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ABSTRACT

The aim of this research was to investigate how tilmee dependent mechanical
behaviour of bloodmeal-based thermoplastic was affebyettarying sodium sulphite
content at two injection moulding temperatures (120°C &t @x 140°C at exit).
Thermoplastic protein was prepared by extrusion with 2; 8gosodium sulphite (SS),
3g sodium dodecyl sulphate, 10 g urea, 20 g triethylene glycol agdvéer per 100 g
bloodmeal, then injection moulded into test specimen8.t® break, creep and stress
relaxation tests were performed on conditioned samplegass transition temperature
(Ty) was determined by dynamic mechanical analysis.

Ultimate tensile strength was 7.9, 7.6 and 5.6 MPa for ssmpbulded at 120°C and
7.6, 6.3 and 5.7 MPa when moulded at 140°C with 2, 3 and 4 g SStresdpec

Experimental creep data was modelled with a 4 elementlpemesisting of a spring and
dashpot in parallel, in series with an additional spring dashpot. Plotting creep
compliance versus time showed increasing chain molaltySS content increased.
Relaxation was modelled with the Struik equation for tstiote experiments. Relaxation
times were 530, 360 and 250 s with 2, 3 and 4 g SS respectivatymdwdded at the

lower temperature. At 140°C, relaxation times were 440, 480180 s for these SS
contents. Tg was in the range 57-65°C (1 Hz peak id) tlm all samples, but was
lowest for samples with 4 g SS.

These results show that both increased sodium sulphdetla higher moulding
temperature increased chain mobility in the processatigpla

INTRODUCTION

Environmental concerns regarding conventional plaatiesmotivating research into bio-
based and biodegradable alternatives. Thermoplastic prstedne such alternative,
which can be produced from agricultural by-products, suchoaslimeal, which do not
compete with human food supply.

Proteins are much more complex than synthetic homg¥mos and have a wide range
of inter-molecular interactions that reduce moleculabiiity and increase the softening
point to around their degradation temperature [1]. Plastgisuch as water or other
low molecular weight compounds, are necessary to lower softening point for
processing without excessive degradation [1]. In additignigsticisation, thermoplastic
processing of bloodmeal requires additional additives sugodisim sulphite (SS) to
break covalent cross links along with sodium dodecyl sudp{8DS) and urea to further
disrupt protein-protein interactions [2].
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While the combined effect of SS and urea reduces arkisg)i (either physical or

chemical), increasing chain mobility [3], high procegsitemperatures and specific
mechanical energy input can cause excessive degradadianceslinking in proteins [1].

For example, degradation at injection moulding temperatalbese 130°C negatively
impacts on the mechanical properties of soy protensistalends [4].

Crosslinking reduces chain mobility, which will slowethrate at which chains can
rearrange to dissipate forces at constant strainxéteda) or slide past each other in
response to constant stress (creep). Studying these dependent viscoelastic
phenomena should reveal information about the effegodfum sulphite or injection
moulding temperature on the strength of chain interastion

Viscoelastic behaviour is typically modelled as a cowion of Hookean springs (where
stress is proportional to strain) and Newtonian dashdiere stress is proportional to
strain rate) in series or parallel (Fig. 1) [5]. Thexmiall model of a spring and dashpot
in series provides a theoretical treatment for strelexation, while the Kelvin/Voigt
model of a spring and dashpot in parallel provides a theakdteatment of creep
behaviour. Both are ideal models, but introducing additieleshents can come closer to
modelling experimental behaviour of real polymers, sgctina time dependence of creep
compliance (Eqg. 1) [5]. Alternatively, stretched expoiasnsuch as the Struik equation,
for short time experiments (Eq. 2), also describe ¥permentally observed creep and
relaxation behaviour of polymers [5].

The purpose of this research was to investigate tleedeépendent mechanical behaviour
of bloodmeal-based thermoplastics as affected by \gasgdium sulphite content at two
injection moulding temperatures (120°C at exit or 140°C &}.exi
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Fig. 1. Models of viscoelastic behaviour [5].
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Eqg. 1

Where:

S(t) = Creep compliance

Swk = Voigt-Kelvin compliance

Tret = Retardation timen(xSu in terms of the elements shown in Fig. 1)
Su = Maxwell compliance

nw = Maxwell viscosity
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m

E@) = %t) = Eoe(‘%)

Eq. 2
Where:

E(t) = Relaxation modulus at given time

€ = Initial strain

Eo = Initial relaxation moduluss(e at t=0)

m = Constant (usually around 1/3)

1, = Characteristic relaxation time for material (degsent on temperature and aging)

METHODS

Materials and sample preparation

Thermoplastic protein (NTP) was prepared by adding a pfastisolution to dry
bloodmeal. The solution contained 40 g water, 20g trietby@gycol, 10 g urea, 3 g
sodium dodecyl sulfate and 2, 3 or 4 g sodium sulphite per 100 g Babdoplam).
The resulting mixture was extruded at 150 RPM in a ThermopfiSE-16-TC twin
screw extruder (temperature profile: 70, 100, 100, 100 and 120 °Cfdexirzone to
die), granulated, then injection moulded into Type 1 tems#¢ specimens [6] using a
BOY - 35A injection moulder with one of two temperaturefigs (Tab. 1). Test pieces
were conditioned at 50% RH and 23°C for 7 days. Formulatised are shown in Tab.
1.

Tab. 1. Sample formulations used and their abbreviations

Sample Name Sample formulation Injection moulding temperature
(@) (From feed zone to die)

Blood Water Urea SS SDS TEG
meal

2-120 100 40 10 2 3 20 100, 115, 120, 12,20 C

3-120 100 40 10 3 3 20 100, 115, 120, 12,20 C

4-120 100 40 10 4 3 20 100, 115, 120, 12,20 C

2-140 100 40 10 2 3 20 100, 120, 135, 140,40 C

3-140 100 40 10 3 3 20 100, 120, 135, 140,40 C

4-140 100 40 10 4 3 20 100, 120, 135, 140,40 C

Analysis

Three kinds of tests were performed in tension usinghsimdn model 33R4204 fitted
with an extensometer (gauge length of 50 mm):

* Pull to break: samples were subjected to constant satenof 5 mm/min until
fracture to determine ultimate tensile strength (UTBJ atrain to break. A
secant modulus was calculated between 0.0005 and 0.0025 strain.

» Creep: samples were pulled to a strain of 1% at 50 mmimain held at the
corresponding load for 20 minutes while strain was measured

» Stress relaxation: samples were pulled to a strain o&tLl%) mm/min then held
at constant strain for 20 minutes while load was medsure
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The glass transition temperaturg)(Was determined using a DMA800O (Perkin Elmer)
fitted with a high temperature furnace, controlled witi®software version 14306 and
cooled with liquid nitrogen. Samples were cut from larggction moulded pieces with
approximate geometry of 3.5 x 6.5 x 30 mm and tested in singtdever bending mode
with a free length of 12.5 mm, dynamic displacement of 0.0B8amd frequency of 1 Hz.
Experiments were performed between -100 and 120°C at a progthheating rate of
2°C/min. Ty was determined from peak in an

All samples were conditioned for 7 days at 23°C and 50%wvelatimidity and tested in
a climate controlled room.

Modelling

The time dependent relaxation modulus from stress r@axexperiments was modelled
with the Struik equation (Eq. 2) [5]. Initial estimatestipévere calculated with Eg.3 and
of m were m = 0.33. These values were then varied t@rothte best fit to experimental
data using Microsoft Excel, using the least-sum-of-ersgrsared method.

0o
TO(est) =t,at O'(t) = ?
Eqg. 3
Where:

Toesy = INitial estimate of Struik relaxation time
o(t) = Stress at time, t

oo = Initial stress at 1% strain

e = Euler’'s number

Time dependent creep compliance was modelled using the Bdogerslement model
(Fig. 1 and Eqg. 1). ypwas determined from the instantaneous stress at sti@i01.ny
was determined from the slope of the compliance ve& tiorve towards the end of the
test. Sk andt. Were varied to obtain the best fit to experimentéhda

RESULTS

Pull to break

Typical stress-strain behaviour for thermoplastics wlaserved in pull to break tensile
tests (Fig. 2). Ultimate tensile strength (UTS) andistat break are shown in Fig. 3.
Smaller UTS values were observed in 4-120 and 4-140 thaneinother four
formulations, indicating a reduction in the strength m&rimolecular interactions at
higher SS content. Similarly, a smaller strain-agallr was observed for samples 2-120
and 2-140 than for higher SS contents showing SS decreadéitiyduc

Rather than inducing thermal crosslinking (which wouldrigs movements causing
higher stiffness and lower strain at break), higher ¢gsiag temperature increased
ductility in the finished product. Samples moulded at 140°C W®itbr 3 ppbuy SS
showed increased ductility over those moulded at 120°C atsah®e SS content.
Increased mobility could either be due to degradation ofeprochains, with the
breaking of peptide linkages, or due to a reduction in covalersslinking between
chains. At 3 ppks SS, increased temperature also reduced strength, howbeer,
difference in strength between moulding temperature wassgdeonounced at 2 pph
SS. Similarly, at 4 pplw SS, little difference was observed between the nmicdla
properties at each moulding temperature.

4
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Fig. 2: Typical stress strain diagram for NTP. Displayedfige repeats for 3-120°C.
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Fig. 3: Mechanical properties determined from pull to bteakile tests at constant
strain rate. Average from five samples, error baretestandard error of the mean. X-
axes show sample SS content (ingaprand highest temperature from injection

moulding profile, per Tab.1.

Stress /relaxation

NTP held at constant strain showed considerable drefyass with only 26-32% of the
initial stress remaining after 20 minutes (Tab. 2). W®twictural relaxation provides
evidence that chain rearrangements occur on a tine goaparable to the experimental
time at room temperature. Amorphous polymers below Theire meta-stable and chain
rearrangements still occur, albeit more slowly thanaipolymer melt. The ratio of
relaxation time to experimental observation timea#led the Deborah number [7]. At
low Deborah number (observation time>>relaxatiorejirmpparent elastic behaviour is
observed, while at high Deborah numbers (relaxatiome>P> observation time),

apparently viscous behaviour is observed. If the ob8ervime and relaxation time are

5
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similar, (that is, a Deborah number~df) viscoelastic phenomena are apparent, such as
the relaxation seen here. This confirms an expetmhéangth of 20 minutes is adequate
for exploring these chain rearrangements, whereasepeencies needed to detect such
motions at room temperature in an oscillatory exparimsuch as dynamic mechanical
analysis would need to be very low (eg <0.01 Hz). The tondfig period of seven days

is significantly longer than the timescale of obsdrsguctural relaxation, so it is possible
that polymer aging may have occurred during conditioningadditional implication is
that in applications where the material is exposednbdas stresses to this experiment
for a similar time, the material will flow. This walemonstrated in the creep experiments
discussed later in this paper.

Modelling of the experimentally collected data with 8teuik-equation (Eq. 2) enabled
an average relaxation curve to be calculated for eacmufation, based on the
experimental repetitions (Fig. 4). Considerable vamabetween relaxation times (Tab.
2) was seen at lower SS contents for both moulding tempes, leading to high
standard deviation. This may be due to a smaller reductidisulphide linkages during
processing resulting in a less homogenous melt and hesseuhiformity between
moulded samples. Alternatively, small errors in measpregerties may propagate to
larger differences at longer times. Higher SS conteotved greater reproducibility, as
well as a shorter mean relaxation time. The highaldity at lower SS contents made
comparison between the two moulding temperatures diffiboliyever, relaxation time
for 4-140 was shorter than that seen for 3-140, suggestinghitjaér moulding
temperature also contributed to increased chain mobility

The best fit to the Struik equation for stress relaxatvas found with m: 0.16-0.19.
Relaxation behaviour predicted by the Maxwell model fidtsa simple exponential,
without an “m” exponent. To describe real polymer b&hay a number of Maxwell
models would need to be superimposed with different retaxaimes to describe
experimentally observed polymer behaviour [5]. Altenrey, the Struik equation for
short time experiments takes the form of a stretcheqmbreential (or Kohlrausch-
Williams-Watts (KWW)) function. Stretched exponentidisscribe relaxation processes
in the presence of complexity [8]. A stretching exponehtl simplifies to simple
exponential decay, whilst values closer to zero indiggeater stretching. Although
typically ~ 0.33 for a synthetic homopolymer [5], it is sensibl@xpect that NTP would
have a greater stretch to its relaxation functiom tas in proteins there are a wider
variety of molecular interactions.
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Fig. 4. Decay of relaxation modulus at 1% strain. A) Akctizda (dashed lines) and
Struik equation using average parameters from each (sajdfdir 3-120. B) Struik
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equation using average parameters from 3 repeats of ed@hdifferent SS contents
moulded at 140°C

Tab. 2: Relaxation parameters. Average from three samptandard deviation is shown

in brackets.
Fraction of strain Fitted Struik relaxation Fitted Struik “m”
remaining after 20 minutes time (s) parameter
g SS/100g 120°C 140°C 120°C 140°C 120°C 140°C
BM
2 0.32(0.02) 0.31(0.03) 532 (206) 438 (162) 0.17 (0.02)  0.17 (0.02)
3 0.30 (0.02) 0.31(0.01) 356 (87) 426 (89) 0.17 (0.01) 0.16 (0.00)
4 0.27 (0.01)  0.26 (0.00) 254 (31) 190 (7) 0.19 (0.01) 0.18 (0.00)
Creep

NTP held at a constant stress showed appreciable angdpe experimental time scale of
20 minutes. The fitted Burgers model is made up of Maxwethent in series with a
Voigt Kelvin element (Fig. 1). The compliance at t = D dquivalent to x5 the
compliance of the Maxwell element. As time increaske compliance curve tends to
become linear, the slope of which isny/ The shape of the curve between these
extremes is dependent on the Voigt/Kelvin element, destin terms of the retardation
time and $¢. Fitted retardation times were in the range of 100 - 18Bus,with
considerable variation (Tab. 3)wSvalues, however, were appreciably higher with 4
pphem SS than at lower levels, and for each level weghdri in samples moulded at
140°C than those moulded at 120Although samples moulded at 120°C had similar
Swu, increased @ with increased SS was seen for samples moulded at 148@itlAthe
retardation time, large standard deviations were se@n ifab. 3 also shows total creep
at the end of an experiment. For samples moulded at 1205Gpparent that as sodium
sulphite content increased, the total creep experiencttki20 minute experiment also
increased. At 140°C, all three sodium sulphite contentwesth@imilar total creep in the
20 minute duration. This does not imply equal mobility, i e rate also depends on
starting stress which differed in each sample due taidiffessample stiffness. It is for this
reason that compliance has been modelled rather tifzam s
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Fig. 5: Increase in compliance at constant stresé\cf)al data (dashed lines) and
Burgers model fit using average parameters from eacl (s&) for 3-120. B) Burgers
model fit using average parameters from 3 repeats ofafdbbk different SS contents

moulded at 140°C

Tab. 3: Fitted Burgers model parameters for creep expdsm&verage from three
samples. Standard deviation is shown in brackets.

SS content Moulding Temperature

(pphewm) 120°C 140°C
Voigt/Kelvin Element
Svk 2 0.0073 (0.0011) 0.0080 (0.0020)
(1/MPa) 3 0.0084 (0.0006) 0.0094 (0.0011)

4 0.0137(0.0016) 0.0147 (0.0009)

Retardation time 2

(s)

Maxwell Element

Sv 2
(1/MPa) 3
4
M 2
(MPa.S) 3
4
Total creep 2
(mm/mm) 3
4

134 (42)
177 (33)
149 (41)

0.0024 (0.0001)
0.0022 (0.0002)
0.0023 (0.0003)

95000 (17000)
86000 (18000)
71000 (37000)

0.09 (0.02)
0.12 (0.02)
0.16 (0.05)

140 (37)
107 (6)
145 (43)

0.0023 (0.0002)
0.0028 (0.0001)
0.0037 (0.0003)

86000 (9400)
93000 (31000)
73000 (8500)

0.11 (0.01)
0.10 (0.02)
0.10 (0.01)

Dynamic mechanical analysis

Dynamic mechanical analysis revealed a glass trangii the range of 58-65°C for all
samples (Tab. 4), showing that all materials were >3@1Gw Ty at the test temperature

8
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of 23°C. Although differences between the formulationsewainor, at both moulding
temperatures the samples containing 4pptad the lowest o

Tab. 4 T, determined from peak in tdnaveraged from two samples. Standard deviation
is shown in brackets.

SS content Moulding Temperature

(PPhew) 120°C 140°C
2 62 (1) 63 (3)
3 65 (1) 63 (2)
4 60 (1) 58 (0)

Ty is normally assumed to be an indication of chain ftbin this work large
differences in the J were not observed, but clear differences were obdewtsen
evaluating the time-dependant properties. This technigtreeisfore useful to evaluate
subtle differences between chain mobility. It waglent from the work that between 2
and 3 ppbu SS there is little difference, but 4 pphdid make a difference. However,
the overall goal is not to increase chain mobility thuch, as strength drops accordingly.
This too was evident from pull to break results.

CONCLUSIONS

Six varieties of thermoplastic protein were produced fatmodmeal by varying sodium
sulphite content and injection moulding temperature to stindy effect of these
parameters on time dependent viscoelastic behaviouss @tansition, determined from
the peak in tahwas in the range of 57-65°C for all samples, more tha@ above the

test temperature, and lowest for samples with the sszBtm sulphite.

Ultimate tensile strength and strain at break restdt® foull to break tests at constant
strain rate indicated that both increased sodium sulpbiteent and the higher injection
moulding temperature increased chain mobility.

Samples held at a constant strain of 1% exhibitedsstedgxation which was modelled
using a stretched exponential. High variability betwsamples was seen at lower SS
contents, however the trend of increased SS incgeammbility (characterised by a
shorter relaxation time) was supported. At 4 pphBM SS, Jesiability was observed
and higher moulding temperature showed shorter relaxatien t

Samples held at constant stress exhibited creep behawibich was modelled with the
four-element Burgers model. Increased SS content iredtdaie compliance of both the
Maxwell and Voigt/Kelvin elements of the model.

Together, these results confirmed that increased sodilphite increased chain
mobility. Additionally, it was found that injection malihg at 140°C instead of 120°C
did not cause excessive thermal crosslinking, but rathezased chain mobility at some
sodium sulphite contents. Whilst increased chain myhitit the conditioned plastic
comes at the expense of strength, and is not alwayslaes this widens the range of
acceptable injection moulding parameters which may bé&luse adjusting injection

settings for appropriate filing of different moulds. Additadly, depending on the
stresses that will be encountered when using this iakatereep may need to be
considered.
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