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1. Introduction

Rheology is very sensitive to changes in the molecular archi-
tecture of polymeric materials. Any change in the molecular ar-
chitecture, e.g. chain extension/scission, branching, cross-linking,
affects the mobility of the entire chain or of a fraction of it, with
immediate, clear repercussions on the polymer relaxation spec-
trum. This makes rheology a useful tool for studying degradation
phenomena in the melt state. Compared to common steady-shear
rheology, linear viscoelastic analysis (LVA) is preferable for this
abrinacarola.carroccio@cnr.it 
purpose, as it involves small amplitude oscillations that do not alter
the evolving molecular structure while testing. In principle, a
simple frequency scan can provide information on the polymer
dynamics over different length scales, from few repeating units up
to the sizes of the entire chain. Studying the latter, however, may be
challenging. The reason is that the larger is structural unit to be
probed, the longer is its characteristic relaxation time, and, hence,
the lower is the mechanical frequency to be used. On the other
hand, low frequency means long experimental times. More pre-
cisely, the minimum time required to collect viscoelastic data at a
frequency u is text ¼ 2p=u. In other words, the duration of common
LVA measurements can exceed the characteristic time of the
degradation phenomenon to be studied. This is one of the reasons
which prevented a systematic employ of rheological techniques for
monitoring and studying degradation of polymer melts. Speeding
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the analyses without renouncing to probe low frequencies is hence 
crucial. To conciliate these two opposite requirements, we resort to 
time-resolved mechanical spectroscopy (TRMS) [1]. TRMS essen-
tially consists in studying the viscoelastic properties as a function of 
time rather than in terms of the mechanical frequency. As such, 
TRMS allows determining frequency-dependent data and relaxa-
tion time spectra at intermediate states of transient materials. 
Many polymer systems belong to this category, e.g. polymer blends 
[2e4], gels [5,6], thermosets [7e9], nanocomposites [10]. Here we 
discuss the benefits of TRMS in the study of polymer degradation in 
the melt state. Besides the scientific interest, this matter is also 
relevant from a technological point of view. Indeed, the over-
whelming majority of the transforming technologies of polymeric 
materials entails melt processing steps that can alter the polymer 
structure and, through it, the final material performances. More-
over, changes in the molecular architecture have a direct impact on 
the material processability, possibly inducing flow instability phe-
nomena [11e13].

The polymer selected for this study is nylon 11 (PA11). It is a bio-
based polyamide often used in flexible pipe applications for 
offshore oilfield exploration or, blended with polyolefins, for diesel 
and gasoline fuel tanks. Degradation of polyamides is a complex 
process that has been the subject of many studies, which differ 
among them for the analytical techniques employed and the con-
ditions in which degradation has been investigated [14e21]. In this 
regard, it is worth noting that the literature on polyamide degra-
dation in the molten state is pretty scarce [22e24]. Referring to 
specific papers for the chemical aspects, here we simply observe 
that PA11 degradation in the melt state can lead to chain scission, 
chain extension and/or cross-linking, and that these reactions can 
occur singly or in combination depending on the amount of water 
and the presence of oxygen. This makes PA11 a challenging test-
bed for our study, which consists in a critical discussion about the 
po-tentiality of rheological analysis for the study of polymer degra-
dation in the melt. The work is divided in two distinct papers. In 
Part I we deal with pure PA11, which has been subjected to rheo-
logical measurements in both N2 and air environment aiming at 
studying the effects of thermal and thermo-oxidative degradation. 
In more detail, the first part of the paper is devoted to prove the 
advantages of TRMS techniques when the goal is studying fast 
degradation phenomena. Accurate viscoelastic data are collected 
and correlated to the changes in the molecular architecture. The 
conclusions drawn on the basis of rheological analysis are sup-
ported by means of size exclusion chromatography (SEC), while 
matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry is employed to shed light on the structural 
changes due to degradation. Like any other analytical techniques 
based on the analysis of polymer solutions, SEC and MALDI-TOF 
cannot provide direct information about cross-linking reactions, 
which results in insoluble gel fractions. On the contrary, we show 
that rheology promptly detects even small amounts of cross-linked 
polymer. Overall, our analysis provides useful guidelines for a 
profitable use of rheological techniques in the field of degradation 
of polymeric materials in the melt state. The study continues in Part 
II, where the implications stemming from the presence of nano-
particles, which are able to remarkably alter the rheology of the 
host polymer, are critically discussed [25].

2. Experimental

2.1. Materials and sample preparation

The PA11 (SigmaeAldrich) has r ¼ 1.026 g cm�3 at T ¼ 25 �C, 
glass transition temperature Tg ¼ 46 �C and melting temperature 
Tm ¼ 198 �C. 2-(4 hydroxyphenilazo)benzoic acid (HABA) and
hexafluoroisopropanol (HFIP) were purchased from Aldrich 
Chemical CO (Italy) and used as supplied.

Rheological tests were performed directly on the pellets of PA11. 
The samples for the SEC and MALDI analyses were prepared by 
treating the polymer under either nitrogen or air atmosphere at T ¼ 
215 �C for 30, 60, 90, 120 and 150 min. Then the materials were 
dissolved in HFIP, and the solutions were filtered and dried before 
analyses. Fractions of insoluble gel, if any, were dried under 
vacuum and weighed.

2.2. Characterization

2.2.1. Rheological tests
Rheological analyses were carried out using a stress-controlled 

rotational rheometer (AR-G2 by TA Instruments) in parallel plate 
geometry (plate diameter 40 mm). The pellets of PA11 were com-
pacted between the plates by means of a containment ring, which 
was removed before running the tests. The measurements were 
carried out after drying the polymer for 18 h at T ¼ 80 �C under 
vacuum. Frequency scans were performed at T ¼ 215 �C from fre-
quency u ¼ 10�1 up to 102 rad s�1. This range represents a 
compromise to meet two opposite requirements: (i) the need to 
investigate timescales long enough to provide information on the 
behavior of large portions of the polymer chains, and (ii) the ne-
cessity of containing as much as possible the experimental times so 
to accurately detect degradation phenomena. The latter were 
monitored during time by means of repeated frequency scans. The 
elastic (G0) and viscous (G00) shear moduli were recorded at strain 
amplitude low enough to be in the linear regime, which was pre-
liminarily estimated for each sample through strain scan 
experiments.

2.2.2. Molecular characterization by a SEC-MALS chromatographic 
system

The molar mass distribution (MMD) of polymers was deter-
mined by a multi-detector size exclusion chromatography (SEC) 
system using two on-line detectors: (i) a multi-angle light scat-
tering (MALS); (ii) a differential refractometer (DRI) as concentra-
tion detector. The SEC-MALS system consists of an Alliance 2695 
separation module from Waters with a serial setup Alliance-MALS-
DRI. Experiments were carried out at T ¼ 40 �C using two PLgel 
Mixed C columns (5 mm particle size) from Polymer Laboratories. 
Hexafluoro-2-Propanol (HFIP) þ 0.02 M Tetraethylammonium Ni-
trate salt was used as mobile phase. The flow rate was 0.5 mL/min 
of flow rate, and the sample concentration was ~3 mg/mL.

The MALS on-line detector uses a vertically polarized HeeNe 
laser (wavelength 632.8 nm) and measures simultaneously the 
intensity of the scattered light at 18 fixed angular locations ranging 
14.0�e166.0�. An on-line MALS detector coupled to a concentration 
detector allows to obtain the absolute molar mass and the radius of 
gyration of each fraction of eluting polymer. The calibration con-
stant was calculated using toluene as standard, assuming a 
Rayleigh factor of 1.406 � 10�5 cm�1. The angular normalization of 
the different photodiodes was performed by measuring the 
scattering intensity of a poly(methyl methacrylate) standard. The 
use of a multi-detector SEC-MALS system was described in more 
detail in the literature [26,27].

2.2.3. MALDI-TOF analysis
MALDI-TOF mass spectra were recorded in reflector mode using 

a Voyager-DE STR (Applied Biosystems) mass spectrometer equip-
ped with a nitrogen laser emitting at 337 nm with a 3-ns pulse 
width and working in positive ion mode. The accelerating voltage 
was 20 kV; the grid voltage and the delay time were optimized for 
each sample to achieve the higher molar mass values and the best



resolution. The laser irradiance was maintained slightly above 
threshold. 2-(4-hydroxyphenilazo) benzoic acid (0.1 M in HFIP) 
was used as matrix. Appropriate volumes of polymer solution (5 
mg/mL in HFIP) and matrix solution were mixed to obtain 2:1, 1:1, 
and 1:2 ratios (sample/matrix v/v). 1 mL of each sample/matrix 
mixture was spotted on the MALDI sample holder and slowly dried 
to allow matrix crystallization. At least three separate PA11 portion 
were analyzed at each heating time. The resolution of the reported 
MALDI spectra is about 9000e12,000 full-width half-maximum, 
and the accuracy of mass determination was about 160 ppm in the 
mass range 1000e2000 Da, and 230 ppm in the mass range 
2000e3000 Da. The structural identification of MALDI peaks was 
mainly based on empirical formulas. However, isotopic resolution 
considerably helped in the peak-assignment process through the 
comparison of the relative intensities of isotopic peaks corre-
sponding to oligomers of increasing molar mass [20].

3. Results

3.1. TRMS - thermal and thermo-oxidative degradation

The high sensitivity of the flow behavior of polymeric materials 
to their molecular architecture suggests the employ of rheology to 
study degradation phenomena. On the other hand, the changes can 
be so rapid to alter the outcomes of rheological tests. As a result, 
getting the mere relaxation spectrum of the material can be chal-
lenging. As an example, the viscoelastic moduli of PA11 estimated 
through two consecutive frequency sweep experiments are shown 
in Fig. 1. The tests were carried out in dry N2 from low to high 
frequency.

The comparison between first and second scan shows that the 
moduli increase while testing. More precisely, the growth is so fast 
that alterations occur even in the course of the single frequency 
scan. This can be inferred by looking at the power-law 
dependences of the moduli at low frequency, which exceed the 
limiting behavior G0 ~ u2 and G00 ~ u1 predicted in case of terminal 
Maxwellian behavior. The reason is an overestimate of the moduli 
as the test proceeds from low to high frequencies. In addition, it 
should be observed that the time interval between consecutive 
data captures shortens with increasing the frequency (see inset of 
Fig. 1). This further contributes in distorting the relaxation 
spectrum.

To sum up, conventional viscoelastic analysis by means of fre-

quency scans is not suited for a thorough study of materials like

Fig. 1. Linear viscoelastic moduli of pure PA11 in N2 collected during two consecutive
frequency scans (circles: first scan; diamonds: second scan). The same data are shown
in the inset as a function of the acquisition time.
u/0

PA11, which experience fast degradation phenomena. To overcome 
these problems and get the mere frequency dependence of the 
viscoelastic moduli, we use TRMS. In particular, a simple testing 
procedure based on a time sequence of frequency scans was 
defined. Provided the duration of each scan is short enough, an 
accurate estimate of the time evolution of the viscoelastic moduli 
can be obtained by plotting the moduli as a function of the acqui-
sition time. This is shown in Fig. 2, where the elastic moduli of PA11 
collected in N2 and in air by means of 28 consecutive frequency 
scans are reported. The viscous moduli exhibit similar but weaker 
time-dependence (see Figure S1, Supplementary data).

At each frequency u the modulus increases with a certain time-
dependence, which reflects the degradation of the specific dynamic 
population that relaxes in a characteristic time t ¼ 2p=u. The high-
frequency behavior returns the effect of degradation on the dy-
namics of small fractions of polymer chain, which alone are able to 
adapt to rapid deformations. It is not surprising that this population 
is only slightly affected by degradation. Much more important is 
the effect at low frequency, where the response of large portions of 
chain is probed. In this regime, degradation-induced alterations in 
the molecular architecture have a remarkable effect on the overall 
elasticity, which rapidly grows of several orders of magnitude.

Our first purpose was inferring the behavior of the polymer 
before the occurrence of any degradation effect. The quite regular 
trend of the curves of Fig. 2 allows for a reliable estimate of the 
moduli at time-zero, i.e. of “virgin” PA11. This extrapolation pro-
cedure is described in detail in the Supplementary data (see Figure 
S2); the so obtained moduli of PA11 at time-zero are shown in Fig. 3.

The accuracy of the extrapolation procedure is proved by the 
perfect overlap of the curves extrapolated from measurements 
carried out in N2 and in air: the behavior of “virgin” PA11 cannot 
depend on the environment. The moduli scale with frequency as 
G0 ~ u2 and G00 ~ u1, which means that virgin polymer is fully relaxed 
in the course of the whole test. More precisely, its terminal relax-
ation time is t0 ¼ 2p � lim 

u
G
G
0
00z0:04 s [28], that is shorter than the

characteristic time of the oscillation at the highest investigated
frequency, tmin ¼ 2p=umax ¼ 0:063 s. It is worth noting the 
remarkable overestimate of the moduli collected by means of a 
simple frequency scan performed soon after having loaded the 
sample between the plates of the rheometer (gray diamonds in 
Fig. 3). Quantitative disagreement apart, we stress once again that 
the shape of the curves is noticeably distorted because of the 
degradation phenomena which occur while testing.

Before discussing the time evolution of the rheological proper-
ties due to degradation, the results of SEC and MALDI-TOF analyses 
are briefly summarized to provide additional information about the 
structure of pristine PA11. The average molar mass and poly-
dispersity index of virgin PA11 resulted from SEC are Mw ¼ 28.8 kDa 
and Mw=Mn ¼ 1:72, respectively. MALDI-TOF reveals that the 
original PA11 sample is essentially constituted by linear chains 
terminated with carbonyl groups at one hand and amino groups at 
the other extremity of the chain (COOH/NH2). Cyclic oligomers 
were also noticed at lower mass range region (see Figure S3, Sup-
plementary data).

3.2. Time evolution of the rheological properties

Once the initial properties of the polymer have been established, 
we can focus on the kinetics of the degradation phenomena. Now 
the goal is collecting the moduli as a function of time, so as to 
monitor the progress of degradation from its effect on the rheo-
logical properties. Rather than referring to the outcomes of single 
frequency scans, which suffer from changes in the viscoelastic 
properties in the course of the test, we consider the “isochronal”
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Fig. 2. Time evolution of the elastic moduli of PA11 at T ¼ 215 �C in  N2 (a) and in air (b). Red squares and triangles represent the extrapolated moduli at time-zero and the isochronal 
moduli at 60 min, respectively. Circles and diamonds in the plot on the left hand side are the elastic moduli of the first and second frequency scan already shown in Fig. 1. The insets 
show magnifications of the plots in the first 30 min. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Moduli of PA11 extrapolated at time-zero from tests carried out in N2 (blue 
squares) and in air (red circles). Gray diamonds are the moduli collected through a 
simple frequency scan performed soon after having loaded the sample between the 
plates of the rheometer (shown as blue circles in Fig. 1). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of 
this article.)
moduli, easily obtainable at any instant t* as the intercepts between 
a vertical line at t* and the curves that interpolate the experimental 
points (see Fig. 2) [29]. Such accurate snapshots of the viscoelastic 
behavior are shown in Fig. 4 at different instants.

Quantitative and qualitative differences emerge between the 
two samples since the early stages of the tests. In particular, the
moduli of the sample tested in N2 are generally higher than those 
treated in air. Moreover, a peculiar low-frequency plateau of G0 is 
noticed in the latter sample. Such an arrest of relaxation dynamics 
indicates long-range connectivity, which involves increasing frac-
tion of polymer chains over time. By contrast, only a gradual
slowdown of the relaxation dynamics is noticed in N2.

A simple qualitative analysis of Fig. 4 allows to venture some 
guesses about the degradation mechanisms. The gradual evolution
of the viscoelastic response of PA11 in N2 is consistent with a 
progressive increase of the molecular weight of the polymer. More 
precisely, we argue that post-condensation reactions could the
dominant mechanism in a dry N2 atmosphere, where the amount of
water, probably lower than what prescribed by thermodynamic
equilibrium, drives the system towards further polymerization. In
contrast, the clear arrest of relaxation processes noticed in ai
suggests more radical alterations in the molecular architecture. In
particular, cross-linking reactions could explain the rheologica
response over long times. However, the occurrence of concurren
degradation reactions cannot be excluded. In particular, oxygen and
air moisture could promote chain scission and hydrolysis reactions
[23,30,31]. In the next Section we discuss how to discriminate
among these possible degradation mechanisms by means o
rheological analysis.

3.3. Correlations between rheological data and polymer degradation

The high accuracy of the rheological curves collected by means
of TRMS allows for a rigorous analysis of the alterations in the
polymer relaxation spectra due to degradation. In this regard, the
complex viscosity curves h*ðuÞ, are particularly rich of information
The latter, computed using the isochronal moduli of Fig. 4, are
shown in Fig. 5 at different instants.

At time-zero the behavior is essentially Newtonian, which is a
direct consequence of the relaxed state of virgin PA11 in the whole
range of investigates frequencies. Afterwards the behaviors differ
entiate in the two gases, reflecting the changes in the relaxation
spectra discussed before: the slowdown of the relaxation dynamics
in N2 results in the narrowing of plateau of h* at low frequency; in
the same range, the upturn of the viscosity curves in air reveals the
arrest of the relaxation processes.

To study in detail the time evolution of the rheological proper-
ties, the following model was fitted to the experimental data:

�
�h*ðuÞ�� ¼ h*0

½1þ lu�1�n þ
s0

u
(1)

   Equation (1) is a simple Carreau-like equation corrected by a yield 
stress that accounts for the arrest of relaxation dynamics of the 
samples treated in air. The rationale for using Equation (1) 
originates from the precise physical meaning of its parameters, 
which determine the shape of the h*ðuÞ curves as outlined in Fig. 6. 
In particular: h*0 is the zeroefrequency complex viscosity; l 
represents the main relaxation time of the polymer; n, usually 
referred as “flow index”, quantifies the non-Newtonian feature of



Fig. 4. Isochronal elastic (full symbols, left axis) and viscous (empty symbols, right axis) moduli of PA11 treated in N2 (a) and in air (b) at different instants: from bottom to top, 15, 
30, 60, 90 and 150 min. The circles are the moduli at time-zero (the same as in Fig. 3).

Fig. 5. Isochronal complex viscosity of PA11 treated in N2 (a) and in air (b) at different instants from bottom to top (empty symbols) 0, 15, 30, 60, 90 and 150 min. The continuous 
lines are the fitting of Equation (1) to the experimental data. Gray full circles are the outcome of simple frequency scans performed soon after sample loading.

Fig. 6. Graphical description of the parameters of Equation (1).
the polymer; s0 is the maximum shear stress that the polymer can 
sustain before starting to flow. As such, it differs from zero only in 
case of some internal structure that confers solid-like features to 
the polymer. In this case, an upturn of h* is noticed at low fre-
quency. As far as our samples are concerned, the condition s0 > 0 
denotes the existence of a significant density of cross-links that 
hinder macroscopic flows.

As shown in Fig. 5, Equation (1) perfectly fits the experimental 
h* data, reassuring about the meaningfulness of the fitting pa-
rameters. The only exception is represented by the sample treated 
for 150 min in N2, whose marked power law behavior impedes a 
reliable fitting using Equation (1). We stress once again that the 
curves obtained via simple frequency scans are noticeably dis-
torted (see full circles in Fig. 5). This means that the following 
rheological analysis would not have been possible without 
resorting to TRMS.

Let us start the analysis of the fitting parameters of Equation (1). 
The time dependence of h*0 is shown in Fig. 7. In entangled linear 
polymers, the zero-shear rate viscosity h0, grows with the average 
molecular weight as h0 ¼ kM3

W
:4, k being a constant [28]. The pre-

vious relationship keeps working by referring to h*0, which in case



phenomena occurring during rheological tests bring about a 
widening of the

Fig. 7. Time evolutions of h*0 (full symbols) for the samples treated in N2 (blue circles) 
and in air (red triangles). The continuous thick line is the exponential fitting to the h*0 
data in N2, while the thin dashed line is a guide for the eye. Empty symbols are the Mw

data collected via GPC analyses, properly scaled to enable comparison with the h*0 data 
(k ¼ 2.86 � 10�3, Mw in kDa). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 8. Time evolutions of s0 (a) for the samples treated in N2 (blue circles) and in air
(red squares). The amount of insoluble gel in the air-treated samples is also reported
on the right axis of (a) (red triangles; empty). Line is a guide-to-the eye. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
of pure polymers can be used in place of h0 by invoking the Cox-
Merz rule, hðg_ Þ ¼ h*ðuÞ for g_ ¼ u [32]. Therefore, in Fig. 7 we also 
show the Mw data from SEC properly scaled to enable direct com-
parison with h*0.

Consider first the sample treated in N2. The values of h*0 in-
crease during time according to an exponential law. This indicates a 
second-order kinetics consistent with post-condensation of PA11, 
which is a first-order reaction in both amine and acid groups. The 
agreement between rheological and SEC data con-firms the direct 
relationship between h*0 and Mw. Accordingly, MALDI-TOF analyses 
of the sample treated in N2 reveal a pro-gressive disappearance of 
peaks assigned to COOH/NH2 termi-nated oligomers (see Figure S4, 
Supplementary data). Such signals reappear over long times (120 
min), likely due to concomitant hydrolysis reactions promoted by 
water produced during the former post-condensation.

Now consider the sample treated in air. The increase of h*0 in the 
early stages of the test is comparable with the one observed in N2. 
This is not surprising, since only the edge of the disk-shaped 
sample is actually exposed to air. As a result, the nature of the 
surrounding gas initially has a negligible effect, and the 
degradation kinetics reflects the same thermally-activated 
mechanisms as in N2. As time goes on, oxygen and water molecules 
from the air environment diffuse inside the polymer and activate 
specific thermo-oxidative phenomena. At the macroscopic scale of 
rheological tests, the
overall effect is a slackening of the growth of h*0, which reaches a 
steady state value in about 60 min. This is ascribed to concurrent
chain scission events, which balance the increase in Mw because of 
post-condensation. Accordingly, SEC data indicate a slowdown of 
the growth of Mw after 60 min; at the same time, signals of low-
molecular weight compounds are detected by MALDI-TOF (not 
shown). Among others, NH2/COOH oligomers derive from hydro-
lysis reactions promoted by air humidity, while low-molecular 
weight compounds having amide terminal groups are the result 
of thermo-oxidative degradation [19,20,23]. The latter species, 
directly involved in cross-linking reactions, gradually disappear; 
meanwhile, a fraction of insoluble gel forms. This aspect will be 
discussed in more detail in Part II [25]. Here we simply observe that 
the agreement discussed above between h*0 data and SEC and 
MALDI analyses only concerns the fraction of polymer that actually 
dissolves in the solvent. The remaining insoluble gel, not directly 
analyzable through SEC and MALDI, plainly appears in the
rheological tests as a yield stress s0. The latter parameter is shown 
in Fig. 8 as a function of time.

Negligible yield stresses are required to fit the h* curves of the 
samples treated in N2. This is confirmed by the absence of insoluble 
gel fractions in these samples. The same happens in air for times 
shorter than 60 min. Recently, Okamba-Diogo et al. proposed that 
cross-linking of PA11 only begins after an induction time, pre-
sumably because it involves reactions among primary oxidation 
products [33]. Once cross-linking has started the growth of s0 is 
fast, and the concomitant increase of insoluble gel corroborates the 
relationship between cross-linking reactions and the appearance in 
rheological curves of a yield stress.

Before concluding the rheological analysis by discussing the 
remaining two rheological parameters, it is important to 
emphasize the ability of rheological analysis of distinguish between 
uncross-linked and cross-linked polymer fractions coexisting in the 
sample treated in air. This is a consequence of the well distinct 
relaxation timescales of these two dynamic populations. Regarding 
the cross-linked fraction, it is useful to add a geometrical 
consideration. In parallel plate configuration cross-linking starts 
from the sample edge, where the polymer is in direct contact with 
air, and gradually proceeds towards the center while the gases 
diffuse inside the sample. Both the inner, still not cross-linked 
portion of sample, and the outer, cross-linked annulus of width d, 
contribute to the mo-mentum U, from which the shear stress s and 
all related rheological functions are derived (see Fig. 9). 
Nevertheless, being farther from the rotation axis, the outer shell 
contributes most to U. In other words, it is as if the rheological 
response of the cross-linked fraction was amplified, making it 
promptly detectable through rheological measurements in parallel 
plate geometry. Similar arguments should be taken into account 
when other flow geometries are used.

Finally, let us consider the remaining two fitting parameters of 
Equation (1), which are shown in Fig. 10 as a function of time.

Differently from s0, both l and n uniquely refer to the uncross-
linked fraction of polymer. The main relaxation time is directly 
correlated to the molecular weight. As such, l essentially follows
the same trend as h*0: it increases with time in N2, while a plateau 
value is reached in air in about 60 min.

As far as the non-Newtonian feature of the polymer is con-
cerned, a comparable decrease of the flow index n is noticed in 
both environments. The chain extension and/or scission 



Fig. 9. Schematic of degradation for the sample subjected to rheological measure-
ments in parallel plate geometry. After an induction time, cross-linking starts from the
sample edge and proceeds towards the center.

Fig. 10. Time evolutions of l (a) and n (b) for the samples treated in N2 (blue circles) 
and in air (red squares). Lines are guide-to-the eye. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this 
article.)
MMDs. SEC-MALS analyses show that the consequent increase over
time of the polydispersity index, Mw=Mn, is comparable for the two
samples (see Table 1). As a result, a similar accentuation of the non-
Netwtonian feature is noticed in the two cases.
Table 1
Molar masses as determined through SEC-MALS.

Sample Mn [kDa] Mw [kDa] Mw/Mn

Virgin PA11 16.8 28.8 1.72
30 min in N2 20.9 40.4 1.94
60 min in N2 24.1 54.2 2.25
90 min in N2 41.9 102.8 2.45
30 min in air 20.5 40.3 1.96
60 min in air 21 47.4 2.25
90 min in air 25.2 57.6 2.28
Conclusions

Degradation of PA11 in the melt state in both oxidative and non-
oxidative conditions has been studied with rheological and 
analytical techniques. In both environments the polymer experi-
ences fast alterations in the molecular architecture, which prevents 
the collection of rigorous data via usual rheological analysis. 
Changes in the rheological properties while testing have been 
eluded by means of TRMS. Such an approach has enable us to infer 
the linear viscoelasticity of “virgin” PA11, i.e. before the occurrence 
of any degradation phenomenon. In addition, snapshots of the 
viscoelastic behavior have been collected in the course of degra-
dation, and the data have been correlated to the advance of 
degradation phenomena. Clear differences have emerged between 
the samples treated in N2 and in air. In particular, a gradual increase 
of the viscoelastic moduli takes place in the former case, without 
significant alterations of the overall relaxation spectrum. Differ-
ently, a clear arrest of relaxation dynamics occurs in air after about 
60 min. Further information has been gathered by studying the 
time evolution of the complex viscosity. A Carreau-like equation 
with a yield stress has revealed to be adequate for fitting the 
experimental h* data, providing, among others parameters, the 
zeroefrequency complex viscosity and the yield stress. The former 
is correlated to the average molecular weight, while the latter re-
flects the existence of a significant density of cross-links that hinder 
macroscopic flows. The time evolutions of the rheological param-
eters have resulted in good agreement with SEC-MALS data. 
Moreover, a preliminary MALDI-TOF study has shed light on the 
chemical aspects of degradation. In particular, post-condensation is 
the dominant degradation mechanism of PA11 in inert N2 atmo-
sphere, whereas three distinct thermo-oxidative processes take 
place in air, namely post-condensation, chain scission and cross-
linking. The latter require an induction time of about 60 min.

Although the need of targeted analytical techniques for a deep 
understanding of the degradation pathways is unquestionable, the 
present study demonstrates that rheology is a valuable tool for 
studying polymer degradation in the melt state, being able to 
detect and even discriminate among the different degradation 
mechanisms. In particular, rheology has proved to be very sensitive 
to cross-linking reactions. The latter can be difficult to be detected 
using techniques like SEC-MALS and MALDI-TOF, which require the 
solubilization of the sample. Pros and cons of rheological analyses 
are further discussed in Part II [25], in which nanoparticles are 
added to PA11 in order to alter the rheology of the sample, possibly 
screening the effects of polymer degradation.
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