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Analysis of PA 6 nanocomposites — indentation and creep
behavior as a function of temperature and load level using
different indentation techniques
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Abstract: The short-term performance (Martens hardness and indentation modulus) and the time-depen-
dent creep behavior of polyamide 6 (PA 6) and two PA 6 nanocomposites containing 3.5 wt % montmoril-
lonite (MMT) or 5 wt % halloysite nanotubes (HNT) were analyzed by different depth-sensing indenta-
tion techniques in the nano-, micro- and macro-range of loading as a function of applied load (0.08—
100 N) and temperature (-80—60 °C). Additionally, WAXD and DSC measurements were made to estab-
lish the morphology-property relationships of the investigated materials while taking into account the
skin-core structure of the injection-moulded samples.

Keywords: depth-sensing indentation techniques, Martens hardness, indentation modulus, creep beha-
vior, skin-core effect, temperature, polyamide 6, nanocomposites.

Analiza zaleznosci twardosci i pelzania pod obciazeniem nanokompozytow
PA 6 od temperatury i sily obciazajacej oraz od glebokosci zaglebienia
Streszczenie: Za pomoca techniki DSI (Depth Sensing Indentation), z zastosowaniem glebokosci wciskania
z zakresu nano, mikro oraz makro, analizowano zaleznos¢ twardosci indentacyjnej, twardosci Martensa,
modutu weciskania oraz pelzania pod obcigzeniem nanokompozytéw poliamidu 6 od temperatury
(-80—60 °C) i przytozonej sily (0,08—100 N). Badano nanokompozyty PA 6 napetnione montmoryloni-
tem (3,5 % mas.) oraz nanorurkami haloizytu (5 % mas.). Dodatkowo przy uzyciu technik WAXD oraz
DSC oceniano wptyw morfologii badanych materiatéw na ich wlasciwosci, z uwzglednieniem efektu
skin-core w probkach otrzymanych metoda wtryskiwania.

Stowa kluczowe: metoda DSI pomiaru twardosci, twardos¢ Martensa, modut wciskania, petzanie pod
obciazeniem, efekt skin-core, poliamid 6, nanokompozyty.

In the last two decades, polymer nanocomposites ba-
sed on inorganic minerals have attracted a great deal of
attention. Polyamide 6 (PA 6) materials have become par-
ticularly increasingly important for the automotive in-
dustry and other sectors producing construction parts.
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Polyamide nanocomposites offer good chemical, scratch,
heat and wear resistance combined with a good surface
appearance. Furthermore, nanocomposites exhibit signi-
ficant enhancements of properties such as enhanced me-
chanical properties, reduced gas permeability, increased
thermal stability and improved flame retardancy [1—13].
The influence of nanofillers on the crystal modification
has been analyzed by many research groups [6—12,
14—19].

Recently, analyses have been carried out on how the
properties of various polyamides such as PA 6 are affec-
ted by halloysite nanotubes and nanoclays. Marney et al.
[2] studied the influence of different halloysite fractions
as a fire retardant on PA 6 materials. They found that hal-
loysite nanotube filler contents of 15 wt % results in opti-
mal fire retardant properties, but with the optimal con-
tent for the mechanical properties is much lower than
15 wt % HNT. Liu at al. [17], who investigated PA 6/mont-
morillonite, found that a filler content of close to 3 wt %
was optimal. Similarly, Seltzer at al. [20] found 3.3 wt %
organoclay in a PA 6 matrix to be an optimum loading.
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These two studies state independently that the mechani-
cal properties partly decrease with increasing filler load-
ing above the optimal value.

Another key aspect is an influence on the mechanical
and thermal properties PA 6 of crystal modification.
Montmorillonite and halloysite nanotubes prefer the for-
mation of the metastable y-phase inside PA 6. Further-
more, the halloysite nanotubes act as nucleation agents
[5].

A benefit of the present work is to highlight the sensi-
tivity of different hardness measurement systems app-
lied to the analysis of the morphology-dependent mecha-
nical properties. Injection-moulded PA 6 samples possess
a skin-core structure [21, 22] and, consequently, the me-
chanical responses in the skin and core regions are diffe-
rent [19, 23]. However, most studies of different poly-
amide materials are limited to the nano- or micro-range
of loading, investigating the hardness only for low inden-
tation depths at room temperature [15, 17—20, 24—29]. A
major disadvantage in these studies is that the skin-core
effect cannot be analyzed without time-consuming cut-
ting and polishing of the samples to expose new surfaces.
In contrast, the use of macrohardness measuring systems
makes it possible to disregard the erroneous shape of the
indenter tip, the stress concentration inside the tested
sample just behind the indenter tip (causes the so-called
indentation size effect) and small-sized surface effects
(such as the skin-core structure and the surface rough-
ness) due to higher indentation depths resulting from the
higher load level. So far, to the best knowledge of the
authors of the present study, there have been no investi-
gations of the mechanical performance of polyamide
materials as a function of temperature using macroinden-
tation techniques. First, we adapted a temperature cham-
ber and a temperature controller for the macrohardness
tester Zwick ZHU 2.5. This provided the instrument to
determine the macrohardness and other mechanical pro-
perties dependent on the temperature [30]. In the present
study, the Martens hardness, indentation modulus and
creep behavior were analyzed as a function of nanofiller
(halloysite nanotubes and montmorillonite), the morpho-
logy of the PA 6 matrix (crystal modification and crystal-
linity), as a function of load (ranging from 0.08 N to 100 N
using different hardness testers) and temperature (-80 °C,
23 °C and 60 °C).

EXPERIMENTAL PART
Materials

The neat PA 6, a commercial product with the trade
name SCAAMID PA 6 B140, was produced by Polykemi
AB (Sweden). The commercially available PA 6/montmo-
rillonite (MMT) nanocomposite, produced as SCAN-
COMP PA 6 B140 A6 by Polykemi AB (Sweden), contains
3.5 wt % nanosized MMT platelets. The PA 6/HNT nano-
composite is a compound of Pleximer N (NaturalNano,

USA) and neat PA 6 [Pleximer-N being the masterbatch of
PA 6 Balamid B3K (BASF) with 30 wt % halloysite nano-
tubes (HNT)]. The filler fraction of PA 6/HNT investiga-
ted in this study was 5 wt %.

Preparation of samples

To study the mechanical behavior, dumbbell-shaped
specimens according to ISO 527 (specimen type 1A) were
injection molded using a Battenfeld 500 machine. Before
testing, all samples were conditioned according to ISO
1110, which results in moisture content equal to that of
long-term conditioning in air at 23 °C and 50 % relative
humidity.

Methods of testing
Differential scanning calorimetry (DSC)

The DSC curves were recorded for temperatures ran-
ging from 0 °C to 300 °C by means of a DSC 820 device
(Mettler-Toledo, Switzerland). Generally, both the heat-
ing and cooling rate were set to 10 deg/min. The weight of
the samples was 1—6 mg. The a-phase peak temperature
of the second heating run was defined as the melting tem-
perature T,, and, similarly, that of the cooling run as the
crystallization temperature T,.. In both cases, the peak
areas were used to calculate the melting or crystallization
enthalpy (AH,, or AH,), respectively. By considering the
melting enthalpy AH, of 100 % crystalline PA 6 (AH,, =
241]/g of a-phase PA 6 and AH! =239 J/g of y-phase PA 6,
respectively [31]), the degree of crystallinity X, of neat
PA 6, PA 6/MMT and PA 6/HNT was estimated by
X, = AH/AH? - 100 %, where AH,, designated as AH was
approximated to 100 per cent matrix material.

Wide-angle X-ray diffraction (WAXD)

WAXD analyses were performed for neat PA 6 and the
nanocomposites using an URD 63 defractometer (Sei-
fert-FPM, Germany), Ni-filtered CuK, radiation (A =
0.15418 nm) and a scintillation counter for registration.
The measurements were conducted in a transmission
geometry and stepped scan mode at room temperature
(23 °C).

Hardness measurement techniques

In the nano-range of loading, all materials were analy-
zed by a Nanotest (Micromaterials Ltd., UK) at room
temperature (23 °C). The maximum load was fixed at
80 mN and the application time was 20 s; the duration
time of the load-controlled creep test was fixed at 60 s.

In the micro-range of loading, the measurements were
done using a Fischerscope H100c (Helmut Fischer
GmbH, Germany) at room temperature (23 °C), where
the maximum load was set to 1 N. The other measuring
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parameters were the same as in the nano-range of load-
ing.
Finally, in the macro-range of loading, a Zwick ZHU 2.5
macrohardness testing machine (Zwick/Roell GmbH & Co.
KG, Germany) was equipped with a temperature chamber
and temperature controller [30]. The measuring parame-
ters were the same as applied in the nano- and micro-range
again except for the maximum loads, which were 10 N and
100 N. However, the creep behavior and hardness proper-
ties were measured at lower and higher temperatures
(-80 °C and 60 °C) than room temperature (23 °C).

The relative humidity of the air in the laboratory was
generally 50 %.

Independent of the range of loading used (nano,
micro or macro), load (F) vs. indentation depth (i) dia-
grams were obtained both in the loading and unloading
regime from which the Martens hardness HM and the in-
dentation modulus E;; were calculated according to ISO
14577-1:2002 (for more information see [32, 33], for exam-
ple). The indentation creep C;; (in %) is defined as the
ratio of the increment in indentation depth after the dura-
tion time and the indentation depth after the application
of the load. For each data point, 5—10 F—# or indentation
depth vs. time diagrams were analyzed.

RESULTS AND DISCUSSION
Crystallization behavior

In Figure 1 the cooling and second heating runs of the
neat PA 6 and the nanocomposites are shown, respective-
ly. Table 1 summarizes the crystallization and melting
temperatures (T, and T,,), as well as the degree of crys-
tallinity X, based on analyzing the DSC curves. The tem-
perature T, of the broad glass transition (not shown in
Fig. 1b) is found to be about 48 —51 °C, almost unaffected
by the incorporation of nanoparticles into PA 6.

The half width of the crystallization peak of neat PA 6
is less than that of PA 6/HNT (Fig. 1a) while T, of both
materials is nearly the same (TPC =190—191 °C, see Table
1). However, the dispersed halloysite nanotubes inside
PA 6/HNT promote the crystallization slightly due to a
possible nucleation effect (according to the shift of the
crystallization peak in Fig. 1a). Since PA 6/MMT has a
broader crystallization peak than the other materials, it
exhibits a lower crystallization temperature (T,. =186 °C).

Figure 1b, the second heating runs of the materials,
shows the double-peak shape of the melting region typi-
cal for PA 6 materials, where the first peak (at lower tem-
peratures) is correlated with the y-phase of PA 6 and the
second peak (at higher temperatures) with the a-phase,
respectively. On closer inspection, the presence of MMT
results in shifting the a-phase melting peak to a slightly
lower temperature (219 °C) compared to that of neat PA 6
and PA 6/HNT (220 °C). Whereas the nucleation effect of
HNT on the PA 6 matrix (see above) has also been deter-
mined by Prashantha et al. [4] and Guo et al. [5], the deg-

Heat flow
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Heat flow
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Temperature, °C

Fig. 1. DSC curves: a) cooling and b) second heating runs of PA 6
and nanocomposites PA 6/MMT, PA 6/HNT

ree of crystallinity is a somewhat controversial issue. At
the same heating rate of 10 deg/min as used in this study,
Prashantha ef al. [4] and Guo et al. [5] stated that the addi-
tion of HNT to the PA 6 matrix led to an increase or a de-
crease in the degree of crystallinity. In the present study,
however, the degree of crystallinity remained nearly
unaffected by the incorporation of HNT (and MMT) into
PA 6 (Table 1), i.e. the degree of crystallinity of PA 6 was
only insignificantly higher than that of the nanocompo-
sites. The unaffected degree of crystallinity using nano-
clay, i.e. MMT in our case, agrees with DSC measure-
ments reported in the literature [23].

Table 1. DSC properties of neat PA 6 and its nanocomposites

Samples Ty, °C T,, °C AH,]/g Xo %
PA6 190 220 74.6 31.1
PA 6/MMT 186 219 72.7 30.3
PA 6/HNT 191 220 73.0 30.4

Figure 2 describes the results of the WAXD measure-
ments. In neat PA 6, the stable a-crystal modification is
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Fig. 2. WAXD results of PA 6 and nanocomposites PA 6/MMT,
PA 6/HNT

dominant, but the metastable y-modification still exists
(compare Fig. 1b). The matrix in both PA 6 nanocomposi-
tes consists mostly of the y-modification (in PA 6/MMT
more than in PA 6/HNT) and only to a less degree of the
o-phase. These findings are in accordance with the litera-
ture [7, 8, 34].

Indentation results

Figure 3a,b show the values of indentation modulus
E;r and Martens hardness HM, respectively, of the PA 6
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materials depending on the applied load level. For both
neat PA 6 and PA 6/HNT, E;;is found to jump to the high-
est values at a load of 100 N after decreasing first for loads
ranging from 80 mN to 10 N. For E;; of PA 6/MMT, there
is no clear trend for loads of 0.08—10 N, but the jump in
E;rataload of 100 N is fully comparable to that observed
for PA 6 and PA 6/HNT. Neat PA 6 is the softest material
without exception and PA 6/MMT is generally the har-
dest material, notwithstanding its lower filler weight
fraction (3.5 wt %) compared with that of PA 6/HNT (5
wt %). Considering that the relative changes in the values
are smaller in HM than in E;;, the Martens hardness fol-
lows the same trends as the indentation modulus. The
pronounced increases in hardness and indentation mo-
dulus by dispersion of only small amounts of nanofillers
into PA 6 have also been found in the literature [19, 23].
Similar to the discussion in the literature given by
Shen et al. [19] using a nanoindentation approach, we in-
terpret the jumps in hardness and modulus as a skin-core
effect due to the processing (injection moulding). From
the depth-dependent measurements in [19], indentation
modulus and hardness, we found an increase from the
surface (skin) to the core inside the samples of neat PA 6
and PA 6 containing 5 and 10 wt % nanoclay. Before mea-
suring, the samples were cut and polished to expose new
surfaces. The temperature gradient from the skin to the
core inside the freshly injection-moulded samples results
in the formation of y- and a-phases in the skin and core,
respectively (see WAXD measurements of the skin and

zz 1 N

§ SWI0N
R —— N w
= g
‘i

PA6 PA6/MMT  PA 6/HNT

Type of sample

Fig. 3. Values of: a) indentation modulus, b) Martens hardness
and c) indentation creep of neat PA 6 and nanocomposites
PA 6/MMT, PA 6/HNT as a function of applied load level
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core region in [23]). As is well known, the modulus of the
o-phase is higher than that of the y-phase [15, 36, 36]
underlining the skin-core effect observed in [19] and the
present study. Nanoindentation tests by Seltzer et al. [19,
20, 23] on neat PA 6 and PA 6/nanocomposites (2.5—
10 wt % organoclay) also indicated a distinct skin-core
effect in the nanocomposites (no effect was observed for
neat PA 6); however, higher values of indentation modu-
lus were found in the skin than in the core. Therefore, the
occurrence of the skin-core effect may be dependent on
the ratio of a- to y-crystallites, both in the skin and core,
counteracted by molecular orientation in the neat poly-
amide and by molecular, nanofiller and crystal orienta-
tion in the nanocomposites [23].

Figure 3c shows the results of the load level-depen-
dent indentation creep tests at room temperature. Inte-
restingly, the highest indentation creep values of each
material are correlated with a load of 1 N and the lowest
values with a load of 80 mN. This behavior may provide
an indication of depth-dependent changes in morpho-
logy (as shown in [20]) sensitive to the creep behavior as
a function of the load level. Studying neat PA 6 and na-
noclay containing PA 6 materials, Seltzer et al. [19, 20, 23]
also found depth-dependent creep properties. Like [19,
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finishing and the influences of cutting and polishing
across surfaces, the application of recording macroinden-
tation testing to analyse the short-term and time-depen-
dent mechanical performance of polymer material forms
the basis of identifying depth-sensing properties (such as
the skin-core effect) in detail. The L,VH method [32, 33] is
an alternative method to conventional nanoindentation
measurements to analyse the hardness perpendicular to
the mould direction across the specimen thickness. The
so-called Vickers hardness underload (i.e. L,VH) was cal-
culated by applying the following steps: (i) transforma-
tion of the loading branch of the F—/ diagrams measured
into F/h—h curves, (ii) differentiation of these F/h—h cur-
ves: a(h) = 0(F/h)/oh, (iii) calculation of L,VH: L,VH(h) =
a(h)/26.43 (L,VH in N/mm?, load F in N, indentation
depth / in mm). Fig. 4a shows the results of the cross sec-
tion macroindentation measurements across the sample
thickness, where the maximum load was fixed to be 400
N. It is clearly shown that the L,VH method is a good al-
ternative to identify the depth-sensing properties with-
out any cutting and sample finishing. Furthermore, the
L,VH method is independent of the applied load. The
conventional nanohardness method across the sample
thickness (Fig. 4b) and the more straightforward L,VH

b)
¢ PA6
g 1601 4 o PAG/MMT
g s PA6/HNT
S 140-
& 1201
=
<
=100
g *
= * *
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Position across the sample thickness, mm

Fig. 4. L,VH vs. indentation depth profiles — a) and nanohardness depending on the cross section position across the specimen thick-
ness — b) of neat PA 6 and nanocomposites PA 6/MMT, PA 6/HNT; the lines in Fig. 4b are fits applying Fast Fourier Transformation

(FFT) of the data

23], the injection-moulded samples were cut and poli-
shed to expose different surfaces. The observed skin-core
effect comprised higher values of creep compliance in the
core than in the skin [20]. Furthermore, by incorporation
of nanofillers into PA 6, the creep values decreased be-
cause both MMT and HNT constrain the mobility of the
macromolecules (compare [20]). As a result, the addition
of nanofiller (organoclay up to 3.3 vol % [20]) improves
the creep resistance of the PA 6 nanocomposites, as found
in [20] as well as in the present study.

Due to disadvantages of the nanoindentation techni-
ques mostly used in the literature, including high sample

method lead qualitatively to nearly the same hardness vs.
depth profile. The larger values of the conventional nano-
indentation measurements probably resulted from grin-
ding and polishing of the sample surface. With the L,VH
method, it is possible to analyse depth-sensing effects
(thickness of injection-moulding skin) without time-con-
suming surface preparation.

Figure 5 summarises the macroindentation results as
a function of temperature. The maximum load of all mea-
surements is fixed at 10 N. As expected, both indentation
modulus (Fig. 5a) and Martens hardness (Fig. 5b) de-
crease with increasing temperature. The indentation
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Fig.5. Values of a) indentation modulus, b) Martens hardness and
¢) indentation creep of neat PA 6 and nanocomposites PA 6/MMT,
PA 6/HNT as a function of temperature

creep (Fig. 5c) increases up to room temperature (23 °C)
and then decreases once again. On the one hand, the mo-
dulus and hardness of the nanocomposites are higher
than those of the neat PA 6, but on the other hand, the in-
dentation creep is lower. Interestingly, the ranking of the
nanocomposites depends on the material parameter to be
considered: While HNT highly affects C;;, whereas MMT
has the highest effect on both HM and E;. Furthermore,
the contrasting behavior of HM as a quantity of the
“indentation hardness” was found in one of our recent

papers [38] where the scratch hardness of PA 6/HNT is
higher than that of PA 6/MMT due to different microde-
formation processes during indentation and scratching.

CONCLUSIONS

Incorporation of nanofillers (regardless of MMT and
HNT) into PA 6 results in changing the preferred crystal
modification from o to y. However, the crystallisation
and melting temperatures, as well as the degree of crys-
tallinity, are mainly unaffected compared to neat PA 6 ex-
cept for PA 6/MMT, which has a somewhat lower crystal-
lisation temperature. Furthermore, HNT acts slightly as a
nucleation agent.

From indentation testing at room temperature, the
values of Martens hardness and indentation modulus
determined as a function of load (0.08—100 N) have
been found to jump at the highest applied load level
(i.e. 100 N), which has been interpreted as a skin-core
effect due to processing, as supported by the literature.
The macroindentation measurements as a function of
temperature (-80—60 °C) have shown that both the in-
dentation modulus and the Martens hardness decrease
with increasing temperature. In comparison, the in-
dentation creep reaches a maximum at room tempera-
ture probably due to the glass transition of the amor-
phous phase inside the polymer matrix or recrystalli-
zation. Whereas the nanocomposites exhibit the high-
est values of modulus and hardness, the nanofillers
constrain the indentation creep independent of tempe-
rature and load level.

In the present work, it has been demonstrated that
data from different indentation techniques has to be exa-
mined carefully to be comparable. In addition, depth-de-
pendent information about the local mechanical behavior
can be easily obtained by using different indentation
techniques without any time-consuming surface prepa-
rations of the samples.
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