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tructure-performance relationship
of polyphthalamide (PPA) composites reinforced
with high-temperature produced biocarbon
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and Amar K. Mohanty ab

Reducing greenhouse gas emissions (GHG) in vehicles requires the use of lighter-weight materials. One

possible strategy is using biomass-derived carbons (biocarbon), which have a lower density compared to

traditional mineral based fillers. In this study, novel composites reinforced with 20 and 30 wt% of

a biocarbon produced at high temperature (950 �C) were melt compounded with polyphthalamide

(PPA), followed by injection molding, and compared to talc-filled composites. Mechanical tests were

performed with ASTM standard samples for tensile, flexural and impact properties, alongside thermal,

spectroscopic and morphological characterizations. Surface area and elemental composition of the

biocarbon and talc particles were also determined. The biocarbon and talc composites had matching

mechanical properties in most of the tests (3.7 GPa for the Young's modulus of the 20 wt% talc-filled

composite versus 3.7 GPa for both 20 wt% biocarbon-filled composites), with all the properties

surpassing those of the unfilled, neat PPA (Young's modulus of 2.4 GPa), and the biocarbon-filled

composites have a lower density than the talc-filled ones (1.277 g cm�3 for the 20 wt% talc-filled

composite versus 1.176 g cm�3 for both 20 wt% biocarbon-filled composites). The main influencing

factors for the better performance of the biocarbon-PPA composites were found to be the similarity of

particle size between the talc and the biocarbon.
1 Introduction

Current scientic consensus is that anthropogenic greenhouse
gas emissions are responsible for an increase of 1.0 �C in the
global temperatures as compared to the 1880s.1 A further
increase of 1.5 �C is predicted by the middle of the twenty rst
century if the current levels of emissions remain the same.1

Transport vehicles for both freight and passengers are among
the major sources of these emissions. According to the Euro-
pean Union Joint Research Centre, the amount of CO2 emitted
in 2018 due to the transport sector was around 7.5 gigatons.2

One of the many actions that are recommended to tackle this
global issue is weight reduction in the manufacture of vehicles,3

as it has been calculated that a 10%weight reduction in vehicles
can yield up to a 7% increase in fuel efficiency.4

A widely used strategy to reduce weight is to replace metallic
components in the interior and under the hood of cars with
plastics and polymer composites. Nowadays, thesematerials are
some of the most studied and employed alternatives for trans-
port applications and weight reduction initiatives. Most
h, Thornbrough Building, Guelph, N1G
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composites are compounded with heavy llers and, in this
respect, bio-llers can be successfully used to reduce the overall
weight of these materials. Use of plastics parts in vehicles has
increased signicantly since the 1960s. Currently, the average
plastic weight in a conventional vehicle is 351 pounds,
a signicant increment compared to 20 pounds or less of plastic
material.5 Due to the replacement of metallic parts by plastic
parts, the average fuel economy in North America of a light-duty
vehicle has increased from 14.3 miles per gallon in the 1960s to
23.5 miles per gallon in 2010 [Original Equipment Manufac-
turer (OEM)].6,7

Replacing more specialized metallic parts by using plastics is
a challenging task. The challenges arise from the thermal and
mechanical conditions in which the plastics must be used. In
this scenario, so-called high-performance engineering plastics
can take the lead. These polymers are capable of retaining
exceptional mechanical and performance characteristics above
150 �C,8 and some of these polymers do not start decomposing
until a temperature range of 480 to 500 �C is reached.9 The
current size of the market for these polymers is a small fraction
of the global plastics market. The market of high performance
polyamides was valued at USD $2642.1 million in 2018,10

whereas the market for commodity plastics (the most
commonly used polymers in industry for general applications)
is expected to reach USD $493 billion by 2022.11 Using Nylon
RSC Adv., 2020, 10, 26917–26927 | 26917
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price as a reference point, the price of these polymers can be 3 to
20 times higher, although the use of inexpensive and bio-based
llers can overcome the economic hurdle by reducing the cost
of the composites produced.

Polyphthalamide (PPA), is found among these high-
performance engineering plastics. The ASTM standard D5336-
15a species that, for a polymer to be called PPA, there must
be a minimum of 55 molar% content of isophthalic or tereph-
thalic acid in the dicarboxylic portion of the polymer chain,12

with the rest of the molar weight being composed by a diamine
co-monomer such as decamethylene diamine or hexamethylene
diamine.13 This means that PPA is not a term for one specic
polymer, rather PPA can be considered an umbrella term for
a family of polymers. Commercial samples that only include
terephthalic acid and hexamethylene cannot be used in injec-
tion molding applications, as such a polymer has a degradation
temperature below its melting temperature, that is, it cannot be
processed by melt compounding techniques.13 Instead, in order
to produce a PPA that can be processed through standard
plastic processing techniques, manufacturers use a mix of
comonomers, using different ratios of diamines and isophthalic
and terephthalic acid (and some other acids such as adipic acid)
to create commercial products.13 Thus, PPAs' high mechanical
performance has a range of values, depending on the specic
comonomers used to produce the polymer: the tensile strength
at break can be between 70 to 90 MPa,13 the heat deection
temperature (HDT) is around 120 �C (measured with a force of
1.8 MPa),13 and the melting point is approximately 300 �C.13

PPA has been traditionally used and studied with mineral
llers such as talc,13 as well as short and long glass ber.14–16

Studies exist in which other materials are used, such as meso-
porous silica,17 boehmite and phenylphosphinic acid,18 gra-
phene oxide,19 boron nitride nanosheets,20 fullerenes21 and
nano carbon tubes,22 among others.

Talc in particular, has been used to boost the mechanical,
thermal and impact properties, such as having a higher HDT,
increasing the stiffness or improving the impact resistance,
among other improvements, such as surface scratching resis-
tance and appearance.23 However, the use of talc can increase
CO2 emissions when a composite is manufactured, especially
compared to natural bers and llers.24,25

As previously mentioned, the melting and processing
temperature of PPA starts at 300 �C.13 Obvious alternatives to
talc, like natural bers or biollers (such as sawdust, etc.)
cannot withstand such high temperatures. One viable alterna-
tive to bio-llers is biocarbon. Made from almost unlimited
sources of biomass, biocarbon is the solid residue le aer
pyrolysis. Its production costs and characteristics change
depending on the temperature at which it is produced.
Temperatures of pyrolysis can reach as a high as 1200 �C.26 The
decomposition behavior in a thermal ramp of a biocarbon
depends, mainly, on the temperature at which the pyrolysis was
carried out. The thermal stability of a biocarbon produced at
500 �C can reach up to 600 �C,27 a bio-oil pyrolyzed at 900 �C
remains thermally stable up to 900 �C.28 Due to these properties,
biocarbon has attracted a lot of research and commercial
interest in the past decade, and many biocarbon-lled
26918 | RSC Adv., 2020, 10, 26917–26927
composites have been developed, optimized and are currently
used in commercial products.29–32 The price of biocarbon
depends on the temperature at which it was produced (USD
$0.0748–$0.109 per kg, for a range of 500 �C to 1000 �C).33 Even
with these prices, biocarbon is still cheaper to produce than talc
(USD $0.15 per kg to US$ 0.66 per kg).23 Particularly in auto-
motive applications, biochar can play a role in reducing envi-
ronmental impact of composites, as a Life Cycle Analysis (LCA)
study performed by Tadele et al., showed that in the case of
polypropylene (PP) composites, substituting talc with Mis-
canthus biochar results in reduced environmental impacts,
mainly through the weight reduction achieved by the lower-
weight density of the PP composites.34

This study posits that biocarbon/PPA composites could
produce materials that are a viable alternative to talc-lled ones.
One of the main research objectives is to investigate if this new
composite can match the overall performance of a talc-lled
PPA composite. As a result of the reduction in weight of the
composites, this would also have a direct impact in the overall
transportation costs, fuel efficiency and reduction in the emis-
sions of GHG. Within this framework, a discussion of the
advantages of biocarbon over the mineral ller is presented. To
the best of the knowledge of the authors, no work using bio-
carbon in high performance composites with any type of PPA
has been previously studied or published, adding to the
signicance of this research.
2 Materials and methods
2.1 Materials

PPA (Zytel HTFNFE8200 NC010) was purchased from Dupont,
(Wilmington, DE, USA). According to Kemmish,13 its composi-
tion is 100 mol% terephthalic acid, for the acid fraction of the
polymer, with 50 mol% of hexamethylenediamine and 50 mol%
of 2-methylpentamethylene diamine for the amine fraction of
the polymer, although this information is not commercially
disclosed. Biocarbon (BioCM) was produced from Miscanthus
grass, with an average length of 4 mm, provided by Prism Farms
Limited (Leamington ON, Canada). Talc (Mistron CB) was
provided by IMERYS Performance Additives (Paris, France).
2.2 Production of biocarbon

In order to produce BioCM from the Miscanthus ber, a Carbo-
lite GLO batch type Retort Furnace (Carbolite Gero Limited,
Hope Valley, United Kingdom) was employed. A rate of heating
of 7.5 �C min�1 was used, reaching and maintaining a pyrolysis
temperature of 950 �C for 30 minutes. To provide an inert
atmosphere, a constant ow of 50 liters per hour of nitrogen was
kept during the pyrolysis and cooling period of the material,
until the furnace reached room temperature. The biocarbon was
then removed. Due to the fact that biocarbon has a tendency to
keep the shape of the original material that was pyrolyzed,
a conventional blender provided with rotatory knife type blades
was used to make a rst reduction in size of the biocarbon
particles obtained. The material was then sieved through a 425
mm mesh and, nally, ball-milled using a Pulverisette machine
This journal is © The Royal Society of Chemistry 2020
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(FRITSCH Milling and Sizing, Inc., Pittsboro, NC, United
States). The milling media consisted of 100 zirconium dioxide
balls per 50 grams of biocarbon, milled in zirconium dioxide
containers. Ball-milling was performed for one hour for the
sample denominated BioCM/1HR, and four hours for the
sample denominated BioCM/4HR, in order to obtain two
different particle sizes.

2.3 Production of composites

Before manufacture of the composites, the biocarbon was dried
for at least 24 hours at 85 �C, while the PPA was dried for 4 hours
at 120 �C. A twin-screw DSM micro-compounder (Xplore
Instruments, Sittard, The Netherlands), with a 15-cc capacity,
was used for the melt compounding process. The appropriate
amounts of ller and polymer matrix were measured to produce
the formulations given in Table 1.

The composites were melt compounded at 325 �C (themicro-
extruder has three heating zones, the temperature was set to be
the same in all of them), with a 100 rpm for a total time of 2min.
The resulting melts were then collected and transported via
a cylindrical injector (Xplore Instruments) and injected to
molds heated to 100 �C (the manufacturer recommends these
conditions in order to produce the best quality PPA parts).
According to the instructions provided, this ensures the
maximum crystallinity of the injected samples and produces the
best mechanical properties. The injection process was carried
out with 16 bar pressure for 10 seconds of holding time, with an
additional 12 seconds at 10 bar pressure. Tensile, exural, and
impact specimens were produced following the dimensions
specied by the ASTM International standards.

2.4 Mechanical testing

In order to measure the tensile and exural properties of the
composites, an Instron Universal Testing Machine 3382 (Ins-
tron, Norwood, MA, United States) was used. In the tensile
experiments, the standard ASTM D638-14 type IV specimens
were employed. Following the standard, the testing speeds were
45 mmmin�1 for the PPA, while the composites were tested at 5
mmmin�1, in order to ensure a breaking time between 30 s and
5 min, as the standard requires. For the exural properties,
procedure B contained within ASTMD790-15 was followed, with
a span of 52 mm between the supports, at a testing speed of 14
mm min�1, obtained using the calculation contained in the
standard, taking into account the average dimensions of
Table 1 Coding for the produced composites

Coding
Wt%
of PPA

Wt%
of talc

Wt% of
BioCM/1Hr

Wt% of
BioCM/4Hr

PPA 100 0 0 0
80PPA/20Talc 80 20 0 0
70PPA/30Talc 70 30 0 0
80PPA/20BioCM/1HR 80 0 20 0
70PPA/30BioCM/1HR 70 0 30 0
80PPA/20BioCM/4HR 80 0 0 20
70PPA/30BioCM/4HR 70 0 0 30

This journal is © The Royal Society of Chemistry 2020
a standard exural bar. A Zwick/Roell Impact tester (Ulm, Ger-
many) was used to measure the impact energy of the compos-
ites, employing a 2.16 J hammer. The ASTM D256 standard was
followed for impact energy analysis, in notched samples.

Density was measured using an electronic Densimeter MDS-
3000 (AlfaMirage, Osaka Japan), which has a resolution of
0.01 g cm�3. Two replicate samples were employed.

2.5 Analysis of llers

A Phenom ProX microscope (Phenom-World BV, Eindhoven,
Netherlands) was used in order to conduct Scanning Electron
Microscopy (SEM), so that the morphology of the composites
could be analyzed. The attached Energy Dispersive X-ray Spec-
troscopy (EDS) module, as well as included particle size analyzer
soware (ParticleMetric) was used to characterize the bio-
carbon. The voltage of the microscope was 15 kV for EDS and 10
kV for morphological analyses. Elemental analysis was taken
from ve images, while particle analysis used the average of ve
different regions of the sample. The exact methodology fol-
lowed has been previously published and can be consulted for
further details.35

Pore volume and surface area of the biocarbon and talc were
characterized using an Autosorb-iQ (Quantachrome Instru-
ments, Boynton Beach, Florida United States). Samples between
200 to 250 mg were degassed for 3 hours at 150 �C. Nitrogen gas
was employed as the adsorbent, and the temperature was kept
constant by using a liquid nitrogen bath at its boiling temper-
ature at room standard pressure conditions (�196.15 �C). The
linear region of the sorption part of the curve, along with the
last sorption point, were used with the Brunauer–Emmett–
Teller (BET) model to calculate the dimensions of the average
pore and the total volume of pores, as well as the surface area.

2.6 Infrared analysis

The attenuated total reection infrared spectra (FTIR) of the
biocarbon, raw Miscanthus ber, talc and the composites, were
measured using a Fourier-transform infrared spectroscope,
Nicolet iS20 (Thermo Scientic, Waltham, MA United States).
The spectrum for each sample was captured using 256 scans
from 4000 cm�1 to 525 cm�1 with 0.5 cm�1 resolution.

The degradation, as well as the thermal stability of the
composites was measured in a thermogravimetric analysis unit,
TGA Q500 (TA Instruments, New Castle, DE, United States). For
each material tested, samples were cut from an injection mol-
ded sample. A 50 mL min�1

ow of nitrogen was used, heating
all samples at a constant rate of 10 �C min�1 from near room
temperature to reach a nal temperature of 700 �C.

2.7 Thermal analysis

The differential scanning calorimetry (DSC) of the materials was
performed in a DSC Q200 (TA Instruments, New Castle, DE, US).
A sample from each of the composites, weighing between 5–
10 mg, was encapsulated in aluminum pans, and a thermal
cycle of heating, cooling, and heating was employed. The initial
temperature was 0 �C, with the nal temperature being 350 �C.
Heating and cooling rates were both 10 �C min�1.
RSC Adv., 2020, 10, 26917–26927 | 26919
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The heat deection temperature (HDT) of each composite
produced was tested in a DMA Q500 unit (TA Instruments, New
Castle, DE, United States). A bar of the size, shape and dimen-
sions as specied in ASTM D256 was used. A force calculated to
exert 0.455 MPa of stress on the bar was applied. Samples were
heated from an initial temperature of 0 �C to a nal temperature
of 270 �C, at a heating rate of 2 �C min�1.
Fig. 1 FTIR spectra of the raw Miscanthus fiber, the talc filler and the
biocarbon.
2.8 Thermomechanical analysis

The glass transition temperature (Tg) of the composites was
investigated using a Dynamic Mechanical Thermal Analysis
(DMTA) unit, model DMA Q500 (TA Instruments, New Castle,
DE, United States). A specimen of the dimensions specied in
ASTM D256 was used. The Tg of the sample was calculated from
the graph of tan delta against temperature. A dual cantilever
clamp was used, employing a frequency of 1 Hz. An initial
temperature of 0 �C was established, and the sample was heated
at 3 �C min�1 to reach a nal temperature of 270 �C. The
amplitude of the vibration was 15 mm.
3 Results and discussion
3.1 Analysis of the llers

The oxygen and carbon contents of the biocarbon samples were
81.5 � 0.9 wt% C and 15.0 � 1.2 wt% O for BioCM/1HR, and
80.4 � 1.1 wt% C and 15.5 � 0.7% O for BioCM/4HR. These
contents were similar to previously published reports concern-
ing pyrolyzed Miscanthus ber at similar temperatures.36 These
results show that the ball-milling did not signicantly change or
affect the elemental composition of BioCM.

Table 2 shows the results of the surface area analysis of the
two biocarbons and talc, while Table 3 shows their particle size
analysis. The results in both tables (Tables 2 and 3) show that
using the ball-milling to reduce the size of the biocarbon
particles was successful, the reduction depending on the time
the particles spent in the ball-mill. As the surface area of BioCM/
Table 2 BET analysis

Filler
Surface area
(m2 g�1)

Total pore volume
(cc g�1)

Average pore
radius (nm)

Talc 11.00 0.00821 14.92
BioCM/1HR 6.55 0.00141 4.30
BioCM/4HR 9.09 0.00177 3.89

Table 3 Particle size analysis

Sample

% of particles within the size range

<2 mm 2–3 mm 3–5 mm 5–10

Talc 0 4.52 54.35 38.5
BioCM/1HR 7.02 17.82 30.05 35.0
BioCM/4HR 7.75 32.39 36.17 19.3

26920 | RSC Adv., 2020, 10, 26917–26927
4HR increased, its average pore volume and the average particle
size decreased. The results for talc of surface area properties
and particle size distribution are consistent with the material
data sheet provided by the manufacturer. The talc particles, as
expected for a manufactured product, have a narrow size range,
with 90% of the particles found within 3 to 10 mm, while the
BioCM has a wider distribution range. The BioCM/1HR has
�80% of is particles within 2–10 mm and the BioCM/4HR has
�87% within 2 to 10 mm, similar to the talc.
3.2 Infrared analysis of llers and composites

Fig. 1 shows the FTIR spectra collected for the raw Miscanthus,
the talc and the BioC before ball-milling, for reference. The
pyrolysis process that the biocarbon went through resulted in
a spectrum without any peaks. This means that there is not
a signicant number of functional groups on the material that
can be detected by FTIR. This has also been reported in previ-
ously published studies that employed high temperature
pyrolysis in order to produce biocarbon.37 High temperatures of
pyrolysis are also accompanied by an increase in the concen-
tration of carbon and the reduction of oxygen and hydrogen,
which are the more abundant elements in biomass, as previ-
ously reported.31 Talc itself shows three characteristic peaks at
3673, 1010 and 667 cm�1, corresponding to –OH vibrations of
the Mg and Si hydroxides.38

The FTIR spectra of the unlled PPA and the composites are
shown in Fig. 2. Previous studies39 show similar characteristic
peaks of PPA: the peaks at 1628 cm�1 and 3293 cm�1 are related
to vibrations of the amide group, the 3075 cm�1, 1495 cm�1 and
1537 cm�1 peaks can be attributed to the motions of the
benzene rings present in the polymer matrix, and the 2850 cm�1
Average particle size (mm)
Aspect
ratiomm $10 mm

1 2.63 5.15 0.666
2 10.09 5.54 0.628
5 4.37 4.21 0.617

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 FTIR spectra of neat PPA and of the composites produced.
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and 2919 cm�1 and peaks are associated with the CH2 groups
present in the PPA's polymer chain. The FTIR spectra of the
biocarbon composites have the same characteristic peaks as the
neat PPA, at a reduced peak height, while the talc composites all
have the three characteristic peaks found in the talc ller. These
results indicate that both the talc and the biocarbons are not
generating any signicant amount of new or already present
chemical bonds with the polymer matrix that can be detected
through FTIR, and that mechanical properties of the compos-
ites could be attributed purely to polymer-ller interactions.
Fig. 3 SEM images of the fillers (A–C), the polymer matrix (D) and the
composites (E–J).
3.3 Morphological analysis

SEM images of the talc and the two biocarbons are shown in
Fig. 3A–C. The talc has particles with similar shape and size,
conrming the results from the particle analysis. The biocarbon
BioCM/1HR shows a wider range of particle size and larger
particles in general compared to BioCM/4HR, conrming the
results obtained from particle analysis. The particles all have
a high aspect ratio and angular, irregular shapes. The SEM
image of neat PPA is shown in Fig. 3D. A homogenous matrix is
observed, the micro-voids and striations being a result of the
crack propagation during the impact testing.

The talc-lled composites are shown in Fig. 3E and F. Both
talc composites show good dispersion of the talc particles, with
some small agglomerations. A stratied structure can be
observed within the polymer matrix of the talc-lled compos-
ites, and larger agglomerations occur, as well as delamination
of the talc particles, as has also been previously reported.40 The
20 and 30 wt% lled composites with BioCM/1HR and BioCM/
4HR are very similar. However, as most biocarbon particles
cannot be easily observed through SEM, and the particle size
analysis showed that the majority are within a narrow range of
sizes, the images were taken in locations in which larger
particles were observed in order to highlight specic morpho-
logical features not easily seen otherwise. In Fig. 3G–J, it can
also be observed that both thematrix and particles are not easily
distinguished, suggesting good interaction and compatibility
between the biocarbon particles and the PPA polymer matrix. In
Fig. 3G, H and J, the pores previously observed in BioCM/1HR
This journal is © The Royal Society of Chemistry 2020
and BioCM4/HR are clearly visible in the images of all the
biocarbon-lled composites, and no phase separation of the
particles and the PPA can be seen. 80PPA/20BioCM/4HR shows
smaller pores within the structure of the biocarbon, and 70PPA/
30BioCM/4HR shows part of the internal structure within the
biocarbon, revealing layers of sheets.
RSC Adv., 2020, 10, 26917–26927 | 26921
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Fig. 5 Rule of mixtures showing the predicted behavior of the
composites versus the experimental results.

Fig. 4 (A) Tensile properties, (B) flexural properties and (C) impact
energy and density of the composites.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
26

 3
:0

5:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.4 Mechanical analysis

The tensile properties of the composites and the unlled PPA
are shown in Fig. 4A. Adding talc and biocarbon to the neat PPA
polymer matrix increases the Young's modulus of the resulting
composites. The largest increase, of 100%, can be seen in the
composites lled with 30 wt% of talc and biocarbon. The tensile
strength is reduced in both talc-lled composites and in the
20 wt% lled biocarbon composites, but not signicantly. The
elongation at break of the neat PPA (14.11 � 4.04%) decreased
for all composites, for the 20 wt% lled composites, the talc
lled one had a higher elongation (4.20 � 0.12%) than the two
biocarbon composites (3.67 � 0.23% and 3.76 � 0.27% for
80PPA/20BioCM/1HR and 80PPA/20BioCM/4HR, respectively),
while for the 30 wt% composites, the opposite occurs; the two
biocarbon composites have a higher elongation at break (2.91�
26922 | RSC Adv., 2020, 10, 26917–26927
0.24% and 3.15 � 0.17% for 70PPA/30BioCM/1HR and 70PPA/
30BioCM/4HR, respectively) than the 30 wt% talc-lled
composite (2.58 � 0.23%). Whatever effect the llers have on
the composites, it must depend on a mechanical/physical
interaction between the present particles and the PPA polymer
matrix, as no apparent chemical bonding was seen based in the
FTIR results. Adding talc causes an increase in the mechanical
properties, a well-documented fact, and its effect can be found
in a number of polymer matrices, such as polypropylene.41,42 It
was found that the affinity between the biocarbon and the
polymer (a non-aromatic polyamide) matrix can help elucidate
the increase in the modulus: as the wt% of the biocarbon
increases, so does the tensile modulus of the composites.31 The
effect is more pronounced in exural properties, as increasing
the wt% of llers also increases the modulus and the maximum
exural strength, as shown on Fig. 4B). Following the same
trend as the tensile properties, the composites with the highest
increase in the exural modulus were those with 30 wt% bio-
carbon, with an increase of 102% relative to the unlled PPA.

Both tensile and exural properties suggest that the addition
of biocarbon increases the stiffness of the material. Previous
studies performed with different polymer matrices,37,40,43,44 show
that the addition of a high temperature biocarbon increases the
tensile modulus, although in some cases it reduces the tensile
strength. As for the reduction in particle size, it did not signif-
icantly affect any of the mechanical tests, as both biocarbons
had a similar distribution range.

This increase in stiffness in the lled composites, in contrast
with the unlled PPA, is also suggested by the impact energy
decrease that occurs with the addition of the llers, with the
lowest impact energy being that of the composites with 30 wt%
of biocarbon, as can be seen in Fig. 4C, although the differences
between all the composites do not seem to be signicant. Above
a certain critical size of 30 nm, the size of the particles does not
signicantly affect the mechanical properties.45 As the size of all
the employed llers is bigger than 30 nm, it explains why the
two different biocarbon composites have very similar proper-
ties. It should be noted that the neat PPA matrix did not fully
break so, according to the ASTM standard, it cannot be directly
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 TGA analysis of the composites and the unfilled PPA, with an
inset showing the early stages of thermal degradation.
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compared. However, it has been included for the sake of
completeness, and to show how the addition of BioCM and talc
signicantly decreases the impact energy.

As discussed previously, the SEM images of the biocarbon-
lled composites show that the biocarbon has no phase sepa-
ration between the PPA matrix in the four composites, as there
is no gap or void between the biocarbon and the polymer. This
adhesion could then be explained by a favorable interaction
between the PPA matrix and the biocarbon particles. The FTIR
spectra of the composites, shown in Fig. 2, suggest that this
interaction is not through a chemical bond, but rather through
a van der Waals-type interaction.

In a PPA-blend with carbon nanotubes, the good compati-
bility between the nanollers and the PPA has been suggested
as a possible example of p stacking or aromatic–aromatic
interaction, due to the presence of benzene rings in both the
polymer and the carbon nanotubes.22 The data in this study
could be pointing to a similar phenomenon, with further
research necessary to conrm or deny this possibility.

Fig. 4C also shows that the biocarbon composites have
a lower density than the talc lled ones, an 8% decrease for the
equivalent 20 wt% composite and an 11% decrease for the
equivalent 30 wt% composite. This is a key nding in the search
for lightweight materials, especially for transport applications,
as having similar mechanical properties at a lower weight is key
for a material for transport applications.
Table 4 Thermal properties of all composites produced, the glass transit
DMA analysis and the HDT analysis

Material

2% weight
loss temperature
[�C]

5% weight
loss temperature
[�C]

10% we
loss tem
[�C]

PPA 404.86 � 8.10 429.71 � 0.33 441.72 �
80PPA/20Talc 409.34 � 1.16 432.42 � 1.19 443.47 �
70PPA/30Talc 414.11 � 5.55 434.88 � 2.09 445.98 �
80PPA/20BioCM/1HR 411.46 � 4.24 433.33 � 0.70 444.88 �
70PPA/30BioCM/1HR 416.28 � 1.58 435.99 � 1.70 447.07 �
80PPA/20BioCM/4HR 413.15 � 4.18 433.93 � 1.72 445.15 �
70PPA/30BioCM/4HR 425.28 � 0.81 439.75 � 1.00 449.74 �

This journal is © The Royal Society of Chemistry 2020
3.5 Rule of mixtures

One way to explain the interaction between the particles and the
ller is to employ the rule of mixtures. This rule states that the
behavior of certain properties in a composite must fall within
two bounds. In the particular case of the elastic modulus, the
upper bound formula is as follows:

Ec(u) ¼ EmVm + EpVp (1)

where Em is the elastic modulus of the matrix, Vm is the volume
fraction of the matrix, Ep is the elastic modulus of the particles
and Vp is the volume fraction of the particles. The lower bound
is dened as follows:

EcðlÞ ¼ EmEp

VmEp þ VpEm

(2)

The elastic modulus of the biocarbon-lled composites has
been calculated in this study. The elastic modulus of the bio-
carbon has been measured in previous studies and has been
estimated as 15.78 GPa.36 The volume fraction that the matrix
and the particles occupy can be estimated using the fact that, in
a composite, the sum of the mass of the matrix and the particle
is the mass of the composite:

mc ¼ mm + mp (3)

Using the relationship that m ¼ vr:

vcrc ¼ vmrm + vprp (4)

Dividing by the volume of the composite:

rc ¼
vmrm
vc

þ vprp

vc
(5)

The ratios of
vm
vc

and
vp
vc
are the volume fractions Vm and Vp,

respectively:

rc ¼ Vmrm + Vprp (6)

As the sum of the volume fractions must be 1, so (1 � Vm) ¼
Vp:
ion temperature calculated from highest peak of the tan d signal of the

ight
perature

Maximum
degradation
temperature [�C]

Glass transition
temperature
(tan d) [�C]

HDT at 0.455 MPa,
at 0.2%
strain [�C]

0.01 471.55 � 1.22 140.77 � 9.84 122.30 � 17.97
1.27 472.04 � 1.05 138.45 � 10.80 141.70 � 21.32
1.32 473.34 � 1.10 144.99 � 2.14 225.70 � 2.04
0.01 470.36 � 0.57 143.47 � 2.13 139.56 � 7.83
1.78 471.69 � 1.73 144.87 � 0.10 161.92 � 0.89
2.61 470.94 � 3.03 134.16 � 1.66 139.85 � 13.67
0.96 473.31 � 0.84 149.42 � 0.08 155.79 � 5.82

RSC Adv., 2020, 10, 26917–26927 | 26923
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rc ¼ (1 � Vp)rm + Vprp (7)

Rearranging the terms gives the particle volume fraction in
terms of the densities of the composite, matrix and particles:

Vp ¼ rc � rm

rp � rm
(8)

The density of the particles, rp, has also been previously
calculated at 1.7 g cm�3.46 The bounds, as well as the volume
fractions of each composite and their elastic (Young's) moduli,
are shown on Fig. 5. It is apparent that the biocarbon-lled
composites have elastic moduli above what the upper bound
of the rule of mixtures predicts. This suggests that there is an
interaction between the polymer and the biocarbon that cannot
be explained solely by adding the mechanical properties of the
PPA polymer matrix and the biocarbon particles.

3.6 Thermal properties

Typical thermogravimetric curves of the composites can be seen
in Fig. 6. In terms of thermal degradation, there is a change in
the temperature at which 2 wt% of the composite is lost for the
two types of particle-lled composite. The 30 wt% 4 hours ball-
milled biocarbon-lled composite in particular, has an increase
of 20 �C with respect to the unlled PPA, as shown in Table 4.
However, the temperatures at which 5 and 10 wt% of the
composites are lost and themaximum degradation temperature
all show no signicant change for any of the lled composites
with respect to the unlled PPA. As shown in Fig. 6, the ller
content of the biocarbon and talc is within the expected value,
Fig. 7 First heating cycle for neat PPA and the composites.

Table 5 Thermal properties from the DSC analysis. The Tm is taken
from the first heating cycle using the first endothermic peak, the Tc is
taken from the first cooling cycle

Material Tm [�C] DHf [J g
�1] Tc [�C] DHc [J g

�1]

PPA 299.20 14.08 259.22 27.50
80PPA/20Talc 300.09 9.731 277.44 16.44
70PPA/30Talc 300.66 8.176 280.74 12.95
80PPA/20BioCM/1HR 298.84 11.35 268.72 18.81
70PPA/30BioCM/1HR 299.07 12.34 272.45 16.53
80PPA/20BioCM/4HR 298.65 12.62 269.55 18.53
70PPA/30BioCM/4HR 299.29 7.766 269.59 15.68

26924 | RSC Adv., 2020, 10, 26917–26927
with a small difference being due to the inherent error of
producing each sample in the compounding machine. The
result showing that the polymer has an increased thermal
stability of 2% weight loss with a 30 wt% biocarbon-lled
composite is similar to what has been found in other polymer
matrices, such as polypropylene.40 Table 4 clearly shows the
HDT boosting properties of talc, as the 30 wt% talc-lled
composite shows an increase of �85%, compared to the neat
PPA. The highest increase in HDT due to the BioCM, is for the
composite with 30% BioCM/1HR, with an increase of �32%,
compared to the neat PPA.

Fig. 7 to Fig. 9 show the results of the DSC analysis, while
Table 5 shows the relevant enthalpy information (see also
Fig. 8). The crystallinity of polymer composites can be calcu-
lated from the measured enthalpies of the composite, which
requires DH0

f (the enthalpy of crystallization of a theoretical
100% crystalline form of the unlled PPA). However, this data
has not been calculated.47 The Tg cannot be clearly seen for the
neat PPA or the composites from the DSC curve, although it has
been reported at 117 �C for the unlled PPA.22 A small
exothermic peak is also observed in all the composites, which
decreases in height in more highly loaded composites. The Tm
does not change signicantly from the unlled PPA to the
composites. The decrease in the DHf in comparison with the
unlled PPA indicates that the llers are affecting the energy
required for a crystallization process within the polymer matrix.
Although there is a small increase for the DHf, going from
80PPA/20BioCM/1HR to 70PPA/30BioCM/1HR, the difference is
small enough to be attributable to an error when measuring the
sample, as the DHc of the composites follows the same trend for
all composites and llers, it decreases as the wt% of the ller
increases. The addition of the BioCM particles increases the Tc
which, according to previous studies performed with other
polymer matrices, means the particles could act as nucleating
agents and enhance the crystallization process.37,40,43,48

The addition of talc also aided the crystallization process in
both talc-lled composites, as can be seen from the increase of
the cold crystallization temperature. Studies performed with
a polypropylene matrix show that talc can perform the role of
a nucleating agent for the polymer matrix to form spheru-
lites,42,49 suggesting the same possibility for PA. These results
coincide with the morphology observed, in which the talc was
seen to inuence the structure of the polymer matrix, especially
for the 30 wt% lled composites.
Fig. 8 First cooling cycle for PPA and the composites.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03629c


Fig. 11 Loss modulus plotted against temperature for the composites
and the unfilled PPA.

Fig. 12 Tan d modulus plotted against temperature for the compos-
ites and the unfilled PPA.

Fig. 9 Second heating cycle for PPA and the composites.

Fig. 10 Storage modulus plotted against temperature for the
composites and the unfilled PPA.
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3.7 Thermomechanical analysis

Fig. 10 to Fig. 12 show the thermomechanical properties of the
unlled PPA polymer and the particle-lled composites. Due to
the viscoelastic nature of polymers, two different terms appear
when these materials are tested: storage modulus, which
corresponds to the change in the elastic modulus of the polymer
with respect to the loading frequency, and loss modulus, which
corresponds to the damping or dissipative behavior while under
the dynamic load. The ratio between them is called tan d. The
results show that, as both the talc and BioCM particles are
added, there is an increase of the storage modulus, the largest
increase occurring at 30 wt% of the 1 hour ball-milled bio-
carbon composite. As indicated by the DSC results, this data
also conrms inhibition of the movement of the PPA chains by
the two llers, as the addition of the ller impedes the motion
of the chains, thus increasing the stiffness of the material.
Fig. 10 and 11 show that all the composites have similar
behavior: a glassy state up to 100–120 �C, a leathery region up to
�150 �C, followed by a rubbery plateau up to �210 �C and,
nally, rubbery ow. Fig. 12 shows that the Tg of the composites
has not shied signicantly. The reduction in magnitude of the
peak tan d associated with the Tg e for all composites suggests
that there is an increasing amount of friction between the
polymer chains compared to the unlled PPA. Thus, this anal-
ysis conrms what was apparent from the results gathered from
This journal is © The Royal Society of Chemistry 2020
the DSC and the morphology analysis of the samples: that the
llers were acting as nucleating agents.
4 Conclusions

The present study characterizes the PPA-biocarbon composites.
The produced BioCM, with a reduced surface area, and wider
particle size distribution, in both its ball-milling time congu-
rations, acted as an effective alternative to talc, as the
biocarbon-lled composites matched the properties of the
same wt% talc-lled composites (with the exception of impact
energy and heat deection temperature), but at 10% lower
density. No new functional groups were found between the PPA
and the depleted BioCM, which given its mechanical properties
when blended together, and the composites surpassing the
predicted values using the rule of mixtures, suggests that the
properties of the biocarbon-lled composites cannot be attrib-
uted solely to physical interactions between the particles and
the matrix. Thermal performance was not affected, and an
increase in HDT was found in both talc and biocarbon lled
composites. DSC and DMA data suggest that the biocarbon
particles acted as nucleating agents, increasing the friction
between the polymer chains. Further research needs to be
RSC Adv., 2020, 10, 26917–26927 | 26925
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conducted in other to obtain the maximum amount of bio-
carbon that enhances the mechanical properties in a PPA
matrix, as well as fully explaining what interaction is respon-
sible for the good compatibility between the biocarbon and the
polymer matrix.
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C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews,
Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock,
M. Tignor and T. Watereld, 2018: Summary for
Policymakers, IPCC, 2018.

2 M. Crippa, G. Oreggioni, D. Guizzardi, M. Muntean,
E. Schaaf, E. Lo Vollulo, E. Solazzo, F. Monforti-Ferrario,
J. G. J. Olivier and E. Vignati, Fossil CO2 and GHG emissions
of all world countries – 2019 Report, European Union Joint
Research Centre, 2019.

3 R. Sims, R. Schaeffer, X. Cruz-Núñez, M. D'Agosto,
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D. Ruch and R. Muller, Polym. Degrad. Stab., 2013, 98,
1275–1286.
This journal is © The Royal Society of Chemistry 2020
43 O. Das, D. Bhattacharyya, D. Hui and K.-T. Lau, Composites,
Part B, 2016, 106, 120–128.

44 J. Andrzejewski, M. Misra and A. K. Mohanty, J. Appl. Polym.
Sci., 2018, 135, 46449.

45 S.-Y. Fu, X.-Q. Feng, B. Lauke and Y.-W. Mai, Composites, Part
B, 2008, 39, 933–961.

46 C. E. Brewer, V. J. Chuang, C. A. Masiello, H. Gonnermann,
X. Gao, B. Dugan, L. E. Driver, P. Panzacchi, K. Zygourakis
and C. A. Davies, Biomass Bioenergy, 2014, 66, 176–185.

47 T. Grätzl, Y. van Dijk, N. Schramm and L. Kroll, Compos.
Struct., 2019, 208, 557–565.

48 E. Behazin, M. Misra and A. K. Mohanty, ACS Omega, 2017, 2,
2191–2199.

49 E. Ferrage, F. Martin, A. Boudet, S. Petit, G. Fourty,
F. Jouffret, P. Micoud, C. Bourgerette, J. Ferret, Y. Saint-
Gerard and S. Buratto, J. Mater. Sci., 2002, 37, 1561–1573.
RSC Adv., 2020, 10, 26917–26927 | 26927

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03629c

	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon

	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon

	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon
	Insights on the structure-performance relationship of polyphthalamide (PPA) composites reinforced with high-temperature produced biocarbon


