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 Mechanical properties and fracture mechanisms of Novatein thermoplastic protein and blends 
with core–shell particles (CSPs) have been examined. Novatein is brittle with low impact 
strength and energy-to-break. Epoxy-modifi ed CSPs increase notched and unnotched impact 
strength, tensile strain-at-break, and energy-to-break, while tensile strength and modulus 
decrease as CSP content increases.  T  g  increases slightly with increasing CSP content attributed 
to physical crosslinking. Changes to mechanical properties are related to the critical matrix 
ligament thickness and rate of loading. Novatein control 
samples display brittle fracture characterized by large-scale 
crazing. At high CSP content a large plastic zone and a slow 
crack propagation zone in unnotched and tensile samples are 
observed suggesting increased energy absorption. Notched 
impact samples reach critical craze stresses easily regardless 
of CSP content reducing impact strength. It is concluded that 
the impact strength of thermoplastic protein can be modifi ed 
in a similar manner to traditional thermoplastics.
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  1.     Introduction 

 Proteins are naturally occurring biopolymers and offer 
a green alternative to some petrochemical thermoplas-
tics. Many protein resources are noncompetitive with 
food streams, are waste or by-products of other processes, 
and are biodegradable when in thermoplastic form. For 
example, proteins such as wheat, soy, peanut, meat and 
bone meal and fi sh meal have all been precursors for ther-
moplastic material. [ 1–6 ]  Another example is bloodmeal, 
a by-product of the meat processing industry which has 
a very high protein content (≈90 wt%) making it suitable 

for thermoplastic processing. [ 7 ]  This material, known as 
Novatein thermoplastic protein, has a tensile strength 
(9.6 MPa) and modulus (534 MPa) comparable to low den-
sity polyethylene (LDPE) but a much lower impact strength 
(0.9 kJ m −2 ) and strain- and energy-to-break (12% and 
0.8 MPa). [ 8 ]  Novatein is mostly used in the meat industry 
during animal slaughtering for devices preventing meat 
contamination. The nature of Novatein causes it to become 
brittle after production due to the evaporation of water, 
which is used as a plasticizer during processing. 

 Impact modifi cation of polymers can be achieved in a 
number of ways. Rigid particles, such as nanoscale CaCO 3 , 
have been shown to effectively toughen and modify 
impact strength of semi-crystalline polymers. Hard parti-
cles act as stress concentration points in the matrix and 
are only deemed effective if cavitation and debonding of 
the particle is possible allowing matrix yielding. How-
ever, these particles can greatly increase the modulus of 
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the composite for only a small relative change in impact 
strength and toughness. [ 9 ]  

 Second phase rubber toughening is another preva-
lent technique used in engineering plastics. The idea of 
using a dispersed phase to improve the impact strength 
of both thermoplastics and thermosetting resins is 
common practice. [ 10 ]  Core–shell particles (CSPs) can 
be used to offer improved interaction at the interface 
between the elastomeric and matrix phases of immis-
cible blends. CSPs have a core formed typically of an elas-
tomeric polymer, covered by a shell of a different, more 
rigid polymer. These particles can be synthesized through 
emulsion polymerization to have shells that are specifi -
cally miscible with the intended matrix, or they can be 
functionalized with chemical groups that can react with 
the matrix polymer. Reactive groups present on the shell 
of the particle also aid dispersion during melt blending, 
as reactive compatibilizers act as emulsifying agents pre-
venting coalescence. [ 11 ]  Both examples here suggest that 
the interfacial adhesion between matrix and modifi er is 
extremely important. 

 Brittle failure is often characterized by extensive 
crazing of the matrix, whereas the primary mechanism 
seen in ductile failure is plastic shear yielding. Shear 
yielding in polymers is desirable as it is more effi cient at 
dissipating energy than crazing. [ 12 ]  The inclusion of rub-
bery particles typically aids this transition from crazing 
to shear yielding. Wu [ 13 ]  stated that the critical parameter 
for promoting impact strength or toughness with rubber 
particles was the surface-to-surface interparticle distance 
(matrix ligament thickness,  τ ) rather than particle size or 
volume fraction alone. However,  τ  is dependent on par-
ticle size and volume fraction (Equation   1)  . For a given 
particle diameter,  D,  and volume fraction,  ϕ  r , τ can be cal-
culated using Equation (1) [ 13 ] 

 
D / 6 1r

(1/3)τ π φ( )( )= −⎡
⎣

⎤
⎦  

   ( 1)  

 At a critical ligament thickness,  τ  c , a brittle to duc-
tile transition has been observed. For rubber-toughened 
nylon 6,6 this was 0.3 μm. [ 13 ]  This theory has since been 
extended to show that the percolation of “stress spheres” 
surrounding particles, and therefore the stress state of the 
ligaments, is the governing factor. [ 14 ]  It was established 
that below a certain thickness these ligaments could 
undergo shear yielding as a result of the transition from 
plane strain to plane stress, thereby dissipating energy 
more effi ciently. [ 15 ]  However, there is still some disagree-
ment as particle size and composition, along with the 
inherent ductility of the matrix, infl uence the brittle to 
ductile transition. [ 10,16 ]  

 Cho et al. [ 17 ]  showed that CSPs in polycarbonate 
increased the size of the plastic deformation zone at the 

tip of the notch in impact testing. An increase in the size 
of the plastic zone decreases the mean stresses at the 
crack tip and also ensures that craze initiation stresses 
are not reached in the matrix. Large amounts of energy 
are therefore absorbed at the crack tip before catastrophic 
failure. Furthermore, cavitation of particles also offers 
additional impact resistance as debonding of particles 
relieves triaxial stresses within the matrix. The disap-
pearance of triaxial stress causes a matrix to behave as 
if under plane-stress conditions, similar to decreasing 
the ligament thickness, allowing shear yielding of the 
matrix. [ 18 ]  The subsequent void formation acts as a fur-
ther stress concentration point, however as voids are 
unable to bear a load, they will only offer limited tough-
ness modifi cation. [ 10 ]  

 The modulus of the particle is important for tough-
ening polymers. A low modulus core will allow for more 
effi cient stress transfer and deform more. High modulus 
cores tend to have low strength, causing a decrease in 
overall composite strength. [ 19 ]  For example, Schneider 
et al. showed that a prevulcanized (higher modulus) 
natural rubber (NR) core in a poly(methyl methacrylate) 
(PMMA)/NR CSP was less effective at toughening poly-
styrene than a lower modulus noncrosslinked NR core. [ 12 ]  
Similarly the inherent ductility of the matrix will affect 
the infl uence that rubbery inclusions will have on the 
material. If a matrix is more prone to shear yielding and 
cold drawing it is able to be toughened much more greatly 
than a brittle polymer. [ 20 ]  

 Julien et al. [ 21 ]  postulated that there was a number of 
transitions of crack growth during fracture; from fully 
stable to partially stable and fi nally fully unstable. It was 
observed that as loading rate increased during the com-
pact tension testing of PMMA, the crack growth mecha-
nism changed from partially stable at low rates to fully 
unstable at fast rates. The introduction of rubber particles 
into the PMMA matrix stabilized crack growth at lower 
testing rates due to cavitation and shear yielding of the 
matrix thereby inducing a larger plastic zone at the crack 
tip. This was evident through an increase in  K  IC  fracture 
toughness over that of neat PMMA. However at high 
testing speeds, a decrease in  K  IC  was observed due to the 
time dependent nature of polymer chain relaxation. 

 Many bioderived thermoplastics have undesirable 
mechanical properties. They are typically brittle, with 
low elongation, energy-to-break and impact resistance. 
However, the addition of plasticizers, second polymer 
components, and reinforcing agents such as particles and 
fi bers can have a desirable effect on energy absorbing 
properties. [ 22 ]  

 In this study, CSPs consisting of an elastomeric butyl 
acrylate and 2-ethylhexyl acrylate core and a poly(methyl 
methacrylate) shell were used to modify the impact 
strength of Novatein thermoplastic protein. Novatein is 
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a newly developed material and its fracture mechanism, 
with and without modifi cation, was also assessed using 
epoxy functionalized and regular CSPs.  

  2.     Experimental Section 

  2.1.     Materials 

 Pre-extruded injection molding grade of Novatein IR3020 was 
acquired from Aduro Biopolymers (Hamilton, NZ) in powder 
form. Two grades of core–shell impact modifi ers (CSPs), DOW 
Paraloid EXL 2390 and EXL 2314, were acquired from Plastral 
(Auckland, NZ) in powder form. Both grades had a crosslinked 
elastomeric core consisting of butyl acrylate and 2-ethylhexyl 
acrylate, and a rigid PMMA shell. The EXL 2314 grade was modi-
fi ed with a glycidyl methacrylate (GMA) functionality on the 
PMMA shell while EXL 2390 had no functionality. Individual 
CSPs had been measured as ≈500 nm in diameter using scanning 
electron microscopy (SEM).  

  2.2.     Sample Preparation 

 Initial blends included 10 and 20 parts of either EXL 2390 
(2390–10 and 2390–20) or EXL 2314 (2314–10 and 2314–20) 
per hundred parts Novatein (pph NTP ). After these scoping trials, 
blends containing different amounts of just EXL 2314 were 
produced up to 30 pph NTP , with the number of the blend name 
denoting the amount of CSPs in pph NTP  (2314–5, 2314–10, 
2314–15, 2314–20, 2314–30). 

 Pre-extruded Novatein powder was tumble mixed with one of 
the Paraloid impact modifi ers in a zip lock bag before extrusion. 
Blends were prepared by melt blending in a LabTech corotating 
twin screw extruder (L/D 44:1) with a screw speed of 200 rpm. 
Temperature profi le increased over 11 barrel heating sections, 
from 70 °C at the feed throat to 100 °C along the main barrel, and 
increasing to 120 °C at the die. Blends were granulated using a 
triblade granulator with a 4 mm plate (Castin Machinery, NZ). 

 Tensile bars (ASTM D368) and impact bars (ISO 179) were pro-
duced in a BOY 35A injection molding machine, with a tempera-
ture profi le of 100, 135, 150, 150, 150 °C from feed to nozzle. Mold 
temperature was kept constant at 50 °C. Notches for notched 
impact samples were cut according to ISO 179 using an auto-
mated notch cutter. All test pieces were conditioned at 50% rela-
tive humidity and 23 °C for 7 d before testing.  

  2.3.     Analysis 

 Tensile testing was conducted according to ASTM D638 on an 
Instron model 33R4204 tensile testing rig. A crosshead speed 
of 10 mm min −1  was used with an extensometer with a 50 mm 
gauge length. Notched and unnotched Charpy impact testing was 
conducted on a Ray-Ran Pendulum Impact System. A hammer 
weighing 0.457 kg with a test speed of 2.9 m s −1  was used for 
all tests, equating to a pendulum energy of 2 J. Notched and 
unnotched testing was conducted in an edgewise orientation. 

 Dynamic mechanical analysis (DMA) was conducted on sec-
tions of impact bar (thickness of ≈4 mm and width of ≈9.5 mm) 

using a Perkin Elmer DMA8000 instrument. Scans were run in 
triplicate using a single cantilever confi guration at 1 Hz from 
–100 to 180 °C. A free length of ≈13 mm was used at a dynamic 
displacement of 0.05 mm. Data collected were analyzed using 
Perkin Elmer’s Pyris software. 

 Morphology of Novatein and blends containing CSPs was 
assessed using fractured ends of tested samples mounted on 
aluminum studs. The samples were then sputter coated with 
platinum using a Hitachi E-1030 ion sputter coater. SEM was car-
ried out using a Hitachi S-4700. An accelerating voltage of 3 or 
20 kV was applied, however, this did not affect resulting images. 
Optical images were obtained at a magnifi cation of either 
× 16 or × 40 using a Nikon Digital Sight DS-U1 camera mounted 
on a Wild Heerbrugg M3B optical microscope, using similar 
fractured surfaces.   

  3.     Results and Discussion 

  3.1.     Effect of Surface Modifi cation 

 Tensile data for surface modifi ed and unmodifi ed blends 
(Figure  1 ) showed a decrease in tensile strength and mod-
ulus with increasing CSP content. The decrease in strength 
and modulus in rubber-modifi ed polymers is typically 
accompanied by an increase in elongation due to increased 
plastic yielding (covered in later sections). This was evident 
in the blends containing epoxy modifi ed CSPs (2314–10 
and 2314–20) whereby a signifi cant increase in strain-at-
break was seen. However, the blends containing unmodi-
fi ed CSPs actually showed a decrease in strain-at-break, as 
well as a far greater decrease in tensile strength than EXL 
2314 blends.  

 In the case of 2314–10 and 2314–20, the increase in 
strain-at-break far outweighed the decrease in tensile 
strength bringing about a large increase in energy-to-
break (up to 4.59 MPa compared to 0.22 MPa for Novatein). 
In contrast, the blends with unmodifi ed particles dis-
played a decrease in energy-to-break. It was apparent 
from notched Charpy impact testing that unmodifi ed 
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 Figure 1.    Selected mechanical properties of blends containing 
modifi ed and unmodifi ed core–shell impact modifi ers.
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CSPs were far less effi cient at improving impact strength 
than the epoxy modifi ed CSPs. The inclusion of 20 pph NTP  
EXL 2390 caused a reduction in impact strength compared 
to that of Novatein (0.75 kJ m −2  compared to 0.9 kJ m −2 , 
respectively). In contrast, the notched impact strength for 
2314–20 (≈2.5 kJ m −2 ) was much larger than the Novatein 
control. 

 The fracture surface of 2390–20 shows that while 
unmodifi ed CSPs were agglomerated, these agglomera-
tions were well distributed throughout the sample. In 
contrast the 2314–20 fracture surface revealed good 
distribution of CSPs through the sample, as well as good 
dispersion of individual particles. Agglomeration resulted 
in no toughening effect, as large cracks can readily propa-
gate through the material with little resistance. Further-
more, the large crazes present in 2390–20 do not appear 
to terminate in the rubbery CSPs, as is the case in 2314–20 
(Figure  2 ). The fracture surfaces suggest that interfacial 
adhesion is good in both cases. There appears to be little 
debonding and cavitation of CSPs, therefore the tough-
ening mechanism seen in the epoxy modifi ed particle 
blends is not only as a result of the increased adhesion, 
but as a function of better dispersion and the increased 
level of crazing of the matrix (Figure  2 B).  

 In contrast to these results, Li et al. [ 23 ]  found that the 
inclusion of Paraloid EXL 2330 (unmodifi ed CSP similar 
in composition to Paraloid EXL 2390) in polylactic acid 
(PLA) produced a greater increase in impact strength than 
blends containing the epoxy functionalized CSPs used in 
this study. The difference in impact strength was attrib-
uted to the presence of the GMA functionality causing a 
change in rubber particle size, quality of dispersion and 
adhesion to the matrix, however no concrete evidence 
was given. There was a similar decrease in tensile strength 
and modulus between the two PLA blends, however, 
strain-at-break was higher in the modifi ed particle blend. 
It is likely that the reactive functionality, while acting like 
a crosslinking point which potentially decreases chain 
mobility, may also have increased interfacial adhesion. 

Therefore, at a high rate of loading (impact testing) the 
CSPs will be less likely to cavitate and behave in a more 
brittle fashion, similar to thermosetting resins. In con-
trast, under a low rate of loading (tensile testing), despite 
the physical crosslinking caused by the reactive function-
ality, cavitation of particles and yielding of the matrix is 
more likely, due to the time dependent nature of chain 
relaxation and fracture. This induces shear yielding due to 
the transition from plane strain to plane stress.  

  3.2.     Effect of Composition 

 Due to the superior mechanical properties of blends con-
taining Paraloid EXL 2314, the effect of composition was 
restricted to blends containing these CSPs only. Higher CSP 
content resulted in higher impact resistance (Figure  3 A,B), 
regardless of whether a sample was notched or unnotched. 
In notched samples very little change in impact strength 
was seen up to 10 pph NTP , however an increase was seen 
after this. By including 30 pph NTP  CSPs, the notched impact 
strength of increased by ≈300%. In contrast, the unnotched 
impact strength of pure Novatein was approximately 
doubled with the inclusion of 10–15 pph NTP  CSPs, and 
increased by an order of magnitude after 20 pph NTP  CSPs.  

 The absolute values of the unnotched samples are far 
higher than those of the notched samples, but this is to 
be expected due to the high level of stress concentration 
and pre-existing defects at the notch tip. Also, the relative 
changes in impact strength are far greater in unnotched 
testing. This observation suggests that Novatein and 
blends containing the CSPs are sensitive to the effect of 
the notch. It must be noted that the standard deviation 
in the impact results is large, particularly at high loading. 
Even with a larger sample size (15–20 specimens), a 
large variation was observed, however the standard 
error of the mean was decreased greatly. A Student’s 
 T -test showed that for both notched and unnotched con-
ditions there were signifi cant differences ( p  value < 0.05) 
between the control (pure Novatein) and all sample 
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 Figure 2.    Impact fracture surface of A) 2390–20; B) 2314–20.
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groups, except 2314–5 which could be expected due 
to the negligible effect of the CSPs at this low inclusion 
level. In the notched samples, there are no signifi cant 
differences between sample groups until an inclusion of 
over 10 pph NTP , which corresponds well to the brittle to 
ductile transition observed in the mechanical data. Fur-
thermore, there was no signifi cant difference between 
sample groups at the higher CSP content (i.e., between 
2314–20 and 2314–30 values). The mechanical data pre-
sented suggest that the values reach a plateau between 
20 and 30 pph NTP  CSPs. This can be considered a positive 
result in terms of potential upscaling for commercial 
applications, as an increase of expensive CSPs above 20 
pph NTP  will not be required. The inclusion of particles can 
cause “crack bowing,” whereby microscopic crazes and 
cracks change direction depending on the positioning of 
the particles. [ 24 ]  By increasing the distance that the crack 
travels and thus the surface area over which the impact 
energy is calculated, a difference in impact energy can be 
seen from sample to sample, hence the large variation at 
high CSP content. This mechanism is not present at all, or 
negligible, in low CSP content samples and therefore little 
variation is seen. This mechanism has not been explored 
in this manuscript and can be the subject of further 
investigation. 

 For some unnotched 2314–20 and 2314–30 samples, 
the sample did not break during impact testing, but 

instead stopped the hammer fully. The recorded values 
for these samples was taken as the maximum energy that 
the hammer can fully exert on the sample (≈50 kJ m −2 ). 
These values were included in the calculations for the 
averages in Figure  3 B. 

 The matrix ligament thickness for toughening the 
protein matrix can be determined from Equation  ( 1)  . 
In theory according to Wu, to reach  τ  c  (0.3 μm), [ 13 ]  
≈10 pph NTP  CSPs are required. However, for Novatein, 
even at a ligament thickness of less than 0.3 μm (15 
pph NTP ), no increase in impact strength was observed. The 
main toughening effect was seen above 17 pph NTP  and 
would give a matrix ligament thickness of 21 μm (based 
on infl ection point, Figure  3 A,B). This would suggest that 
ligament thickness is not the only variable that affects 
toughness and impact resistance. 

 Tensile testing results supplement the impact testing 
data and support the theory that energy absorption of 
the material increases as ligament thickness decreases. 
However, this increase in energy absorption occurs at 
much lower CSP content (the infl ection point is seen at 
≈10 pph NTP ) (Figure  3 C,D). This brittle to ductile transi-
tion is also evident from the tensile stress–strain curves 
as there are clear yield points in blends with greater than 
5 pph NTP  CSPs (Figure S1, Supporting Information). This 
difference in infl ection point between tensile results 
and impact results is due to rate of loading and will be 
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 Figure 3.    Mechanical properties of Novatein as a function of modifi er content A) notched impact strength; B) unnotched impact strength; 
C) tensile strength and strain-at-break; D) secant modulus and energy-to-break.
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addressed later. It must also be noted that strain sof-
tening occurs in the blend containing 10 pph NTP  CSPs. 
This is consistent with rubber toughened epoxies that 
show strain softening as a result of low  T  g  inclusions. [ 18 ]  

 A brittle to ductile transition with increasing CSP con-
tent is often observed for rubber-toughened polymers. 
At this transition, strain-at-break and energy-to-break 
drastically increase, while modulus and tensile strength 
signifi cant decrease. The properties of the inclusion often 
dictate the properties of the overall material in particu-
late reinforced composites. [ 19 ]  The same behavior was 
observed for Novatein reinforced with CSPs.  

  3.3.     Thermal Analysis 

 DMA revealed a decrease in relative storage modulus over 
the entire temperature range with increasing CSP content. 
This is to be expected with rubber modifi ed polymers, [ 19 ]  
where the contribution of the rubbery core is to lower the 
blend’s average modulus. 

 The tan δ plots (Figure  4 ) show a clear  T  g  at ≈−40 °C 
attributed to the rubbery core of the CSP. The magnitude 
of this peak increases with an increase in CSP content. In 
a similar fashion, the magnitude of the large tan δ peak 
at ≈60 °C increases in magnitude with increasing CSPs. 
This can be attributed to the increased damping ability of 
the blends as a result of the rubbery inclusions that has 
a much lower  T  g  than the matrix. It is well documented 
that β-transitions seen in tan δ below the  T  g  of a mate-
rial can be related to its impact resistance. [ 25 ]  In this case, 
it appears that the β-transition of Novatein is masked 
by the CSP  T  g  and therefore this relationship cannot be 
confi rmed. It is interesting to note that the magnitude 
of the tan δ peak at the matrix  T  g  (60 °C) also increases 
in magnitude with increasing CSP content. However, 
the relationship between increasing α-transition peak 
magnitude and impact strength at higher CSP content 
cannot be confi rmed and may be the subject of further 
investigation.  

 There is a clear increase in the  T  g  of the Novatein 
matrix (taken to be the large peak in tan δ at ≈60 °C) 
with increasing CSP content. This could be attributed to 
the chemical reaction or interaction between the epoxy 
groups on the PMMA shell and reactive amino acids 
along the protein chain. Usually, in rubber modifi ed ther-
moplastics, an increase in  T  g  would not be expected, how-
ever with strong interactions, the “crosslinking” effect of 
the nanoparticles has a similar effect to increasing cross-
link density or chain entanglement. [ 25 ]  

 Memon [ 26 ]  suggested that CSPs in the matrix covers a 
much greater fraction of the blend than just the volume 
fraction of the inclusion. The interaction between the 
matrix and the functional groups (on the surface of the 
particles) forms an interphase, effectively increasing 
the particle volume fraction. In highly fi lled blends, 
the large effective volumes of the particles overlap, 
thereby forming a network structure of particles. It was 
shown through low-frequency plate–plate rheometry of 
polycarbonate and CSPs that almost 100% of the matrix 
was interacting with the shell of the inclusions at 20% 
modifi er content, decreasing as a function of decreasing 
modifi er content. [ 26 ]  The shift in  T  g  seen in for Novatein 
could be due to this large effective area of the epoxy func-
tionalized CSPs and the subsequent network structure 
formed. This in turn is likely to cause decreased chain 
mobility in the protein matrix which will require more 
energy for the onset of chain movement.  

  3.4.     Fracture Behavior 

 As with the mechanical properties, the mechanism of 
fracture changes as the level of reinforcement changes 
(Figure  5 ). However, while there were differences as a 
result of fi ller loading, there were also differences in failure 
mechanisms as a result of the rate of loading, i.e., impact 
testing versus tensile testing.  

  3.4.1.     Impact Testing 

 As interparticle distance decreases, thin matrix ligaments 
are more prone to plastic yielding. This is particularly evi-
dent when comparing a pure Novatein impact-fracture 
surface with a sample containing 30 pph NTP  CSPs (Figure  6 ). 
The impact fracture surface of the Novatein sample is char-
acterized by a number of large, uninterrupted crazes run-
ning parallel with the direction of impact. In contrast, 
at high particle content there is a much greater level of 
crazing, which is interrupted by the rubbery CSPs. The CSPs 
act as both nucleation and termination sites for the micro-
scopic crazes. The blends containing up to 15 pph NTP  CSPs 
exhibit similar behavior to Novatein, with uninterrupted 
crazing dominating despite the inclusion of CSPs. How-
ever, above this point, blends behave in a similar fashion 
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 Figure 4.    Dynamic mechanical analysis of impact modifi ed 
Novatein.
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to 2314–30. This is to be expected however, by examining 
the impact testing results (Figure  3 A,B). Those blends 
below the infl ection point behave in a brittle manner, as 
Novatein, while those above the infl ection point begin to 
behave in a ductile fashion.  

 Notched and unnotched impact tests were considered 
to evaluate the effect of severe stress concentration on the 

fracture behavior of Novatein. The plastic zone is the area 
of plastic deformation where fracture initiates and from 
where cracks propagate (Figure  7 ). If suffi cient stress is 
reached in this area, crazes will begin to propagate slowly 
in a radial fashion. The size of this slow propagation 
region is dependent on the critical craze stress and matrix 
yield stress. Once the critical craze stress is reached, 
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 Figure 5.    Tensile, notched, and unnotched fracture surfaces, respectively of A,A′,A″) Novatein; B,B′,B″) 2314–5; C,C′,C″) 2314–15; D,D′,D″) 
2314–30.

 Figure 6.    Unnotched impact fracture surfaces of A) Novatein; B) 2314–30.
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catastrophic crazing will occur and the material will fail. 
For unnotched samples, the absence of the intentional 
stress concentration (i.e., the v-notch) allows for increased 
plastic fl ow and yielding, therefore the increase in impact 
resistance as a function of composition was far greater for 
unnotched samples.  

 The increased impact strength with increased CSP 
content was attributed to more effective dissipation of 
energy in the plastic zone, a greater level of slow crack 
propagation and more chaotic crazing (random termi-
nation and nucleation of microscopic crazes, e.g., Figure 
 6 B). Due to the dispersed nature and good adhesion to 
the matrix there is effective stress transfer, and although 
the rate of loading may be too high for suffi cient chain 
realignment and yielding, the matrix ligaments in the 
plastic zone are more prone to plastic deformation as a 
result of plane stress conditions. 

 The introduction of CSPs causes both stress concentra-
tions to form in the matrix and also the transition from 
plane strain to plane stress of matrix ligaments that are 
thinner than  τ  c . With a decrease in ligament thickness, 
stress concentrations around particles may overlap, and 
the rate of chain relaxation is accelerated in the overlap-
ping region and shear bands may form in these regions. 
This is highly dependent on strain rate and in the past 
this phenomenon has been labeled “strain-accelerated 
relaxation.” [ 18 ]  This supplements the argument that the 
transition from plane strain to plane stress allows thin lig-
aments of the matrix to yield. When the matrix polymer 
is said to be under plane strain it is constrained under tri-
axial stresses and unable to elongate in one plane, there-
fore strain in that plane is equal to zero. As the ligament 
thickness decrease, a transition to plane stress is seen and 
the material can freely elongate as the triaxial stresses 
have been relieved, causing stress in the plane of elonga-
tion to equal zero. Therefore, the thin matrix ligaments, 
now in plane stress, can yield plastically, [ 13,27 ]  forming the 
plastic zone. 

 Cho et al. [ 17 ]  states that the total energy absorbed 
during deformation and fracture is comprised of energy 
from yielding plus the energy from crazing. However, 
as crazing is a feature of brittle fracture and typically 
absorbs very little energy, the total energy absorbed is 
said to be approximately the energy absorbed during 
yielding. The size of the plastic zone can therefore be 
related to the total energy absorbed during fracture. The 
plastic deformation zone will be small, or not present at 
all, if the critical craze initiation stress is below the yield 
stress of the material. The tensile yield stress for Novatein 
is at the break point (≈18 MPa) which decreases to ≈8 MPa 
when using 30 pph NTP  CSPs. When examining the tensile 
stress–strain curves of all blends (Figure S1, Supporting 
Information) it can be assumed that the critical craze 
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 Figure 7.    Identifi ed regions during crack propagation 
and fracture: A) schematic diagram; B) example of regions 
in unnotched 2314–30; C) example of regions in notched 
2314–30.
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stress in Novatein must fall between 18 and 14.5 MPa, 
as signifi cant yielding occurs in 2314–10 suggesting that 
the critical craze stress is not immediately met. It must 
be noted that these values are for tensile testing and not 
impact testing, and the variation of rate of loading will 
affect this. 

 The large stress concentration in notched samples 
means that the critical craze stress is reached very easily 
and only limited yielding can occur. In this case, the 
material showed highly brittle fracture through large-
scale crazing, thereby absorbing very little energy in con-
trast to unnotched samples with less stress concentration. 
The slow crack propagation zone is also much larger than 
in the notched blends, further increasing energy absorp-
tion (Figure S2, Supporting Information). The infl uence of 
the particles is seen further away from the plastic zone, 
whereby those with high loading are more prone to cold 
drawing and yielding. 

 This can be detected by a change in color of the mate-
rial as seen under the optical microscope (for color fi gure 
the reader is directed to the Supporting Information, 
Figure S3). In a gray-scale image however, this change 
in the material can be seen by producing a binary copy 
(Figure  8 ). The areas of high deformation (and which are 
orange in Figure S3, Supporting Information) are seen as 
dark regions while the bulk matrix appears white. This 
change of color in the physical sample is brought about 
by the refraction of light in the cold drawn material and 
it is clear that there is a separation between the dark sec-
tions of the matrix and the orange fi lament-type struc-
tures (Figure S3C, Supporting Information).  

 It is evident in the optical microscopy images of 
notched impact samples (Figure S3D,E, Supporting Infor-
mation) that the main mechanism of fracture is large-
scale crazing. There is very little of the orange colored 
drawn material as seen in the equivalent unnotched 
samples. However, it is clear that there is some level of 
yielding and drawing at the edge of the sample, with 

crazing dominating through the center of the sample. 
This edge yielding is likely due to plane stress conditions 
that exist at the edge of the sample and ductile elongation 
appears to dominate. In contrast, the constraint of the 
material in the center of the sample it is likely to bring 
about plane strain, making it unlikely to yield and hence 
brittle crazing dominates. 

 This edge yielding is much more prevalent in the 
sample with high CSP content (Figure S3E, Supporting 
Information) due to the decreased ligament thickness, but 
was not observed along the whole length of the fracture 
surface. The energy of the hammer remains unchanged 
throughout the impact, but the cross sectional area 
(which is able to absorb this energy) decreases as the 
cracks propagate. Therefore, at some distance from the 
notch, the critical craze stress will be reached and large-
scale crazing will become the main fracture mechanism, 
rather than mixed mode yielding and crazing.  

  3.4.2.     Tensile Testing 

 The brittle to ductile transition seen in the tensile mechan-
ical properties (Figure S1, Supporting Information) is sup-
ported through observations in the blend fracture surfaces. 
Novatein exhibited highly brittle crazing throughout the 
sample, similar to what was seen in the impact fracture 
surface. It does display low levels of shear banding, how-
ever large-scale yielding is not seen (which is also evident 
from a low strain-at-break). The same behavior is seen 
at low fi ller content (2314–5); both exhibit a plastic zone 
(top section of Figure  5 A,B), but these are small and it is 
clear that crazing dominates the fracture. Even though 
Novatein and 2314–5 exhibit plastic zones, this is the only 
area of signifi cant deformation which accounts for the low 
strain-at-break during tensile testing (Figure  5 A,B). At high 
particle content ductile fracture and large-scale yielding 
dominate, but this is to be expected after analyzing the 
tensile data. 
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 Figure 8.    A) Optical microscope image of unnotched impact fracture surface from 2314–30. B) Binary representation of image in panel (A) 
highlighting regions of high deformation.
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 Using tensile testing or impact testing, a different  τ  c  
was observed. For tensile data, 10 pph NTP  CSPs was iden-
tifi ed as the minimum CSP level to bring about a brittle 
to ductile transition, while this was 15 pph NTP  for impact 
strength; the difference being rate of loading. The very 
low rate of loading in the tensile tests allowed for reori-
entation of protein chains along the axis of the applied 
force, allowing the thin matrix ligaments to yield exces-
sively (at 15 pph NTP  CSPs or more). Also, the point at which 
signifi cant yielding occurred (brittle to ductile transition) 
was almost identical to the value that Wu stated to be the 
critical ligament thickness (0.3 μm for nylon yielding in 

a nylon/rubber blend). [ 13 ]  In this study it was shown that 
yielding of the Novatein matrix (and thus the ligaments) 
occurred at a calculated ligament thickness of 0.33 μm. 

 From previous literature [ 21 ]  it is possible to estab-
lish how stable crack propagation is during fracture in 
Novatein. During impact testing, pure Novatein and low 
CSP content blends show fully unstable crack growth, 
meaning that crazing is dominant, concurrent with other 
results. The introduction of elastomeric particles into the 
matrix (higher CSP content) stabilizes crack growth some-
what and induces cavitation and shear yielding of the 
matrix thereby inducing a larger plastic zone and more 

 Figure 9.    Microscopic features of plastic zone, slow crack propagation, and fast crack propagation regions in selected tensile fracture 
samples.
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effective dissipation of energy. In contrast, tensile testing 
appears to bring about partially stable crack growth in 
Novatein and 2315–5, while the increase in CSP content 
causes the fracture to become fully stable, as there does 
not appear to be large-scale brittle fracture. This means 
that the critical craze stress is not reached and yielding 
as a result of thin matrix ligaments and cavitation 
dominates.  

  3.4.3.     Microscopic Features of the Plastic, Slow, and Fast 
Propagation Zones 

 It is apparent that the plastic zone for Novatein and low 
CSP content samples were very similar, while intermediate 
and high CSP content samples also had a similar plastic 
zone, again pronouncing the brittle-to-ductile transition 
(Figure  9 ). The inclusion of CSPs for all samples brought 
about an increase of interrupted crazing, however this 
appears to become more pronounced at higher CSP con-
tent. The level of crazing in the slow crack propagation 
region appears to increase over that of the plastic zone, 
although this is to be expected as fracture progresses. Com-
pared to Novatein, the high CSP content blend displayed 
large-scale plastic deformation and yielding, with no 
transition from ductile to brittle fracture. In the fast crack 
propagation region of Novatein and 2314–5, crazes appear 
large and uninterrupted as described previously, leading to 
a low level of energy absorption during tensile fracture.  

 Cavitation is also present in all samples containing 
CSPs, however it had a greater infl uence in samples that 
also showed signifi cant yielding. At high magnifi cation, 
the cavitation of CSPs is clearly visible (Figure  10 ) and 
when compared to a region of fast fracture it is evident 
that far more plastic deformation occurs, thereby facili-
tating energy absorption.  

 It has been argued that cavitation and debonding of 
particles is the main mechanism of toughening in ther-
mosetting resins rather than a decrease of ligament thick-
ness. [ 18 ]  However, both features relieve triaxial stresses 

in the matrix and allow plastic yielding of ligaments. 
It must be noted that in a ductile matrix that is able to 
yield without cavitation, the debonding of particles will 
offer additional toughening, although the void formed 
as a result of this is not load bearing and the additional 
infl uence will not be drastic.    

  4.     Conclusions 

 The mechanical properties and fracture mechanisms of 
Novatein thermoplastic protein were heavily infl uenced by 
the introduction of CSPs. Epoxy modifi ed CSPs were better 
dispersed than unmodifi ed CSPs and brought about better 
mechanical properties. The introduction of CSP’s at a con-
tent of greater than ≈15 pph NTP  signifi cantly increased the 
impact strength in both notched and unnotched samples. 
A CSP content of ≈10 pph NTP  caused a decrease in tensile 
strength and modulus, while strain-at-break and energy-
to-break drastically increased. DMA revealed that both 
the peak in tan δ associated with the  T  g  of the CSP rubber 
core, and the magnitude of the tan δ peak associated 
with Novatein increased in magnitude with increasing 
CSP content. However, for Novatein it did shift to higher 
temperatures, attributed to the large effective area of 
the epoxy functionalized particles and resulting physical 
crosslinking, thereby causing decreased chain mobility in 
the protein matrix. 

 Novatein control samples in both tensile and impact 
testing showed highly brittle fracture, dominated by 
large-scale crazing with very little yielding. The high 
impact strength with increased CSPs was attributed to 
more effective energy dissipation in the plastic zone, a 
greater level of slow crack propagation and more cha-
otic crazing. Unnotched impact samples had a larger 
plastic zone than notched samples, yet the slow propa-
gation zone size did not appear to change signifi cantly 
as the CSP content varied. Plastic zones for unnotched 
and tensile samples were very similar for the Novatein 

 Figure 10.    A) Cavitation in the plastic zone of 2314–5; B) fast crack propagation of 2314–5.
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control. The intermediate and high CSP content blends, 
while appearing similar to each other, had plastic zones 
very different to Novatein due to the effect of the CSPs. 
There was variation in the plastic zones of the unnotched 
impact and tensile samples of the low CSP content blend 
attributed to rate of loading. 

 The large stress concentration in notched impact sam-
ples meant that the critical craze stress is easily reached 
and only limited yielding occurred. In this case, all 
blends showed highly brittle fracture through large-scale 
crazing, thereby absorbing very little energy in contrast 
to unnotched samples. Similarly, the Novatein control 
and low CSP content samples exhibited brittle behavior 
during tensile testing, while a CSP content of greater than 
10 pph NTP  brought about large-scale yielding, cavitation, 
and little evidence of fast propagation, particularly at high 
CSP content. The introduction of CSPs caused stress concen-
trations to form in the matrix and also led to the transition 
from plane strain to plane stress of thin matrix ligaments 
that are thinner than  τ  c , causing signifi cant yielding.  
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