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Abstract: The growth rate of plastic manufacturing all over the world and in the middle east as oil producing
countries increased the rate of thermoplastics production and the needs of reference materials (RMs) for use in
performance evaluation of measuring instruments and ensuring validity of measurement results. This article was
focused on the preparation of RM based melt mass-flow rate from low-density polyethylene (LDPE) according to
1SO 1133-1 standard. The characterization was evaluated from around 10% of prepared units, then the samples were
distributed to a network of collaborating laboratories in order to ensure the validity of the RM production process.
The value of melt mass-flow rate of LDPE was determined to be 19.51 g/10 min under a temperature of 190°C and
a load of 2.16 kg with expanded uncertainty 0.38 at 95% confidence level. The obtained values were confirmed from
the data reported by the network of collaborating laboratories.

Keywords: Reference material; melt mass-flow rate; LDPE; ISO 1133-1; homogeneity and stability; collaborative
study. © 2021 ACG Publications. All rights reserved.

1. Introduction

Most plastic materials are subjected to various tests but only few of them are essential to check
the quality of the final product. Among them, melt mass-flow rate (MFR) which is an important property
used to characterize plastics during polymer processing, in addition to the density. MFR is defined as: the
rate of extrusion of a molten resin through a die of specified length and diameter under prescribed
conditions of temperature, load and piston position in the cylinder of an extrusion plastometer, the rate
being determined as the mass extruded over a specified time [1-5]. Additionally, MFR plays a pivotal role
for controlling the quality of thermoplastic products. For instance, it can effectively differentiate if the
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plastic is virgin, recycled, amorphous, crystalline, filled or unfilled with a certain type of filler. Moreover,
MFR information could be an indication of the molecular weight (Mw) of the material [6,7].

Under specified conditions of temperature and load, procedure (A) in ISO 1133-1 [8] standard is
used for unfilled thermoplastics. This measurement is also applicable to thermoplastics for which the
rheological behavior is affected during the measurement by phenomena such as hydrolysis (chain
scission), condensation and crosslinking, but only if the effect is limited in extent and only if the
repeatability and reproducibility are within an acceptable range. For materials which show high variation
in rheological behavior during testing, 1SO 1133-2 is not appropriate and 1SO 1133-1 applies. On the
other hand, melt volume-flow rate (MVR) is particularly useful when comparing materials of different
filler content and when comparing filled with unfilled or blends with other thermoplastics. The MFR can
be determined from MVR measurements, or vice versa, provided the melt density at the test temperature
is known.

Now-a-days, the application of certified reference materials (CRMSs) in analytical chemistry for
quality control purposes is well recognized and recommended by a wide range of organizations. The use
of CRM encourages the quality assurance and quality control in analytical laboratories [9]. There are
commercially available CRMs and reference materials (RMs), however, for certain matrix types, CRMs
might not be available at all, or the range of concentrations and/or analytes needed might not be certified.
In many of the analytical laboratories in developing countries lack of financial resources restrict the
comprehensive use of available CRMs that are largely prepared and commercialized in western countries.
The concept of in-house RMs or quality control materials (QCMSs) is advocated to supplement (not
substitute) the use of CRMs for quality control purposes. The concept of using QCMs is widely applicable
to: advanced laboratories with CRMs with validated analytical techniques available, laboratories with less
experience and facilities, and where labile compounds and unstable matrices are involved. Each case
considers different approaches to overcome the lack of appropriate CRMs and advise on the preparation
of QCMs, which might fit the particular purpose. For these reasons, this publication is intended to assist
analytical chemists in their efforts to maintain good quality results and provide them with a tool to
overcome situations where QA/QC could not be easily implemented. The report is a contribution to
promote quality system implementation and finally encourage testing laboratories in Egypt or in its
neighboring countries to prepare themselves for formal accreditation.

Polyolefins including low-density polyethylene (LDPE), high-density polyethylene, and
polypropylene [10,11] attracted attention of scientists because of their use in a wide spectrum of
engineering applications such as automobile, electrical cables, healthcare purposes, food packaging [12],
and other industrial applications. Their availability from simple olefins monomer, easy processing with
respect to other polymers, excellent mechanical, molding and recycling properties, make them amongst
the highest used commaodity polymers. Polyolefins are highly stable to the environmental effects, have
long life, and can take several decades for the degradation [13,14]. Furthermore, their resistance to
ultraviolet irradiation and hydrophobicity nature could be a promising to increase their resistance to
microorganism’s activity. They have also been used for UV shielding amongst many other engineering
applications [15-17]. With regard to the previous literature, the grafting of the branched LDPE by acrylic
acid (LDPE-g-AAc) using melt-blending has been performed to create a new component with different
properties such as molecular weight, crystallinity, melting point, and thermal stability [18,19]. Measuring
the melt flow rate is essential for defining the different grades of the LDPE with different MFR ranging
from 0.25 to 36 g/10min and their suitability for use in certain applications and well as determining its
filler content. Practically speaking, there are hundreds of grades of polyethylene and law density
polyethylene that differ mainly in their densities. The slight differences in the polymerization procedure,
the initiators used and the polymerization temperature would result in large differences in MFR values.
This is turn will affect the processability of the polyethylene and consequently the application of its
intended use. In this respect, the MFR results normally based on the test method used. For instance, NIST
prepared a Reference Material (SRM- 1473b) for LDPE resin based on ASTM 1238 standard. ISO 1133-
1 was not used before in certification of reference materials. Our reference material was prepared
according to 1SO 1133-1 because most companies and laboratories in Egypt and countries of the MENA
region use this standard for quality control and interlaboratory comparison. Work by Chui et al. used
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interlaboratory programs [20] are statistical tools used to compare the results of different laboratories for
the same material, to determine the precision of a standard method of measurement, to assess laboratory
performance and to attribute values to materials. It is incorrect to assess laboratory performances based
on samples of unknown homogeneity and quality.

Herein, we describe a method for evaluating the homogeneity and stability of thermoplastic LDPE
and also describe characterization and value assignment according to ISO 17034. Additionally, the results
that were obtained from the collaborative trails study were used to affirm the assigned value for MFR
property and uncertainty of measurements for the LDPE samples under investigation.

2. Materials and Methods
2.1. Planning

The preparation and characterization of LDPE reference material comprises the complete process
from selection of material to after-sales service as described in Figure S1 (see supporting information). It
includes the steps of processing of material, homogeneity testing, and stability testing, characterization
and value assignment according to ISO 17034. The study focuses on characterization of the reference
material using 1SO 1133, the characterization approach was based on NIS metrologically valid procedure
and confirmation of value by a network of competent laboratories. In order to ensure best practice, the
Polymer Metrology and Technology Laboratory (PMTL) and the Reference Materials Laboratory (RML)
at NIS, Egypt, collaborated in order to produce a CRM for MFR. It can be used to enhance the quality
control and quality assurance of MFR measurements in different industries and laboratories in Egypt and
around the world with an affordable price especially for developing countries. The experimental design
is summarized in Figure 1 and shows a stepwise procedure that was followed according to ISO 17034 in
order to produce the CRM for MFR of LDPE.

2.2. Materials Processing and Packaging

Five kilograms of low-density polyethylene (LDPE) with density of 0.9130 g/cm? were obtained
from Sidi Kerir Petrochemicals Company (SIDPEC), Alexandria-Egypt. They were sampled and mixed
well to enhance homogeneity and packed into 50g units to yield a batch of approximately 100 units. The
units were numbered from 1 to 100 according to filling sequence, divided into 10 groups (G1 to G10),
each group includes 10 units as illustrated in Figure 1. The groups were stored in a dry and clean area for
further investigations.

2.3. Equipment and Measurement Procedure

The homogeneity and stability studies were evaluated at in PMTL and RML at NIS, using Zwick
Extrusion Plastometer (Model 4100, Germany) (see Figure S2 in supporting information). The melt flow
rate of LDPE was determined according to International standard ISO 1133-1:2011 (Procedure A) [8],
the same procedure was used by all collaborative laboratories. Instructions were prepared by PMTL-NIS
for all laboratories regarding measurement time frame, metrological traceability, test method and number
of measurements per each unit. The measurement procedure based on using of 2.16 kg load, 190 °C
cylinder temperature, 30 s cut-off time interval between extruded specimens and weight of extruded
filaments using highly sensitive balance. In which the instrument was allowed to stabilize for at least 20
min and the preheat temperature calibrated prior to the sample insertion into the cylinder using a
thermocouple sensor with a variation approximately = 0.1°C. All equipment including balance (Mettler
Toledo, model MS204S/01, Switzerland), Zwick Extrusion Plastometer and thermocouple were traceable
to Sl units. The MFR values were expressed as g/10 min.
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Figure 1. Stratified random selection diagram used in the sample preparation for the
homogeneity and stability assessments, as well as participant laboratories

2.4. Test of Homogeneity

The homogeneity study was designed to quantify any differences between unit heterogeneity of
the prepared material. Systematic sampling approach was used to select ten units from the whole batch.
Three sub-samples from each unit were measured three times each under repeatability conditions. All
samples were analyzed randomly to ensure that the order of measurements did not correspond to the filling
sequence of the bottles. Data were analyzed by ANOVA to check homogeneity of samples and estimation
of uncertainty due to heterogeneity effect.

2.5. Test of Stability

A classical stability study was applied [21,22] to evaluate stability of material under normal
laboratory conditions. Ten units were selected from the batch, stored at ambient conditions (22+3 °C) and
one unit was analyzed in triplicates at two months’ time interval for 18 months. The data were screened
for outliers using the Grubbs test. Linear regression analysis as a function of time was performed and
slopes were tested for significance using a t-test [21,22].

3. Results and Discussion

3.1. Homogeneity Assessment

The results of the homogeneity study illustrated in Figure 2 were analyzed according to 1SO Guide
35:2017 and uncertainty of the material was estimated and combined with other sources to estimate
expanded uncertainty [23-27]. The uncertainty um, was estimated from the difference between the total
variability and the within bottle variability using the following equation [21]:

Uy =/ MSyienin/n. 3 2/N(n —1) @
Where MSuitin represents within groups mean squares, n is the number of replicate sub-samples per bottle
and N is the number of bottles selected for homogeneity study.
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On the basis of results of one-factorial analysis of variance (ANOVA), the MSgetween are smaller than
MSwitin Which indicates that, the homogeneity of the material is better than repeatability of the
measurement method and this is normal for melt flow testing. The values of MSpetween, MSuwitin, P-value,
F-value are 0.0069, 0.0531, 0.998 and 0.1298, respectively. The estimated value of material heterogeneity
is 0.089; this value is incorporated in the expanded uncertainty of calculated reference value.
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Figure 2. Graphical representation of homogeneity evaluation results
3.2. Stability Assessment and Assigning Material Shelf Life

Classical stability study approach was applied to investigate stability of LDPE at ambient
conditions used for storage and transportation [22,28]. Stability study was performed over a period of 18
months at two months intervals. Ten units were stored in laboratory area and after the predetermined
storage periods, the units were measured in triplicates. Stability data were screened for stragglers and
outliers by applying Grubbs' test at confidence levels of 95 % and 99 %, respectively. After treatment of
outliers, data was plotted as a function of time as illustrated in Figure 3 and the regression line was checked
using a t-test at 95% confidence interval (o= 0.05) for significant trends possibly indicating change in the
melt flow value. The values of slope and its error are -0.0019 and 0.004168, respectively. On the basis of
the results, the storage of prepared material is recommended at laboratory normal temperature (22+3 °C).
The uncertainty due to material instability estimated from regression line slope is incorporated in the
combined uncertainty of the assigned value. The prediction of the material shelf life was based on standard
uncertainty due to long term stability and uncertainty allowance due to instability was evaluated according
to the Equation 2 [29-31].

s = Yo X uge (2)

Where, Yo is initial value, X is time point and us; is standard uncertainty due to long term stability.
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Figure 3. A) Linear regression plots for long-term stability study during 18 months of storage at ambient
temperature for reference material, B) Graphical representation of testing order.

The mean response slope illustrated in Figure 3 is not significantly different from zero which
indicates a sufficient stability of the material stored at an ambient temperature. Therefore, an expiry date
of two years was established within estimated uncertainty (0.16). Stability testing will be continued by
further measurements over the period of availability of the material to maintain confidence in the reference
value.

3.3. Characterization of LDPE Reference Material

Characterization of LDPE reference material was based on 1SO 1133-1. The material was
measured by accredited PMTL-NIS using calibrated equipment and traceable to Sl units, the measurement
procedure based on using of 2.16 kg load, 190 °C cylinder temperature, and 30 s cut-off time interval.
Ten units were measured in ten different days by different analysts to avoid any systematic errors. The
results of NIS characterization are illustrated in Table 1.

Table 1. PMTL-NIS measurement results

Units Ul U2 u3 U4 us U6 u7 us U9 u10
1991 1974 19.74 1918 1964 1966 1944 1957 19.74 19.74

(gljf(s)ur:isn) 1943 1918 1920 1938 1947 1957 1951 1942 1925 19.10
19.41 1960 1954 19.74 1959 1942 1957 1939 1943 19.60

Mean 1958 1951 1949 1943 1957 1955 1951 1946 1947 1948
StDev 0.29 0.29 0.27 0.29 0.09 0.12 0.06 0.10 0.24 0.34

After PMTL-NIS measurements, five ISO 17025 accredited competent laboratories were selected

to establish a network for confirmation of values assigned by NIS. Each laboratory received two samples
and asked to measure three portions from each sample and provide nine repeatable measurement results;
mean value and standard deviation of each collaborating laboratory are illustrated in Table 2. The results
were treated statistically for outliers, homogeneity of means, and variances. The 1SO 5725:1-6 and ISO
13528 standards requirements were applied for estimation of assigned value and uncertainty.
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Table 2. MFR test results for collaborating laboratories
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Participant Laboratories

Labl Lab2 Lab3 Lab4 Lab5
S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

. 20.45 20.77 1945 19.77 19.64 1944 1921 1940 1897 19.05
E 20.47 20.86 19.47 1986 19.47 1951 1942 19.15 1894 19.02
S 2055 20.76 1955 19.76 1959 1957 1947 1934 18.96 19.01
?{’ 20.72 20.64 19.72 19.64 19.18 1991 19.72 19.63 1894 18.91
E 20.76 20.60 19.76 19.60 19.38 1943 19.64 19.75 19.01 18.96
>3 20.77 20.62 19.77 19.62 19.39 1941 1952 1936 1897 18.94
% 20.57 20.49 1957 1949 19.74 1957 19.19 1952 1894 19.04
§ 20.68 20.75 19.68 19.75 19.25 1954 1953 1948 1894 19.00

20.65 20.63 19.65 19.63 1943 19.39 19.38 19.72 18.91 19.02

3.4. Value Assignment

The assigned value of the prepared reference material was calculated as the robust mean of results
obtained by PMTL-NIS, the assigned value calculation was based on testing of about 10 % of prepared
units. The robust mean value and robust standard deviation of certification results were calculated
statistically using algorithm A described in 1SO 5725:1-6 [32] and I1SO 13528 standards [33] and values
were 19.51 and 0.197 g/10 min, respectively. Results obtained from collaborative study were analysed
statistically and graphically using kernel density and box plots as illustrated in Figure 4. The robust mean
value of MFR calculated from collaborative study is 19.53 g/10 min. Also, same values were obtained
from kernel density and box plot. This result is in a good agreement with homogeneity, stability and
PMTL-NIS characterization results., this agreement confirms validity of preparation, measurements and

value assignments.
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Figure 4. Statistical analysis of LDPE collaborative results: A) Kernel density plot and B) Box plot
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3.5. Metrological Traceability and Measurement Uncertainty

The traceability of the LDPE reference material to the definition of the Sl units was achieved by
the use of calibrated balance, stopwatch and plastometer, the measurements were traceable to the
kilogram, second and kelvin Sl base units. Estimated uncertainty was derived from the uncertainty
components due to material heterogeneity (um), short term and long-term stability (Uss, Urs),
characterization including uncertainties of time measurement, weighing, plastometer temperature,
variability due to operators and plastometer as illustrated in Figure 5.

Time (Stopwatch) Material Homogeneity

Weighing (Balance) Calibrati
ation

Repeatahility

Within unit
Calibration Between units
Resolution
Resolution
- Melt flow
Long term
Calibration Instrument
Resolution Operator Short term
Temperature Precision Material Stability

Figure 5. Fishbone diagram for uncertainty sources of LDPE reference material measurements

Expanded uncertainty is expressed as two times the root of the sum of the squares of standard uncertainties
at a confidence level of approximately 95 % [34,35], the values of uncertainties are illustrated in Table 3.

4. Conclusions

This research was intended to prepare certified reference material based-MFR from LDPE pellets
for using in calibration and performance assessment of equipment used in a variety of polymer
laboratories and industries in Egypt and the MENA region. This test method was carried out according to
ISO 1133-1 Standard. The homogeneity of the samples as well as the stability over 18 months were firstly
assessed by NIS and then confirmed by a network of competent laboratories. The results were statistically
analyzed to calculate the reference value. It was found to be 19.51 g/10 min. The value obtained from
competent laboratories were investigated and then used to affirm PMTL-NIS data and found to be 19.53
0/10 min. The convergence between the two values was due to the good homogeneity and stability of the
material. Moreover, there was no significant trend noticed over stability testing period. The certified value
for LDPE and expanded uncertainty were concluded to be 19.51+0.38 g/10 min, according to detailed
statistical analysis. This material will be beneficial for the calibration and quality control for the
determination of the MFR using ISO 1133-1(procedure A) and can be used in testing laboratories and
industrial quality control departments in different industrial sectors.
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Table 3. Uncertainty sources and their values used for estimation of uncertainty of reference material

. . . T L Sensitivity Standa_rd
Source of uncertainty Estimated values Unit Distribution  Divisor . uncertainty
coefficient .
(g /10 min)
Repeatability of plastometer Standard error 0.007071068 g /10 min Normal 1 1 0.007071
Reproducibility of operators Standard error 0.058313499 g /10 min Normal 1 1 0.058313
o Calibration of Balance 0.0003 g Normal 2 10 0.0015
Weighting )
Resolution of Balance 0.00005 g Rectangle 1.73 10 0.000289
Timin Calibration of stop watch 0.00375 S normal 2 -0.08317 -0.00016
g Resolution of stop watch 0.005 S Rectangle 1.73 -0.08317 -0.00024
Calibration of 0.2 e Normal 2 0.0385 0.00385
temperature
Temperature Drift of temperature -0.3 °C Rectangle 1.73 0.0385 -0.00667
Resolution of 0.05 ‘C Rectangle 173 0.0385 0.001111
temperature
Homogeneity Material heterogeneity 0.089 g /10 min Normal 1 1 0.089
. Long- and short-term .
Stability stability 0.16 g /10 min Normal 1 1 0.16
Combined standard uncertainty (Uc) g /10 min 0.19
Expanded uncertainty (Uc x 2) g/10 min k=2 (at 95% confidence level) 0.38
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