-
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pertnt phicca! prasertios, Dosgpod prajeaties for e
plosticier incudes

1. Adequate compatibiliny with the PVC
that i, the degree to which PVC resin - solvated by
the plasticizer, With high compatib.lity, a more or je<:
true solution is formed. With lower campatibility,
there may be a phase separation. oy example, at
higher temperatures suech a3 ave vand 25 extro~ion or

resin—

molding, a single phase mav he present. A< the maatne
is conled, a PV C-continuous phise forms and a plas-
ticizer-discantinuotis phase is also present. The degree
of compatibility has an impertant ¢fTeet on the proper-
ta~ of the b ad preduct In whicoens and especiads
with low camputibility, the plasticizer muy slowly dif-
fu<e ot of the tnn! produci. Heee the physical prop-
erties cauld change <ignincuntiy with time.

2. Lovw vaolatility, in order to nurimize toss of plas-

oo,

regard to heat and

ticizer from the preduct and to memice

3. Good stability—particutariy in
Jight. or other forms< of vadiation.

4. Nondlammabiiity,

5. Nontoxieity.

G. Satisfactory low-temperature praperties.

7. Reasonable cost,

No plasticizer meets all of these characteristics, and
selection of the plasticizer or mixture of plasticizers
invoives a compromijse.

Severe] classifications have been given to plasti-
cizers. Eaternal plasticizers are those additives that
are mined physically with the PVC resin, whereas
internad plusticizers reaci chelicaly and wie incoo-
porated into the palvmer chain The following discus-
Slonoperteins fe extorral plasticizers that ave divided
into primary and secondary ones. Primary plasticizers
are hirhiy compatible with the re-in. Lut secondary
ones are only of inte:mediate compatibnhity.

Piasticizers are commonly organic esters with a
hirh molecular weight, about 200 to 1,500, In 1963,
phthalic anhyvdride esters amoanting 1o 679 million
1b. were produced as plasticizers. of which di-(2-ethyl-
hexyls phtialate was the majer one.” Oiher phthalate
esters include various C, to Cye alky} phihalates, Esters
of sebacic, adipie. azelaic and phosphoric acids are also
goad plasticizers. Aleohols for these esters are fre
quently obtained by using the Oxo process. Straight-
chain alcohals such as produced by Continentul Qil
Co.'s Alfol process may have certain advaniages as
compared with branched-chain alcohols ™

.

!

Fopoaidizad eilz and estess, polymesio oao0s hand e
modecudar weagrhts rancing frons adeat 2000 100 50
cllormated polvethylene, and other poivmers suek as
ADS resins (see Table 1 have been used comnmer-
Gallvoas plasticizers or as special blending materais ?

Stabilizers

Certinn stalnlizers have heen found useful i min-
nnizing decomposition reactions caused by heat, hipht
or ultraviolet radiation. Heat is alwayvs a factor in the
extrusion or molding operations of the nalvmer. Mot
stabiilizers are metal salts, Coproopatated bavium and
cadmium laurates, sometimes with zinc laurate, are
u~ed i most PVC resins as stabilizers againsg
oxidation.”' By making an opayue plastic, <t . hiljzation
against ultraviolet or visible light is accomphished
With tran-parent PVC, zeveral stabalizers have now
been found to be quite successful, In gencral, the sta-
bitizers are used in relatively low concertratron:, fre-
quently less than 1 to 2% in the final po'ymernie maie-
rial. A detailed analysiz of the complicated problem of
stabilization, and available stabilizers is given by
Chevassus and deDBroutelles.t

AT

Other Additives

Fillovs, pigments or dyes. lubricants, and fungicides
or pesticides are sometimes added, depending on the
final usze of the plastic. The fillers are generaily cheip
extendars such ws clavs used for certain deetvical-
grade PVC re~ins. The clavs absorh (ree acid sond othur
polar compounds. Asbestos fillers cre nseld in eectoin
floor-tile products.

Copolymers

Copolymers prepared from a misture of comonemers
containing 607, or more, of vinyl chloride. with the
remainder Leing primarily vinyi acetate, ave of com-
mercial importance.’ Copulymers acecunt for perhaus
23% of the production capacity of viny! chloride polv-
miers. Copolymers tend {o improve two important phys-
ival properties of the humopolymer of viny! chloside,
namely flexibility, and limited solubility in solvents.
External plasticizers may provide one method for in-
creasing flexibility, Lut such plasticizers are not alway g
adequate for solubility requirements.

-—

Effect of plesticizing with

ST P S

dioctyl phthalate~Table {V
Parts of dioctyl phthziate per 100 parts of Vygen 120=

0 30 40 S0 [R) 70
Tens e s1renpth, PSh .. i iiieeieiinananns e .. 7.750 3,550 3,200 2,850 2,500 2,160
FIOngation, Ch o ettt P e to 251 265 295 345 370 410
Shore Ahardnes 1050200 Lo i 115 a8 92 86 79 72
_—‘\\—F.l: 120 (0 product of General Yoo & Rubther Co Y has anintnnsic veccouity of § 10 and an CCacatar vent tat 5, 70 8
1 Ustmated frasn bastics Froperties Chortan licdain §lastics Encyclopewia 1105, Moueaa Hat, Hew York, 1Yol
. CTL030838
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Fropettics of rigid pr2ss-polished whiects of vinyl

chloride/vinyl acctuate copolyincrs—Table V

Vinyl Acetate Content

Property 37 1575
Al roil temperature for softeming, * F, 340 250
Hardness, Rockwell M. .. ..o o et GO 50
Notched impact, ft -Ib. /i 065 0.20
Abrasion loss in 2,080 cycies, Ph..en... 0.02 0.13
Heat distortion (€5 pst.), °C....... e 67 57
Tensile strength, psu........ .. 8,200 8.500
Yicld stress in flexure, p5i....ooene... 12,800 12,200

In one s¢nhse, copalymers are internal piasticizers.
Certain comonomers such asz vinyl stearate or long-
chain esters of maleic anhydride are sometimes co-
polymerized into the final product. In such a case,
the plasticizer is chemically bonded inzo the polymer
chain and hence is a true internal plasticizer.

Vinyl Chloride/Vinyl Acetate Copolymers

The properties of copolvmers of vinyl chioride and
vinyl acetate are dependent on the relative ratio of
the two comanomers that have ieacted, assuming
that the fina! polymer malecules have the same molec-
ular weights. Copnlymers containing less than 107
viny! acetate have physical properties quite =imilar
to those of the hamopolvmer of vinyvl chloride, except
for ibe lower {emperaiuvres required for compound-
ing. Differences in mechanical properties tend to in-
crease 1apidiy ax concenirations of vinyl acetate in-
crease ab.ov2 107, Table V' gives the properties of two
copolymerz containing 577 and 15377 vinyl acetatet?

Copolymers containing 155 or more, of vinyl ace-
tate and having relatively low molecular weights are

used for prefective and decorative coatings, flexible
film, floor tiles. and compression moldingz where ex-

cepticnaily good ow characteristics are required.'
Phonograph records are one example in which precise
duplication. and hence excellent flow characteristics,
are needed. A vinvl chloride/vinyl acetale ratio of
§7/13 for the copolymer has been used. If the heat
stability probiem ean be solved, relutively low molecu-
lar weight homopolymers can be used as an alierna-
tive solution.”! Copolymers containing less than 134
vinyl acetale and having relatively high molecular
weights are used for rigid sheeting, extruded
and calendored articles.

When the ¢opolymer is tn be used for profe. tive or
decorative coatines, o smuadl amount of maleie anhy-
dride or other polvmerizable cavboxyl hydrocarbon is
sometimes: copolyvmerized with the vinyl chioride ond
vinyl acetatett Carboxyl groups improve the adhliesion
propertics ol the coatings. Jn other cases, a
of the acetale groups on the polvmer chain s removed

rods

Do iion

by hyvdiohv<is 1o produce hyvdroxyl gnoups that also
improve adhesion.
Vinyl chloridesvinyl acetate copolymers are pro-
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{
Hence.
ratios of vl (hhoride and viny! weetate that
tend to viny with the time of the Tun,
chloride (the mere veactive comonomer)
order to maintain a constant ratio of comonomers for
the reaction ¥

Vinyl ¢blovide is also copolymerized commerciallv
in significant amounts with acrylomitiile and virnl-
idene chloride.?? Other types of copolymers huve been
reported, but their commercial importance is small.

A copolymer of vinyl (hloride and propyiene has
recently been announced by Air Reduction Co. The
properties annaunced for this copalymer ave such that
it will hkely find important uses—especially since it
has received clearance from the Food and Drug Ad-
ministration for “clear” food containers.®

the relative
react

duced by baceh polvmerication.,

unless vimd
is added in
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