Polymer additives



Introduction

e Many polymer products cannot be used without additives

e The uses of lubricant, plasticizer, processing aid, impact modifier and
stabilizer in PVC are the examples.
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Common plasticizers for PVC

e Dialkyl phthalate

e Aliphatic diester

e Trialkyl phosphate
e Trialkyl trimellitate
* Polycaprolactone
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FIG.1.31 Action of (a) a polar aromatic plasticizer and (b) a polar aliphatic plasticizer
on PVC chains.
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Table 1. Chemlcal structures of some plasticizers for PVC.
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Increasing MW of the plasticizer through the use
of polymeric plasticizer may lead to an increase in
performance due to higher transition
temperature of the plasticizer

Polar aliphatic plasticizers mix less well with PVC
than do the polar aromatic and, consequently

may exude (bloom) from the plasticized polymer
more easily.



Anti-plasticization effect
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Figure 3. Effect of TCP concentration on the

impact and tensile strength of plasticized
PVC is shown.

Anti-plasticization effect occurring at low plasticizer content.

This may be associated with an increase in degree of crystallinity of PVC, owing to increased
mobility of PVC molecules



Plasticizers for PLA

Some FDA approved Plasticizers (food

US patent 2006/0045940 A1 grade)

e Polyalkylether

e Polyesters

e Glycerol

e Glycerol triacetate,

e Glycerol tripropionate
e Lactic acid

US Patent 6,121,410

e Alkyl citrates e.g. triethyl
citrate

US patent 5,498,650
 Epoxidized soybean ail

PBOH [ Poly(1,3-butanediol)]
DBS [ Dibutyl sebactae]

AGM [Acetyl glycerol
monolaurate]

PEG [ Poly(ethyleneglycol) ]
DOA [ Di-2Etylhexyl Adipate]

Triacetin plasticizers e.g.
glycerol triacetate

Epoxidized soybean oil



~ ' oA
Msilasuudasmaudamanaves PLA awdsuiaais

triacetin

80 -
10 pph
70 PP
)
o
£
=
S
[
[
[+
o} . . . . : :
0 100 200 300 400 500 600
ANULATLA (%)
600 -
502.7
500 -
£ 400 - =
(8
ag =
300 - ot
= T
= g
£ 200 A =
100 4 53.26
18.46
0 I - . .
10 20 30
1l5s1nat Triacetin (pph)

=]

AN RIE (MPa)

800

700

500

500

400

300

200

100

80

70

G0

a0

40

30

20

69.2
45.6
I 29.5
10 20 30

1|5 3110 Triacetin (pph)

659.79

nar

47.68

20 30

1Fsnme Triacetin (pph)




A1 Tg 289 PLA NAENNANEA ki s lndSunmans o

Sample T, (°C)
PLA 2002D 64.25
PLA + Triacetin (10 pph) 47.55
PLA + Triacetin (20 pph) 42.30
PLA + Triacetin (30 pph) 34.46




Lubricants

e There are 2 types of lubricant, depending on the solubility in polymer

* [nternal lubricant

— Reduced molecular interaction and viscosity, improved flow

e External lubricant

— Lubricant migrate to surface of the part during processing

— Easy mold release

LUBRICATION OF POLYMER CHAINS
Amorphous Resin Crystalline Resin

i e#

wilhout lubricant

Reduced Viscosity

i AN Improved Flow
-‘““-‘J 4 -2
= . Easy Mold Release
g lubricant migrating to surface

of the part during processing

* Figure I:Internal and extemal functionality.

Plastics Additives & Compounding January 2001
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Increase in output rate as a function of distearyl phthalate

concentration in PVC (high pressure capillary viscometer, nozzle:
10mm/1mm:; pressure: 340 bars; temperature: 190 degree C



Why using (internal) lubricant ?

Flow-ability of thermoplastic melts cannot be increased as desired by raising
temperature.

Thermal stability of polymer molecules are limited and if these are exceeded,
discoloration, chain scission, cross-linking may result.

On the other hand, bY selecting low molecular weight of polymer in order to
promote the flow- abi ity, some mechanical properties such as toughness,
HDT, might be loss.

For this reason lubricants are required.
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Lubricant consumption by type of plastic (Western Europe 1985).



Types of Lubricant

Types of lubricant

Examples

Fatty acids

Stearic acid

Fatty acid esters of glycerol
and other short chain alcohols
(ester waxes)

Glycerol monooleate, butyl
stearate

Fatty alcohols and their
carboxylic acid esters

Stearyl alcohol, distearyl
phthalate

Metallic soap

Calcium stearate, Zinc
stearate, lead stearate

Polyolefin waxes
(hydrocarbon waxes)

PE wax (Mw ~ 2000-9000)

Polar polyethylene waxes

EVA copolymer (Mw ~ 3500)

Fatty aciid amides (amide
waxes)

Oleic acid amide

Lubricant consumption by product group (Western Europe 1985).

amide waxes
9800 ¢

ester waxes
5600 t



Impact modifier



Rubber toughened styrene based polymers

e PS + polybutadiene = HIPS
e SAN + polybutadiene = ABS
* Prepared via an in situ polymerization

— maximizes the volume fraction of the rubbery phase, thus enhancing the impact

toughness without causing reduction in modulus.

lzod impact, ft.-Ib./in. of notch

T (R

ABS

~ Hips

Mechanical
blend
 PS — Ax blend
1 | 1 [
0 4 8 12 16

Rubber content, %

ai . 1 Figure 8. i ini i
A W i o U Bk 00 S el Vcaibpetion o gure 8.9 Impact resu‘stance of sfaveral elastomer-containing styrenics. Commonly, polystyrene
HIPS. This micrograph shows the typical morphology of the dispersed rubber particles. homopolymer has an impact resistance of around 0.3-0.4 ft-Ib/in. of notch, lower left.

- The thin lines connecting the particles are crazes formed after the material has undergone
deformation.




Some commercial impact modifiers for PLA

Trade Name Manufacturers Chemistry of the Suitable Comments
materials Content
Biostrength®130 Arkema Core-shell particle Impact modifier
(Transparent)
Biostrength®150 Arkema Core-shell particle Impact modifier
(Opaque)
Biostrength 700 Arkema Acrylic copolymer 4 % Melt strength enhancer
*Transparency is
maintained
Biomax®Strong 100 DuPont Ethylene copolymer Impact modifier for PLA.
Non-food packaging
Biomax®Strong 120 DuPont Ethylene copolymer Impact modifier for PLA

Food packaging

EMforce®Bio

Specialty mineral

Impact modifier

Paraloid [BPMS250]

Rohm and Haas

Acrylic polymer

2 % (or more)

*No effect on film clarity

*FDA and EU
(Directive2002/72/EC)
approved




Impact modifiers for PVC

Impact modifiers for rigid PVC may be classified into 3
classes:

1. Grafted particulate rubbery polymers such as
. methacrylate-butadiene-styrene (MBS) (clear)
. Acrylate-methacrylate (All acrylic) (opaque)
. Acrylonitrile-butadiene-styrene (ABS)

2. Partially miscible polymers such as
— Nitrile rubber
— Chlorinated PE
— Ethylene-vinyl acetate (EVA)

3. InoEganlcs such as stearic acid-coated calcium
carbonate

Noteworthy, Most of toughening agents are rubber. But that was
not always the case.



PVC toughened with MBS particles

> MBS modifiers are grafted polymers
prepared by polymerizing MMA in the
presence of polybutadiene or SBR rubber.

> These polymers are then melt blended
with PVC to improve impact strength

> MBS (as well as ABS-) modified PVC
contain unsaturated butadiene rubber
and undergo major loss of impact and

Optical properties of 12 phr

1925)

MBS compound

Light transmission (%) ASTM D- 87-89
1003

Haze (%) ASTM D-1003 3-4
Yellowness index (ASTM D- 3-5
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FIGURE 12_ Transmissio

»d MBS impact modifier
particles.

n electron photomicrograph (=50,000) of well-dis-
| in PVC, using OsOg for staining the rubber
[ ]



Fully vulcanized nano-rubber powder

E nanosized fully vulcanized acrylic rubber powder (SINOPEC VP-
301)

E Transparency of the PVC film can be maintained

Nano acrylic rubber powder

AnUTVOIAUTNWITHANLS narpow (VP-301) luif53nau 5 pph 16
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Toughening mechanisms

— Rubber deformation
— Crazing (particle induce stress concentration followed by crazing)

— Multiple crazing (particles also act as craze terminator, prevent
cracking)

Applied stress. @

Localized stress
! v

Stress concentration effect of a spherical rubber

particle, in a rigid matrix placed under a tensile
stress ¢

Transmission electron micrograph of crazing and
fracture in HIPS.



Factor affecting toughness

Rubber content

Rubber particles size

Modulus of the rubber phase

Distance between particles

Interfacial adhesion between rubber particles and matrix
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Fig. 4 Plot of Izod impact strength for PVC versus conecntration of mcthacrylate—
butadiene - styrene modifier, Acryloid KM-611 of Rohm & Haas Co. (Data from Petrich [23].)



Effect of acrylic rubber (AR) content on tensile
properties of PVC/AR blend
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Figure 7 Force-displacement traces of PVC/AR @ Acrylic rubber.
blends at various compositions. The blending tempera-
ture was 155°C. — Saturated molecules
— Polar group, tend to be miscible with PVC
z: ----- T — No compatibilizer need (unlike MBS)
T —4— 195 degree C
6 -+ . — Can be further cured to enhance
properties

Tensile Toughness ( Nm )
N

Rubber Content (%)

Figure 10 Tensile toughness of PVC/AR blend as a function of rubber content and
temperature



Dynamic vulcanized PVC/AR
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SEM micrographs of PVC/ACM (70/30) with a variety
of sulfur contents
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Tensile toughness of PVC/ACM (70/30) with a
variety of sulfur content
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Effects of screw speed on tensile toughness of

PVC/ACM (80/20) blends
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Effect of screw speed on toughness of PVC/ACM (70/30)
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Effect of screw speed on toughness of PVC/ACM
(60/40) blends

1 Crosslink

B Non crosslink

10 40 80
Speed (rpm)



Effects of screw speed on morphology of NR/ACM (70/30)
blends experienced dynamic vulcanization

15kVU 108um x15@




Effects of screw speed on morphology of NR/ACM
(80/20) blends experienced dynamic vulcanization
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Effects of screw speed on morphology of NR/ZACM (60/40)
blends experienced dynamic vulcanization

1SkV 100um
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DSC Thermogram AR (ACM) compounded with
sulfur (1 phr) and soap (10 phr)
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Enthalpy (J/g,.,) of PVC/ACM (60/40) blends

ACM weight Screw speed Enthalpy (379)
content (20) (rpm)
40 10 i—_(_)fé__} ~~
40 14 >\<
80 v i__5_'_§__1: ]
30 10 23 1,7
40 i 3.0 i\\\
80 v i__Ai'_8___: ;k_
20 10 50 |
40 9.9 «7
80 12.3
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DSC thermogram of dynamically vulcanized
PVC/ACM (60/40) blends
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DSC thermograms of ACM compounds with different
sulfur and soap content
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Tensile toughness of various PVC sheets
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Toughness (N.mm)

Tensile toughness after thermal aging

Thermal aging at 90 °C , 5 weeks

O before aging
M after aging, 5 weeks

Premium (white) Premium (black) PvC PVC sheet with
rubber (LAB)



Change in toughness with aging time (at 155 °C)
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Degree of Curing
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Sodium Stearate Steric acid (3 phr) 21.54 32.44




Cure time #1 170 °C a9 acrylic rubber fitad Steric acid TudSanawang )

Steric acid Cure time at 170 °C
content (min)

(pr]r) t90 thO
0.5 8.49 14.32
1.0 12.19 22.19
3.0 18.54 33.33
5.0 19.23 29.02
7.0 24.03 37.11

Steric acid Cure time at 180
(phr) °C (min)
t90 thO
0.5 5.09 8.11
1.0 6.15 10.28
3.0 9.15 14.13
5.0 9.51 14.34
7.0 12.18 17.57




Curing agents



Peroxides

Normally used for saturated molecules (EPR, EVA)
Can also be used as an initiator for polymerization

Can also be used to induce grafting and chain branching
(e.g. PP-g-MA)

Peroxide is unstable, can be explosive, depending on
half-life and storage conditions




Examples of alkylperoxides

Dialkyl peroxides, e.g. di-tert.-butyl peroxide:

H, H, Physical form at 23 °C: liquid,
__C— e decomposition range:
H,C 0—O0 —CH
) (f ’ approx. 190 °C,

CH, CH, usage: e.g. direct addition

to cable insulation and
sheathing compounds.

Diaralkyl peroxides, e.g. dicamyl peroxide:

CH, CH, Physical form at 23 °C:
é——o—o-—-é crystalline,

| | é decomposition range:
CH, H

3 approx. 170 °C,
usage: wide range of
applications.

(from Plastic Additives Handbook, edited by R. Gachter and H. Muller)



Mechanism of radical reactions from decomposition
of DCP

CH,

P |
@—c——o—*o—c@ — 2 f —O
(l:H3 (!'.‘H CH,
CH, ?Ha
(!:.__0. + PH — Q?——OH + P
é CH,

The cumyloxy radical can also lead to the formation of a methyl radical
and of acetophenone, a substance with an unpleasant odor

H,
Ot ~(Orey
H, O

(from Plastic Additives Handbook, edited by R. Gachter and H. Muller)



Advantages and disadvantages of
using curing with peroxide

Low tension set

Low mechanical properties

Simple compounding

Expensive cross-linking agent

No mould contamination

Cross-linking might be inhibited by some
antioxidant

Good heat aging resistance

Long cure time

Transparent rubber is possible




Case study

Compounding of PLA for preparing packaging film
from extrusion blown molding



Problems related to blown film
process-ability of PLA

PLA iS b”ttle 01§ pa

Melt strength of the PLA is inherently ~ i-
low 20 LOES

Cost of the PLA is relatively high S o & W o ] ™

PLA is thermally unstable, it can be
degraded during the processing due to;
Hydrolysis
e  Chain scission




Some strategies for enhancing RHEOLOGICAL properties of the
PLA during blown film process

_
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/" control
( Internal
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\ To promote
' blown film
process- |

ability
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Viscosity enhancers

 To reverse the degradation by chemically
coupling individual polymer strands

e Examples of the chemical include
— CESA® (copolymer of styrene, MMA, GMA) -
[US Patent 2007/0003774 A1 (2007)] ;
il |- M
— Chain extenders such as isocyanates, -
oxazolines, dihydrooxazines, anhydrides [US — ““* '—"1 *

Patent No. 5,594,095] "‘1 *
- = L

g L -

PLA film with (left) and without (right) Cesa-Extend from Clariant Masterbatches.

(Reference: Plastic Additives & Compounding,
May/June, 2008, p.24)



Biostrength 700

Arkema’s Biostrength 700 acrylic copolymer has been shown to double the melt
strength of PLA at 4% addition level (right) vs. a neat PLA (left).

http,www ptonline.com/articles/200807fal html



How to induce branching of the PLA chains

By adding some peroxide compounds

« By carrying out a reactive blending with other functional polymers
* Epoxy functional acrylate polymer [US patent 2008/0050603]

/\

a linear polymer
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Recommended peroxides for this research work

Peroxides Tradename Half-life Reasons/Advantages Related
References
2,5-dimethyl-2,5-di(tert- Trigonox 101, ~1min @ 185°C Capability of the chemical for Paul Lacobucci
butylperoxy)hexane Luperox101 improving MFI of PLA has [Akzo Nobel Polymer
been reported Chemical]
Di-t-butyl peroxide Luperox DI 1 min @ 193°C FDA approved h“p:;/tChf]mica”a”ﬁﬂcgl"t‘/sfed
altychemypercnem/bl-tert-
(food grade) BUTYL%20PEROXIDE htm
t-butylperoxybenzoate Trigonox C Capability of the chemicals for | L.T.Lim et al., Progress
improving melt strength of in Polym Sci.,
PLA has been claimed 33(2008)820-852
Dibenzoyl peroxide A.Sodergardet al., US
patent 6,559,244B2
T-butylperoxy acetate Trigonox F (2003)




Peroxides and plasticizers for PLA

Luperox DI

O
O

YO\/I\/OY
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Triacetin

CHa GHs
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HO™ > oH

OH

Glycerol
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NITNANLUULATYN NI masterbatch

PLA Triacetin +
peroxide
Internal
mixer
Masterbatch

PLA
(for dilution)
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Compression
Pellets molding
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Extruder



Effect of peroxide (Luperox 231) content on gel content

1/Su1wd13 Luperox USuawlaa (%)
231 (pph) (Iudvinazaralaaaalsdmm)

0 0
1.0 pph

0.50 0
0.75 0 0.75 pph
1.00 0 p—
0.25 pph
0 pph
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Compatibilizers



Orientation of copolymers at interfaces

 Di-block copolymer e Graft copolymer

Ty

e Tri-block copolymer




Primary roles of block copolymers

 To reduce the interfacial tension between phases

e To prevent coalescence between minor phase particle

Normal blend

e To improve the adhesion between phases

°

SEBS (triblock copolymer) Effects of PI-PBA block copolymer on
mechanical properties of NR/ACM blends
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Roles of copolymers on particle size

-

.0

 The reduction in particle size is related to
— Decrease in an interfacial tension
— Reduction of coalescence.

SEBS (triblock copolymer)

VOLUME AVERAGE DIAMETER (um)

0.2 1 1
0 5 10 15 20 25 30 35

COPOLYMER CONCENTRATION (%)

* In order to differentiate between the above 2 effects emulsification
curves at low (1 % no coalescence) and high concentration of dispersed
phase should be considered

Dr. Jatuphorn Wootthikanokkhan, KMUTT



A-C type compatibilizers

Polymer A Polymer B Compatibilizer
PVC PS PCL-b-PS
PS PE PS-g-Polybutadiene, SIS, SBS, SEBS
hydrogenated SB
PS PA PS-g-PMAH,
PE PA Carboxylated PE (g)
PE PVF, Hydrogenated Polybutadiene-g-PMMA
PP PA PP-g-PMAH, MAH grafed PP
PP PET Glycidyl methacrylate _grafted PP
PS EPDM SEBS

Dr. Jatuphorn Wootthikanokkhan, KMUTT




C-D type compatibilizers

Polymer A Polymer B Compatibilizer
PVC LDPE PCL-b-hydrogenated
polybutadiene
SAN Poly(phenylene ether) PMMA-b-PS
SAN SBR PMMA-b-Polybutadiene
PE PET Hydrogenated-SIS, -
SEBS
PP PMMA SEBS
Poly(phenylene ether) PVF, PS-b-PMMA

Dr. Jatuphorn Wootthikanokkhan, KMUTT




E- type compatibilizers

Polymer A Polymer B Compatibilizer
PVC PS Chlorinated PE
PS PA Styrene-r-MAH
copolymer
PVC Polybutadiene Ethylene-r-vinyl acetate
copolymer
PVC Natural rubber | Epoxidized NR ( a kind of
random copolymer)
PP PA Ethylene-r-acrylic acid
copolymer

Dr. Jatuphorn Wootthikanokkhan, KMUTT




Case study:
Compatibilization of PLA/thermoplastic starch blend



PLA/TPS blown film

ansakzua3gnlils p-PLAITPS (dndawnansasas 70/30 laaiwiwitn) sz angyd 0
QNN 170 BIFALBALTIE (NTNT18) LAz 135 DIANTALTE (NTN)

The problem is partly attributed to poor compatibility between PLA and TPS
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Some related work

Work by Huneault et.al.,(Polymer, 2007) showed that with the use of more efficient

compatibilizing technique, greater starch content can be

loaded

Uencsdifissd After Interfacal Modidcation

M.A. Huneaulr, H. Li | Polymer 48 (2007) 270
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Definitions:

One step process = the prepared PLA-g-MA was directly reacted with TPS
Two step process = the prepared PLA-g-MA was pelletized prior to blendin

g with PLAand TPS
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PLA-starch blends (one step process)
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PLA

l

Compatibilization of PLA/TPS
Scheme 1 using PLA-g-MA compatibilizer)

PLA starch

| l

PLA Thermoplastic
(branched) _ starch
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Scheme 2

Reactive blending of PLA-starch (trans-esterification)

PLA starch

l

PLA Maleated
(branched) thermoplastic starch
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Tensile properties of PLA/MTPS blends

TABLE III
Tensile Properties of Various PLA/MTPS Blends (70/30% w/w), Prepared Under Various Time and Temperature
Blending conditions Tensile properties
Temperature (°"C)  Time (min)  Tensile strength (MPa)  Elongation at break (%)  Modulus (MPa)  Tensile toughness (])
170 7 9 (0.8) 377 (32) 135 (14) 2.3 (0.3)
170 12 8.7 (0.5) 212 (11) 92 (5) 1.2 (0.1)
180 12 13.8 (0.7) 149 (25) 113 (25) 0.6 (0.4)
190 12 13.0 (0.7) 79 (20) 141 (18) 0.5 (0.1)
TABLE IV TABLE V
Melt Flow Index of Various PLA/MTPS (70/30% w/w) Tensile Properties of PLA/TPS and PLA/MTPS Blends
Blends (70/30% wiw)
Melt flow Type of blends
Time (min) Temperature (°C) index (g/10 min) ) ) PLA/TPS PLA/MTPS
Tensile properties (70/30% w/w) (70/30% w/w)

7 170 23.3 £ 3.3 Tensile strength (MPa) 1350 (= 0.80) 9.0 (+ 0.78)
12 170 29.0 £ 5.1 Elongation (%) 8.7 (= 0.34) 376.9 (= 31.86)
12 180 447 * 6.3 Modulus (MPa) 296.24 (+ 20.90) 134.9 (* 13.77)
12 190 57.0 = 6.2 Tensile toughness (J) 0.06 (= 0.01) 2.3 (+ 0.29)

Journal of Applied Polymer Science, Vol. 124, 1012-1019 (2012)



Scheme 3 : Preparation of PLA-g-MTPS compatibilizer

starch

l

Maleated

thermoplastic starch
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Toughness (J)
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v a d . a
AATHM I 1HaveINoaINDSNaN plasticized-PLA/TPS 1% compatibilizers 54

A9 (NATDUT 190 DA UBAITEE / 2.16 DIAN3a)

aanadoL AT Ina (/10 min)
PLA 8.5+0.5
p-PLA iduasilooanlad 0.75 pph 8.8+0.7
p-PLA/TPS (80/20 w/w) 1 10ifin151@nas compatibilizer 19.3+1.5
p-PLA/TPS (80/20 w/w) N1IM5IANE1T PLA-g-MA 27.1+3.1
p-PLA/TPS (80/20 w/w) T1In151A1a13 PLA-g-MTPS* 223+1.7
p-PLA/TPS (80/20 w/w) T1N151ANE1T PLA-g-MTPS** 17.3+2.4
p-PLA/TPS (80/20 w/w) T1N5IANENT PLA-g-MTPS*** 18.7 +2.7

WHEIYR  * HaNEDe PLA-g-MTPS szuuimsenlagldaisileseenlea 0.25 pph

**131899 PLA-g-MTPS szuviinsenlaglimsilesesnlas 0.5 pph

**+1j3N899 PLA-g-MTPS szuufinsenlagl¥asileseanlase 1.0 pph
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Chemical structure of PLA-g-MTPS
with various of grafting contents
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