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The processing of the thermoplastic composites can cause matrix thermo-oxidative degradation. 
Understanding the level of thermo-oxidative degradation, as well as the thresholds of temperature and 
processing time, allows the manufacture of high performance composites with higher crashworthiness. 
This study evaluated the matrix thermo-oxidative degradation by Friedman's isoconversional kinetic 
model to a carbon fiber/polyamide (CF/PA) commingled fabric. In addition, the CF/PA commingled 
composite was manufactured by consolidation under pressure at 240°C, 250°C, 260°C, 270°C and 
280°C to observe the influence of the matrix thermo-oxidative degradation on its energy absorption 
capacity. Impact test and compression after impact (CAI) determined the energy absorbed by the CF/
PA commingled composite at different processing temperatures. The results demonstrated that the 
matrix thermo-oxidative degradation affected the energy absorption capacity of the CF/PA composite 
when the processing temperature exceeded 260°C, which is in accordance with the prediction of 
the degradation study. Therefore, the optimal processing cycle occurs at 260°C for 20min. When it 
processed in temperatures above 260°C, the CF/PA commingled composite reduces in 0.14J/°C the 
energy absorption ability due to the matrix degradation in high temperatures, leading to a considerable 
reduction on crashworthiness and its performance.
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1. Introduction

Over the last years, the use of composite materials in structural 
parts on the automobilist industry has grown rapidly. This use 
implies directly in lightness of automobiles and improving certain 
features, such as corrosion resistance, impact cushion, noise 
attenuation and part consolidation1. Among several composite 
materials compositions, carbon and glass fiber reinforced polymers 
with thermosetting matrices are mainly used in aeronautic and 
automotive industries2,3, due to their high specific stiffness 
and strength. However, reinforced thermoplastics are gaining 
industry attention due to their recyclability and to the possibility 
of manufacturing parts directly from the raw materials, offering 
an excellent cost-performance ratio4. Currently, the thermoplastic 
matrix mostly used in automotive industries are polypropylene 
(PP)5, but other commercial and not yet exhaustively investigated 
options are polyamides (PA) and polyesters6.

In addition to the features named above, automobile 
parts also demand high energy absorption capability, in order 
to provide both nearby components protection and human 
safety improvements. The energy absorption depends on 
many parameters, such as fiber and matrix types, processing 
conditions, fiber volume fraction and testing speed. Therefore, 

any variation on these parameters can cause significant 
changes in the specific energy absorption of these materials7.

Composite materials can be characterized in terms of 
energy absorption by its crashworthiness and penetration 
resistance. The first is defined as the ability of a structure to 
protect its occupants during an impact event and is determined 
by tests involving controlled failure mechanisms and the 
maintenance of a gradual degradation in the load profile 
during absorption. The penetration resistance, on the other 
hand, is a concept that involves the total energy absorption 
without allowing the penetration throughout the composite 
component of a projectile or fragment8.

New studies reported in the scientific literature9,10 
deal with quasi-static tests to evaluate the behavior of 
thermoplastic composite materials in a crash event. These 
studies approach the relationship between crashworthiness 
and energy absorption, even though the energy absorption 
provided by a composite structure during an impact or 
compression event is a phenomena not easily predicted 
due to the complexity of the crush failure mechanisms that 
occur within the composite material11,12. Recent studies13 
have investigated the damage tolerance of hybrid composites 
adding thermoplastic toughening agents in order to improve 
the toughness and energy absorption ability.
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The main challenge associated with the development of 
an impact resistant composite is to determine the specific 
features of geometry, materials and processing parameters, 
enabling greater safety while simultaneously decreasing 
the component weight, without increasing the overall cost 
of fabrication and production14. Therefore, understanding 
the mechanism of fracture and the behavior of a composite 
material in a collision event, considering the influence of 
thermal degradation on its processing, becomes an important 
field of study nowadays.

Regarding the raw materials configuration, the 
commingled technology refers to preforms that contain both 
reinforcement and matrix yarns in the same fabric, providing 
easy storage, conformation and malleability15, which allows 
its conformation into the shapes of the flat mold before the 
consolidation process and in a further rigid structure after 
processing16. The thermoplastic commingled composite has 
indeed settled as a versatile material, with high-performance 
and economically attractive for the manufacturing of 
automobile components17. These materials consolidation 
process results in good compaction of the preform by the 
proper impregnation and wetting of the reinforcing fibers 
with the molten polymer matrix, consequently eliminating 
voids within the material18. Some authors focused their 
studies and works on the processing methods of thermoplastic 
matrix composites, regarding the consolidation techniques 
and parameters19-22.

Based on this context, the purpose of this study is to 
evaluate the energy absorption of a carbon fiber/polyamide 
(CF/PA) thermoplastic commingled composite when 
submitted to an impact event, followed by a quasi-static 
compression test - compression after impact (CAI)23. 
The CAI test characterizes the damage that can occur to 
composite materials if hit by a projectile or if damaged in 
an accident. This characterization will also take in account 
the thermal degradation of the composite during the pressure 
consolidation process.

2. Experimental Procedures

2.1 Materials

 The HTS40 carbon fiber used in the present study is 
supplied by Toho Tenax(r), and presents a tensile strength and 
modulus of 4240 MPa and 237 GPa, respectively, developed 
for use as a reinforcement in high performance composites, 
according to the supplier24. The fiber tow size is of 12k.

The polyamide thermoplastic matrix was selected based 
on its mechanical and thermal properties and also in the 
fact that it is a material that still presents a great range for 
crashworthiness properties exploration. The polyamide 6 was 
supplied by Concordia Manufacturing Co Inc., in a fiber form 
(Concordia Nylon 6 - 900/72) to allow the fabrication of the 
commingled plain weave fabric. According to the supplier, 
the processing temperature of this material can range from 
240-290°C, and it presents a good price and performance 
relation, good chemical resistance and high strength25.

The CF/PA commingled fabric used on this study was 
weaved and supplied by Texiglass Ltda.

2.2 PA thermal analysis and matrix degradation 
study

The polyamide 6 (PA6) matrix was characterized regarding 
its thermal properties by differential scanning calorimetry 
(DSC) technique, using a Q20 2151 calorimeter with a RCS40 
cooling unit, both from TA Instruments. To determine the 
matrix melting and crystallization temperatures and enthalpies, 
a 3 mg sample was placed in an aluminum hermetic pan and 
subject to the thermal program presented on Table 1.

The analysis was performed under a nitrogen atmosphere, 
at 30 ml/min flow rate and the thermal properties of the 
sample were determinate according to the methodology 
presented by the ASTM-E195226. The results obtained from 
DSC analysis were used to guide the selection of a thermal 
processing cycle for the CF/PA commingled composite.

Table 1. DSC thermal conditions.

Thermal 
Cycle

Thermal 
Process (run) Thermal Condition Justification

1

1
Isotherm 25°C (5 min) Stabilize the equipment

Heating Ramp 25°C - 290°C (10°C/min)
Minimizing previous processing effects 

(thermal history)2
Isotherm 290°C (5 min)

Cooling Ramp 290°C - 25°C (20°C/min)

2

3
Isotherm 25°C (5 min) Stabilize the system

Heating Ramp 25°C - 290°C (10°C/min) Identify the melting endothermic peak and its 
enthalpy

4
Isotherm 290°C (5 min) Identify the crystallization exothermic peak and 

its enthalpyCooling Ramp 290°C - 25°C (20°C/min)
(Bibliographic Source: Author.)
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The PA matrix degradation behavior was characterized by 
thermo gravimetric analysis (TGA), performed by a Mettler 
Toledo AE 240 TG equipment. Friedman's isoconversional 
kinetic model was chosen to determine the kinetic parameters 
of the degradation reaction because it is the most common 
method for polymers and provides straightforward way to 
evaluate the effective activation energy as a function of the 
extent of reaction. Therefore, samples of approximately 10mg 
of PA were subjected to heating cycles from 0 to 600ºC at 
three different heating rates (5, 10 and 15ºC/min).

The Friedman's model 27 allows the calculation of the 
activation energy (Ea), and pre-exponential factor (Aα) by 
the linearization of the degradation degree rate dt

daS X, as a 
function of the temperature inverse (1/T) plot, for each degree 
of degradation (α), based on Eq. 1, in which - RT

Ea  and lnAα 
are equivalent to the line's equation slope and intersection, 
respectively.

            (1)

Friedman's estimated kinetic parameters can also be 
combined with the isoconversional method to predict 
the degradation degree as a function of time for a given 
temperature, based on Eq.2.

            (2)

This prediction can then be used to define the thermal 
process window for the CF/PA composite, regarding the time 
and temperature necessary to provide the softening range of 
the thermoplastic matrix without reaching its temperature 
onset damage degradation degrees.

2.3 CF/PA commingled fabric configuration

Even though the carbon and PA6 fibers used in the 
weaving process are of a commercial type the commingled 
fabric configuration that involves both of them is not very 
well-known, leading to the necessity of a prior characterization 
concerning the fabric configuration and its quality. This 
characterization was then made by micrographic analyses, 
performed with a Feldmann Wild FWL-SM7 7.5 stereoscope, 
an Olympus SZ61 stereoscope and a Zeiss EVO15MA 
scanning electron microscope.

2.4 CF/PA commingled composite manufacturing

The CF/PA commingled composite specimens used for 
impact test and CAI test were manufactured at 240°C, 250°C, 
260°C, 270° and 280°C, considering 20 min of soak time, 
previously defined by the degradation study. The Transfer-
press Wabash 150-2525-2TMX was used to consolidate 
the 5 layers flat panel samples using aluminum flat plates. 
The pressure of 0.30 MPa was obtained empirically after 
a few trials.

2.5 Impact and CAI tests

The drop-weight impact test was based on ASTM D7136/
D7136M 20 standard test method. The 6 samples present 
152.4 mm of length, 101.6 mm of width and 2.76 mm of 
thickness. The Dynatup 9200 is an impact device with double 
column impactor guide mechanism and performed the test 
considering 0.45 kg impactor weight, 15.8 mm impactor 
shape and 589.3 mm of drop height.

The energy absorbed by the specimens (E) on the impact 
test was calculated considering the impact velocity (vi), 
impactor displacement (δ) and time during test (t) as shown 
in the Eq. 3, 4 and 528.

            (3)

Where w12 is the distance between leading edges of 
the prongs (lower and upper),t1, t2 are ti are, respectively, 
the time first (lower) flag prong passes detector, the time 
second (upper) flag prong passes detector and the time 
initial contact point. 

            (4)

Where, δi is the impactor displacement from reference 
location at time t = 0 and F is the measured impactor contact 
force at time t.

            (5)

Where, m is the impactor mass and g is the acceleration 
due to gravity.

The strain rate ϵ̇ (t) was defined by Eq. 629,30.

            (6)

Where, L0 is the original specimen length, L(t) is the 
length at each time t and v(t) is the drop speed. The strain 
rate defined the dynamic aspect of mechanical testing.

To identify possible defects and voids inside the panel, the 
specimens were inspected by an ultrasonic C-Scan imaging 
inspection before the impact test, which served as a quality 
control and sample exclusion criteria. After impacted, the 
specimens were inspected ultrasonically to observe the 
damage caused by the drop-weight event.

The samples, which have been subjected to a quasi-static 
indentation by the drop-weight impact test, were tested under 
compressive loading using a stabilization fixture based on ASTM 
D7137/D7137M-1231, in order to evaluate the compressive 
residual strength properties of a damaged composite. The 
CAI test was performed by an Instron 4484 with 300kN 
load cell and 12.7 mm/min (0.05 in/min) displacement rate. 
The area under the load as a function of displacement curve 
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can be expressed by Eq.7, which provides the total energy 
absorption of each specimen tested28,31.

            (7)

Where ECAI is the energy absorbed in compression of 
the composite specimen, δ is the displacement and P the 
compressive load.

3. Results and Discussions

3.1 PA matrix thermal analysis and degradation study

The DSC analysis can reveal the main thermal phenomena 
occurred during a heating and cooling process. Thus, it guides 
the selection temperatures during the processing cycle of 
CF/PA commingled composite. Figure 1 shows the result 
obtained by the DSC analysis.

The degradation of the matrix can be a limiting factor for the 
manufacturing process of composite materials. For this reason, 
Figure 2 presents the TG/DTG results for the polyamide sample 
heating cycle at three different rates considering the samples 
weight (%) as a function of temperature.

E PdCAI
0

d=
d#

Figure 1. PA matrix DSC thermal analysis. (Bibliographic Source: 
Author.)

Figure 2. TGA weight results for the 10mg PA matrix samples 
under three different heating rates. (Bibliographic Source: Author.)

Figure 3. Prediction of the time as a function of temperature for 5% 
degradation degree of the PA matrix. (Bibliographic Source: Author.)

From the first cycle (red line), performed with the purpose 
of erasing any thermal history of the sample 32 associated with 
its previous processing, it can be noticed that the melting of the 
matrix (Tm1) takes place at 223°C, with a 59.67J/g (∆Hm1) enthalpy 
value. The exothermic peak presented in run 2 is associated with 
the crystallization, that occurs at 177°C (Tc1) and has an enthalpy 
value of 60.32 J/g (∆Hc1). 

The cycle 2 (black line), allows the calculation of more 
accurate values for the melting and crystallization temperatures 
and enthalpy values, without the influence of the thermal history. 
From this cycle, the values of melting (Tm2) and crystallization 
(Tc2) temperatures are: 219°C and 188°C, respectively. The values 
of enthalpy associated with these transformations in cycle 2 are 
∆Hm2 = 51.33 J/g and ∆Hc2 = 42.66 J/g.

All the presented temperature and enthalpy values are 
summarized in Table 2, and work are used as a guide for establishing 
the thermal cycle for processing the composite material, since for 
a proper impregnation of the carbon fibers and molding capability, 
the matrix has to be in a soften state and the system cooling has 
to assure its crystallization.

From Figure 2 it can be noticed that the most significant 
mass loss starts at approximately 350ºC for all three heating 
rates, presenting a slight dislocation to the right due to 
the influence of higher heating rates. As described in the 
methodology section, the TGA results were then applied to 
Friedman's isoconversional kinetic model with the aim to 
estimate the degradation degree reached by the matrix by 
remaining at a certain temperature during a given time period.

Considering that the purpose of the degradation study 
presented hereby is to suggest a thermal cycle that can assure the 
final properties of the material, the degradation tolerance limit was 
settled as 5% and the prediction was then made for this degree, 
as presented in Figure 3. For the chosen limit, the coefficient of 
determination is about 85%, providing a good estimated prediction 
of the degradation behavior for the polyamide matrix.
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Table 2. DSC summary table.

Thermal Cycle Run
Temperature(°C) Enthalpy(J.g-1)

Onset Melt Crystallization End ΔHm ΔHc

1
1 208 223  - 229 59.67  -
2 184  - 177 161  - 60.32

2
3 201 219  - 223 51.33  -
4 192  - 188 180  - 42.76

(Bibliographic Source: Author.)

Table 3. Time limit for 5% of PA matrix degradation in different 
isothermal temperatures.

Temperature (°C) Limit time for 5% of degradation (min)
240 90
250 60
260 40
270 30
280 20

(Bibliographic Source: Author.)

From Figure 3 it can be noticed that the CF/PA composites 
can be processed from 220ºC (approximate melting temperature 
for the PA matrix) to 350ºC (approximate degradation 
temperature for the matrix) without reaching no more than 
5% of degradation if the processing time is under the limits. 
In order to preserve the properties of the thermoplastic 
matrix and avoid high manufacturing costs, it is better to 
select lower temperatures. Based on this consideration and 
taking into account the effects of heating distribution on 
larger components, the temperatures for the soaking of the 
matrix ranged from 240 to 280ºC, on steps of 10ºC intervals.

Also, to isolate the temperature effect on energy absorption, 
the soaking time was selected to be a constant value of 
20min for all temperatures. This time selection was made 
regarding the time limits for 5% of matrix degradation at 
each temperature, as presented in Table 3, assuming that for 
240ºC no significant degradation degree is reached, while 
for 280ºC the matrix is 5% degraded.

3.2 CF/PA commingled fabric characterization

Table 4 summarizes the fabric configuration and its 
construction. It also contains the values of carbon fiber yarn 
title and the fabric weight.

The Figures 4 and 5 reveal the micrographs of CF/PA 
fabric. It is a plain weave fabric with some polyamide yarn 
grouping dispersed in the carbon tow.

Figure 4. Stereoscope images of CF/PA commingled fabric features. 
(A) Plain weave commingled fabric. (B) Grouping of PA yarns. 
(Bibliographic Source: Author.)

Figure 5. SEM images of CF/PA commingled tow. (A) 
Transversal section. (B) PA filament yarn detail. (C) Tow 
longitudinal section. (D) Carbon fiber diameter. (Bibliographic 
Source: Author.)

The Figure 4(A) presents the transversal section of 
the CF/PA commingle tow and (B) the multifilament 
polyamide yarn. The Figure 5 (A) and (B) shows the 
carbon fiber and the polyamide yarn diameters, 7 µm 
and 37 µm respectively.

3.3 Impact and CAI tests

The thermal processing cycle used to manufacture 
the flat panel for the impact and CAI tests is shown in 
Figure 6. The processing temperatures were 240°C (1), 
250°C (2), 260°C (3), 270°C (4) and 280°C (5).

Table 4. CF/PA preform datasheet.

Sample CF/PA6 Commingled Tow CF/PA6 Commingled Plain Weave Fabric

Mass (g) Mass (g) Length (mm) Title (g/km) Average (SD) Mass (g) Area (mm2) Areal Weight 
(g/mm2) Average (SD)

1 0.14 107.00 1275.14

1276.56 
(3.39)

8.06 0.0132 610.61

610.94 (0.52)
2 0.12 97.00 1276.08 6.39 0.0105 611.48
3 0.11 87.00 1279.89 6.39 0.0104 611.54
4 0.11 86.00 1279.65 6.41 0.0105 610.48
5 0.11 85.50 1272.05 6.35 0.0104 610.58

(Bibliographic Source: Author.)
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Figure 6. CF/PA commingled composite flat panel processing 
cycles. (Bibliographic Source: Author.)

Figure 7. C-scan ultrasound inspection. (A) CF/PA commingled 
composite samples. (B) Before impact event. (C) After impact event. 
(Bibliographic Source: Author.)

Figure 8. Absorbed energy on drop-weight test. (Bibliographic 
Source: Author.)

Figure 9 . Energy absorption and damage deflection. (Bibliographic 
Source: Author.)

Figure 7 presents the CF/PA commingled composite 
specimens (A) and CAI C-scan results before (B) and after 
(C) the drop-weight impact test. The ultrasonic inspection 
reveals no voids and delamination on the samples before the 
impact event according the Figure 7 (B). The variation in 
color tone occurs due to the deviation of amplitude or depth 
of the signal emitted under the sample, and may be associated 
with surface irregularities, which inherent to the compression 
process. However, as can be seen on the Figure 7 (C), after 
the impact event, the extent of damage is clearly revealed.

The indentation damage combined large cracks with fiber 
breakage. The puncture caused a symmetric damage mark 
on the sample surface due to the out-of-plane drop-weight 
impact and the fabric plain weave [0/90] orientation layup. 

The CF/PA commingled composite samples showed a 
reduction in energy absorption capacity (-0,14J/°C) and increasing 
of the puncture deflection when the processing temperature was 
increased, as can be seen on Figure 8 and Figure 9.

The CAI test revealed that the energy absorption 
capacity tends to reduce  after the processing temperature 
at 260°C (Figure 10). The quasi-static test, as proved by 
ϵ̇ (t) = 1124.45s-1 33, involves the dynamic behavior of 
composite materials and failure theories to describe static 
and dynamic failure under multiaxial states of stress34. 
Generally, composite materials present limited plastic 
deformation ability. The CF/PA composite specimens 
have presented buckling during the load application, but 
no fracture. The energy was absorbed in creating large 
areas of damage with ensuing reduction of stiffness, as 
described on literature 35. However, the prediction of the 
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Figure 10. Energy absorption determinated by CAI test. (Bibliographic 
Source: Author.)

post-impact load of a damaged composite structure is a 
dificult assignment since the damage zone is generally 
complex in nature and difficult to characterize.

The polynomial fit (R2 = 0.98349) reveals the tendency 
of reducing energy absorption capability when increasing the 
processing temperature of the thermoplastic composite, which 
is mainly associated with its degradation as a consequence 
of exposure to high process temperatures, affecting to some 
extent the performance and the life cycle of the obtained 
products36.

Therefore, even though the increase in processing 
temperatures of thermoplastic composites is associated 
with some advantages, such as decreasing void fraction and 
strengthening the interface bonding37, the adverse effects 
of matrix degradation should be taken in account. In this 
way, it is reasonable to state that there might be an optimal 
processing temperature that can allow the proper impregnation 
of the fibers, avoiding the void formation without damaging 
the mechanical properties of the composite material. In the 
present study, the optimal processing cycle involves a soak 
time at 260ºC of 20 min.

4. Conclusion

The polymeric matrix thermo-oxidative degradation 
affects the energy absorption capacity of the thermoplastic 
commingled composite when the processing temperature 
exceeds the limits predicted in the degradation study. 
The optimal processing cycle occurs at 260°C for 20min. 
When it processed in temperatures above 260°C, the CF/
PA commingled composite reduces in 0.14J/°C the energy 
absorption ability (impact). Therefore, the CF/PA commingled 
composite crashworthiness is impaired by thermo-oxidative 
degradation. 

The prediction provided by thermo-oxidative degradation 
study is an important means to optimize the processing of 
thermoplastic composites, once it correctly provides the 
relation between processing time and temperature, indicating 
the degradation thresholds. The CF/PA composite energy 
absorption capacity is compatible with high performance 
composite materials when processed at temperatures below 
degradation limits.
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