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he flow of polymer materials is complex, and in general the behaviour is defined in terms of a

linear and non-linear viscoelastic regime. For linear behaviour, the ratio of stress to strain is a

function of time, and does not depend on the magnitude of the other parameters. Within the

non-linear region the ratio between stress and strain varies as a function of deformation and
this can loosely be attributed to changes in the materials molecular structure due to the applied defor-
mation. This is shown in the Fig 1 where the additional of a small amount (3%) of Multi-walled carbon
nanotubes (MWCNT’s) in polycarbonate leads to a reduction in the linear viscoelastic region, represent-
ed by the constant relationship between the storage (G’) and loss (G”) moduli. In this case the addition
of the MWCNT's has resulted in a more sensitive material response to the applied strain used to meas-
ure the elastic and viscous behaviour of the material and the development of additional molecular struc-
ture at higher strain.
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The storage and loss moduli of a poly- i sl
mer sample are normaIIy determined Sl amplitece (%) Stran amplitece (%)

using experiments conducted within the Figure 1: Frequency sweep values at 2 s-1 of storage (G’) and loss (G”) for a pol-
linear region, and the non-linear behav- ycarbonate material of molecular weight ~ 33,000 g mol-1 with (filled) or without
iour is evaluated rheologicall in (unfilled) the adpiition of multi-walled carbon nanotubes. Comparison values are to
‘s » . . d y values at a strain of 0.5%. [Choong et al., 2013]

simple” flows using either non-linear

shear or non-linear extensional experiments. An example of this is provided in Fig 2 for three different polyethylene
materials. In shear flow the materials are seen to exhibit an initial increase in viscosity with time before the value sub-
sequent drops at higher times. However in extensional flow for the more branched low density polyethylene (LDPE)
the viscosity is seen to significantly strain harden, with an increasing resistance to flow at higher times as the mole-
cules become increasingly stretched. This strain hardening is an important physical behaviour of the material, and a
result of the increasing level of molecular branching which causes higher levels of entanglement between adjacent
molecules and hence additional resistance to motion. Also illustrated in Fig 2 is that the experiments don’t always
capture the material behaviour across the full range of time scales.
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S | HDBE2 and uniaxial extension (top) for a
—_ T=175°C 105_T= 135 °C . linear polyethylene, long chain
E P i E branched high density polyethylene
o /ﬂw and a low density polyethylene. The
%" 10k 10% lines represent theory whilst the sym-
§ /f-_ E bols represent experimental data.
= - 'k Experimental results for the full
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For complex flows that mimic industrial applications, the use of a straight channel or contraction expansion slit ge-
ometry provides regions of high simple shear near the wall and extension along the inlet centreline. Results are
useful in benchmarking molecular models prior to their use within industry (Agissant 2002) and a range of experi-
mental observational techniques are used including flow induced birefringence, the brightfield technique (Collis and
Mackley, 2005) and Laser Doppler Velocimetry (Combeaud et al., 2007). In these cases the Weissenberg number
can be used to characterise the level of deformation experienced by the polymer, and is given by,

Wi= A (1)

7/(1]7]7

where is the viscosity weight average relaxation time of the material, given as a function of the moduli (gi) and re-

laxation times (Ai) by, N ,
Z g
_ =l (2) -, ’ »- ‘e

=R .
> g -
i=1

A
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Most work in literature focuses on steady state flow patterns where the flow rates and Weissenberg number are lim-
ited to values that provide resolvable birefringence patterns. However this can limit the relevance to cases where the
deformation rates can be very high, such as in the case of injection moulding. In this case it is possible to use the
resulting stress relaxation after flow to provide an insight into the qualitative stress field present during flow.

Fig 3 illustrates the transient stress relaxation behaviour at the cessation of flow for a polydisperse polystyrene hav-
ing undergone flow into a contraction geometry,
and illustrates both the additional information
72 which can be gained by stress relaxation compar-
* isons and the impact on material behaviour of the
extensional component of flow. For Wi = 230 the
principal stress difference (PSD) is resolved dur-
ing flow and similar to other published work (Lee
et al.,, 2001, Hertel et al., 2008) the region of
highest stress is at the slit entrance corners. At
higher values of Wi the PSD becomes unre-
solved during flow, however the general pattern
of flow is captured during stress relation. It can
be seen that at higher deformation rates the re-
gion of highest stress is no longer at the slit cor-
ner but rather in the region of high extension
along the inlet centreline. These “inlet stress is-
lands” resemble the “cusping” seen in Cross-Slot
extensional flow (Verbeeten, 2001) which again
occur as a result of extensional flow. This in-
creased stress can be seen to correspond to a
change in the velocity profile of the polymer en-
Figure 3: A sequence of images outlining relaxation of the flow in- tering the slit, shown in Fig 4, which is of rele-
vance in understanding and predicting the flow
duced birefringence in polystyrene at 170°C at times after the cessa- behaviour of polymers entering confined geome-
. . tries.
tion of flow for (a) y,, »236s", (b) y,  »236s" and (c)

y. »47.1s". The flow direction was initially from top to bottom. At lower Wi the velocity profile pattern along the

o inlet is similar to that reported in other work
(Hertel et al., 2008) and the increase in upstream extension has little impact on the downstream flow profile. How-
ever at higher Wi the velocity profile changes, and a local minimum is observed in the centre of the slit inlet, with
higher velocities either side of the centre-point. This seems to indicate that the “inlet stress island” presents a re-
gion of higher resistance to flow due to higher extensional viscosity and alters the velocity profile entering the slit.
This change in velocity profile and stress pattern will ultimately affect the material properties downstream of the
inlet, as the polymers molecular alignment is a consequence of past and present deformation. This is important in
industries where polymers are subjected to high deformation rates and quick temperature cycle times that result in
molten polymer morphology and
stress becoming frozen into the
final product. As a result, modern

experiments and predictive tools 20 'ia,w =0942s1
including constitutive models 18 4 ety
should accurately capture this 16 - .

behaviour during extensional 1 F

flows. Sl / 'ia,w =471 s
Fig 3 and 4 highlight the impact B
that extensional flow can have
on polymer melt flow in complex
geometries, whilst Fig 2 has indi-
cated a limitation in conventional
rheological characterisation of
polymers during simple exten- : 2 :
sion_al flow. A number of re_cent 0.1 0.1 03 05 07
studies have looked to bridge ; y
this gap and increase our under- Distance across slit (mm)

Z;atggg;gnzrl]dflgr\;vasraCtirLIJSh?tlg? ‘:; Figure 4: (left) Velocity profiles in polystyrene at 160°C along the entrance line of the slit
(2011) used a cross-slot geome-  for three different flowrates; (diamond) }W » 23.6 s, Wi = 230; (square) ;'/app »
try to probe material response in

high strain extensional flows to  47.7 s, Wi= 460, (triangle) }',a » 94.2 57, Wi = 920. (right) representative PSD im-
characterise materials for which "
conventional uniaxial testing
were not sufficient.
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ages for flow from top to bottom, at a point during stress relaxation for each (a) ;'/W »

23657 (b) y,, »47.1s"(c) 5, »942s".
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Whilst successful, this approach is not as straight for-
ward as current uniaxial extensional testing, and cur-
rently requires more specialist rheological apparatus.
Hoyle et al (2013) have also used a cross-slot geome-
try, alongside a filament stretching apparatus, to ex-
plain the formation of “W-cusps” in complex extensional
flows shown in Fig 5 (Soulages et al., 2008, Hassell et
al., 2009). Whilst expanding our understanding of the
behaviour of polymers during extensional flow, this
again requires more complex and varied apparatus
than is usually required in a conventional testing labor-
atory. Extensional flow poses particular challenges in
both measurement and understanding for polymer be-
haviour, and is of obvious relevance to industrial flows
and product quality. The brief results presented here
indicate that there is still work required to fully under-
stand polymer behaviour in these highly extending and
orientating flows, as well as develop experimental pro-
tocols to quickly and easily characterise polymer be-
haviour prior to industrial/further academic use.

Figure 5: Visualisation of the formation of “W cusps” in
the principal stress difference formed along the inlet out-
let centre line of a cross slot geometry, in the region of
maximum extension. The polymer is a long chain
branched high density polyethylene at 155°C.

Acknowledgements

Some of the experimental results presented here in
Figures 3 and 4 were funded through the Microscale
Polymer Processing Project, EPSRC Contract No.
GR/T11807/01.

References

Agassant JF, Baaijens F, Bastian H, Bernnat A, Bogaerds ACB,
Coupez T, Debbaut B, Gavrus AL, Goublomme A, van Gurp M,
Koopmans RJ, Laun HM, Lee K, Nouatin OH, Makley MR, Peters
GWM, Rekers G, Verbeeten WHM, Vergnes B, Wagmer MH,
Wassner E and Zoetelief WF (2002). The Matching of Experimental
Polymer Processing Flows to Viscoelastic Numerical Simulation.
International Polymer Processing XVII. 1:3-10.

Auhl D, Hoyle DM, Hassell D, Lord TD, Harlen OG, Mackley MR
and McLeish TCB (2011). Cross-slot extensional rheometry and the
steady-state extensional response of long chain branched polymer
melts. J Rheol 55, 875

Clemeur N, Rutgers RPG and Debbaut B (2004). Numerical evalua-
tion of three dimensional effects in planar flow birefringence. J. Non-
Newtonian Fluid Mech 123 105-120.

Collis MW and Mackley MR (2005). The melt processing of mono-
disperse and polydisperse polystyrene melts within a slit entry and
exit flow. J. Non-Newtonian Fluid Mech, 128 (1), 29-41

Chong GYH, De Focatiis DSA and Hassell DG (2013). Viscoelastic
melt rheology and time-temperature superposition of polycarbonate
— multi walled carbon nanotube nanocomposites. Rheol Acta. 52(8),
801-814

Combeaud C, Vergnes B, Merten A, Hertel D and Minstedt H
(2007). Volume defects during extrusion of polystyrene investigated
by flow induced birefringence and laser-Doppler velocimetry. J. Non
-Newton. Fluid Mech., 145 69.

Hassell DG, Auhl D, McLeish TCB and Mackley MR (2008). The
effect of viscoelasticity on stress fields within polyethylene melt flow
for a Cross-Slot and contraction-expansion slit geometry. Rheo Acta
47 821-834

Hassell DG, Hoyle D, Auhl D, Harlen O, Mackley MR and McLeish
TCB. (2009) Effect of branching in cross-slot flow: the formation of
‘w-cusps’. Rheo Acta 48, 551-561

Hertel D, Vallette R and Minstedt H (2008). Three-dimensional
entrance flow of a low-density polyethylene (LDPE) and a linear low-
density polyethylene (LLDPE) into a slit die. J. Non-Newtonian Fluid
Mech. 153 (2-3) 82-94

Hoyle DM, Huang Q, Auhl D, Hassell D, Rasmussen HK, Skov AL,
Harlen OG, Hassager O and McLeish TCB. (2013) Transient over-
shoot extensional rheology of long-chain branched polyethylenes:
Experimental and numerical comparisons between filament stretch-
ing and cross-slot flow. J Rheol, 57, 293

Lee K, Mackley MR, Mcleish TCB, Nicholson TM, and Harlen O
(2001). Experimental observation and numerical simulation of transi-
ent stress fangs within flowing molten polyethylene J Rheol, 45 (6)
1261-1277

Soulages J, Schweizer T, Venerus DC, Hostettler J, Mettler F, Krog-
er M and Ottinger HC. (2008) Lubricated optical rheometer for the
study of two-dimensional complex flows of polymer melts. J. Non-
Newtonian Fluid Mech 150 43-55

Verbeeten WMH. (2001) Computational Polymer Melt Rheology.
PhD Thesis, Technishe Universiteit Eindhoven.

Assoc.
Prof. Dr. Assoc.
Assoc. i David Prof. D
- Dr. Anis rof. Dr. -
i TPI;]Of: Er Suhaila Hassell Azuraien Dr. E
shai Kim ; r. Ewe
Manroshan  Assoc. Yeow Shuib LY Joo Ann  Dr. Chaiwut Al-
Singh A/IL  Prof. Dr. ~ Gamonpilas Amshawee
Jaswan Aaron Goh -~ Sajjad
Singh A Khudhur
! -
b
A\ '\ i’
b / i ’ s
" (,\\\ - f ﬂ ﬁ "v

RHEOLOGY COMMITTEE MEMBERS

Materials Mind lssue 21

10




	IMM Magazine Issue 21 260718 Final compress 6
	IMM Magazine Issue 21 260718 Final compress 7
	IMM Magazine Issue 21 260718 Final compress 8
	IMM Magazine Issue 21 260718 Final compress 10

