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Abstract: In this investigation, an automotive component made of nylon as a structural element
was studied by several characterization techniques to identify material properties. Firstly, a Fourier
transform infrared spectroscopy (FTIR) was carried out to obtain information about composition, then,
differential scanning calorimetry (DSC) was used to extract useful information on sample thermal
behavior. The humidity and volatile materials percentage could be assessed by thermogravimetry
analysis (TGA). Morphology and topography were carried out by optical microscopy, moreover,
X-ray Tomography allows it to display the sample’s inner part. Characterization shows that the
component could have been contaminated or exposed to conditions that promote degradation after
the manufacturing process. Finally, computerized X-ray tomography displayed that both samples
showed a difference in porosity in a fractured sample and a healthy sample. All the above implies a
change in the mechanical integrity of the fractured material but might not omit the fact that it could
have been subjected to any type of impact or mechanical effort.

Keywords: biodegradation; failure analysis; crystallinity degree; thermal characterization; car rear
door damper

1. Introduction

For some time now, automotive component stress analysis has been developed and
has recently been systematized based on new evaluation techniques. Component failure
has been studied in many different ways before (and will be mentioned in this document).
Critically it has been found that component quality is dependent on the manufacturing
process to avoid breakages, brittle components, or surface flaws, and in turn, it has been
shown that the physical, chemical, and mechanical properties of some polymers are es-
sential elements of a components’ quality control. This work aims to analyze the support
failure for a car rear door damper made from nylon as its main element, applying several
characterization techniques to determine the cause of failure.

Nylon 6,6 is a synthetic polymer often used to produce fibers for many industrial
applications. Properties of nylon can be varied by mixing it with different additives.
It stands out from other polymers because of its high toughness and resistance to shock,
fatigue, and low temperatures [1]. Characteristics of this material for engineering in-
dustrial plastics are ideal mainly because of its wear resistance; it is compact, hard,
with good flexibility and machinability [2]. Some results showed that the addition of
some nanoparticles of polyaniline and ZnO of each component to nylon-6,6 improve its
antibacterial properties [3]. Furthermore, adding glass fiber to nylon-6,6 has been shown
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to significantly improve its mechanical properties, such as tensile strength and elastic
modulus [4]. Polyamides such as nylon present a high resistance to biodegradation,
principally due to the symmetry in their molecular structures and their intermolecular
hydrogen bonds; this makes nylon widely used because of its high tensile strength and
resulting in a crystalline morphology with great mechanical and thermal properties.
Similarly, the polyamide characteristics, such as its intermolecular cohesive force de-
rived from the hydrogen bonds, lower the abiotic degradation speed in comparison
to the accumulating one in the environment. For this reason, it becomes a priority to
propose some degradation processes with faster rates contrary to the accumulating
ones [5]. Degradation of these components through a chemical procedure has already
been proposed in two different ways: with solvents or through thermal contact [6,7].

As mentioned above, some studies have focused on the mechanical and thermal
characterization of nylon as the main element or when doped with other elements. For
example, according to Polat et al. [8], the use of nylon nanofibers doped with graphene in-
creased the fatigue life cycle as a jointing composite element. Alternatively, Kim et al. [9]
prepared mixtures of polyphenylene ether and nylon with high mechanical hardness and
a flame-retardant material. These studies showed that doped nylon increased its mechan-
ical properties. Further, Zang et al. [10] characterized the physicochemical properties of
nylon fibers doped with permanganate ions to measure their antibacterial capability and
mechanical properties. However, as mentioned before, nylon degradation is an aspect
that must be taken into consideration during the characterization; for instance, solvent,
thermal, or even degradation caused by micro-organisms represent an essential factor to
be analyzed.

An indirect method to determine any of the mentioned types of degradation is to
potentialize the growth of the micro-organisms in a proper medium while using nylon
fiber as the only carbon source. Several researchers have demonstrated that some micro-
organisms can degrade the nylon-6, such as the white rot fungus, phanerochaete chrysospo-
rium, and Trametes versicolor decompose the membrane of nylon-6 and the nylon-6,6. Thus,
Deguchi et al. [11,12] found that white rot fungus strain IZU-154 degrades the nylon-6,6
membrane in 20 days, and the addition of manganese accelerates the degradation activity,
suggesting that ligninolytic enzymes are involved. Subsequently, Friedrich et al. [13] noti-
fied that two ligninolytic fungi of white rot were responsible for the nylon-6 degradation.
These fungi were P. chrysosporium, mainly known as a ligninolytic fungus, and Bjerkandera
adusta, which showed a higher capability for decomposing nylon-6. The P. chrysosporium
was described previously by Klun et al. [14], who demonstrated that molecular mass was
reduced by 50% after exposing the fungus for 3 months.

Additionally, Sudhakar et al. [5] investigated some fungi that were isolated from
nylon-6 samples in a factory because none of them was able to decompose the fiber. It was
shown that a marine bacterium could decompose nylon-6 and nylon-6,6, for example:
Bacillus cereus, Bacillus spherical, Vibrio furnissi, and Brevundimonas versicular come from the
Indian Ocean. These bacteria grew up among mineral salts and showed the use of carbon
and nitrogen from nylon-6/nylon-6,6 as their main carbon and nitrogen source.

Bearing the above in mind, several characterization techniques used in the current
investigation have been used before in polymer compounds and polyamides, in order to
measure crystallinity, thermal and mechanical properties, humidity, and glass transition.
For instance, Xie et al. used differential scanning calorimetry (DSC) [15] to measure
the thermal conductivity of three different types of nylon after going through complete
recrystallization, finding that thermal conductivities had a higher thermal conductivity due
to hydrogen bonds’ major density. Sambale et al. [16] determined the polyamide’s humidity
gradients while measuring the glass transition by also using the DSC step scanning analysis.
Recently, Patti et al. [17] conducted a comparative study of the “Basoalto’ fibers” thermal
properties against the traditional glass fibers in composite elements with a polyamide
basis, whereby using the DSC with which the glass transition temperature (Tg), the fusion
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temperature atmosphere, the enthalpy fusion (∆Hf), and the degree of crystallinity (Xc)
were measured.

The infrared spectroscopy used by Shinzawa et al. [18] was an optical characterization
technique based on the combination of a near-infrared spectrometer (NIR) and a nylon
tensile strength-testing machine. The analysis suggests the presence of polymer structures
that experience different variations during the tension lengthening induces the orientation,
and consequently, the following lengthening to create an elastic deformation.

Oshiro et al. [19] measured the nylon-6 films spectrums by using the Stark-effect
infrared technique in a band of amides, while Cernohorský et al. [20] measured the spec-
trums of the PA6 materials and the polyvinylidene (PVDF)/PA6 mixture throughout the
Fourier transform infrared spectroscopy (FT-IR) to be able to compare them with the pure
polyvinylidene material (PVDF) while combining the polyvinylidene fluoride nanofibers
during the spinning process. Recently, Lim et al. [21] manufactured graphite nanosheets
(nylon-610) and nanocomposites to which infrared spectroscopy was made through a
Fourier transform (FTIR) so an analysis of different functional groups and chemical bonds
inside the nanosheets could be acheived.

Thermogravimetry (TGA) was analyzed by Lima et al. [22], who evaluated the creep of
flexible polyamide flowlines to determine quantities of plasticizers in operation. Moreover,
Luna et al. [23] mixed some nanocomposites made of nylon-6 acrylonitrile–butadiene–
styrene in a molten state during which the nylon-6 showed thermal stability superior to
high temperatures and mixtures, while nanocomposites displayed intermediate thermal
decomposition behavior in comparison to pure components.

The X-ray tomography studied by Baranowski et al. [24] measured the polymer
components local fiber orientation using a computerized X-ray tomography where the
3D fibers with a diameter less than a voxel could be examined. In addition, Liebrich
et al. [25] explored porosity distribution on thin polymer sheets sintered with laser via X-ray
microphotography, where experimental evidence was found that proves that porosity on
the thin sheets depends largely upon the thickness and orientation during its construction.
Lately, Butenegro et al. [26] developed new thermoplastic components out of the waste
of rods made of epoxy compounds reinforced with carbon fiber, whose characterization
was carried out by X-ray microphotography to examine the fibers distribution within
the compounds.

2. Materials and Methods

Three samples were received; one “healthy sample”, one naturally “fractured sample”,
and the last one intentionally fractured (for microscopy). During the materials characteriza-
tion procedure, several techniques were applied through which contrasting information
came out for each one of the samples. Firstly, a Fourier transform infrared spectroscopy
(FTIR) was carried out in order to obtain information about composition samples while
setting a measuring range of 4000–720 cm−1 and a resolution range of 4 cm−1 in an infrared
spectrometry model 640-IR of Agilent Technologies (Santa Clara, CA, USA) equipped with
an ATR accessory and a Ge crystal.

Differential scanning calorimetry (DSC) was carried out with a Q2000 model TA
Instruments branded (New Castle, DE, USA) calorimeter under nitrogen atmosphere-
proof conditions, according to the ASTM D3418 standard [27]. In terms of thermal
conditions, it went from 40 ◦C to 300 ◦C, then it cooled from 300 to −10 ◦C at a speed of
10 ◦C/min, with an isotherm within 5 min at −10 ◦C, finishing with a second heating of
−10 to 300 ◦C at a speed of 10 ◦C/min, as well. The sample weight was between 3 to
5 mg taking into consideration that the reference weight was 52.81 mg; both of them
were put on a Tzero aluminum platter, and this technique was used to extract useful
information regarding sample thermal behavior. For this purpose, the humidity and
volatile materials percentage can be known by using the thermogravimetry analysis
(TGA) with a Q50 model TA Instruments branded analyzer with a heat of 40 to 600 ◦C at a
speed of 10 ◦C/min in an N2 atmosphere and from 600 to 650 ◦C under an O2 atmosphere,
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considering a sample weight range between 15 and 20 mg. It can be observed that the
morphology and topography of samples through optical microscopy were carried out
in an AXIO Zoom V16 model Carl Zeiss branded (Jena, Germany) stereoscopic optical
microscope at different magnifications, although the X-ray computed tomography (XCT)
allows it to display the sample’s inner part. X-ray computed tomography was carried
out in a ZEISS METROTOM Computed Tomography System with GOM Volume Inspect
analysis software for 3D Computed Tomography (CT) with a voxel size of 65.3 µm,
measuring a volume of 165 × 140 mm and a pixel size of 78 × 78 µm.

3. Results

Due to the nature of nylon, the degradation process is not easy to determine, the
reason that Fourier transform infrared spectroscopy (FT-IR) and DSC base their analysis
methodology mainly on observations of nylon fiber structure. Another method used
to evaluate the biodegrading process is one where micro-organisms growth in nylon is
determined as the only carbon source.

3.1. FTIR

Figure 1 shows a comparison between the spectra where similarities between them
can be appreciated; the significant absorption bands that could lead to identifying the
presence of any other component cannot be observed. The spectra show peaks at 3300 cm−1

(-NH stretching), 2933 cm−1, 2860 cm−1 (C-H stretching bands), 1638 cm−1 (amide I),
1540 cm−1 (amide II), 1418 cm−1 (deformation C-H), and 1371 cm−1 (deformation N-H,
C-H) [28,29] as the characteristic bands found in the nylon-6,6 spectra. Nylon-6,6 has
characteristics peaks for amorphous (1138 cm−1) and crystalline (935 cm−1) regions, and
between the amorphous and crystalline regions, a transition region is found, indicating
a semi-crystalline material [29–31]. Figure 1 shows an increase in the intensity of the
transition region peak and a decrease in the crystalline region peak in the fractured material
compared to the healthy material. Furthermore, the fractured material has a lower peak
intensity at 3300 cm−1 (-NH stretching) and 935 cm−1 (crystalline peak) compared to the
healthy material. Characteristic peaks for the crystalline and amorphous region shifted
from 934.7 to 935.7 cm−1 and 1114.3 to 1120 cm−1, respectively. All this indicates that the
fractured material has a lower percentage of crystallinity. The peak at 1020 cm−1 is the
absorption peak attributed to Si-O-Si groups, which are characteristics of glass fiber [32].
The analysis does not indicate a contrast among the chemical bonds in the sample, so
while searching library spectra as shown in Figure 2, the major similarities were between
polyamide nylon-6,6 and glass fiber, these being two the materials which were elaborated
on according to the given information by the client.

3.2. Differential Scanning Calorimetry

Figure 3 presents thermograms of the first heating cycle, and Figure 4 presents ther-
mograms of cooling and the second heating cycle of the healthy and fractured material
showing a melting process between 254.15 ◦C for both samples, which is certainly up
to that reported for nylon-6,6 (melting temperature: 254 to 264 ◦C) [33]. The minimum
crystallization temperature for a non-fractured material is 224.97 ◦C (Figure 3a) and for
the fractured material is 225 ◦C (Figure 3b), supporting that polymer material in both
cases is similar. Crystallinity percentages were calculated in situ by a differential scanning
calorimetry (DSC) machine, following the ASTM D3418 standard [27] and the percentage
of 100% crystalline nylon-6.6. If the percentage of crystallinity is calculated, taking 226 J/g
as a reference for 100% crystalline nylon-6.6 [34], then the healthy material has an initial
crystallinity percentage of 15.39% (34.79 J/g; see Figure 3a) and can form under cooling
conditions, at 14.30% (32.32 J/g; see Figure 4a) crystallinity, while in the piece of material
with fractures, the percentages were 14.57% (32.93 J/g; see Figure 3b) and 13.51% (30.54 J/g;
see Figure 4b), respectively.
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material and (b) fractured material.

3.3. Thermogravimetry Scanning

To perform this analysis, a major failure zone sample was taken, and likewise, in the
non-fractured material, the equivalent zone was selected. The thermograms that were
obtained for samples are shown in Figure 5, displaying some relevant differences between
the samples. The summary of results is depicted in Table 1, as follows: the weight loss
in the range of 40–300 ◦C is attributable to the humidity, as well as to a volatile organic
compound and low molecular weight; the second located loss is between 300 and 600 ◦C,
which is attributable to polymer material decomposition; and the third weight loss caused
by the atmosphere changes around the sample above 600 ◦C, is directly associated with
the presence of carbonaceous materials that guarantee the total sample decomposition
and, therefore, the presence of inorganic waste above 650 ◦C, which according to given
information by the client consists mainly of fiberglass.
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material.

Table 1. Results obtained in the TGA of the healthy material and fractured material.

Sample 40–300 ◦C (%) 300–600 ◦C (%) 600–650 ◦C (%) Tmax (◦C) Waste (%)

Healthy material 1.28 66.58 1.87 434.13 29.84
Fractured material 4.40 66.99 1.95 423.14 26.42

Figure 5 shows a comparative thermogram of both materials in which it can be
appreciated that the fractured material starts losing mass at low temperatures and is less
stable in comparison to the healthy material. Displacement degradation on the curve
maximum value shows a fracture at 423.14 ◦C versus the one obtained in the non-fractured
sample of 434.13 ◦C, indicating that there is minor thermal stability in the fractured material.

3.4. Optical Microscopy

Images in Figure 6, obtained from optical microscopy, show the surface roughness
of the fractured material (Figure 6b) in comparison to the healthy material (Figure 6a),
which presents a regular surface. Figure 6c shows the fractured material at 40× with some
cracking areas on the surface being visualized.

Additionally, in the failure zones with intentional fractures (Figure 7), some holes
can be appreciated that suggests a different fracture mechanism. These holes could have
previously existed exactly as shown in the tomography results or could have appeared
during the fracture process (as a ductile fracture). In the end, in the failure zones, whether
fractured or intentionally fractured materials, there are no signs of any type of contami-
nation or fiber agglomeration that could generate a concentration of effects as a facilitator
for failure.
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3.5. X-ray Tomography

Through tomography, a 3D image is created of the entire material volume, Figure 8
shows images that were obtained by X-ray tomography with some pores, however, zones
with a higher pore concentration do not match to the one that presents with a fracture.
Therefore, it is realistic to assume that these are not the main factor for the occurrence of
failure. The results show a difference in composition percentages, primarily in volatile
material content and less thermal stability in the fractured sample. On the other hand, it
can be considered that the material can present a sort of fragility because of humidity. To
improve comprehension of the material’s performance, XCT has become an increasingly
popular characterization method for deducing the mechanisms that cause deformation
or failure in advanced materials on length scales ranging from tens of micrometers to
several millimeters.
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Figure 8. X-ray tomography of sample 7175N (a) healthy material, (b) fractured material, and (c) X-ray
tomography comparative between the healthy sample (left side) and the fractured sample (right side).

Together, FTIR, DSC, and TGA results indicate that samples 7175 NH of the healthy
and fractured materials are mainly related to nylon-6,6 with different fiberglass content
of 29.84% and 26.42%, respectively (Figure 2). In addition, TGA results show less thermal
stability, as well as an increase in volatile material percentage for the fractured sample
7175 NH.

Furthermore, images obtained from optical microscopy show a surface roughness in
the fractured material with regard to that observed in the healthy material. In the same
way, some differences in the surfaces generated in the fractures were spotted between
the material with a fracture and the one intentionally fractured, which in turn suggests
a different fracture mechanism. For the fracture sample, some fissures can be noticed,
meanwhile, in the intentionally fractured material, there are some holes indicating a ductile
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fracture instead [35]. These differences can derive from several causes, such as material
mechanical integrity, variation in humidity content, crystallinity percentage, a previous
degradation, or conditions under which the materials were fractured, such as temperature,
humidity, or impact speed [36]

Finally, images that were obtained in the computerized X-ray tomography show pores
in both samples, nevertheless, zones with a higher pore concentration do not match with
the one where the fracture is located, therefore, it is logical to assume that these are not
the main factor for failure occurrence. However, they still may be significant to the higher
number of pores in the fractured sample rather than the healthy material.

4. Discussion

Nylon 6,6 is used where high mechanical strength, stiffness, good heat stability, or
chemical resistance is required. It is used in textile and carpet fibers and molded parts.
It has wide use in automotive applications; these include “under hood” parts such as the
radiator end tanks, rocker covers, air intake manifolds, and oil pans, as well as numerous
other structural parts, such as hinges and ball bearing cages. When considering whether
nylon is suitable for a particular application, it is necessary before choosing the type of
polyamide to consider its mechanical properties, water resistance, and ease of processing.
For this particular part, a car rear door damper, nylon-6,6 30% glass fiber, has the best
mechanical properties.

The results of this study indicate differences in composition percentages, mostly in
volatile material content and low thermal stability for the fractured sample, which has
been reported as evidence of thermal degradation for this type of material [7], although
the presence of an external contamination factor that can be detected by FTIR spectroscopy
is not excluded. Meanwhile, micrographs that show differences in fracture type can be
considered a consequence of an increase in volatile materials content that, in the case of
being merely humidity, could be a reason for provoking embrittlement in nylon contained
in the fractured sample but this can be excluded if humidity content variation alters
crystallinity variation percentage that can be formed in the sample [37] that do not happen
as the DSc has reported. Another main reason that could provoke embrittlement in samples
is a difference in crystallinity percentage in the processing conditions of the materials that
can also generate a porosity variation inside them [38], but this can be excluded because
the initial crystallinity percentages were similar in both situations. Similarly, there is the
possibility that the resin that was used to shape them might be contaminated with organic
materials of low molecular weight, and once they were processed, a compound fraction
was liberated, creating a higher pore number. Even though it is possible that resin degrades
during the processing and that volatile materials appear [7], either material could have been
contaminated or exposed to conditions that promote degradation after the manufacturing
process. All the above finding imply a change in the mechanical integrity of the fractured
material but might not omit the fact that it could have been subjected to any type of impact
or mechanical effort.

5. Conclusions

A study was carried out to know the causes for which a damping support 7175 NH of a
car rear door made of nylon as its main element had mechanical failures. In the analyses of
the results based on different characterization testing in a healthy material and a fractured
sample, the following conclusions were reached:

1. It was determined by FTIR that there are no significant differences in the chemical
bonds of both samples even though an increase in the peak is observed in the amor-
phous region and in the transition region, it was also identified that there is a gap in
crystallinity degree in the healthy sample (29.84%) and the fractured sample (26.42%).
TGA shows a lower thermal stability in the fractured sample, as well as an increase in
volatile material amount.
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2. In the FTIR analysis, characteristic functional groups of nylon-6,6, and fiberglass to a
lesser extent, were found in both samples. Microscopy shows a surface roughness in
the fractured sample that cannot be found in the healthy sample.

3. Computerized X-ray tomography displayed that if both samples show a pore zone, in
the fractured sample there is a higher number of pores rather than the ones found in
the healthy sample.

4. The change of these properties implies an alteration in the mechanical integrity of the
fractured material.
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