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ABSTRACT

Several high density polyethylene grades produced in the State Company of Petrochemical Industries
(SCPI) were fabricated to sheets and tested for tensile strength. The siress-sirain curves were analyzed and
the tensile data were estimated. Mathematical models were designed and correlations were developed to
express the effect of melt flow index (MFI) as an additional independent variable of the models. The
exponential form of the model for the grades with MFI values >1 seemed to represent the real tensile
behaviour of the grades. Less positive effect on the developed models was observed for grades of MFI <1.
The developed models are candidated to be used to determine tensile characteristics of all polyethylene
grades produced in SCPI specially those of MFI>1 without the need carrying out destructive tensile tests.

INTRODUCTION

Polyethylene is a thermoplastic, chemically
rather inert and electrically, a first —class
insulator. It combines flexibility and toughness
with insensitivity to moisture, low volume cost
and ease of fabrication”.

Commercially available polyethylenes have
densities in the range 0.91-0.97 g/cm’® and are
divided into two categones low density (density
range: 0.91-0.94 g/cm ) and high density(density
range 0.94-0.97 g/cm®)®

In the State Company of Petrochemical
Industries  (SCPI), two main types of
polyethylenes are produced; homopolyethlenes
and I-hexene/ethylene copolymers in which the
ethylene is the major constituent; the latter may
contain various amount of 1-hexene.

Both homopoiymers and copolymers are
obtained in various grades ). The grades of the
indivitual types have virtually approximate
density, but they differ in melt viscosity. Some
physical properties of polyethylenes produced in
SCPI are given in table (1).

The properties of particular grade depend
primarily on molecular weight and degree of
crystallinity. Both factors are controlled during
the polymerization process .

Because density is related to crystallinity, and
is easier as well as more convenient to be
measured, it is usual to quantify the density of a
polyethylene rather than its crystallinity.
However, density is not a complete index of the
structural state of polyethylene.

In practice, the molecular weight is not
determined, but melt viscosity is determined and
expressed as the melt flow index (MFI) at 190°C
and 2.16 kg®. Thus, polyethylenes are classified
in terms of density and MIF. One of the most
important characteristics of polyethylene is its
mechanical properties from which the end uses
become apparent and limitations recognized ©.
Among these characteristics are the tensile stress
— strain properties, the test of which represents as
plots of the force required to produce a given
elongation for sample specimens of standard
sizes.

Because of the fundamental viscoelastic nature
of polymers, the stress-strain properties and other
aspects of mechanical behavior often very
strongly 1nﬂuenced by rate of appllcatlon of stress
and temperature -

In the present worL, the tensile stress-strain
characteristics for eight different grades of high
density polyethylenes produced by SCPI were
investigated experimentally, and the acquired
tensile parameters were determined. The tested
grade were divided into two categories; the first is
of 0< MFI <l and the second MFI >] . An
optimization technique using Least-Square
method was adopted to the mathematical analysis
of the mechanical data. Two mathematical models
(linear and exponential), describing the true
stress-strain ~ behaviour of  high  density
polyethylenes, were estimated. The independent
variables of the models were the elastic models
and melt flow index. The coefficient of the
models and the well-known adjacent factors® "
were determined. The designed models were
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efficient to describe and represent the true
mechanical behaviour of the polyethylenes. The
models are recommended to use for prediction the
stress-strain  behaviour for any polyethylene
grades produced in SCPI without the need of
destructive tests.

EXPERIMENTAL

Different high-density polyethylene grades
produced by SCPI were fabricated to the desired
sample sheet using injection-molding technique.
Dumpbell shape specimens were cut by a
specimen cutting press then tested for tensile
strength in controlled condition i.e temperature
=23£1°C, humidity = 50 = 1 % using tensile
testing machine (Instron 1193). The specimens
were stretched at a crosshead speed SO0mm/min.
The load-elongation curves were recorded and
several mechanical parameters were estimated
including: ultimate stress o, yield stress oy, break
stress ©p, elastic modulus E, % elongation at
ultimate stress % €, and % elongation at break
%ep . Typical stress-stress curve of one of the
eight polyethylene grades showing the mentioned
mechanical parameters is shown in figure (1).

THEORETICAL ANALYSIS

In order to put in advance a reliable tool for
analyzing the mechanical behaviour of the eight
high density polyethylene grades, the trend is
devoted to establish a mathematical model to
represent this behviour as best as possible as well
as to activatate it for adequate predication of the
related parameters without conducting any
experiment for further grades under consideration.

The investigated eight grades were divided into
two categories dependent on MFI values, the first
category have 0 <MFI < 1, while the other have
MFI > 1. A mathematical model was designed
using Least-Square method"®'". The model was
designed in two formatic types: linear
algebraic type and exponential type. The
dependent variables were the mechanical
parameters (o, Oy, Os, €, € and &g) while the
independent variable was the elastic modulus E.
This sort of modeling would lead a singled-value
function of each mechanical property, say y
(where y is any one of the dependent variables
listed before, as related with the independent one
E, i.e y = f (E). Now if this function is proposed to
be first-order in E, then:

y=ko * ki (E) (1)

which refers simply to linear algebric type
whereas the non-linear (exponential) type would
be suggested as:

y=k, (E)' or Iny=Ink,+k (InE) ()

In both types of these functions, the terms
K, and k; are the model coefficients ought to be
determined. Noting that these coefficients are
expected to be different in magnitudes in spite of
their similar appearance in either one of equations
(1,2). However they would be corresponded
specifically to the group of the same range of
MFL

A second sort of modeling has been
introduced in this work to corporate the effect of
MFI directly on the mechanical behaviour of all
grades together. In this case, the mathematical
type of the linear and exponential functions of y
should be in the forms:

y =Ko + ki(E) + ko(MFI) 3)
y=ko (E) (MFI)¥

Or
Iny =Ink, +k; (In E) + Ky(InMFI) (4)

respectively. The addition coefficient k,, in above
two types of functions is responsible to account
the new effect of (MFI).

The numerical procedure , to evaluate the
required coefficient in the linear models of
equations (1,3) , is the well — known Least —
Square technique (Z). Which insure the existence
of best values for these constants to minimize the
total error squares between the true values of y,
say Yiue and the estimated ones from the previous
functions. In short, if:

€. = VYire - ¥ (3)

denotes this difference at any record number n of
the data (n= 1,2,3 ..., N as maximum ) then the
total error squares, say Et becomes:

N o)
Er= 2 Otre =¥)° (6)

obviously ,E would be function of k 4.k, and ks.
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The principle of minimum E; existence,
yields:

- = =0 (7)

Which leads to a system of linear-
simultaneously equations in these coefficients. An
applied software program, for solving of these
equations, is sufficed to carry out the job.

The same numerical approach, can be utilized
to determine the necessary coefficients in the
exponential type of functions in equations (2, 4)
through replacing simply the term y by (Iny) and
ko by (Ink,) any where in the later relations (5-7).

To distinguish between the ability level of each
mathematical model in representing the true
behaviour of the grades, the adjacent factor (R)is
inforced to take the role of this aim. It is a
fractional  indicator 0<R<l whose value
interpratetes the closeness of the imposed model
to represent the actual true functions (or values).
As close as R approaches unity, the mathematical
model would be more acceptable .Its value can be
computed from:

N =3
5 Z(y-9

x : ®)

where denotes the means of all y- readings, i.e:

1)’

N

7z

i
Il

RESULTS AND DISCUSSION

The acquired experimental data estimated from
the recorded stress-stress curves of the eight high
density polyethylene grades are tabulated with
their MFI as shown in table (2).

The model coefficients (K, & K,) and the
corresponding R-values for each one of the six
best fitted linear relationships are evaluated and
listed in table (3) for two groups of MFI data
collection. Table (4) summerize the overall results
taking into account the new effect of MFI as an
additional dependent variable.

Correlation’s of various parameters involved in
the developed models are represented in figures
(2-13).

The mathematical analysis of the tensile data
and the developed models confirmed that,
mechanical characteristics ~ are  strongly
distinguished for polyethylenes of MFI>] and the
exponential formatic type of the developed model
gives more accurate results compared with the
linear-algebric form. The adjustment factor values
revealed this truth since the computed R values
ranged from 0.93 to 0.99.

The less positive resulted effect of MFI<1 on
the developed models specially for the linear
algebric form, gives an evidence that the
mathematical models developed in this work are
capable to be modified by incorporating other
independent variables concerning the physical
properties of the produced grades, such as percent
crystallinity. The Ilatter suggestion deserves
paying attention and focusing in a further study.

CONCLUSIONS

The mathematical analysis optimization
method developed in this study may be considered
very useful to predict the tensile characteristics of
polyethylene grades produced in the State
Company for Petrochemical Industries (SCPI),
specially those grades of MFI>1, without the need
of carrying out destructive mechanical tensile
tests. The developed mathematical models are
capable to be expanded and modified to cover and
incorporate other physical properties.
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Fig. (1) Typical stress-strain curve for one of the high
density polyethyene grades
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Fig. (2) Variation of yield stress (o,) with Young’s
modulus for the grades of (0<MFI<1)
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Table (1) Some types, grades, and physical properties
of polyethylenes produced by SCPI

Density g/cc? g?;?mm Grade Type
0.958 0.25-0.4 | EHM 6003

0.953-0.957 [0.25-0.45 | HHM 2502

0.9420945 [0.08-0.14 | TR 401

0.961 5—7 M 624

0.954-0.957 0.85-1.2 HHM 5710

0.960 2.54 EMN 6030 High
0.994-0.947 |0.23-0.33 | TR 140 Density
0.964 0.50-0.75 | 6006

0.955 0.3 TR 416

0.962 6.5 HMN 6060

0.950 10 HXM 50110

0.964 0.7 TR 160

0.921-0.924 |0.28-0.38 | 463 :
0.9205-0.923 [ 1.8-2.2 461 }fﬁ‘:‘siw
0922-0924 |21-23 203 %

Table (2) The required experimental tensile data and
MFTI values for the poluethylene grades

Grade |%e,10?

o, | % 10

6, %X o

E M

6030 | 1.667

27.500

3333 BL

964 |4.083 |30.000

175741 | 3.0

6060 | 1.833

25.000

4417

31428

S50 |29.639

1489.01 | 6.3

6006 | 2.000

25.000

4.083

29.639

4417 |28.568

1285.93 | 0.7

6003 12583

18.568

6.342

3310

1208 | 21785

78845 |03

$710° | 2.000

20.536

3.667

26.783

3588 25355

111407 | 10

TR 140 1.500

11428

3.083

K12

3417|4284

1600.00 | 03

TR401|2.583

17.140

1417

23.035

8.000 21250

678.50 | 0.1

TR416|2.583

14998

9417

21.250

9.250 |19.369

660.65 | 0.3

Table (3) Model coefficients of the

taking MFI as an additional variable

all poluethylene

Dependent
Variahle

(A Samples)

Model K,

K K R

Linear

113852

7.9563x10~ | 0.3688

0.9084

Exponential

1338

0.3944 3.702x1

0?0934

Linear

32893

-1.0537x107 | 2.5529x

102 10,9717

£

Exponential

157.42% E

0.6174 4.0966x

102 10.9756

Linear

18.5989

3.9836x10~ | 0.6955

0.9104

Exponential

6.2683

0.2084 5.2750x

107 |0.938

Linear

11.3725

-5.2347x16° | 0.1677

0.9421

Exponential [27786.6329

-1.2218 0.1051

0.9903

Linear

16.8445

6.2045x10° [0.6222

0.8989

Exponential

4.7881

0.2378 5.1853x

107 [0.9349

%)

Linear

11.5309

-5.1287x10° | 0.2484

0.9541

Esponential

14904.2831

-1.1198 0.1161

0.9944
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Table (4) Model coefTicients for two different categories of high density polyethvlene differ in MFI

Grades: (6003, 6006, TR 401, TR 140, TR 416) Grades: (5710, 6030, 6060)
Dependent 0< MIF <1 WIF 51
Soblos =
. Model K K R | Model K 2 R
o, Lincar 120105 | 0.0074 07574 | Lmear 8.5060| | ppogxig2 | 09778
Exponential 1.0661 [ 0.421% 0.8543 | Exponental 0.2230 | 06430 0.9991]
E Linear 3.4046 | 1 1518%102 0.9€82 | Lmear 25792 i'j_:319x19-4 0.995¢
Exponential 1141093 | -0 5769 08579 | Exponential 30.7319 1032885 09237
G, Lineer 190014| 56246x103 | 0.7344] Lineer 175461 | g 3337x10:3 | 0.5448
Exponential 43401 0.2528 0.8001 | Exponential 1.5630 | 0. 4056 0.9610
B Linear 11.8300 _5.7158x103 0.9393 | Linear 9.718% .36105x10-3 | 0.9985
Exponential | 11906.6836 | -1 1183 0.9246 | Exponential 16067.6040 | -1.1302 0.9817
P
Cs Lincer 169591 g 1295x102 | 0.7393 | Linear 17.4423 | 7 2020107 | 0.5366
Exponential 3.0984] 0.2923 0.8083 | Exponential 1.6827 | 0.3823 09546
€8 Lmear 12.1619 | 5 6881 »10-3 09719 | Linear 8.2278 | 2 7401x103 | 0.9186
Exponential | 7922.4270 | -1 0485 0.9949 | Exponential 489.2700 | -0.6330 0.8807
? 10
g L ]
254
8 J
2 71
%o, |
(]
% S, 15 Eu 5 T
4 -
14 ®  True (experimental) L o Trus (experimenal)
—— Least-square method (exponential model) —— Least-square method (exponential model)
05 | —— Least-square method (finer model) v Least-square method (liser mode])
1
0 . - - - = 0 T T T T T
50 700 900 1100 130 1500 1700 500 700 900 1100 1300 1500 1700
E E
Fig. (3) Variation of % elongation at yield (%ee,) with Fig. (5) Variation of % elongation at ultimate stress (%6e,) with
Young’s modulus for the grades of (0<MFI<1) Young’s modulus for the grades of (0<MFI<I)
k) j 30
28 - *
30 4 '
26 4
5 1 M"L—’—.‘—. 2%
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Op 20 - .
% 15 i :
18
10 - *  True (experimental) 16 4 _
-— Least-square method (exponential mode]) 15 *  Tnelempemmental)
5 - — Least-square method (liner model) —— Leas-squrre method (exponential model)
12 4 — Least-souars method (liner mods]) |
0 —_— | [ e SR
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E
E
Fig. (4) Variation of ultimate stress (ow) with Young’s Fig. (6) Variation of break stress (og) with Young’s

modulus for the grades of (0<MFI< 1)

modulus for the grades (0<MFI<1)
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Fig. (7) Variation of % elongation at break (%eg) with
Young’s modulus for the grades (0<MFI<1)
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Fig. (8) Variation of yield stress (o) with Young's
modulus for the grades (0<MFI<I)
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Fig. (9) Variation of % elongation at yield (%e,) with
Young’s modulus for the grades (0<MFI<I)
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Fig. (10) Variation of ultimate stress (o,) with Young’s
modulus for the grades of (MFI > 1)
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Fig. (11) Variation of % elongation (g,) with Young’s
modulus for the grades of (MFI 2 1)
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Fig. (12) Variation of break stress (og) with Young’s
modulus for the grades (MFI 2 1)
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Fig. (13) Variation of % elongation at ultimate stress (%s,)
with Young’s modulus for the grades of (MFI 2 1)
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