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ABSTRACT

Since the discovery of Sioplas® technology in tlae | sixties by Dow Corning,
vinylsilane crosslinked polyethylene (PEX-b) pipe®cessing has been progressively
well established and derived into various altekesti around the same theme, e.g.,
Monosil®, Visico®, or Spherisil®. All these routese calling for the reaction of a vinyl-
functional monomer with polyethylene in presence fvee radical initiator.
Independently from the processes used for modifytimg high density polyethylene
(HDPE), the goal in PEX-b pipes fabrication is tatan a silylalkoxy modified HDPE
that can then be extruded into pipes of variousedsions. For both compounds
producers and pipes manufacturers, it is impottaassess the rate of crosslinking with a
high degree of precision and as rapidly as possibdeder to verify the conformity of the
material against pipe industry standard, i.e., mgdhe 65-75% gel content requirement
according to either 1ISO10147 or ASTM D2765 method.

Using Alpha Technologies/Dynisco VTM® (Viscosityansition Modulus) rheometer, a
method for determining rapidly the gel content dod monitoring the kinetics of
crosslinking in PEX-b specimens was developed.rinfdion on crosslinking density
were obtained within 10 minutes versus ~12 houisguthe standard methods. On one
hand, plots of elastic shear modulus (G’) agairstentage strain applied to melted
PEX-b compounds were recorded on a series of spesinprepared with different
vinylsilane concentrations, before and after a ddesh curing step. Good correlation
between G’ values and the gel contents measurea xydene extraction were observed.
On the other hand, for a given concentration ofgitane, monitoring the increase of G’
as a function of the time the PEX-b specimens wareng underwater was shown to be
an extremely effective means of determining the ddtcrosslinking of the material. By
repeating the curing kinetics at different tempared, the energy of activation of the
crosslinking reaction was calculated. Further og#tion of the method was also carried
out in order to monitor the crosslinking proces®&X-b compounds within the chamber
of the VIM® rheometer. This latter result demonsdathat crosslinking kinetics
permitted to determine gel content in PEX-b matew#hin approximately 1 hour
starting from the vinyl-silane-grafted HDPE pellets

The methods developed in this study are much fadafer, more reliable and
significantly more economically viable than therstard gel content measurements based
upon extraction in refluxing xylene. The conclusiasf the correlation between the two
measurements, i.e., elastic shear modulus andogeért, are presented and discussed
within the light of the plastic pipe industry neetts continuously improve material
properties (R&D perspective) and/or their produglgy (Quality Control perspective).



INTRODUCTION

The characterization of vinylsilane crosslinkedyetthylene (PEX-b) made according to
either Sioplas® [1, 2], Monosil® [3], Visico® [4]50r Spherisil® [6] processes is a very
important aspect for optimizing material properfi@sapplications in, e.g. plastic piping
systems. The principle consists of (i) grafting yinmethoxysilane (VTM) to high
density polyethylene (HDPE) during a reactive esitsn process in a twin screw extruder
in the presence of peroxide and anti-oxidant, fe#ld by (ii) adding the appropriate
catalyst masterbatch containing the curing catagstany other additives (pigment, anti-
oxidant, etc...) in a single screw pipe extrusioreliipes are then cured for several
hours up to days underwater at 95°C conditions ratero sufficiently high degree of
crosslinking occurs in the material. The reason Bigplas® process has become quite
popular over the last three decades is due to dbe alance between investment cost
(low) and production rate (high). Depending on theice of the polyethylene density
and its molecular structure, properties of silamsslinked material can be controlled to a
certain extent [7]. One of the properties that pifabricators are looking for is the gel
content, a very important characteristic of the emat that reflects its degree of
crosslinking, and that determines its mechanicaperties (e.g., flexibility, resistance to
hydrostatic pressure and resistance to fast amdaiack growth) as well as their stability
up to temperature of ~130°C. However, the actughoteused for the determination of
degree of crosslinking established by either ISOf8ASTM [9], consists in gravimetric
measurements of the gel content, or insolubleibmacproduced in crosslinked ethylene
plastics after extraction in the appropriate solv@wylene or decahydronaphthalene). A
minimum of eight hours extraction in xylene undeftux (~140°C) is required, which is
time consuming, expensive as well as susceptibleaisse safety and health issues
(~250ml xylene is used for one data point). Itnigortant that gel ratio reach values in
the range 65-75% in order the material will haveirogl flexibility as well as
mechanical, chemical and heat resistance.

Alternative approaches were also envisaged and awdpto the gel content method,
e.g., FTIR [10, 11] and differential scanning catetry (DSC) [12]. To a certain extent
both approaches were shown capable for determthangegree of crosslinking in silane-
crosslinked thermoplastic materials, bringing famgathe benefits in terms of reduced
labor intensity and improved health, safety andiremwnental friendliness. However,
although these studies were bringing valuable mé&ion on the mechanisms of
crosslinking in PEX-b, none of these approachesswenrsued to such a degree that
would have permitted to envisage them for use ialityu control of PEX-b pipes
fabrication. On one hand, the DSC measurements WE2¢ not very sensitive in the
region 60-80% gel content. On the other handpalgh the FTIR approach indicated a
greater sensitivity in the high gel content ran@][ the IR absorption index for the
crosslinks, Si-O-Si, was continuing to increasehaiit a simultaneous increase in gel
content [10]. Motivated by the needs to simplifydaaccelerate product development in
R&D lab as well as to provide a reliable method doality control in production, this
paper describes the result of the work carried inutollaboration between the Dow
Corning Surface and Interface Solutions CenterC$Esd Alpha Technologies/Dynisco,
focused at establishing the correlation betweepldyy measurements using a VTM®
(Viscosity Transition Modulus) rheometer and théueaof gel content obtained by the
classical method used so far.



EXPERIMENTAL

A series of PEX-b specimens were prepared usingptimeulations displayed in Table 1.
Raw materials were used as received. Compoundirgy cagried out in a Brabender
Plastograph®350S mixer equipped with roller blad®station speed was 100rpm, and
initial temperature of the chamber was 200°C. Tergnd temperature of the melt were
monitored for controlling the reactive extrusioro@ess of the ingredients. Total mixing
time was 8 minutes, with a sequence of additiothefvarious ingredients in the mixer as
follow, i.e.,
1. Loading the HDPE pellets, mixing for 2 minutes;
2. Loading the silane and the peroxide pre-adsorbeth@first 2/3 of porous HDPE
pellets, mixing for 2 minutes;
3. Loading the antioxidants pre-adsorbed on the l&sbfiporous HDPE pellets and
the tin catalyst masterbatch, mixing for 4 minutes;
4. Dropping batch and casting into 2 to 4 mm thickrgages on Agila®PE30 press
at 200°C for 5 minutes before cooling down to ambieemperature for 2
minutes.
The molded plates were then stored in a desicat@B°C and 20% relative humidity
conditions before further testing was carried out.

Table 1: PEX-b formulations, varying the quantity d vinyltrimethoxysilane and peroxide
proportionally

Ingredients Part | Part| Part Par Part Part
HDPE Basel Lupole® 5031LQ 449K 87 87 87 87 87 87
Tris-(2,4-di-tert-butylphenyl)phosphite 0.11 | 0.11| o0.11] 0.11 0.11 0.11

antioxidant, Ciba Irgaf@168
Tetrakis [methylene-3-(3, 5-di-tert-butyl-4-[ 0.05 | 0.05| 0.05| 0.05 0.05 0.05
hydroxyphenyl-propionate)] methane
antioxidant, Ciba Irgana1010

Porous HDPE, Membrana AccugeXP200 8.0 8.0 8.0 8.0 8.0 8.0

2,5-dimethyl-2,5-di-(tert-butylperoxyhexan{ 0.18 | 0.12| 0.10| 0.04 0.03 0
peroxide (DHBP),

Arkema Lupero®101
Vinyltrimethoxysilane (VTM) 3.00 [ 200 | 1.73| 1.00 | 0.50 0
Dow Corning 26300

Weight%]2.90%|1.96%)]1.70%{0.99%] 0.50%
Tin catalyst masterbatch 5.0 5.0 5.0 5.0 5.0 5.0
(0.7% DOTDL mixed in HDPE)

The HDPE polymer was Lupolen® 5031LQ 449K from Baseith an MFR of
4.0g/10min (2.16kg/190°C) and a density of 0.95&0/All raw materials indicated in
Table 1 were used as received from the suppliers.

Rheology measurements were carried out on a VTM®c@sity Transition Modulus)
rheometer with parallel plate dies from Alpha Tedogies/Dynisco. Inspired by prior
work described in the literature [13], kineticsarbsslinking of PEX-b specimens were



carried out on 3.1g circular (34mm diameter) specisnof 4mm thickness analyzed
above their melting point, at temperatures of 180°Z. Elastic shear modulus (G’),
storage shear modulus (G”) and Tang&ntere recorded upon strain sweep, e.g., 1%,
3%, 5%, 10% and 12% single strain amplitude (SSAgamstant oscillating angular
frequency (3.14rad/s or 20rad/s).

Gel contents were measured upon 8 hours refluxingylene according to the well
established and industry standardized method [8, 9]

For each particular step of our study, PEX-b speosrwere prepared, crosslinked and
tested slightly differently, i.e.,

1. For establishing the correlation between rheology gel content measurements
the PEX-b specimens described in Table 1 weredestedmm thickness molded
plates before and after curing underwater at 951C2# hours. G'@5% strain
values were recorded at constant oscillating amgiguency of 20rad/s on
specimens melted at 190°C, and plotted againstctineesponding gel content
values.

2. For studying the crosslinking kinetics underwatsraafunction of temperature,
PEX-b specimens were prepared with 1.9% Dow CorZié800 (VTM) silane
and 0.11% Luperox®101 peroxide according to theimgibprocedure described
above. However, no tin catalyst was added duriegsicond step of the mixing
process. PEX-b specimens were then molded into #nukness plates and cured
underwater at 30°C, 55°C and 95°C in the presehté&ooacetic acid dissolved in
the water bath. G@12% strain values were recordedonstant oscillating
angular frequency of 3.14rad/s on specimens malté@0°C.

3. For studying the crosslinking kinetics in the VTMi@eometer, PEX-b specimens
were prepared according to the mixing procedurerde=d above using 1.7%
VTM silane in presence of 0.10% Luperox®101 perex@bw% of pellets of this
latter VTM silane grafted HDPE were then mixed wbth% of pellets of the tin
catalyst masterbatch, and molded into a 4mm theka@d 34mm diameter disks
using the LMM, Laboratory Mixer Moulder, from Dywis. The grafted PE and
the catalyst materbatch were mixed for 5 minutek98fC before injecting in the
80°C mould. Crosslinking was then carried out ie tthamber of the VTM®
rheometer in presence of 35mg magnesium sulfateahggrate, MgSQ7H,O
(Epsom salt) [14]. G’'@5% strain values were recdrdé constant oscillating
angular frequency of 20rad/s on specimens melté9GfC.

RESULTS AND DISCUSSIONS

In order to assess the benefits of using the VTM@&meter for determining the degree
of crosslinking in PEX-b material, the followingegss were carried out. In a first step, a
correlation was established between the elastiarghedulus (G’) and the traditional gel
content measurements on PEX-b specimens made iffe¢hedt concentrations of VTM
silane as described in Table 1. In a second gdtepelastic shear modulus measurements
were carried out on PEX-b specimens that were categecific time intervals from the
start to 24 hours underwater at different tempeestbetween 30-95°C. In a third step,



PEX-b specimens were allowed to cure in the chanabethe VTM® rheometer at

different melt temperatures between 190-230°C, wieicabled a rapid determination of
the kinetics as well as the calculation of the gpesf activation of the crosslinking

reaction in PEX-b material.

1. Gel Content versus Elastic Shear Modulus (G’) Co  rrelation

For all PEX-b specimens prepared according to féatians of Table 1, the elastic shear
modulus (G’) measured on a 190°C melted sampleirent@nstant in a range of single
strain amplitude from 1 to 10%. In order to quantiie effect of increasing the VTM
silane concentration used for grafting the HDPE, efastic shear modulus at 5% strain
(G'@5% strain) were recorded on PEX-b specimen®rbeaind after a curing step
underwater at 95°C for 24 hours. Results for beties of measurements are displayed in
Figure 1.
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Figure 1: Plot of elastic shear modulus (G’) at 5%strain (melt T=190°C) before and after curing
underwater at 95°C for 24 hours of PEX-b specimenmade with increasing amounts of VTM silane
grafted to HDPE (see nominal concentrations of VTMsilane and peroxide in Table 1).

As VTM silane concentration increased from 0.5% & progressively larger increase of
G'@5% strain was observed for the PEX-b specimeresdhat were cured against
uncured series. For the cured series, one canenthie extreme sensitivity of G’
measured on the melt at 190°C to variation in dirdgag density in PEX-b material, and
the outstandingly accurate linear correlation WiliM silane nominal concentration
(R?=0.994). A similar analysis made on the viscous poment of the shear modulus, G”,
and Tangen® showed that both were less sensitive and therdés® susceptible to
detect changes in the properties of PEX-b matekre interestingly, the values of



G'@5% strain were then plotted against the pergentgel content measured upon
xylene extraction method [8] on the series of cuspdcimens. The resulting correlation
is shown in Figure 2. Again, a quite good correlaticoefficient (R=0.992) was
obtained. In order to assess the precision of theselts, the G’ measurements were
repeated six times on each PEX-b specimens. Asdtetl by the error bars on G’ values
in Figure 1 and Figure 2, excellent accuracy wasiobd. The 95% confidence interval
on elastic shear modulus was indeed calculategpoo@imately 2% of the mean value.
Measurements of gel content were confirmed beirayirate within a 95% confidence
interval of minimum 3% of the mean gel content eailu the best case.
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Figure 2: Correlation between elastic shear modulugG’@5% strain) and gel content measured on
VTM silane grafted HDPE after 24 hours curing undemater at 95°C.

The sensitivity of G’ to small changes of gel caortiseof PEX-b specimens in the range
between 60-85% (Figure 2) was therefore remarkabte extremely promising towards

the development of a simplified, faster, safer amate reliable method for determining

the degree of crosslinking in PEX-b material in pamson with the classical gel content
method used so far. One can therefore already wdeacthat elastic shear modulus
measurements are quite reliable for determiningldgree of crosslinking in VTM silane

grafted polyethylene, with the outstanding bendfitat each data point takes

approximately 5 minutes against approximately 1@rdasing the gel content extraction
method. On a quality control standpoint, this weilable PEX-b pipes manufacturers to
dramatically improve their productivity by, e.g.ealeasing cost of quality assurance
testing, improving responsiveness to out of speaiion material and reducing wastes of
toxic solvent.



2. Kinetics of crosslinking underwater

The benefit of the correlation established betwgeincontent and elastic shear modulus
was then applied for studying the kinetics of clioksg in PEX-b material. The kinetics
of crosslinking was measured by using the valu&G@®12% strain at specific time
intervals from the start to 24 hours. The samplessisted of materials crosslinked
underwater at 30°C, 55°C and 95°C in the preserfcd% acetic acid used as
hydrolysis/condensation catalyst. As describedhi@ €éxperimental section, the VTM
silane grafted HDPE was not containing tin catalfgst this part of the study. The
crosslinking rate constants were determined froeitiitial slope of the G'@12% strain
against time curves. Because of the quite limitegree of crosslinking developed in the
material for temperatures of 30°C and 55°C, themeahation of the rate constants for
these two temperatures was not extremely accursie/ever the best estimates were
plotted against the reverse of the absolute terymeraand the resulting Arrhenius plot
was reasonably good as illustrated in Figure 3wveelo
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Figure 3: Arrhenius plot for kinetics of crosslinking underwater in presence of 1% acetic acid at
30°C, 55°C and 95°C for HDPE grafted with 1.9% VTMsilane.

The linear temperature dependence of the crossljnieaction was clearly observed in
Figure 3, and the energy of activation, Bvas calculated to 68kJ/mole. Energy of
activation for the same crosslinking reaction fof\W silane grafted low density
polyethylene, catalyzed by dibutyl tin dilauratéadgst was determined from gel content
measurements, and calculated to 65kJ/mole [15]eMeeently, also determined from gel
content measurements carried out after variousegegf crosslinking of VTM silane
grafted ethylene-propylene-copolymer, the energyaofivation of the crosslinking
reaction was calculated to 85kJ/mole without catalgnd 64kJ/mole in presence of di-n-
hexylamine for instance [16]. All these energiesaofivation are in the same order of



magnitude. The differences can easily be assigoetdifferences in the polymer resin
and/or in the catalyst system used.

3. Kinetics of crosslinking in a VTM® Rheometer

In order to further optimize and accelerate thehoet attempts were made to monitor
the crosslinking reaction of VTM silane grafted HDkh the chamber of the VTM®
rheometer. Molded disks prepared as describedeirexperimental section were placed
between the parallel plates dies of the VTM® rhet@men presence of 35mg of
MgS0O,.7H,O (Epsom salt) and the elastic shear modulus redoad a function of time.
Repeating the experiment at three different tentpegg, 190°C, 210°C and 230°C, using
a new disk for each temperature, the kinetics audisplayed in Figure 4 were obtained.
A quite sharp increase of the G’'@5% strain was mesk on a time scale of
approximately one hour. After 2.5 hours at 210°C iftstance, G'@5% strain was
reaching a plateau value at 425kPa. The correspgrgil content measured using the
xylene extraction method on the disk specimen rexatpd after the measurement made
at 210°C was 79%. On the other hand, a fourthwask cured for 24 hours underwater at
95°C. Gel content and G’'@5% strain values wereaesgely 81% and 452kPa. The G’
versus gel content correlation was therefore cordd, which was extremely promising
towards the possible implementation of the G’ mearment for the on-line determination
of gel content within ~1 hour after starting theoguction of the silane grafted
compound.

450 ¢
400 |
350 |
300 |
250 |
200 |

150 ¥

G'@5% strain (kPa)

100 -

50

0 Lo o b v b P b e e
0O 20 40 60 80 100 120 140 160 180

Time (min)

Figure 4: Crosslinking kinetics in the VTM® rheometer in presence of MgSQ7H,0 salt and tin
catalyst masterbatch at T=190°C, 210°C and 230°Cf&iDPE grafted with 1.7% VTM silane.

From the kinetics plots of Figure 4, the rate ofiwersion to the plateau value were then
plotted against time for each three temperaturesrding to DIN53529 method [17, 18].



For conversion rate between 20-80% best linear ifiistrated in Figure 5A were
obtained for an order of reaction, n=1.67. The catestant of the crosslinking reaction
were given by the slope of each linear plots. Threhénius plot of Figure 5B was
obtained, illustrating the outstanding linear defsrce to temperature, and the energy of
activation, g, calculated to 64kJ/mole. It was remarkable taceathat the values for the
energy of activation obtained by curing PEX-b eithederwater in presence of acetic
acid or in presence of tin catalyst and hydrateltl isathe VTM® rheometer were
outstandingly similar. The difference being easlysigned to differences in sample
preparation and/or catalyst used to acceleratertigslinking reaction.
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Figure 5: (A) Rate of conversion plots of crosslinkg in the VTM® rheometer in presence of
MgS0O,.7H,0O salt and tin catalyst masterbatch at T=190°C (t@ngles), 210°C (circles) and 230°C
(squares) for HDPE grafted with 1.7% VTM silane. (B Corresponding Arrhenius plot.

CONCLUSIONS

For the first time, the present study demonstratet elastic shear modulus (G’)
measurements on PEX-b compound melts using a VThEmeter are outstandingly
reliable for determining the degree of crosslinkimy TM silane grafted polyethylene. A
true correlation and an extremely high sensitivityh variation of gel content in the
crosslinked material were shown. Additional bewssebf the VTM® rheometer were
demonstrated in terms of, e.g.,
i) Time savings, i.e., each data point takes appraeimnab minutes against
approximately 12 hours using classical ISO or ASTikthod;
i) Cost savings, i.e., reducing the total variablet dosanpower, raw materials,
waste) as well as minimizing loss of productivigused by the fabrication of out
of specification PEX-b compound or pipe;



iii) Environmental, health and safety impacts, i.e.psegsing the use of toxic and
flammable solvent (xylene or decahydronaphthalene);

iv) Opportunity of on-line gel content determinationings VTM® rheometer
equipment associated with automatic disk specimeading and un-loading
device.

v) Possibility to carry out crosslinking kinetics afferent temperatures in presence
of hydrated salt within the chamber of VTM® rheoeretvith an outstanding
accuracy, which permitted to confirm energy of \aion of the crosslinking
reaction at 64kJ/mole.

The robustness of the correlation between eladiears modulus and gel content
measurements definitely answered the needs ofl#sti@pipe industry to continuously
improve R&D lab capabilities for supporting new eré&l development and/or for
improving product quality control in the fabricatiof crosslinked plastic parts.
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