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Resistance of glass fibre reinforced polyamide
6.6 materials to automotive cooling fluids:
an analytical method for lifetime prediction
Konstantina Harrass,a* Sebastian Mauera and Roumen Tsekovb

Abstract

Two types (with and without a hydrolysis stabilizer) of polyamide 6.6 (PA6.6) reinforced with 30% w/w glass fibres were exam-
ined against the influence of automotive cooling fluids, e.g. ethylene glycol aqueous solutions. The overall goal was to find a
methodology to compare the performance of PA6.6 materials against the impacts of the hydrolysis environment. The stabilizer
effect on the hydrolytic resistance of the materials was assessed using tensile tests according to ISO 527, and their strain-at-
break values were evaluated in more detail. The degradation mechanism of both PA types was monitored by infrared spectros-
copy and SEM. The material lifetime was described by the Arrhenius equation. The results show that the hydrolysis stabilizer
operates effectively at low temperature but exhibits weak performance above 130 °C, which is explained by faster consumption
of the stabilizing agent.
© 2021 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.
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INTRODUCTION
Polyamides (PAs) are semicrystalline thermoplastics belonging to
the group of engineering polymers. Due to the presence of car-
bon amide groups, PAs absorb water and other polar fluids,1,2

which strongly affect their mechanical properties. As a result,
the extensibility and toughness increase, while the elastic modu-
lus and strength decrease. The incorporation of a reinforcing
agent, e.g. glass fibres and other inorganic fillers, into the PA
matrix generates a composite material which possesses better
mechanical properties and thermal resistance than the neatmate-
rial.3–9 The amount and orientation of the glass fibres strongly
influence the reinforcement effect.10–13 Moreover, themechanical
properties of the composites depend on the properties of the
fibres andmatrix as well as on the fibre–matrix interactions acting
as a link between them. Thus, the stress applied by an external
load is transferred from the matrix to the fibres, where the
mechanical energy can be absorbed.
During the past 30 years, PA6.6 reinforced with different

amounts of glass fibres have been successfully employed in the
automotive industry, especially for constructing parts used under
the engine bonnet.14 However, the temperature inside the engine
compartment is extremely high, sometimes higher than 150 °C.
Additionally, the simultaneous effect of humidity, oil and fuel
must be considered, since all together they can significantly
reduce the performance of the PA materials.15 It is well known
from the literature that, at specific experimental conditions such
as elevated temperature, neutral or acidic water solutions,16–24

humid atmosphere25,26 and cooling fluids, e.g. ethylene glycol/
water solutions,12,13,15,27–30 PAs are able to undergo reversible
hydrolysis. The macromolecules dissociate to products with lower
molecular weight containing free reactive ends such as amine and
carboxylic groups. As a result, the molar mass of the material is
reduced significantly, which prompts catastrophic changes of
the material properties.
In the case of a well-accepted material for construction compo-

nents, the possible failure of a PA6.6 reinforced with 30% w/w
glass fibres (PA6.6-GF30) due to hydrolysis limits its applicability.
A foreseeable error of an engineering component around the
engine section indicates an avoidable malfunction of the whole
vehicle. Not only for cost reducing reasons but also because of
potential accidents, a prediction method is needed for the life-
time evaluation of these PA6.6-GF30 materials. Because of the
good mechanical and heat resistant properties, the substitution
of PA6.6-GF30 with another material that has less sensitivity
against hydrolysis is currently not a topic in applications of auto-
motive engineering. To overcome these disadvantages, stabilizers
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against hydrolysis are incorporated into the material. The aim of
this paper is the introduction of an applicable method for the life-
time prediction of PA6.6-GF30 materials stabilized by protecting
additives.
The present research investigates the stability of two different

types of PA6.6-GF30, with and without the presence of a stabilizer,
on prolonged exposure to a cooling fluid at different tempera-
tures. The resistance of the PA6.6.-GF30 materials against the
hydrolytic surrounding is assessed by mechanical experiments.
The main criterion ‘strain-at-break’ is identified to give an estima-
tion for the mechanical performance of the material under tensile
stress. Therefore, the material lifetime is defined until 50% reduc-
tion of this property. The Arrhenius equation is used to implement
a prediction method for life cycle calculation.
Additionally, the materials are analysed through infrared spec-

troscopy in order to determine hydrolytic degradation and are
qualitatively examined by SEM.

EXPERIMENTAL
Production of test bars by injection moulding process
Tensile test bars, made of PA6.6-GF30, were procured from Akro-
Plastic GmbH (Niederzissen, Germany). Two different types of
specimen of AKROMID® A3 GF30 were delivered: one containing
a stabilizing agent against hydrolytic reactions and the other
without stabilizer. These materials were denoted types 1 and
2, respectively. The production of the AKROMID® A3 GF30 mate-
rials was done at Akro-Plastic GmbH as follows. First, the dried PA
was blended with the desired amounts of glass fibres and stabi-
lizer, followed by compounding in a single screw extruder. Later,
the compounds were granulated and processed with a 500 kN
injection moulding machine to form A1 tensile bars, in accordance
with ISO 527-1 and 2.31,32 The injection moulding parameters were
as follows: melt temperature 300 °C; mould temperature 100 °C;
injection speed 26 cm3 s–1; injection/holding pressure 800 bar;
cooling time 40 s.
The dry-as-moulded (DAM) test pieces were vacuum packed in

aluminium bags directly after injectionmoulding to avoid absorp-
tion of water.

Storage of PA6.6-GF30 in autoclave vessels
Five test bars from each type of PA6.6-GF30 were weighed and
then carefully fixed on the 1.5 mm diameter stainless steel hold-
ing wires (Fig. 1(a)), which ensured that the samples were locked
in position inside the autoclave (Fig. 1(b)). Then, the stainless steel
autoclave vessel, with a total volume of 300 mL, was filled with a
cooling fluid (ethylene glycol/water 50% v/v mixture) until the
tensile bars were completely covered (Fig. 1(c)). Finally, the auto-
clave vessel was pressure-sealed and placed in the oven for the
required temperature and time (Fig. 1(d)).
As ethylene glycol material a commonly purchasable cooling

fluid, namely Glysantin G34® (BASF SE, Ludwigshafen, Germany),
was used. In each experiment distilled water was utilized for dilu-
tion of the cooling fluid, labelled ‘water’ in the following text.

Determination of the weight increase of PA6.6-GF30
Due to immersion of the samples in the cooling fluid at different
temperatures (120, 135 and 150 °C) and times (24, 72, 168, 336,
504 and 1008 h), the weight of the PA6.6-GF30 material increases.
Five test bars were stored at each temperature and time. In order
to determine if a degradation process had already taken place
inside the polymer material after 24 h, five specimens of both

PA types were additionally included in the test series for each
temperature. These five specimens were first dried after removal
from the autoclave in a conventional oven (Heraeus, Thermo Sci-
entific) for 48 h at 80 °C. Then, they were further dried in a vac-
uum oven (Reihe VO200, Memmert & Co. KG) for 48 h at 90 °C.
The re-drying procedure was performed in order to restore the ini-
tial weight of the DAM samples and to estimate any change in the
mechanical properties of the materials after immersing them in
the fluid for 24 h. For all other specimens, the weight was deter-
mined exactly 30 min after the removal from the autoclave ves-
sels by using a balance (XS204 Delta Range, Mettler Toledo). The
following equation was used to calculate the weight increase:

weight increase %ð Þ=m2 –m1

m1
×100 ð1Þ

wherem2 is the weight of the test bar after storage in the cooling
fluid and m1 is the weight of the sample in the DAM state.

Mechanical properties
The quasi-static tensile test measurements were performed
according to ISO 527-1 and 2 using a Zwick Roell Z010 tensile test-
ing machine (Zwick GmbH & Co. KG, Ulm, Germany). All tensile
test bars were examined at ambient temperature exactly 1 h after
removal from the autoclave vessel, except that the DAM samples
were tested immediately after removal from the aluminium bags.
The Youngʼs modulus Et was determined using a testing speed of
1 mm min–1 by applying the equation

Et=
⊞2−⊞1
ε2−ε1

ð2Þ

where ε2 = 0.25% and ε1 = 0.05% are the strain limits to ensure
elastic behaviour, while ⊞1 and ⊞2 are the corresponding stress
values according to ISO 527.
Using the same test pieces but a crosshead speed of 5 mmmin–

1, the tensile stress-at-break ⊞B and strain-at-break εB were evalu-
ated, respectively, as

⊞B=
F
A

εB=
ΔL
L0

×100 ð3Þ

F is the force (measured in newtons) and A is the cross-section
area (given in square millimetres) of the specimen from its initial
width and thickness. In Eqn (3), εB is defined as a percentage, L0
(mm) is the gauge length of the sample before the experiment
and ΔL (mm) is the increase in gauge length of the tensile bar.
The average values of Et, ⊞B and εB were calculated by testXpert
II software, a proprietary analysis tool from Zwick. Each value pre-
sented in the Results corresponds to the average of five single
measurements.

Attenuated total reflection infrared spectroscopy
Infrared spectra of PA6.6-GF30 were recorded via a Nicolet iS10
FTIR spectrometer (Thermo Fischer Scientific, Waltham, MA,
USA) employing the attenuated total reflection (ATR) technique.
A diamond ATR crystal was used for the measurements. For each
temperature and time, a tensile bar was measured. The recorded
IR spectra (wavenumber 4000–400 cm−1) represent measure-
ments of 32 scans.
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Scanning electron microscopy (SEM)
The fracture surface of the test bars was observed after the tensile
experiments using an SEM Leitz-AMR 1600T. Only typical DAM
specimens and those stored for 42 days at three different temper-
atures were examined to show the maximum degree of degrada-
tion. The specimens were fixed on standard sample carriers
equipped with conducting adhesive pads (C-Leit-Tabs, Plano
GmbH, Wetzlar, Germany). Then, the surface was sputtered with
gold for 2.5 min at I = 15 mA by using Polaron LTD E 5000 equip-
ment (Quorum Technologies Ltd, Laughton, UK).

THEORETICAL CONSIDERATIONS
The Arrhenius equation presumes a linear dependence of the log-
arithm of the conditioning time at which a material property is
reduced to 50% of its initial value on the reciprocal of tempera-
ture. The approach used in the present study is described in detail
in ISO 2578.33 The goal is to ascertain whether the Arrhenius equa-
tion fits the measured results well and to evaluate quantitatively
the resistance of the PA6.6-GF30 materials against the influence
of the cooling fluid. Themeasured properties of amaterial provide
information about its capability to withstand the hydrolytic envi-
ronment. Calculations according to the Arrhenius equation were
utilized in order to verify whether it is applicable in the present
study. Considering the storage experiments in a cooling fluid,
the ageing process inside the polymers is described by the Arrhe-
nius equation in accordance with ISO 2578:

L=Aexp
B
T

� �
ð4Þ

where the material lifetime L is the time in hours for 50% decrease
of a material property, T is the absolute temperature and A and
B are material-dependent constants.

RESULTS AND DISCUSSION
The results for the cooling fluid absorption in both types of
PA6.6-GF30 at different temperatures and times are presented
in Fig. 2. As expected, the increase of the temperature at which
the tensile bars were stored causes a higher weight increase
due to the fact that temperature accelerates the diffusion of the
fluid inside the material. The maximal weight increase was
detected for the specimens stored at a temperature of 150 °C.

Figure 1. Storage of the test bars in an ethylene glycol/water mixture (50% v/v) in an autoclave vessel: (a) five test bars fixed on a holding wire; (b) view
from the top inside the autoclave vessel with samples inserted; (c) view from the top inside the autoclave vessel filled with ethylene glycol/water; and
(d) closed autoclave vessel.

Figure 2. Weight increase of both PA6.6-GF30 types after storage in an
ethylene glycol/water mixture (50% v/v) at different temperatures.

www.soci.org K Harrass, S Mauer, R Tsekov

wileyonlinelibrary.com/journal/pi © 2021 The Authors.
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

Polym Int 2022; 71: 724–733

726

http://wileyonlinelibrary.com/journal/pi


Up to a conditioning treatment for 24 h, the weight increase is rel-
atively fast in all samples but, after that, the weight increase con-
tinues to rise muchmore slowly. At temperatures of 120 and 135 °
C, both types of PA6.6-GF30 reached maximal values of fluid satu-
ration of approximately 8% and 10%, respectively, after storage
for 168 h.
At a higher temperature of 150 °C, the maximal values for the

weight increase (nearly 13% for type 1 and 16% for type 2) were
achieved after storage for 504 h. The relatively strong decrease
later at 1008 h can be explained by the fact that, at this high tem-
perature and with prolonged conditioning treatment, the poly-
mer starts to dissolve in the cooling fluid.34 This process was so
strong that an amount of dissolved material was detected as a
precipitate on the bottom of the autoclave vessel after removing
the tensile bars at the end of the experiment.
Furthermore, a re-drying procedure of the samples after 24 h

storage was done. First, a standard oven with controlled

temperature of 80 °C was used to re-dry the samples during
48 h, and then the process was continued using a vacuum oven
(Memmert VO200) with applied low pressure of 5 mbar and also
at 80 °C for the same time. The drying process at 80 °C is recom-
mended by the rawmaterials manufacturer; however, the condi-
tions were tightened in order to reach a fully dried situation
inside the PA6.6-GF30 specimens.35 Nevertheless, both re-
drying procedures in series did not lead to restoration of the ini-
tial weight as measured for the DAM samples. The decrease of
the weight of re-dried specimens reached only 50%. Due to
the results observed, it can be assumed that only the water mol-
ecules diffuse outside and evaporate in the atmosphere while
the ethylene glycol still remains inside the material. This
assumption is supported by their different boiling points –
100 and 197 °C, respectively. The distinct boiling points result
from the difference in vaporization energy of water and ethyl-
ene glycol, 44 and 60 kJ mol–1, respectively.36–38 However,

Figure 3. Comparison of the tensile strain-at-break of PA6.6-GF30 after storage in an ethylene glycol/water mixture (50% v/v) at different temperatures
and times: (a) type 1 and (b) type 2.
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inside the PA6.6 material the bonding energy of molecules
absorbed to the amide group has to be overcome when they
are abstracted. The bonding energy of water–amide bonds is
around 30–35 kJ mol–1 as estimated by molecular model-
ling.39,40 It can be supposed that the bonding energy of ethylene
glycol to the amide group reaches an increased value, corre-
sponding to its higher boiling point. The vapour pressure of pure
ethylene glycol at 80 °C is 5 mbar, and it is 330 mbar for the
50 wt% aqueous ethylene glycol solution.41 Therefore, the dry-
ing conditions should be enough for the total removal of cooling
fluid agent. Despite that, the fact that the initial weight of DAM
samples could not be reached can be explained only by strong
interactive forces between the ethylene glycol and the amide
groups in the polymer chains or hindered diffusion mechanisms
for detachment of molecules. These interesting results arise
alongside the main goal of the present research work. They were

not followed up at this time but should be considered for
research work in the future.
The mechanical properties of both types of PA6.6-GF30 were

assessed with tensile test measurements. The tensile strain-at-
break values were measured as criteria to evaluate the perfor-
mance of PA6.6-GF30. This decision was because the fluids are
mainly absorbed in amorphous regions of the PA materials.42

The intermolecular and intramolecular van der Waals forces
between the polymer chains and segments are much weaker
compared to the analogues in the crystalline regions. Therefore,
the penetration and diffusion of fluids into the material occurs
predominately in the amorphous domains. Depolymerization
and degradation processes can occur primarily to the PA chains,
which are responsible for withstanding the tensile strain.
The results for εB for both types of PA6.6-GF30 are summarized

in Figs 3(a) and 3(b). The tensile strain-at-break values for the PA

Figure 4. IR spectra of PA6.6-GF30, type 1, after conditioning at 120 °C at different times: (a) complete IR range and (b) IR range between 1190 and
1120 cm−1.
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material type 1 are shown in Fig. 3(a), while Fig. 3(b) shows the
results of type 2 PA. The results in Figs 3(a) and 3(b) are given
for different temperatures and conditioning times. Additionally,
εB is presented in both diagrams for the DAM samples as well as
for those obtained after re-drying (see also Fig. 2).
The PA6.6-GF30 type 1 specimens show nearly constant εB

values after storing at conditioning temperatures 120 and 135 °
C for 72 h (Fig. 3(a)), whereas the type 2 material exhibits a
decrease caused by the degradation process (Fig. 3(b)). The

strain-at-break of PA type 2 declines continuously with higher
times for 120 and 135 °C and reaches approximately 4% and
1%, respectively, at 1008 h. On the other hand, εB of PA type 1 is
slowly reduced with increasing times; however, at the longest
duration of 1008 h the values show almost the same results as
type 2. Nevertheless, 150 °C causes a decrease of εB values with
rising conditioning times for both types of PA6.6-GF30. The high-
est temperature has such a strong effect on the PA material that
the strain-at-break could not be measured due to total failure of
the specimens at 504 and 1008 h.43 The sample values were set
to zero because the tensile tests could not be performed for these
specimens (as labelled in both diagrams). The data for the sam-
ples of type 2 material after re-drying also show smaller values
compared to those of type 1. This is not a large effect but it indi-
cates that the start of the degradation process had already begun
for type 2 after 24 h immersion time. The εB values of type 1 do
not reduce to those measured for DAM samples because the total
quantity of cooling fluid is not removed by re-drying, as was
already discussed in the description for Fig. 2. Therefore, it can
be assumed that the results for strain-at-break are summarized
through effects of the remaining cooling fluid, i.e. mainly ethylene
glycol, and influences of the beginning degradation process. In
conclusion, it can be stated that the type 1 PA6.6.-GF30 material
withstands immersion in the glycol/water mixture significantly
better. In any case, temperature and conditioning time have a
considerable effect on the materialsʼ performance (i.e. on strain-
at-break). The εB was consciously chosen as the failure criterion
because a clear effect can be observed. In addition, also the
stress-at-break (⊞B) values of the samples were measured. While
the storage at 120 °C for the different conditioning times led to
nearly no change of ⊞B, the beginning of degradation can be
observed at 135 °C for both types after 336 h. Only at 150 °C
was the effect of hydrolysis recognizable at an early stage of
72 h. In the case of Young's modulus, the ⊞B values are almost
the same for all samples except for the ones that failed totally
after storage. The reason is that Young's modulus is determined
at small elongations according to ISO 527 and in this region the
glass fibres primarily sustain the load applied.
In order to determine the degradation of the polymer material,

IR spectroscopy analysis of both PA6.6-GF30 types was performed
for all conditioning temperatures and times. Figure 4(a) displays
exemplary IR spectra of PA type 1 for all times at an immersing
temperature of 120 °C. Characteristic bands at 1180 and

Figure 5. Changes in normalized integrated absorbance of both
PA6.6-GF30 types as a function of the conditioning time: (a) IR band at
1180 cm−1 and (b) IR band at 1140 cm−1.

Figure 6. SEM micrographs of both PA6.6-GF30 types in the DAM state: (a) type 1, the fibres are strongly covered with the matrix; (b) type 2, less pro-
nounced fibre–matrix interactions.
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1140 cm−1 originating from the methylene groups adjusted to
nitrogen and the carbonyl groups, respectively, in the amorphous
phase of the PA groups are observed.42 To identify how the inten-
sity of both IR bands changes with increase of the storage time, a
magnified IR spectrum showing details is presented in Fig. 4(b). As
expected, the longer conditioning times cause lower intensity of
the IR bands at 1180 and 1140 cm−1, i.e. the concentration of
the amide groups decreases progressively due to a higher degree
of polymer degradation. The observed tendency is similar for the
other storage temperatures (135 and 150 °C), as shown in sup-
porting information Figs S1 and S2.
In order to quantify the degradation process of both types of

PA6.6-GF30, the areas under the characteristic IR bands at 1180
and 1140 cm−1 for all immersion temperatures and times were
integrated and normalized against the internal reference bands,

i.e. to the peak areas obtained for the DAM samples. The data of
the integrated IR bands at 1180 cm−1 given in intensity ratio A/
A0 are shown in Fig. 5(a). Here, A represents the area of the sam-
ple after a specific conditioning time and temperature, and A0 is
the area for the initial DAM sample. For every temperature, a
decrease is observed in the intensity ratio for both PA types
against rising conditioning times. Also, the decrease of the
intensity ratio against conditioning time increases with rising
temperature. The intensity ratios of both PA types for 120 and
135 °C immersion temperature show a relatively smooth
decrease, and PA type 1 exhibits higher values than those of
type 2 for almost all sets. However, the ratios of both types at
150 °C reveal similar values, demonstrating identical rates of
the degradation process at this temperature. Additionally, it is
seen that the intensity ratios of the 24 h values already show a

Figure 7. SEM micrographs of both PA6.6-GF30 types obtained for a conditioning time of 1008 h and different temperatures: (a), (b) for type 1 and 2,
T = 120 °C; (c), (d) for type 1 and 2, T = 135 °C; (e), (f) for type 1 and 2, T = 150 °C.
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weak effect for all temperatures, which is proof of depolymeriza-
tion at the beginning of storage.
The tendency identified by the IR band at 1180 cm−1 is analo-

gous to the trend at 1140 cm−1 (see Fig. 5(b)). The intensity ratios
for type 1 are higher compared to type 2. This is observed mainly
for 120 and 135 °C, whilst at 150 °C the ratios for both PA types
are nearly identical.
SEM analysis was used to determine the morphology of both

types of PA6.6-GF30 in the DAM state as well as after immersion
in the cooling fluid for 1008 h at 120, 135 and 150 °C. All SEM pic-
tures were taken on the fractured surface of specimens after ten-
sile experiments. As is usual for fracture patterns of glass fibre
reinforced polymers, the effects of both broken and pulled-out
fibres on matrix material are generally observable. Figure 6 com-
pares the fracture surfaces of samples from both types in the
DAM state. As presented in Fig. 6(a), the fibre–matrix interactions
of type 1 are more pronounced since the glass fibres are strongly
covered by the matrix. Thus, the load applied during the test can
be easily transferred to the fibres because of their higher resis-
tance to the external forces. In conclusion, it can be stated that
the type 1 PA material exhibits better fracture performance than
type 2 (Fig. 6(b)). As a reason, it can generally be explained as
due to stronger fibre–matrix interactions. Both types originate
from the same source; therefore, the glass fibres andmatrix mate-
rial are identical. The only difference is the presence of the stabi-
lizing agent. This is why it can be assumed that the stabilizer
also has an effect on the fibre–matrix interfaces of type 1. How-
ever, the tensile strain-at-break values of both types show similar
results.

The fracture surfaces from the tensile experiments of both types
of PA6.6-GF30, obtained after conditioning at the different tem-
peratures for 1008 h, are presented in Figs 7(a)–(f). As expected,
the absorption increase of the cooling fluid significantly changes
the fracture surfaces: from a ductile (Figs 7(a) and (b)) to a brittle
rupture (Figs 7(c) and 7(d)) or even to a completely damaged poly-
mer matrix (Figs 7(e) and 7(f)).44 The existence of moisture inside
the composite material brings about a decrease of the tensile
stress-at-break and tensile modulus, due to the lower transfer
capability of stress between fibre–matrix interactions, as reported
by Thomason.12,13,27,28

Furthermore, it can be assumed that the presence of the cooling
fluid lowers the effect of the existing hydrogen bonds between
the fibre and the moisture, and therefore it also reduces the effec-
tive van der Waals interactions between the fibres and the matrix.
As a result, the matrix is no longer able to distribute the applied
load through the total length of the adjacent glass fibres and
the tensile strain-at-break increases. However, this behaviour is
only observed for conditioning time up to 24 h. At immersion
times of 72 h or longer and higher temperatures, the tensile
strain-at-break starts to slowly decrease due to the hydrolytic deg-
radation of the polymer chains. Due to the ongoing hydrolysis of
the PA, the polymer chains become shorter, and thus they can
absorb less deformational energy. Moreover, the comparison
between the two PA materials leads to the conclusion that type
2 exhibits greater brittleness of thematrix with increasing temper-
ature. The glass fibres are more exposed, which is evidence of a
pull-out mechanism.45

The Arrhenius equation was applied to the tensile strain-at-
break obtained for both PA6.6-GF30 types. Since the maximum
εB values were obtained after conditioning the tensile bars for
24 h, they were considered as initial values to calculate a relative
ratio by the normalization method. Following the standard
approach from ISO 2578, the data obtained for tensile strain-at-
break values at each immersing temperature (120, 135 and
150 °C) were plotted as the relative ratio εrel. versus the condition-
ing times (Figs 8(a) and 8(b)).
As seen in Fig. 8, higher conditioning temperatures cause the

limit values for both types of PA6.6-GF30 to be reached earlier.
These results were expected since the higher temperatures bring
about faster diffusion of the ethylene glycol and water molecules
and, subsequently, quicker hydrolysis degradation of the polymer
chains. Thus, the times to reach the limit value of 50% decrease
are shorter. The lifetimes for both PA6.6-GF30 types in the

Figure 8. Determination of the time at which the tensile strain-at-break
decreased to the 50% limit value for each temperature: (a) PA6.6-GF30,
type 1, and (b) PA6.6-GF30, type 2.

Figure 9. Comparison of the lifetimes for both PA6.6-GF30 types at three
different temperatures: 120, 135 and 150 °C.
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temperature range from 70 to 200 °C were calculated by applying
Eqn (4) and using the fitted constants. The regression lines used
for the prediction were subsequently drawn and are shown in
Fig. 9. The values determined for the lifetimes of both PAmaterials
for desired temperatures are inserted on these regression lines.
Based on the relationship from Eqn (4), the regression coefficients
for both PA6.6-GF30 types were calculated and it is found that in
all cases the experimental data follow the Arrhenius equation
with r ≈ 1.
By inspection of the regression lines in Fig. 9, it is concluded that

PA6.6-GF30 type 1 exhibits a steeper slope than type 2. The con-
ditioning temperature of 70 °C leads to a lifetime of 130 000 h
for the PA sample type 1, whereas storing the type 2 material at
the same temperature results in only 33 000 h lifetime, i.e. type
2 has just one quarter of the type 1 lifetime at 70 °C. However,
the effect of the stabilizer incorporated in PA6.6-GF30 type
1 against hydrolysis seems to be negligible at temperatures above
130 °C, since the lifetime of type 1 stored above this temperature
decreases significantly. Therefore, one can conclude that the
hydrolysis stabilizer is consumed faster at higher temperatures.
The faster diffusion of the cooling fluid inside the material must
make a contribution but negligible impact of the hydrolysis stabi-
lizer is evident at high temperatures.

CONCLUSIONS
The aim of the present study was to evaluate the effect of a
cooling fluid (ethylene glycol/water 50% v/v mixture) on the
mechanical properties of two different types of PA6.6-GF30,
one with and the other without a hydrolysis stabilizer, desig-
nated as type 1 and type 2, respectively. The influence of sev-
eral conditioning temperatures (120, 135 and 150 °C) and times
(24, 72, 168, 336, 504 and 1008 h) was originally assessed on
the weight increases of tensile bars produced as samples for
testing purposes. It was revealed that the highest immersion
temperature and the longest storage time brought about
strong polymer degradation, which was also observed by the
precipitation of decomposition products. Furthermore, a vac-
uum drying process of the specimens conditioned for 48 h at
90 °C did not result in the original DAM state being attained
due to the strong physical interactions existing between the
ethylene glycol and amide groups. The mechanical properties
of specimens stored at the various conditioning temperatures
and times were determined, and the change of tensile strain-
at-break was considered. It was found that the PA6.6-GF30
samples enriched with hydrolysis stabilizer demonstrated better
mechanical performance at lower conditioning temperatures;
however, temperatures above 135 °C and longer storage times
caused the opposite effect or even total failure of both types of
material.
ATR IR spectroscopy was successfully applied to characterize

the degradation behaviour of both PA6.6-GF30 types by evalua-
tion of the peak intensities originating from characteristic
groups at 1180 and 1140 cm−1. The consequences of the
fibre–matrix interactions were studied with the aid of SEM anal-
ysis which showed that type 1 material was better at withstand-
ing the mechanical stress.
The Arrhenius equationwas used to predict the lifetimes of both

PA6.6-GF30 types. According to ISO 2578, the approach follows a
50% decrease of the initial value of the tensile strain-at-break as
the limit for the useful life of a material. It was demonstrated that,
at a temperature of 120 °C, PA6.6-GF30 type 1 exhibits a longer

lifetime, whereas at 150 °C immersion temperature the PA mate-
rial type 2 took a longer time to fail.
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