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Structure-Process-Property Analysis

Molecular Architecture and Morphology
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Univariate Analysis

Relationships use different measurement scales.
Relationships are general and not always monotonic.
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Overlay Plot of Univariate Results
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Statistical Analysis

Statistics removes differences due to measurement scales: variable effects are on equal footing.

Statistics describe populations 4
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Strength

Dealing with Covariance

Principle axes reduces covariance. Orthogonal axes eliminates covariance.

PCA for TD Ultimate Strength and Elongation
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PCA of MD Tear Resistance and TD Ultimate Properties

3D PCA plot

PCA Tear vs. Strength vs. Elongation
T[Comp. 1]/t[Comp. 2]/t[Comp.3]

TD Ulimmate Elongsaton

2':--1-
m-LLDPE 1 —#

y
M Tear ﬂ&f

BCL

, Competitive

"—"—l_l._._l_

3

TD Ultrinate Strengih

Projection onto coordinate planes gives bi-pots, like above.

PCA of MD Tear Resistance and Ultimate TD Performance

m-LLDPE 2

TD Ultimate Strength

Competitive

\

TD Ultimate
1 = Elongation
0
MD Tear ZN
E ! . - -
2 m-LLDPE1
_3 -
*
4 m-LLDPE 2
5
4 3 2 - 2 3 4

Ex¢onMobil

0
{[1]

Ellipse: Hotelling T2 (0.95)



Focus

Catalysts,
Reactor
conditions

Commercial

Resins

Resin 1
Resin 2
Resin 3

Resin n

Process Map

Molecular Architecture
and Morphology

Resin Analytical Fabrication
Properties Data Conditions |=>
h
MI Den CFC GPC TREF Draw 7/
X 11 X2 X3 X 14 B
X 9 X 22 X 23 X 2q Baq
X 31 X 32 X 33 X 3 Bq
- an XI"IZ Xn3 an ] anqi
X >
—

Ex¢onMobil

Performance

Pnl

I:)nZ

Pn3

Markets




Principal Component Analysis
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+ 1 K Films by Resins and Line

Resin Density 12 121
Family (g/cc) (/10 min)  (g/10 min)
Competitive 0.906-0.941 0.56-1.8 14 - 32
m-LLDPE1 0.904-0.933 0.35-1.3 834
m-LLDPE2 0.894-0.957 0.16-1.7 9-50
m-LLDPE3 0.903-0.928 0.98-1.9 15-32
Experimental 0.917-0.932 0.46-1.2 18 - 65
ZN-LL 0.918-0.944 0.81-3.1 20 — 88
HDPE 0.958-0.961 0.45-0.7 28 — 32
Solution 0.900 1.2
HP-LDPE 0.926-0.951 0.35-25
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PCAfor + 1 K Films

PCA Overlay Plot (R2(cum) and Q?(cum) by performance variable.
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2D Coefficient Plots
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MD Secant Modulus vs. Molar Mass and Comonomer Content MD Secant Modulus vs. Comonomer Content
= 0.04
Superior —=»
perlor 2 002 4
(=]
)
D a0
Average —=* ©- g |
[»] '8 .
Inferior g 002 i ﬁ
; High
€ .0.04 - ? el

[45]
o

Densit
w y »

5 3540
4045 4550 5055
5560
LOW MW Molar Mass 6065 Comonomer content = “ ” 2

Comonomer Content

Coefficient Bar Graph Contour Plot
MD Secant Modulus vs. Molar Mass MD Secant Modulus vs. Molar Mass and Comonomer Content
e ; é pa SecMod MD
I E = 800
I N R R A —_— s
gl i &
;;i : O 600
< B
gl § 400
3! 2
m i
= 8 200

Frn Molar Mass
Molar Mass

Coefficient increase with an increase in lighter color and decrease with an increase in darker color.

Ex¢onMobil



Comonomer Content

Density

2D Coefficient Plots
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Summary

Film performance depends on resin molecular architecture and film fabrication conditions.

Information on a wide variety of films using a broad spectrum of commercial resins was presented.

Structure-process-property relationships for blown film resins were established using multivariate statistical
methods of analysis.

Optimum balance of film properties is obtained for molecular architecture.

Fabrication dependent and independent models show resin molecular architecture affects film performance
more than film fabrication conditions.

 Fabrication independent models explain about 50% of the total variation in film performance.
 Fabrication dependent models explain about 70% of the total variation in film performance.

« 20% to 30% of film performance is unexplained by the fabrication dependent model.

« Application to resin blends was shown.

ExxonMobil is using this technology in developing new blown film resins with superior balances of performance.

Data generated by or on behalf of ExxonMobil
Ex¢onMobil



Disclaimer

©2018 Exxon Mobil Corporation. To the extent the user is entitled to disclose and distribute
this document, the user may forward, distribute, and/or photocopy this copyrighted document
only if unaltered and complete, including all of its headers, footers, disclaimers, and other
information. You may not copy this document to a Web site. ExxonMobil does not guarantee
the typical (or other) values. Analysis may be performed on representative samples and not
the actual product shipped. The information in this document relates only to the named
product or materials when not in combination with any other product or materials. We based
the information on data believed to be reliable on the date compiled, but we do not represent,
warrant, or otherwise guarantee, expressly or impliedly, the merchantability, fitness for a
particular purpose, suitability, accuracy, reliability, or completeness of this information or the
products, materials, or processes described. The user is solely responsible for all
determinations regarding any use of material or product and any process in its territories of
interest. We expressly disclaim liability for any loss, damage, or injury directly or indirectly
suffered or incurred as a result of or related to anyone using or relying on any of the
information in this document. There is no endorsement of any product or process, and we
expressly disclaim any contrary implication. The terms, “we”, “our”, "ExxonMobil Chemical",
or "ExxonMobil" are used for convenience, and may include any one or more of ExxonMobil
Chemical Company, Exxon Mobil Corporation, or any affiliates they directly or indirectly
steward. ExxonMobil, the ExxonMobil Logo, the Interlocking “X” Device, and all other product
names used herein are trademarks of ExxonMobil unless indicated otherwise.

Ex¢onMobil



Reduce Covariance Matrix into a Diagonal Matrix.

— — Cov(x,y)
Linear Regressiony =a x + b Mean Centered (y —=Y)=a (y —Y) T Var()

Extends to multivariate analysis

2
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The covariance matrix is symmetric and non-singular. It is reduced using an orthonormal matrix U.

U’SU=L Where the components of U are the Eigen vectors of S, and those of L are the Eigen values of S.
Solve U’SU for the Eigen values of S using the characteristic equation: |S—II|=0
Use the Eigen values (u;) to determine the Eigen vectors(l.): [S — II]ti =0

Technically, the Eigen vectors and values are determined iteratively using algorithms like NIPALS.

Ex¢tonMobil



Blown Film Line Process Map
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Test Methods

Test Description Method Based on
1% Secant Modulus ExxonMobil Procedure ASTM D882-95a
Tensile Test ExxonMobil Procedure ASTM D882-95a
Elmendorf Tear ASTM D1922-15
Dart Impact (Method A/ B) ExxonMobil Procedure ASTM D1709-91
Puncture Test** ExxonMobil Procedure ASTM D 5748
Haze ASTM D1003-13
Gloss ASTM D618 ASTM D2457-90
Average Gauge Mic* ExxonMobil Procedure ASTM D374
Resin Density ASTM D1505-10
Melt Index ASTM D1238-13
CFC Test EM314-R4
SAOS (Shear Rheology) EM513-R2
Rheotense (Extensional Rheology) RHE04-3.3 & EM 514-R1
TEM (General TEM Analysis) EM-116 R2

*Calibrated yearly.
**A steal probe is used instead of a Teflon coated probe.

DSC Analysis:

Samples of resin or film (3-5 mg) sealed in aluminum sample pans were heated and cooled in differential scanning calorimetry (DSC) at 10 °C/minute from -60
C to +220 C, from +220 C to -60 C and again from -60 C to +220 C with no hold time between each heating and cooling step. Each sample’s heat of fusion
(AH;) was determined from its total heat flow (AH in J/g). Melting temperature was measured and reported during the second heating cycle (or second

melt). Each sample’s degrees of crystallinity was determined from its thermogram using the enthalpy of fusion of a perfect polyethylene crystal (AH°) of 4110
J/imole. Common heats of fusion (AH;°) reported in the literature for a pure crystalline polyethylene ranges from 3977 J/mole to 4032 J/mole. The cumulative
heat of fusion of each polyethylene was determined and the temperatures at 50%, 60%, 70% and 80% of the maximum cumulative heat of fusion noted.

Ex¢tonMobil



General References on Analytical Methods

Cross explains linear rheology

Mo —Neo
1+kyn

Ny =N *

o IS Zero shear viscosity

k is a related to the relaxation time of the polymer in solution
v isshear rate

n is the power law flow index

A. Yo. Malkin and A. 1. Isayer, “Rheology: concepts, methods and Applications”, ChemTec Publishing, Canada, 200
GPC explains linear rheology using Double Reptation Theory

G'(@®)=2G,,x ) w.x w; X
(@)= 2; E: L+Zf

Z.
G'"(@)=2G;,x D) WX > W X—"=
(@)= Z Z 1+ 27?7

1

Z;= wre(Mi/Me)s .
J. D. Ferry, “Viscoelastic Properties of Polymers”, John Wiley & Sons, New York, 1980
Ex¢onMobil
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General References on Statistical Methods
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