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Abstract: Elongational flow properties of polymer melts are very important for numerous
polymer processing technologies such as blown film extrusion or foam extrusion. Rheotens
tests were conducted to investigate the influence of plasticizer content on elongational flow
properties of cellulose acetate (CA). Triethyl citrate (TEC) was used as plasticizer. Melt
strength decreases whereas melt extensibility increases with increasing plasticizer content.
Melt strength was further studied as a function of zero shear viscosity. The typical draw
resonance of the Rheotens curve shifts to higher drawdown velocity and the amplitude of
the draw resonance decreases with increasing TEC content. With respect to foam extrusion,
not only are melt strength and melt extensibility important but the elongational behavior at
low strain rates and the area under the Rheotens curve are also significant. Therefore,
elongational viscosity as well as specific energy input were calculated and investigated
with respect to plasticizer content. Preliminary foam extrusion tests of externally
plasticized CA using chemical blowing agents confirm the results from rheological
characterization.
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1. Introduction

It is well known that for excellent foam extrusion performance the polymer must fulfill specific
thermal and rheological properties. Adequate melt viscosity is necessary to maintain sufficient melt
pressure in the die and to prevent premature foaming [1]. In this context, it has to be considered that
the dissolved blowing agent (BA) can act as plasticizer, which causes a considerable reduction in the
viscosity of the polymer melt [2—5]. If melt pressure is lower than the solubility pressure required for
complete dissolution of the BA in the melt, early nucleation and premature foaming in the die can
occur, causing poor morphology and surface quality of the foam [1,6,7]. Therefore, information on
shear rheology of the polymer melt with and without dissolved blowing agent are essential. Due to
strong biaxial stretching of the matrix material in the cell walls during bubbles expansion, sufficient
extensional flow properties such as high melt strength and high melt extensibility are needed [1,2,8].
On one hand, if melt strength is too low cell wall rupture and cell coalescence can occur leading to low
expansion ratios and inhomogeneous foam morphologies with high content of open cells [1,9,10]. On
the other hand, extensively high melt strengths can hinder cell nucleation and cell growth, resulting in
heterogeneous foam morphologies, too, and leading to high densities of the foamed product [9,10].

Polystyrene (PS) generally meets the above-mentioned requirements, and thus became the
predominant polymer for foam extrusion applications such as insulation boards or foam sheets for
packaging. However, PS is derived from petrochemicals and is non-renewable. Styrene as the basic
building block of PS is regarded as potential hazardous chemical for example by the International
Agency for Research on Cancer (IARC) [11-14]. As a consequence, PS does not fulfill all of the
requirements for sustainability, which is becoming more and more important today.

Cellulose acetate (CA) as an organic cellulose ester is one of the oldest bio-based polymers. CA is
non-toxic and is produced from cellulosic raw materials such as wood, cotton, sugarcane bagasse or
recycled paper by a two-step esterification [15]. However, melt processing of CA requires certain
modification of the material due to the narrow temperature window between its glass transition
temperature 7, and its thermal degradation temperature 74 [16]. State of the art technology is external
plasticization using low molecular weight plasticizers. Typical characteristics of externally plasticized
CA such as amorphicity or mechanical properties are comparable to those of PS. This makes CA as a
good candidate to replace PS in certain applications.

Comprehensive data are available concerning the influence of plasticizers on the properties of
polymers such as cellulose esters, starch or poly(vinyl chloride) (PVC) [16-23]. Generally, the
addition of low molecular weight plasticizers causes an increase in free volume, in lubricity, and in
chain mobility of the polymer [23,24]. This is basically accompanied with a decrease in glass transition
temperature 7, [23,24]. As a result, melt viscosity and viscoelasticity decrease whereas melt flow
increases. Lots of research groups have studied the effect of plasticizers on melt processing and melt
flow behavior of various polymers [25-27]. However, the plasticizer not only influences shear
viscosity of the polymer melt, but also the extensional melt properties such as melt strength and melt
elongation. Lin and Ku [28] studied extensional flow properties of externally plasticized poly(vinyl
alcohol) (PVA). Elastic melt properties of externally plasticized PS were investigated in terms of
extrudate swell by Qian et al. [25]. If extensional flow properties are poor due to too strong
plasticization, reduced foam extrusion behavior of the polymer can be the consequence. Therefore,
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when discussing the suitability of CA for foam extrusion it is necessary to investigate the influence of
plasticizer on thermal and rheological properties, especially on extensional flow behavior. To our
knowledge, no systematic research has been published so far concerning the extensional flow
properties of externally plasticized CA melts. This paper presents recent results of shear rheology and
extensional flow properties of CA in dependence of plasticizer content. Preliminary foam extrusion
tests using chemical blowing agents are also shown to verify the results from rheological
characterization.

2. Experimental Section
2.1. Materials and Compounding

CA was obtained as white powder from Acetati SpA (Italy). Figure 1 shows the general structure of
cellulose acetate. The degree of substitution (DS) is 2.5 and the density is 1.35 g-em . The Hansen
solubility parameter 6 of CA (Cellidora A) is 24.5 MPa’’ [29].

Figure 1. General structure of cellulose acetate (CA).
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Triethyl citrate (TEC) was obtained from Jungbunzlauer (Germany) as non-toxic and fully
bio-based plasticizer. It has been reported by Mohanty et al. [16], that TEC is a good plasticizer for
organic cellulose esters. The general structure of TEC is shown in Figure 2.

Figure 2. General structure of triethyl citrate (TEC).
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Typical properties of TEC are listed in Table 1. Three concentrations, namely 15, 20, and 25 wt %,
were used to investigate the influence on melt properties and principal foaming behavior of CA.

Table 1. Typical properties of triethyl citrate (TEC).

M, p Vi Ty, at 706 mmHg Hansen solubility parameter o [(MPa)O'S] [29]
(gmol™) (grem™) (cm’mol™) °O) oy oq Op on
276.3 1.13 244.5 294 20.98 16.5 4.9 12.0

Compounding was done using an intermeshing co-rotating twin-screw extruder EMP 2640 from
TSA Industriale (Italy). The screw diameter D is 26 mm and the screw length L is 40 D. The



Polymers 2013, 5 876

throughput was kept constant at 10 kg-h™' and the screw speed was set at 320 min . The injection of
the liquid plasticizer was done by means of a peristaltic pump between zone 2 and 3 of the extruder.
Pressure and torque were measured during compounding and the specific mechanical energy input
SME was calculated according to Equation (1) [30]:

smE="" (kg™ ()
m

where 7is the torque (Nm), N is the screw speed (s ') and 71 is the throughput (kg-h™"). Melt strands
were extruded through a dual strand die (dyp = 3 mm) into a water bath. The strands were pelletized and
dried for 6 h at 70 °C.

2.2. Measurements

Shear rheology of externally plasticized CA was investigated by measuring the melt flow rate MFR
and the shear viscosity #. The MFR was obtained at 220 °C and 5 kg load. Shear viscosity # at low
shear rate was measured using a rotational rheometer (Bohlin Gemini, now Malvern) in cone-plate
modus at 220 °C with a shear rate ranging from 0.01 to 100 s~'. Film specimens with 0.2 mm thickness
were prepared from the extruded compounds via compression molding at 197 °C. Shear viscosity # at
high shear rates was measured using a high pressure capillary viscometer (Gottfert) with a capillary die
(L/dy = 30/1) and a shear rate ranging from 10 to 5000 s '. Uniaxial elongational flow properties were
characterized by means of an extrusion system with a Rheotens device (Gottfert). A single screw
extruder was used with a capillary die (dp = 2 mm and L/dy = 30/2) and a barrel temperature of 220 °C.
The throughput was kept constant at 0.5 kg-h™'. The extruded melt strand was grabbed and drawn
down by a pair of rotating wheels, which is fixed to the Rheotens analyzer. A schematic sketch of the
Rheotens test is shown in Figure 3a. The distance L between the die and the wheels of the Rheotens
analyzer was set to 100 mm for all measurements. The drawdown velocity v was steadily increased
with a constant acceleration rate of 24 mm-s °. For reproducibility, five measurements were conducted
at each plasticizer concentration and the average values were used for characterization. Figure 3b
shows a typical Rheotens curve of externally plasticized CA as a function of drawdown velocity v.

Figure 3. (a) Schematic setup of the Rheotens test; (b) Typical Rheotens curve of
externally plasticized CA: Drawdown force F as a function of drawdown velocity v.
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The drawdown force F(v) and the drawdown velocity v were investigated as a function of
plasticizer content. Information on melt strength at low strain rate is important for polymer foaming.
Therefore, extensional viscosities were calculated from the Rheotens curves according to an analytical
model developed by Wagner ef al. [31]. To gain further information on the extensional deformation at
low strain rate, the initial slope of the stress curve o(V) at low draw ratio V" was studied in dependence
of plasticizer content. Muke et al. [32], Kao et al. [33], and Spoerrer et al. [34] investigated also this
initial slope of the Rheotens curve for different test conditions. Herein, the draw ratio V' is defined as
the ratio of the strand velocity v between the Rheotens wheels and the die exit velocity v, that was
calculated according to Equation (2) [35]:

Vo =

(mm-s ) (2)
0

where i is the mass flow rate (g's '), p is the melt density (g'mm ), and A, is the cross section of the
die (mm?). The initial slope of the stress curves was obtained by linear fit of the stress values
corresponding to a stepwise increase in draw ratio ¥ until the R* values became lower than 98%.
Additionally, the influence of plasticizer content on typical draw resonance was studied. Extensional
flow properties were further correlated to shear viscosity using the zero shear viscosity 7o, which was
obtained from rotational rheometry. Finally, the area under the Rheotens curve was used to calculate
the specific energy input AG per unit mass and to define a foamability number FN according to
Stadlbauer et al. [36].

2.3. Foam Extrusion Tests

Preliminary foam extrusion tests using chemical blowing agents (CBA) were conducted to verify
the foamability of CA and to investigate the influence of plasticizer. Unicell TS was kindly supplied
from Tramaco (Germany) as CBA. Typical properties of Unicell TS are listed in Table 2.

Table 2. Typical properties of Unicell TS.

Property Unicell TS

Name para-toluene-sulfonyl-semicarbazide
Type of decomposition exothermic
Decomposition temperature (°C) 220

Gas yield at 220 °C (mL-g ") 130

Foaming gas components CO,, N,, NH;

Average particle size (um) 10

A single screw extruder (D =19 mm and L =25 D) with a strand die (dp =2 mm) was used. To
investigate the influence of plasticizer content on foam extrusion behavior of CA, the foam extrusion
conditions and the CBA content were kept constant for 15, 20, and 25 wt % TEC. Table 3 shows the
processing parameters used for chemical foaming of CA.



Polymers 2013, 5 878

Table 3. Processing parameters for the foam extrusion tests of externally plasticized CA.

Unicell TS Screw speed Die pressure Extruder barrel temperatures (°C)
(wt %) (min™") (bar) 1 2 3 4 Die
1 12 40 200 220 210 195 185

Five samples were collected for each compound under constant foam extrusion conditions. Figure 4
shows exemplarily torque and die pressure pgi. of CA with 25 wt % TEC foamed with 1% Unicell TS.
The foam morphology of the samples was investigated by means of scanning electron microscopy
(SEM). Expansion behavior of the strands was characterized by the ratio of the strand diameter of the
foam dr to strand diameter of the non-foamed polymer d,.

Figure 4. Torque and die pressure pgi. as a function of extrusion time for CA/TEC (75/25)
and 1% Unicell TS.
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3. Results and Discussion
3.1. Influence of Plasticizer Content on Melt Processing of CA

Figure 5 shows the die pressure pgie and the specific mechanical energy input SME of externally
plasticized CA during compounding. Die pressure pgie as well as SME show the same trend; both
decrease with increasing plasticizer content. However, the influence of plasticizer content on SME is
more pronounced. Similar dependencies for SME can be found in the literature for other plasticized
polymers such as thermoplastic starch [37-39]. The addition of low molecular weight plasticizer
results in the decrease of the intermolecular forces between the polymer chains due to shielding of
functional (polar) groups along the polymer chains. That leads to an increase in free volume and chain
mobility. As a result, the glass transition temperature 7, of CA decreases whereas melt flow rate
increases. Improved melt processing can be achieved even at lower processing temperatures with less
shear and less energy consumption [19].
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Figure 5. (a) Die pressure pgie as a function of TEC content; (b) Specific mechanical
energy input SME as a function of TEC content.

150
24 L
135 |
21+
120 |
L~ |
BT 18 +‘ 2 -
r T-a S 105} S~o
= STEsy 2 Tom
2 - me w Tl
2 5t TS = or Tl
|
75+
12 +
60 |
OT 1 1 1 1 1 T OT 1 1 1 1 1 T
14 16 18 20 22 24 26 14 16 18 20 22 24 26
(a) TEC [wt %] (b) TEC [wt %]

3.2. Influence of Plasticizer Content on Shear Viscosity and Elongational Flow Properties of CA

Figure 6 shows the shear viscosity at 220 °C for externally plasticized CA in dependence of TEC
content. As can be seen, shear viscosity decreases continuously with increasing plasticizer concentration
due to stronger plasticization of CA. This is in good agreement with the previous results obtained for
the die pressure and the specific mechanical energy input. The influence of plasticizer is more
pronounced in the lower shear rate range whereas at higher shear rate its influence diminishes due to
the shear thinning effect of the polymer melt.

Figure 6. (a) Shear viscosity 7 of externally plasticized CA as a function of shear rate y in

dependence of TEC content; (b) Calculated master curve using a concentration-dependent
shift factor a. and predicted master curve using the Carreau-Yasuda model.
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A master curve was produced using a concentration-dependent shift factor a. similar to
Gerhardt et al. [40]. The viscosity of CA plasticized with 15 wt % TEC was taken as the reference
curve. The shift factor a. was found to be 0.326 for 20 wt % TEC and 0.113 for 25 wt % TEC. The
viscosity data of the master curve were additionally fitted using the Carreau-Yasuda model according
to Equation (3) [41].
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n=n, i+ 7yl G)
The Carreau-Yasuda model includes the zero shear viscosity 7o, a time constant 4, the shear rate 7,

the power law exponent n, and a dimensionless parameter a, which describes the width of the
transition between the zero shear viscosity region and the power law region.

However, many polymer processing technologies such as foam extrusion involves not only shear
flows but also elongational flows. Uniaxial elongational flow properties of externally plasticized CA
were investigated using the Rheotens test. Figure 7a shows the drawdown force as a function of draw
ratio. The Rheotens curves were successfully fitted using an analytical model developed by
Wagner et al. [31] and a Levenberg-Marquardt procedure. Figure 7b shows the mean melt strength
(mean drawdown force Fpnig) and the maximum drawdown velocity as a function of TEC content. As
can be seen from Figure 7a,b, maximum drawdown velocity and draw ratio increase with increasing
plasticizer content while the drawdown force (melt strength) steadily decreases. The higher the
plasticizer content the higher the chain mobility and the stronger the dilution effect. As a consequence,
cellulose acetate chains are easily disentangled and aligned in drawdown direction causing an
improvement in melt flow behavior accompanied with an increase in melt elongation and decrease in
melt strength. Sungsanit [42] studied the effect of poly(ethylene glycol) (PEG) on elongational flow
properties of poly(lactic acid) (PLA). He also noticed a decrease in melt strength and an increase in
melt elongation of PLA with increasing PEG content.

Figure 7. (a) Drawdown force F as a function of draw ratio J in dependence of TEC
content; (b) Mean drawdown force Fiig and maximum drawdown velocity v, as function
of TEC content.
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From the fitted parameters of the analytical model, the elongational viscosity can be calculated
according to Wagner et al. [31]. Figure 8 shows the apparent elongational viscosity of externally
plasticized CA as a function of the extension rate. In the first part of the curves, the elongational
viscosity steadily increases with increasing extension rate to reach a maximum (strain hardening).
After this maximum, the elongational viscosity continuously decreases with higher extension rates
according to the analytical model (power-law function). An increasing amount of TEC continuously
increases the extension rate and slightly shifts the maximum (strain hardening) to higher extension
rates. The total level of the elongational viscosity curve also decreases with increasing TEC content.
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Only limited strain hardening is observed due to the high amount of plasticizer in CA. The slope of the
elongational thinning region (power-law region) seems to be independent from the plasticizer
concentration. Sungsanit [42] observed similar results upon investigating the elongational viscosity
from Rheotens test of externally plasticized PLA.

Figure 8. Apparent elongational viscosity of externally plasticized CA as a function of
extensional rate calculated using the analytical model developed by Wagner et al. [31] in
comparison to shear viscosity at low shear rate.
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Figure 9. (a) Influence of TEC content on the stress curves ¢ as a function of draw ratio V;
(b) Initial slope of the stress curves ¢ via mean drawdown force Fpg.
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In addition to elongational viscosity, the initial slope of the stress curve a(V) at low draw ratio V'
was also investigated. In the region of the initial slope the melt strand is exposed to low deformation
rates similar to the strain hardening region in extensional viscosity measurements [32]. As shown in
Figure 9, the initial slope decreases with increasing TEC content. This is in good agreement with the
decreasing elongational viscosity from Figure 8. There seems to be a close relationship between
plasticizer content, mean drawdown force Fiig, and the initial slope of the Rheotens curve within this
study. Consequently, lower melt strength results in a lower initial slope. To verify this trend more
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plasticizer concentrations as well as additional plasticizer types would have to be tested.
Muke et al. [32] found a similar correlation between melt strength and the initial slope for
polypropylene (PP). However, they reported that the initial slope is highly sensitive to the polymer
grade, the weight of the strand, and the selected test conditions such as acceleration rate or distance L.

Muke et al. [32] and Lau et al. [43] investigated the relationship between melt strength and zero
shear viscosity for PP. They described the relationship by a linear regression. Similar correlation is
found in our study for externally plasticized CA, as shown in Figure 10. Melt strength decreases with
decreasing zero shear viscosity. At low plasticizer content viscosity is high, thus cellulose acetate
chains tend to have higher resistance to extensional deformation. In other words, the higher the
plasticizer content the stronger the dilution effect and the lower the viscosity of externally plasticized
CA. Disentanglement of cellulose acetate chains under extensional flow is facilitated yielding lower
zero shear viscosity and lower melt strength. However, further studies are required using additional
plasticizer concentrations and further plasticizer types to verify this trend.

Figure 10. Maximum drawdown force Fp,x and mean drawdown force Fpig of externally
plasticized CA via zero shear viscosity #y.
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Table 4 summarizes important rheological characteristics of externally plasticized CA in dependence
of TEC content. The Hencky strain ey was obtained from the draw ratio ¥ using Equation (4).

Ey = ln(lJ (4)
Vo

The strain hardening behavior SH was estimated according to Equation (5) [41]:

s = Me_ 5)

3,
where 7. (Pa‘s) is the apparent elongational viscosity obtained from the initial slope of the elongational
viscosity curves (Figure 8) similar to Sungsanit [42] and 7o (Pa-s) is the zero shear viscosity measured
by means of rotational rheometer. It can be seen from Table 4 that zero shear viscosity, melt strength,
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and strain hardening decrease whereas melt flow rate, drawability and Hencky strain increase with
increasing plasticizer content.

Table 4. Melt flow rate, zero shear viscosity, Rheotens characteristics, Hencky strain,
and strain hardening behavior of externally plasticized CA (average values of
five measurements).

TEC (wt %)

Property 15 20 25
MFR (g/10 min) 2.2 5.7 11.8
1o (Pa-s) 36210 12060 4250
Frax (cN) 35.0 23.7 15.0
Fimia (cN) 18.3 12.1 7.5
Fmin (CN) 43 34 23
Vinax (MMm-s ™) 528.5 758.1 1056.6
Vinax () 12.1 16.2 21.6
en () 2.5 2.8 3.1
SH (-) 1.7 1.4 1.2

The typical draw resonance of the Rheotens curves at higher drawdown velocities was studied by
Steffl [44] for different polyethylene types under different test conditions. Consequently, we also
investigated in our study the draw resonance with respect to plasticizer concentration. In a first step,
the normalized drawdown force was calculated from the mean drawdown force Fp;q. Then the draw
resonances of these normalized Rheotens flow curves were covered by an envelope curve (maxima)
and a pedestal curve (minima) similar to Steffl [44]. This is exemplarily shown in Figure 11a. The
difference between the envelope curve and the pedestal curve is then defined as the relative draw
resonance, as shown in Figure 11b. This procedure was done for all five measurements at each TEC
concentration. From Figure 11 it can be seen that the draw resonance shifts to higher drawdown
velocities v and its amplitude decreases with increasing TEC content. This can be explained by the
higher chain mobility and stronger dilution effect with increasing amount of TEC in CA.

Figure 11. (a) Normalized drawdown force F' as a function of drawdown velocity v in
dependence of TEC content; (b) Relative draw resonance as a function of drawdown
velocity v in dependence of TEC content (scattered area covers five measurements).
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When discussing the usability of externally plasticized CA for foam extrusion, investigation of the
area under the Rheotens curve is important. This was found by Stadlbauer et al. [36] who defined a
foamability number FN from the integral of the drawdown force as a function of draw ratio. They
correlated this foamability number to the foaming performance and found that a higher foamability
number leads to lower foam densities and improved foaming. However, Stadlbauer ef al. [36] did not
consider the throughput in their calculation. Consequently, in our study we included the throughput of
the extruder to obtain a specific energy input AG per unit mass of the material. The specific energy
input per unit mass was calculated at maximum drawdown velocity Vi, (with vy = 0) from the mean
drawdown force Fy,ig multiplied with the maximum drawdown velocity vmax (Integral) and divided by
the throughput m of the extruder according to Equation (6).

AG = Lt (vr_m ~v) (J-g ™), with vo=0 (6)
m

The specific energy input in viscoelastic melts describes the ability of the melt to partly absorb and
store deformation energy as well as to partly transform it, for example into heat. For a high energy
input per unit mass, the area under Rheotens curve must be maximized (optimized ratio between
drawdown force and drawdown velocity). Table 5 shows the estimated specific energy input at
maximum drawdown velocity as well as the foamability number at maximum draw ratio calculated
according to Stadlbauer ef al. [36].

Table S. Specific energy input per unit mass at maximum drawdown velocity and
foamability number at maximum draw ratio of externally plasticized CA.

TEC (wt %)

Propert
roperty 15 20 25

AG at Vi (vo = 0) (J-g ) 0.70 0.66 0.57

FN at Vi (N) 221 1.96 1.62

As shown in Table 5, the plasticizer content influences the foamability number and the rate of
energy input per unit mass. When the plasticizer content is increased to 25 wt %, the specific energy
input and the foamability number decrease continuously. This decrease seems to be more pronounced
when the plasticizer content is increased from 20 to 25 wt %. It becomes clear that with increasing
plasticizer concentration the dilution effect exceeds the plasticization effect, i.e., above 20 wt % the
surplus plasticizer, which is not in direct interaction to the polar groups of the molecules, acts as a
lubricant. Preliminiary foam extrusion tests using chemical blowing agents were conducted to verify

the results from rheological characterization.
3.3. Influence of Plasticizer Content on Foam Extrusion Behavior of CA

The foam extrusion tests are in good agreement with the results from the rheological
characterization. Figure 12 shows the expansion ratio as a function of plasticizer content. At low and
high plasticizer content slightly lower expansion ratios of the final strands are observed. On one hand
when plasticizer content is too low, melt strength and viscosity increase too fast at the die preventing
full expansion of the strand. On the other hand, when the plasticizer content in CA is too high, melt
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strength and viscosity are too low at the extrusion temperature used in this study. Consequently, cell
wall rupture followed by foam collapse and shrinkage of the strand are observed.

Figure 12. Expansion ratio dy/d, of extrusion foamed CA strands using 1% Unicell TS at
40 bar as a function of TEC content.

| 1% Unicell TS
Pge = 40 bar
| Tye=185°C

15 20 25
TEC [wt %]

SEM images in Figure 13 confirm the results from the rheological characterization and the
expansion behavior at die, too. At 25 wt % TEC inhomogeneous foam morphology with large partially
open cells is observed. Finer foam morphology with more homogenous cell size distribution is found
with decreasing plasticizer content due to increasing melt strength and viscosity. No significant
difference in foam morphology is found for 15 wt % TEC and 20 wt % TEC. However, as seen in
Figure 12, too low plasticizer content leads to incomplete expansion due to strong viscosity and melt
strength increase at the die. From the rheological properties and the foaming performance of externally
plasticized CA, an optimum TEC content seems to be between 15 and 20 wt % within this study.

Figure 13. Influence of plasticizer content on foam morphology of CA (1% Unicell TS,
Pdie 40 bar, Tgie 185 °C): (a) 15 wt % TEC; (b) 20 wt % TEC; and (c¢) 25 wt % TEC.

@) )

4. Conclusions

Shear viscosity and elongational flow properties of externally plasticized CA in dependence of
plasticizer content were investigated. The plasticizer, triethyl citrate (TEC), was used in three



Polymers 2013, 5 886

concentrations. Shear viscosity decreases with increasing plasticizer content. A master curve was
produced using a concentration-dependent shift factor. This master curve was fitted using the
Carreau-Yasuda model. Uniaxial elongational flow properties were studied using the Rheotens test.
The analytical model proposed by Wagner was successfully applied to calculate the elongational
viscosity from the Rheotens curves. An increase in TEC content leads to a steady decrease in melt
strength (drawdown force) and elongational viscosity while melt extensibility (drawability)
continuously increased. The observed elongational flow properties of externally plasticized CA are
excellent with respect to foam extrusion. Melt strength and melt extensibility are comparable with
values for standard foam polymers even at high TEC contents of 20 to 25 wt %. Since zero shear
viscosity is directly influenced by the plasticizer content, close relationship between zero shear
viscosity and melt strength is observed. The typical draw resonance shifts to higher drawdown velocity
and the amplitude of the draw resonance decreases with increasing TEC content. Foamability number
at maximum draw ratio and specific energy input per unit mass at maximum drawdown velocity were
calculated from the area under the Rheotens curves in dependence of TEC content. Both decrease with
increasing plasticizer content. This effect was more pronounced from 20 to 25 wt % TEC indicating
stronger dilution.

Preliminary foam extrusion tests using chemical blowing agents were conducted to verify the
rheological characterization. When plasticizer content is too high, foam collapse and inhomogeneous
morphology with large partially open cells are observed. Good foam extrusion behavior and more
homogenous foam morphologies are achieved at lower plasticizer content. However, when TEC
content is too low, melt strength and viscosity seem to increase too quickly prohibiting full expansion
of the strand after the die. The tests show that high melt strength is necessary but not the only criterion
for good foaming. In addition, elongational viscosity as well as the ratio between melt strength and
melt extensibility (area under the Rheotens curve) have to be taken into account. With respect to these
results, an optimal TEC content can be assumed around 20 wt %, where a good balance between
rheology and foaming behavior of cellulose acetate is achieved. It is well-known that the performance
of a plasticizer is closely linked to its compatibility and miscibility with the polymer. Therefore,
further plasticizers will be studied and compared to the results obtained in this study. Additionally,
foam extrusion tests with physical blowing agents will be conducted to investigate the foaming
behavior of externally plasticized CA in detail.
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