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Abstract. The weight reduction of structural automotive components is important for the automotive industry
considering the energy efficiency, fuel consumption and the further increasing rigorous environment restrictions
concerning the CO, emission of vehicles. The employment of lightweight materials, such as polymer composites, is an
effective way to reduce the weight of vehicles. The mechanical, fatigue and thermal properties of 60% glass fiber
reinforced polyamide 6 (PA6/G60) were investigated and compared to LNE 500 steel properties. The feasibility of the
substitution of LNE 500 steel for PA6/G60 in an automotive stringer structure was evaluated. Axial fatigue tests were
performed for both materials at room temperature. Fracture surfaces were observed through scanning electron
microscopy. Flexural tests at perpendicular and parallel directions to the fiber orientation, thermogravimetric
analysis, and differential scanning calorimetry were carried out for the PA6/G60 composite. The finite element method
was used to obtain the stress distribution in an automotive stringer with the substitution of part of the structure for the
composite. The results showed that the PA6/G60 composite has lower mechanical, thermal and fatigue properties than
LNE 500 steel. The substitution of steel for lightweight composite materials for automotive structural applications may
lead to the necessity of new design concepts.
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1. INTRODUCTION

Lightweight manufacturing is fundamental for the automotive industry considering the strict and further increasing
rigorous environment restrictions concerning the amount of harmful gases (Tisza and Czinege, 2018). Among the
regulations to reduce CO, emission per km, the European Union adopted a regulation called EURO 6 from 2020 that
will apply a high tax to vehicles exceeding 95 g/km of CO; emission, which only a few types of existing automobiles
satisfy (Ishikawa et al., 2018). The weight reduction of structural automotive parts improve energy efficiency and
reduces the CO, emission of vehicles. The weight reduction is also correlated to the amount of fuel that the vehicle
consumes. The reduction of 4 kg in the mass of a midsized car saves up to 36 L of fuel and 75 kg of CO, emission
during a vehicle’s useful life (Teixeira et al., 2015). Even for electric cars, the application of lightweight materials is
important since, when producers add heavier batteries to the vehicles, other components have to become lighter
(O’Brien-Bernini, 2011).

The environmental regulations to produce more eco-friendly vehicles are related to a global trend of sustainability
and energy efficiency. Considering this worldwide scenario, the concept of sustainability in the automotive industry is
also relevant to the company’s reputation and attractiveness on the sales market (Koplin et al., 2007). Sustainability is a
concept that requires a balance of economic, human and environmental factors to meet our needs without compromising
the resources for future generations (O’Brien-Bernini, 2011). Sustainability is a critical issue for the automotive
industry considering the global growth of vehicles and fuel demand. For example, in the period from 1960 to 2002, the
total vehicle ownership in the world has increased from 122 to 812 million (Mayyas et al., 2012).

Kampe (2001) developed a model to include energy consumption before and during service in the material selection.
The method is based on the use of the classical Ashby mass-based material selection indices with modifications to
include the energy consumption. The equation to compute the required mass for a set of conditions can be derived for
different components. For example, Eqg. (1) computes the mass of a beam to withstand the loading without overload
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failure for a 2:1 cross-sectional aspect ratio, where L is the length, W is the uniformly-distributed load, p is the specific
mass, and of is the failure strength (Kampe, 2001). Note that p and of are material properties, which allow the
calculation of a mass index from those two variables for different materials.
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The lifetime energy consumption (LEC) can be obtained through the summation of two components (i) the energy
expenditure required to assure the beam availability for the design, by multiplying the derived mass by the energy
content, g, and (ii) the energy consumed over lifetime of vehicle (Kampe, 2001). Equation (2) shows the LEC index
(LEC’) that depends on the material properties.
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The alternatives to reduce the weight of vehicles include the employment of lighter materials, the increase of
functionality of components and innovations in the car system design. The employment of lightweight materials is the
most direct and effective way to reduce the weight of vehicles (Ishikawa et al., 2018). The metallic trending materials to
produce lightweight automotive parts are high strength steels and high strength aluminum alloys (Tisza and Czinege,
2018). The substitution of steel or even aluminum parts for composites materials in automotive components can reduce
even more the weight of vehicles. For example, the substitution of car chassis made of aluminum alloy for carbon fiber
reinforced thermoplastic composites can achieve 10% weight reduction with the same rigidity (Ishikawa et al., 2018).

Thermoplastic composites combine ease of processing, good resistance to corrosion, low specific mass, and
recyclability (Teixeira et al., 2015). Automotive parts are shifting from metals to composite materials made with
thermoplastic matrix, such as glass fiber reinforced polyamide (Mouti et al., 2013). Among various types of polyamide
commercially available, polyamide 6 (PA6) is one of the polyamide grades most used in the automotive industry
(Gendre et al. 2015). Recently, some studies concerning mechanical properties of polyamide 6 composites were
conducted. Giillu et al. showed that 15 and 30 wt% of glass fiber reinforcement increases the tensile strength value of
PAG6 in about 74 and 111%, respectively. Gendre et al. (2015) found out that the addition of nano-fillers deteriorated the
tensile properties of polyamide 6 nanocomposites with 30% of short-fibers reinforcement.

The automotive industry concern of substitution of steel for lightweight materials has led to recent studies on this
area. Guler et al. (2018) developed a lightweight design of an automobile hinge component using a glass fiber
polyamide composite as a substitution for steel. Teixeira et al. (2015) determined the injection process parameters to
maximize the flexural strength and surface quality of long glass fiber-reinforced polyamide 6.6 composites aiming
automotive applications. The interest for discontinuous fiber-reinforced composites is justified considering the good
productivity and suitability for complex geometry automotive components. The fiber-reinforced composite components
are usually produced using injection molding techniques (Sasayama et al. 2013). Sasayama et al. (2013) showed that the
fiber length and orientation distributions influence the failure properties of short glass fiber-reinforced polyamide 6.6.

Automotive components are subjected to vibratory loads, which may result in the fatigue process. Therefore, the
fatigue strength is an important property to mechanical components in vehicles and it has to be evaluated to apply the
material in a structural component and avoid the fatigue crack nucleation and propagation until the fracture of the
component. Bernasconi et al. (2007) studied the effect of fiber orientation on the fatigue behavior of a short glass fiber
reinforced polyamide 6, indicating decreasing values of ultimate tensile stress and fatigue strength for increasing values
of the orientation angle of specimens.

This present study aims to investigate the feasibility of the substitution of LNE 500 steel for 60% glass fiber
reinforced polyamide 6 (PA6/GF60) at automotive stringers. The mechanical, fatigue and thermal properties of
PAG6/GF60 composite were evaluated to enable the application of the material in automotive parts aiming for weight
reduction of vehicles.

2. MATERIALS AND METHODS
2.1 Materials

The LNE 500 steel and the 60% glass fiber reinforced polyamide 6 (PA6/GF60) were received from Maxion
Structural Components, Brazil. The steel specimens were machined from 4 mm thick plates. The chemical composition
of LNE 500 steel used in this work is shown in Table 1. The composite 3 mm thick plates were processed by injection
molding technique by Lanxess, Germany, and supplied to Maxion SC. The composite was composed of 40% of
polyamide 6 matrix and 60% content by weight of short glass fiber reinforcement.



25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

Table 1. Composition of LNE 500 steel.

C (%) Mn (%) Si (%) P (%) S (%) Al (%) Nb (%) V (%) Ti (%)
0.12 1.50 0.35 0.025 0.015 0.015 0.12 0.12 0.20
2.2 Methods

The methodology proposed in this work aims at investigating the feasibility of the substitution of LNE 500 steel for
PAB/GF60 at automotive stringers and other vehicle components, considering the necessity of weight reduction of
vehicles.

Optical microscopy was used to characterize the microstructure of LNE steel. After metallographic preparation, the
chemical etching used was Nital 3%. Mechanical properties relevant to the application of LNE 500 steel were obtained.
Tensile tests in LNE 500 steel followed ASTM ES8 standard. Axial fatigue tests were carried out with a stress ratio R =
0.1 and frequency f = 20 Hz at room temperature in specimens according to ASTM E466 in an Instron 8801 until
fracture or 10° cycles. A scanning electron microscope (SEM) LEO model 1450-VP was used to obtain the fracture
surfaces.

The PA6/GF60 composite properties were evaluated through mechanical tests and thermal analysis. The tensile
tests were carried out in the parallel direction to the orientation of fibers in specimens with dimensions of (64 x 7.5 x 3)
mm. Axial fatigue tests were carried out with a stress ratio R = 0.1 and frequency f = 20 Hz at room temperature in
specimens with dimensions of (64 x 7.5 x 3) mm in an Instron 8801 until fracture or 10° cycles. SEM was used to obtain
the fracture surfaces. Three-point flexural tests were carried out, according to ASTM D790, using a Shimadzu AG-X
test machine with the loading applied in the parallel and perpendicular directions to the short glass fibers orientation.

The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) were performed using SlI
Nanotechnology INC model Exstar 6000 with a 10 °C/min heating rate between 25 °C and 800 °C, under nitrogen
atmosphere. The differential scanning calorimetry (DSC) was performed using DSC Q20 TA Instruments with the
following steps: (i) 10 °C/min heating rate between 0 °C and 300 °C, (ii) 10 °C/min cooling rate between 300 °C and 0
°C, and (iii) 10 °C/min heating rate between 0 °C and 300 °C.

The finite element method (FEM) was used to perform a structural analysis using the software HyperWorks to
obtain the stress gradient in an automotive stringer with the substitution of LNE 500 steel for PA6/GF60 composite in
part of the structure. The stringer model is shown in Fig. 1, where the brown structure is made of PA6/GF60 composite
as a substitution for LNE 500 steel. The material substitution in the original project made only of LNE 500 steel would
reduce the weight of the stringer from approximately 7.0 kg to 3.5 kg. Two conditions were tested in the FEA, a pair of
500 N and a pair of 1,000 N forces applied in opposite directions to the stringer to generate a torque.

Figure 1. Automotive stringer model with the substitution of LNE 500 steel for PA6/GF60 composite (Maxion SC
prototype).

3. RESULTS AND DISCUSSION
3.1 Microstructure characterization of LNE 500 steel
The microstructure of LNE 500 steel after Nital 3% etching is shown in Fig. 1. The larger grains are formed by

ferrite, which can be identified by the light color, while the structure identified by the darker color is pearlite. The ferrite
phase is responsible for the ductility of the material, while pearlite is responsible for the mechanical strength.
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Figure 2. Microstructure of LNE 500 steel.

3.2 Tensile tests

The ultimate tensile strength of LNE 500 steel and PA6/G60 composite were (521.8 £+ 8.7) MPa and (147.3 + 3.8)
MPa, respectively. As expected, the tensile properties of LNE 500 are superior to PA6/G60. However, the material
selection for a component can be made considering other variables, such as the mass-based material selection indices
calculated from Eq. (1). In order to compute the mass index, it was assumed that (i) the specific mass of LNE 500 steel
and PA6/G60 are 7.8 g/cm® and 1.71 g/cm?, respectively, and (ii) the failure strength is the ultimate tensile strength
obtained in the tensile tests for both materials. Thus, the mass index p/c#/® obtained were 280 (kg/m® MPa??) for the
LNE 500 steel and 26 (kg/m® MPa??) for the PA6/G60 composite. These results indicate the weight reduction potential
of applying PA6/G60 composite for automotive components as a substitution for original pro jects with steel. Besides, it
also represents the potential for lifetime energy consumption reduction.

3.3 Flexural tests

The flexural tests results of PA6/GF60 composite are shown in Fig 3. The flexural strength for loadings applied in
the parallel and perpendicular directions were (225.2 £ 5.2) MPa and (132.8 + 14.7) MPa, respectively. It is possible to
observe that the flexural test curves were more uniform for loadings applied in the parallel direction to the fiber
orientation and that the standard deviation of the flexural strength was higher for the perpendicular direction. The tests
showed that the composite has better flexural strength in the parallel direction (Fig. 3a) to the fiber orientation than
perpendicular direction (Fig. 3b). The difference in the behavior is explained because the fibers subjected to tensile
loadings are responsible for the strength of composites.
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Figure 3. Flexural test curves of PA6/GF60 composite for (a) loading applied in the parallel direction to the fiber
orientation (b) loading applied in the perpendicular direction to the fiber orientation.

3.4 Thermogravimetric analysis (TGA)

The TGA is a technique in which the mass change of the composite was measured as a function of the temperature.
Figure 4 shows the thermogravimetric curve obtained for PA6/GF60 composite and the DTG curve, which is the first
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derivative of the TGA curve. The PA6/GF60 composite showed thermal stability up to about 350 °C since the mass loss
was negligible below this temperature. Beyond this temperature, the material began to degrade. The mass loss comes
from the release of water and organic volatiles as the temperature increases. As observed in the DTG curve, degradation
occurs more intensely at 450 °C. For temperatures above 480 °C, about 40% of the material is degraded, which
corresponds to the polyamide 6 portion of the composite. Considering only the thermal stability of the material obtained
in TGA, the maximum temperature that the material could be applied would be 350 °C. However, the DSC thermal
analysis will be presented in the following section to obtain more properties.
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Figure 4. Thermogravimetric curves (TGA and DTG) for PA6/GF60 composite.
3.5 Differential Scanning Calorimetry (DSC)

The DSC curves present the heat flow changes as a function of temperature. Figure 5a shows the DSC curves for the
first heating between 0 °C and 300 °C and the cooling between 300 °C and 0 °C. Figure 5b shows the DSC curve for the
second heating between 0 °C and 300 °C. From the first heating curve (Fig. 5a), the fusion starts at 205 °C and ends at
230 °C. The endothermic peak was identified at 224.8 °C, which is the melting point (Tm). The existence of the Tn is
justified since the polyamide 6 matrix is a semi-crystalline polymer. From the cooling curve (Fig. 5a), an exothermic
peak occurs at a different temperature from Tn. This is the crystallization temperature (T¢), which was identified at
180.8 °C. T, is a transition from amorphous solid to crystalline solid. From the second heating curve (Fig. 5b), the Tm
occurred at 223 °C, which is almost similar to the result obtained in the first heating curve. The enthalpy of transition
(AH) for fusion and crystallization was obtained integrating the peak corresponding to each transition.

The glass transition temperature (Tg) is the reversible transition in the polyamide 6 matrix from a hard “glassy” state
into a viscous state as the temperature increases. The T, was obtained through DSC signal as the temperature at which
the baseline changes during the first heating, which is approximately 63 °C. The T, temperature of the material is
relatively low and it may be a critical factor considering that the automotive stringer may reach higher temperatures.
Finally, Table 2 presents a summary of the thermal properties obtained in DSC.
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Figure 5. DSC curves for PA6/GF60 composite (a) first heating between 0 °C and 300 °C and cooling between 300
°Cand 0 °C, and (b) second heating between 0 °C and 300 °C.
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Table 2. Properties obtained in DSC of PA6/GF60 composite.

Material Tt (1°) Tt (29 Tc AH; (1°) AHs (2°) AHc Ty

PAG/GF60 224.8 °C 223 °C 180.8 °C 25.2 J/g 19.7 J/g 23.3J/g 63 °C

3.6 Fatigue tests

The stress-life curve (S-N curve) of the LNE 500 steel is shown in Fig. 6. The maximum stress level tested varied
from 95% to 75% of the ultimate tensile strength. Equation (3) was obtained to predict the fatigue life (N) of the LNE
500 steel from a maximum fatigue stress level given in MPa (o).
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Figure 6. S-N curve of the LNE 500 steel.
6 =1276.78 - 150.14 log N (3)

The S-N curve of the PA6/GF60 composite is shown in Fig. 6. The maximum stress level tested varied from 95% to
75% of the ultimate tensile strength. Similarly to Eq. (3), Eq. (4) can estimate the fatigue life (N) of the PA6/GF60
composite. It can be observed that the substitution of LNE steel for PA6/GF60 composite would result in a significant
reduction of the fatigue strength of the component.
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Figure 7. S-N curve of the PA6/GF60 composite.
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3.7 Fracture surfaces

The typical fatigue fracture surface of LNE 500 steel specimens is presented in Fig. 8. Figure 8a shows the crack
nucleation source at the surface. The nucleation occurs at the surface due to higher local cyclic plastic strain as a
consequence of the stress concentration effect and the reduced constraint of the free surface. Figure 8b shows the
dimples in the final fracture region, which is related to the ductility of the material.
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Figure 8. Fatigue fracture surface of LNE 500 steel depicting the (a) nucleation (magnification of 100x) and (b)
final fracture regions (magnification of 2,000x).

The typical fatigue fracture surface of PA6/GF60 composite specimens is displayed in Fig. 9. From Fig. 9a, it can be
seen the high fraction of glass fibers applied in the composite, which correspond to 60% by weight of the material. The
glass fibers are completely surrounded by the matrix and the “pull-out” phenomenon, when voids are observed instead
of the fiber in some regions, was not observed. Thus, the fiber/matrix interface did not have a detrimental influence in
the fatigue behavior. However, there are some regions where there is not a uniform distribution of fibers (Fig. 9b),
which may have affected the fatigue behavior of the material.
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Figure 9. Fatigue fracture surface of PA6/GF60 composite. (a) Magnification of 200x and (b) magnification of
1,000x.

3.8 Finite element method (FEM)

Figure 10 shows the automotive stringer finite element analysis with the substitution of LNE 500 steel for
PAB/GF60 composite for loading pairs of 500 N and 1,000 N forces applied in opposite directions. Comparing Fig. 10a
and Fig. 10b, the maximum stress of the composite structure, 53.1 MPa, was inferior to the stress supported by the steel
structure, 143.3 MPa. It is desirable for an optimum design that the steel structure withstand the maximum stresses since
it has a higher mechanical strength than the PA6/GF60 composite. In the case of a loading pair of 1,000 N, the
maximum stress in the composite structure was 88.4 MPa (Fig. 10c). It is important to notice that the maximum stresses
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in the composite structure were located at regions of stress concentrations, especially in the connection of the steel and
composite structures. Thus, optimization of design and changes in the connection type of structures could significantly
reduce the effect of stress concentration, and, consequently, increase the reliability and service life of the component.

Considering that a cyclic loading with the maximum stress of 53.1 MPa was applied to the composite structure, the
fatigue life estimated by Eq. (4) would be about 3.4 x 10* cycles. However, for a maximum stress of 88.4 MPa, the
predicted fatigue life would be only 2.4 x 10® cycles. Therefore, the PA6/GF60 composite is not recommended for
structural automotive parts that are subjected to variable or cyclic loadings of a high maximum stress level. However, it
could still be applied in the design of a component partially made of PA6/GF60 composite in order to reduce the weight
of the component with the necessary design modifications to withstand the loadings.
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Figure 10. Automotive stringer finite element analysis for (a) a pair of 500 N forces, (b) a pair of 500 N forces
(composite structure only), and (c) a pair of 1,000 N forces, showing results only in the composite structure.

4. CONCLUSION

The mechanical, fatigue and thermal properties of 60% glass fiber reinforced polyamide 6 were investigated and
comparted to mechanical and fatigue properties of LNE 500 steel. The feasability of the substituion of LNE 500 steel
for PA6/G60 composite was evaluated.
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The tensile properties of LNE 500 were superior to PA6/G60. However, the mass index values indicate the weight
and lifetime energy consumption reduction potential of applying PA6/G60 composite for automotive components as a
substitution for original projects made with steel. The influence of fiber orientation on the mechanical properties was
noted since the composite had better flexural strength in the parallel direction to the fiber orientation than perpendicular
direction. The T4 temperature of the material was relatively low and it may be a critical factor considering that the
automotive stringer may reach higher temperatures. Besides, the substitution of steel for the composite studied would
result in a significant reduction of the fatigue strength of the component. The PA6/GF60 composite is not recommended
for structural automotive parts that will have to withstand dynamic loadings of a high maximum stress level. The
substitution of steel for lightweight composite materials for automotive structural applications may lead to the necessity
of new design concepts.
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