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Scheme of the Presentation

* LyondellBasell is...

« SAMP1- is...(brief history from literature)

« Basic SAMP-1 inputs.

« Advanced modeling with SAMP-1: damage

* Validation on a prototypal part
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World-Class Scale With Leading Market Positions

($in billions)
$120 -
Chemicals
90 7 Ethylene #5
60 Propylene #5
Propylene Oxide #2
30 -
Polymers
, , , Polyolefins (PE + PP) #1
BASF Dow SABIC LYB Dupont Polypropylene #1
Polyethylene #4
Polypropylene Compounds #1
Fuel
Oxyfuels #1
Technology and R&D
Polyolefins Licensing #2
Note: Positions based on LyondellBasell wholly owned capacity and pro rata share
Source: Capital I1Q, LYB of JV capacities as of December 31, 2012.
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LyondellBasell Fast Facts

One of the world’s largest plastics,
chemicals and refining companies with
revenues of $45 billion (2012)

Global reach that addresses worldwide
customer needs

58 manufacturing sites in 18 countries on
five continents

Sales in more than 100 countries

Vertically integrated facilities enable
conversion of crude hydrocarbons to
materials for advanced applications

Participation in 16 significant
manufacturing joint ventures, 11 of which
are outside of Western Europe and the
United States, primarily in regions that
have cost-advantaged raw materials or
high growth rates
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Global Reach

58 plants in More than
18 countries 13,000 employees
worldwide
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Argentina
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Owned and operated by LyondellBasell, its subsidiaries and/or joint ventures.

Sales in
more than
100 countries

Europe
France
Germany
Italy
Netherlands
Poland
Spain
UK

Asia Pacific
Australia
China
Japan
S.Korea
Malaysia
Thailand

AFME
Saudi Arabia
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Our Product Lines and End Markets We Serve

End Uses End Uses End Uses End Uses
Food Packaging Insulation Automotive Fuels Polyolefin
Textiles Home Furnishings Aviation Fuels and Chemical
Automotive Adhesives Heating OiIl Manufacturers
Appliances Consumer Products Industrial Engine
Films Coatings Lube Oils
Flexible Piping
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Before SAMP-1: Needs for a SAMP-1 like material

» N.Temini, N.Billon, “Plasticité et New experimental techniques allowed
incompressibilité des polymers solides — Etude detailed measurement of volume
experimentale a moyennes et hautes vitesses”, variation in polymers subjected to tensile
16eme Congres Francais de Mecanique, Nice, tests, not compatible with Von Mises
Septembre 2003 plasticity

« C. G'Sell C., Shu-Lin Bai, J.M.Hiver,
“Polypropylene/polyamide 6/polyethylene-
octene elastomer blends. Part 2: volume
dilatation during plastic deformation under
uniaxial tension”, Polymer 45, 2004, p- 5785-
5792

* M.Nutini, M.Vitali, "Mesure de “déformation
vraie”/’contrainte vraie” sur matéeriaux
polypropylene et polyéthylene”, Congress «
Mise en ouvre et comportement des polymeres
et des elastomeres: quels progrées?», SFIP
Congress, Sophia Antipolis, 2007

Source: LyondellBasell SFIP 2007
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SAMP-1 is...

 [1] S.Koellling, A.Haufe, M.Feucht,
P.DuBois, “SAMP-1: a Semi-
analytical Model for the Simulation of
Polymers”, 4th Ls-dyna
Anwenderforum, Bamberg, 2005
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SAMP-1 Users: Initial Concerns

 [7] H. Lobo, B. Croop, D. Roy, “Applying
Digital image Correlation Methods to SAMP-1
characterization”, 9th European Ls-dyna
Users Conference, Manchester, 2013

 [8] H. Daiyan , F. Grytten, A. Andreassen,
H.Osnes, O.V. Lyngstad, “Numerical
Simulation of low-velocity impact loading of a
ductile polymer material”, Materials and
Design 42 (2012), p.450-458

LyondellBasell Contribution

e M. Nutini, M. Vitali, “Characterization of
polyolefins for design under impact: from true
stress/ local strain measurement to the F.E.
simulation with Ls-dyna Mat. SAMP-1", 7th
Ls-dyna German forum, Bamberg 2008
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SAMP-1 Users: Initial Concerns

How to characterize the materials for providing
input data to SAMP-1?

Which tests?
« Tension, compression, shear
e Testing speeds?
* Material orientation?

Which testing methodologies?
* Engineering data?
e True stress/Strain?
¢ Local measurement?
« Optical methods, e.g. Digital Image
Correlation (DIC)?

Data elaboration?
* Optimization techniques (based on
what outputs)?
« Data filtering?

lyondellbasell.com
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SAMP-1 Users: Initial Concerns

How to validate a SAMP-1 material
card?

First studies based on
simple tensile / bending
tests (reverse engineering

« Additional studies on
selected benchmark tests

Specimen width
25 - T=23°C, tensile test 100 mm/s

Tensile test

5 B
SA M P-l, damage
----
4 4
z
g
s = P
=2
R e
24 — = MAT_024 N
= 'SAMP, nu=0.15, Damage curverev.2 M AT—O 24
14 = =SAMP, nu=0.15, Damage curverev.1
—EXP
0
0 0,05 0,1 0,15 02 0,25 03
time (s)
MAT_024 SAMP-1

Source: M. Nutini, M. Vitali, “Characterization of polyolefins for design under
impact: from true stress/ local strain measurement to the F.E. simulation with

Ls-dyna Mat. SAMP-1", 7th Ls-dyna German forum, Bamberg 2008
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SAMP-1 Users: Initial Concerns

How to validate a SAMP-1 material
card?

* First studies based on
simple tensile / bending
tests (reverse engineering)

Additional studies on

selected benchmark tests

Source: M. Nutini, M. Vitali, “Characterization of polyolefins for design under
impact: from true stress/ local strain measurement to the F.E. simulation with
Ls-dyna Mat. SAMP-1”, 7th Ls-dyna German forum, Bamberg 2008
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SAMP-1 Advanced Input: Damage

Damage function implemented
according to Chaboche-Lemaitre model:
Continuum Damage Mechanics (CDM)
approach

* P.DuBois, M.Feucht, A.Haufe, S.Koelling, “An
Overview of Ductile Damage Models in LS- A A,
DYNA”, Ls-dyna Anwenderforum, EFF b
Frankenthal, 2007

 J.Lemaitre, J.L.Chaboche, “Mechanics of

solid materials”, Cambridge Univ. press, 2002 D = M Damage function

Aror

F
O =——  Effective stress
FF
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Damage Parameters ldentification

Damage function
associated to the
volume strain,
experimentally

LyondellBasell Contribution

Proposal for a method based on Local Strain

Measurement .
accessible
* M. Nutini, M. Vitali, “Characterization of
polyolefins for design under impact: from true _
stress/ local strain measurement to the F.E. m = anO = (g1 + &, + €3)

simulation with Ls-dyna Mat. SAMP-1", 7th
Ls-dyna German forum, Bamberg 2008

Effective stress
identified as the
stress at constant
volume

Ocrg = Oy
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Damage Parameters ldentification

Alternative approaches

J.Lemaitre, J.L.Chaboche, “Mechanics of
solid materials”, Cambridge Univ. press, 2002

M.Xu, .Wang, “A new method for studying
the dynamic response and damage evolution
of polymers at high strain rates”, Mechanics
of Materials 38 (2006), p. 68-75

Gongyao Gu, Yong Xia, Chin-hsu Lin,
Shaoting Lin, Yan Meng, Qing Zhou,
“Experimental Study on characterizing
damage behavior of thermoplastics”,
Materials and Design 33 (2013),p. 199-207

Damage function through
elastic modulus
measurement from uniaxial
tensile tests with repeated
unloading

lyondellbasell.com
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Damage Parameters ldentification

LyondellBasell Method and Alternative approaches  Comparison of the results from
Comparative assessments: volume strain and Modulus variation:

conflicting responses!
* R.Balieu, F.Lauro, B.Bennani, R.Delille,

T.Matsumoto, E.Mottola, “A fully coupled - Results overlapping (Balieu et al.)
elastoviscoplastic damage model at finite

strains for mineral filled semi-crystalline - Results are different (Gu et al.):
polymer, Int. J. Plasticity, (2013), Damage underestimated when
http//dXdOIOrg/101016/jij|a8201305002 volume strain is used rather than
(article in press) elastic modulus(D=0.4 vs. D=0.9)

¢ Gongyao Gu, Yong Xia, Chin-hsu Lin,
Shaoting Lin, Yan Meng, Qing Zhou,
“Experimental Study on characterizing
damage behavior of thermoplastics”,
Materials and Design 33 (2013),p. 199-207
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Damage: deeper investigations of the Damage Physics

V.Delhaye, A.H. Clausen, F.Moussy,

R.Othman, O.S. Hopperstad, “Influence of
stress state and strain rate on the behavior

of a rubber-particle reinforced
polypropylene”, International Journal of
Impact Engineering 38 (2011), p. 208-218

E.M. Parsons, M.C.Boyce, D.M.Parks,
M.Weinberg, “Three-dimensional large-
strain tensile deformation of neat and
calcium carbonate-filled high density
polyethylene”, Polymer 46(2005), p. 2257-
2265

A.F. Epee, F.Lauro, B.Bennani, B.Bourel,
“Constitutive model for a semi-crystalline
polymer under dynamic loading”,
International Journal of Solids and
Structures, 48 (2011), p. 1500-1599

Debonding of (talc) particles from the
polymer matrix leads to micro cavities
initiation and to the damage of the
matrix
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Damage: deeper investigations of the Damage Physics

Yy
. '.

Source: LyondellBasell

LyondellBasell Contribution
(study in progress)

Debonding of (talc) particles from the
polymer matrix leads to micro cavities
initiation and to the damage of the
matrix
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Damage modeling

Considering how damage originates and evolves in talc-filled materials, and
also the uncertainties in the current debate as emerging from the references:

 The Chaboche-Lemaitre model coupled with volume-strain based
parameter identification is the preferred choice for this class of materials

* A dedicated test will be used for its validation

lyondellbasell.com
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Choice of a further validation test

Industrial prototypal part (energy
absorber), made of talc-filled, impact-
modified PP

Testing several SAMP-1 features as:

o Strain rate dependence

« Complex loading (Tension ,
Compression, Bending)

« Damage (portions of the
part are subjected to
unloading during the impact
sequence)

lyondellbasell.com
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Material card preparation

Stress vs. strain (normalized)

Data from tensile test at L Stati :
different speeds, using DIC/ 08 tatic stress-strain
Optical strain measurement, sos CUVEsS
measured on specimens cut $04) oo |
.. . (] ——TRUE stress
from injection molded plaques 02/ -~ EFFECTIVE stress
] 00 02 04 06 08 1 1.2
Compression / Shear data: s e
through scaling tensile stress- a5 :
g g tenm os Damage function
strain curves. Scaling o //
Coefficient: 1.3 to 1.5 for A
compression, 0.7 for shear 02
0.1
Poisson ratio: function of the % o2 04 06 08 i 12
Strain . . Local strain
Average (Long/Transv) material - :
properties are used

g .
Eozs

S0

2020 §t
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P

\
015 %

0,10
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Result: Compression modeling

Acceleration vs. displ.

Several scaling 0.16 y
coefficients used. :
Comparison based
on Force vs. displ.
Curve (right)
Definitely good e
agreement between
experiment and

!

£ |

0.14 = RO boo#
FE e N\ e

§.‘ 0.1
simulation. %
Scaling coefficient £ e
for compression g
data from tensile 3
data better around - Y
1.4 4] ~ - - Scaling 1.35
; =+-+= Scaling 1.45
Y ——Scaling 1.54
--+-- Block 1 - acceleration
0.02

20 30 40 50
displ. (mm)
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Result: Compression modeling

« Several scaling SAMP-1 test- influence of compression scaling
.. X displacement
coefficients used. 0
¢ Comparison based
on displ. vs. time 10
(right)
« Note: the slope after -~ scaling 1.35

velocity is reversed
(t =35 ms about) is
the same for all the
simulations (Same
damage
parameters!)

X displ (mm)

-601
* Bestresult: scaling
coefficient around 701
1.4

-80/

-90;

Time (ms)
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Result: Alternative modeling

* Simulations with
SAMP-1 have
provided force-
displ-time curves in
better agreement
with the real test
than MAT_024 and
MAT 081.

¢ Taking into account
the slight
anisotropy in the
material is believed
to improved the
prediction
accuracy
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Result: Damage modeling

For this class of materials the
damage model combined with
parameter identification through
volume strain give good results
(see the slope after motion
reversal)

Arbitrary scaling of damage
curves to reach the value 0.9at
failure (to simulate Gu’s
results) does not give
reasonable predictions

Damage is better evaluated
from 3-D strain measurement
(curve DIC3D)

lyondellbasell.com
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Result: Deformation

The deformation
predicted using SAMP-1
is definitely closer to the
real test than the one
predicted by MAT 024

Part deformation during the real test (left) and simulated with SAMP-1 (center)
and MAT 024 (right); t= 15 ms (top) and t=25 ms (bottom)
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Conclusions

The benchmark case here presented confirms that accurate local strain measurement
using non contact optical-based methods are suitable to generate input data for impact
analyses for advanced material laws, as SAMP-1, taking into account peculiar
characteristics of polymeric materials, as viscoelasticity, viscoplasticity, pressure-
dependent yield stress, plastic dilatation and damage.

In particular, the validity of the approach to damage modeling based on the measurement
of volume strain has been experimentally verified for mineral-filled Polypropylene-based
compounds.
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Disclaimer

* DISCLAIMER

« Any technical advice, assistance, recommendations, testing or reports provided by the LyondellBasell (“LYB") family of companies to you for
any reason, including, but not limited to (i) the selection, processing or use of a LYB product, (ii) the storing, handling or usage of a LYB
product, or (iii) the modification of a LYB product in an end-use application, or (iv) assistance about technical feasibility of applications, or (v)
assistance about design and simulation methods or procedures (collectively, “Technical Assistance”) is given and accepted at your sole risk
and without any warranty whatsoever. LyondellBasell will have no liability or responsibility for the use of, results obtained from, or any other
aspects of the Technical Assistance, including, but not limited to, the preparation and delivery hereof. You are encouraged to verify
independently any such Technical Assistance.

* TRADEMARKS

« Addhere, Adflex, Adstif, Adsyl, Akoafloor, Akoalit, Alathon, Alkylate, Amazing Chemistry, Aquamarine, Aquathene, Arconate, Arcopure,
Arcosolv, Arctic Plus, Arctic Shield, Avant, Catalloy, Clyrell, CRP, Crystex, Dexflex, Duopac, Duoprime, Explore & Experiment, Filmex,
Flexathene, Fueling the power to win, Get in touch with, Glacido, Hifax, Histif, Hostacom, Hostalen, Ideal, Indure, Integrate, Koattro, LIPP,
Lucalen, Luflexen, Lupolen, Lupolex, Luposim, Lupostress, Lupotech, Metocene, Microthene, Moplen, MPDIOL, Nerolex, Nexprene,
Petrothene, Plexar, Polymeg, Pristene, Prodflex, Pro-Fax, Punctilious, Purell, Refax, SAA100, SAA101, Sequel, Softell, Spherilene,
Spheripol, Spherizone, Starflex, Stretchene, Superflex, TBAc , Tebol, T-Hydro, Toppyl, Trans4dm, Tufflo, Ultrathene, Vacido and Valtec are
trademarks owned or used by the LyondellBasell family of companies.

* Adsyl, Akoafloor, Akoalit, Alathon, Aquamarine, Arconate, Arcopure, Arcosolv, Arctic Plus, Arctic Shield, Avant, CRP, Crystex, Dexflex,
Duopac, Duoprime, Explore & Experiment, Filmex, Flexathene, Hifax, Hostacom, Hostalen, Ideal, Integrate, Koattro, Lucalen, Lupolen,
Microthene, Moplen, MPDIOL, Nexprene, Petrothene, Plexar, Polymeg, Pristene, Pro-Fax, Punctilious, Purell, Sequel, Softell, Spheripol,
Spherizone, Starflex, Tebol, T-Hydro, Toppyl, Tufflo and Ultrathene are registered in the U.S. Patent and Trademark Office.
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