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Abstract

The effects of the draw temperature and the strain rate on the tensile deformation of polyamide 6 (PA6) were investigated using three PA6
samples with different initial shapes and physical dimensions. It is observed that the special double yielding phenomenon is indeed present in
PA6, provided that certain temperature and strain rate are given, as well as the appropriate initial structure. The results also show that the
dependence of the first yield stress on temperature is nearly linear while on strain-rate is logarithmic. The temperature and strain-rate sensitivity
change at the draw temperature in the vicinity of the glass transition temperature of PA6. The double yielding of PA6 is not only the combination
of two thermally activated rate processes depending on temperature and strain rate, but also associated with the initial structure of samples. The
yielding manner for PA6 seems to be determined by the synergetic effect of both the deformation of amorphous and crystalline phases. Thus
some special structure involving the crystalline and amorphous phases should come into being in PA6 exhibiting double yielding. Especially the
important role of inter- and intra-link should be taken into account. The theory of partial meltingerecrystallization cannot account fully for the
double yielding of PA6.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of the tensile deformation behavior of polymeric
materials has been the subject of numerous investigations in
a number of previous publications and the extensive work
has established that both the draw temperature and the strain
rate are the crucial factors in determining the deformation
characteristics of polymers [1e13]. It is well known that the
Eyring formalization [1] for thermally activated rate processes
has been the most largely used model for clarifying the yield
mechanism of glassy and semicrystalline polymers. A detailed
investigation of the yielding behavior of poly(methyl methac-
rylate) (PMMA) and polycarbonate (PC) over a wide range of
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strain rates and temperatures by Roetling [3] and Bauwens [4]
has shown that the yield stress increases rapidly with increasing
strain rate and decreasing temperature at low temperatures and
high strain rates than at high temperatures and low strain rates.
Therefore, it has been proposed that the Eyring equation can be
extended, under the assumption that there is more than one
activated rate process, the stresses being additive. Vinogradov
et al. [5,6] have dealt with the tensile flow and stressestrain
behavior of poly(butyl methacrylate) at different testing con-
ditions and found that: (1) over broad ranges of stresses and
strain rates such polymers behave as linear viscoelastic bodies
and the peculiar deformation properties are due to transitions
from the fluid to rubbery, leathery, and glassy states as stress-
and strain-rate increase; (2) its dependence on the stress is
exponential in the temperature range below Tg, whereas at
temperature above Tg a power law fits the data. Most recently,
Mahieux and Reifsnider [7] have put forward a statistical
model to describe the stiffness variation of polymers over
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a wide range of temperatures. Also, starting from the consid-
eration of strain-rate dependence of the stiffness, Richeton
et al. [8] have proposed a robust physically based model for
predicting the stiffness for a wide range of temperatures
and strain rates. Additionally, much attention has been
focussed on the effect of temperature as well as strain rate
on the tensile behavior of thermoplastic matrix composites.
The results from Mallick and associates [9] have revealed
that short fiber reinforced polyamide 6 (PA6) composite is
a strain rate and temperature dependent material. The strain
rate and temperature sensitivity differ at a temperature
between 25 �C and 50 �C as a result of the glass transition
of the PA6 matrix.

In particular, Seguela and co-workers [10,11] have made
a comprehensive researches on the yielding behavior of me-
dium density polyethylene (MDPE) and drawn the conclusion
that the yielding process of MDPE involves two thermally
activated rate processes operating cooperatively, but having
different activation parameters relative to both temperature
and strain rate. It has been pointed out that PEs which give
rise to a sharp yield point at room temperature may display
a double yield point at higher draw temperature. Subsequently,
they have paid special attention to studying the yielding
behavior of PE and related copolymers and found that either
homogeneous or heterogeneous deformation under tensile
testing should be in existence in PEs. The stronger thermal ac-
tivation of homogeneous slip makes it become more favorable
than heterogeneous slip as temperature increases and strain
rate slows down. However, the heterogeneous slip may be ac-
tivated as deformation proceeds owing to its lower strain hard-
ening [12]. In the past two decades, various investigations
have been carried out in order to gain a better insight into
the double yielding of PEs and some valuable results and
models can be available [10e18].

The occurrence of double yielding in PA6 films, carefully
dried under vacuum, was first recognised by Hoashi et al.
[19] without any comments. However, to the best of the au-
thors’ knowledge, no extra literatures were reported concern-
ing this special phenomenon of PA6 after that, except our
recent publications [20e23]. A qualitative analysis about the
effect of temperature and strain rate on tensile deformation in-
cluding the double yielding of PA6 is provided in present pa-
per, and the origin of double yielding of PA6 will be discussed
in more detail in subsequent reports.

2. Experimental procedure

2.1. Material

The polyamide 6 (PA6) resin used here was a commercial
product of Xinhui Meida-DSM Nylon Slice Company LTD.,
supplied in pellets, with the trade mark M2800, as described
previously [20e23]. The melt flow rate (MFR) of the resin
is 4.09 g/10 min at 275 �C, exerting a force of 325 g. The resin
was dried for 12 h under vacuum at 100 �C before injection
molding to avoid its hydrolytic degradation.
2.2. Sample preparation and tensile measurement

The strictly dried PA6 resin was injection molded into
dog-bone specimens using an injection molding machine
PS40E5ASE made in Nissan, Japan, with a temperature pro-
file of 230 �C, 240 �C, 250 �C, and 245 �C from the feeding
zone to the nozzle. In order to account for the dependency
of temperature and strain rate on the tensile deformation
of plain PA6, a series of samples with different shapes and
dimensions were prepared, as schematically illustrated in
Fig. 1. For the sake of briefness, hereafter, these samples
are referred to as A, B and C. Accordingly, the injection
molding parameters were not identical for different samples.
The injection velocity of 14% and 32% (the maximal injec-
tion velocity is 45 g/s) was adopted for the thickest (sample
A) and the thinnest (sample C) samples, respectively. The
injection pressure of 30% and 38% (the maximal injection
pressure is about 187 MPa) was employed, respectively. The
mold temperature of 70 �C was utilized only for the thinnest
sample C.

The testing in tension was carried out using dumbbell-
shaped samples over a range of draw temperatures and strain
rates. The samples were kept in oven of the Instron tensile
testing machine at the definite temperature of the drawing
experiment for about 5 min prior to drawing. The distance
between the grippers was 50 mm for sample A and 25 mm
for samples B and C. At least five samples were used for
each measurement and the average results were reported
here. The nominal stress and nominal strain are defined as
the ratio of the draw force to the initial cross-section of
samples and the ratio of the crosshead displacement to the ini-
tial gauge length of samples, respectively. The nominal strain
rate is the ratio of the crosshead speed to the initial gauge
length of the sample.

2
1

core

Fig. 1. Schematic representation for injection molding specimens in the

present study (unit: mm). Sample A: L¼ 154, H¼ 110, C¼ 55� 0.5,

C0¼ 50� 0.5, W¼ 20� 0.2, b¼ 10� 0.2, d¼ 4.26� 0.02, R1¼ R2¼ 75;

sample B: L¼ 110, H¼ 76, C¼ 26� 0.5, C0¼ 25� 0.2, W¼ 25, b¼
6.5� 0.1, d¼ 3.42� 0.02, R1¼ 14, R2¼ 25; sample C: L¼ 110, H¼ 76,

C¼ 26� 0.5, C0¼ 25� 0.2, W¼ 25, b¼ 6.5� 0.1, d¼ 1.40� 0.02,

R1¼ 14, R2¼ 25.
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2.3. Characterization

The materials of 5 mg or so taken from the core layer at the
intermediate position of samples, depicted in Fig. 1, were stud-
ied by means of a Netzsch DSC-204 differential scanning cal-
orimeter from 0 �C to 250 �C at a scanning rate of 10 �C/min
with 50 mL/min N2 protection. The melting of indium and
zinc samples was used to calibrate the temperature and the
heat-flow scales at the same heating rate. The weight fraction
crystallinity can be assessed based on Eq. (1):

Xcð%Þ ¼
DHf

DH0
f

� 100 ð1Þ

where DHf is the enthalpy of fusion of samples and DH0
f is the

extrapolated value of the enthalpy corresponding to the melt-
ing of 100% perfect infinite crystalline sample. Two main
crystals of a- and g-form of pure PA6 are usually observed
in most cases and for this reason an average value of 190 J/g
has been chosen for DH0

f [24,25].
A wide-angle X-ray diffraction measurement was carried

out with a Philips X’Pert Graphics & Identify instrument
(The Netherlands) at room temperature to determine crystal
parameters and crystallinity indices of samples. The materials
were also taken from the core layer at the intermediate posi-
tion of samples. The Cu Ka irradiation source was operated
at 50 kV and 30 mA and the diffraction patterns were recorded
with a step size of 0.02� from 2q¼ 5� to 40�. The center of the
broad peak on each X-ray pattern was attributed to the average
chain distance of polyamide chains. The d spacing is calcu-
lated by substituting the scattering angles of the peak into
the Bragg’s equation [26], namely:

dhkl ¼
l

2 sin q
ð2Þ

where, q is the X-ray diffraction angle and wave length
l¼ 1.54056 Å.

Following the work of Gurato et al. [24], the XRD curve
of PA6 can be deconvoluted into five components by approx-
imating the peaks with Gaussian curves. The five components
consist of (020)g, (200)g, (200)a, and (002)a diffraction peaks
appearing at about 2q¼ 11.0�, 21.9�, 20.4�, and 24.0�, respec-
tively, and a broad peak due to the amorphous phase. The
crystallite dimension Hhkl perpendicular to the plane hkl
and the crystallinity indices CI (%) could be determined as
follows:

Hhkl ¼
Kl

b cos q
¼ Kl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

whm � b2
0

p
� p

180
� cos q

¼ 0:89� 1:54056
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

whm � 0:152
p

� p
180
� cos q

ð3Þ

CIað%Þ ¼
P

Aa-form crystalP�
Aa-form crystalþAg-form crystal

�
þAb-form

� 100
CIgð%Þ ¼
P

Ag-form crystalP�
Aa-form crystalþAg-form crystal

�
þAb-form

� 100

CItotalð%Þ ¼
P�

Aa-form crystal þAg-form crystal

�

P�
Aa-form crystal þAg-form crystal

�
þAb-form

� 100

ð4Þ

where, K is the constant assigned 0.89 in our study; b is the
integral breadth or breadth at half-maximum intensity; b0 is
the broaden factor of the apparatus and Fwhm is the half-
diffraction peak width; Aa-form and Ag-form are the areas under
the a- and g-form crystal peaks, respectively; Ab-form is the
area under the broad peak due to the amorphous phase.

The dynamic mechanical analysis was performed on the
instrument DMA Q800 using clamp single cantilever mode
with a frequency of 1 Hz. The scanning temperature ranged
from �140 �C to 160 �C at a heating rate of 3 �C/min. For
the low temperature relaxations, liquid nitrogen was used at
atmospheric pressure and the b- and a-relaxation (Tg) of PA6
were collected from the transition peak maxima in dynamic
loss moduli or damping tan d.

3. Results and discussion

3.1. Temperature and strain-rate dependence

Fig. 2 illustrates the nominal stressestrain curves of plain
PA6 for sample A as a function of draw temperature at differ-
ent strain rates. The crosshead speeds of apparatus were set
at 1 mm/min, 5 mm/min, 10 mm/min and 50 mm/min. Ac-
cording to the definition of nominal strain rate above, it can
be calculated that the corresponding nominal strain rates
were 0.33� 10�3 s�1, 1.67� 10�3 s�1, 3.33� 10�3 s�1 and
1.67� 10�2 s�1. First we consider the influence of the temper-
ature. On the whole, the sample exhibits a predominant initial
single yield point, Y1, at low temperature but with temperature
increasing a broader second yield point, Y2, is observed, as
the arrows labelled in Fig. 2(a). However, as the temperature
reaches a certain level, the stressestrain curves only display
a very broad plateau region without evident local maximum,
similar to the rubber-like deformation. As for the influence
of the strain rate, it is obvious that the double yielding phe-
nomenon displays easily at relatively lower strain rate. For
example, for samples tested at temperature of 15 �C, the
apparent double yielding occurs at the strain rate of
0.33� 10�3 s�1, as illustrated in Fig. 2(a). Comparatively,
the yielding is sharp and dominated by a single peak with
only a very minor secondary peak at higher strain rates (see
Fig. 2(b)e(d)). In other words, the character of yielding varies
with respect to both temperature and strain rate. Generally, the
double yielding of PA6 is inclined to appear at high tempera-
tures and low strain rates, similar to the results of PEs [13,14].
Again, it should be identified here that two different types of
double yielding pattern exist in PA6, as schematically shown
in curves A and B in Fig. 2(a). The first stress level is higher
than the second one in type A curve while the case in curve B

48 (2007) 2958e2968
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Fig. 2. Nominal stressestrain curves of plain PA6 for sample A as a function of draw temperature for a constant nominal strain rate of (a) 0.33� 10�3 s�1;

(b) 1.67� 10�3 s�1; (c) 3.33� 10�3 s�1; (d) 1.67� 10�2 s�1.
is the other way round. It is deemed here that the higher sec-
ond yield stress in curve B is resulted from both the further
crystallization induced in a uniaxial deformation at a rather
low strain rate and the partially melting and recrystallization
of less perfect crystallites at relatively high temperature.
Accordingly, the further crystallization will be absent in the
case of high strain rate, leading to the decrease of the second
yield stress. Again, it is not necessary for a large temperature
increase to take place in order for partial melting to occur, as
the heat is also generated during the drawing process. Thus,
the partial meltingerecrystallization will be absent if the
temperature is higher, resulting in the decrease of the second
yield stress similarly.

On the basis of above discussion, a fundamental question is
addressed, namely how the temperature and strain rate affect
the yielding deformation of polyamide 6. In our research to
understand this issue, the results showing the first yield stress
of sample A as a function of both temperature and strain rate
are plotted in Fig. 3. Prior to making some comments, it
should be mentioned here that how the yield stress is measured
in the case of the curves similar to rubber-like pattern. The
method used here is based on the intersecting lines from the
initial modulus and the almost linear region past the yield
point [13], as represented in the curve C of Fig. 2(a). As ex-
pected, the first yield stress decreases nearly linearly with
increasing temperature and decreasing logarithm of strain
rate. However, with the temperature further increasing to
higher than 50 �C, the effect of the strain rate on both the
shape of stressestrain curves and the first yield stress becomes
more and more negligible, as shown in Figs. 2 and 3. Thus, in
the case of the temperature below 50 �C, the Eyring equation
describing the first yield stress of PA6 can be simplified in the
form of Eq. (5):

sy ¼ AþBT log 30 ð5Þ

3.2. Influence of the geometry dimensions on the tensile
deformation

As described above, the occurrence of double yielding of
PA6 is dependent on the external testing conditions including
the temperature and strain rate. But how about the effect of the
initial microstructure formed during the injection molding
process? In order to gain more information on this topic and
the relation between the double yielding of PA6 and structural
factors, the other two samples with different shapes and
dimensions were tested at a series of temperatures and
strain rates. The crosshead speeds for sample B were set at
1 mm/min, 10 mm/min and 100 mm/min and for sample C



2962 G.-F. Shan et al. / Polymer 48 (2007) 2958e2968
10 20 30 40 50 60 70 80
20

30

40

50

60

70

80

90

Temperature (°C)

(a) (b)

Th
e 

fir
st

 y
ie

ld
 s

tre
ng

th
 (M

Pa
)

20

30

40

50

60

70

80

90

Th
e 

fir
st

 y
ie

ld
 s

tre
ng

th
 (M

Pa
)

1mm/min
5mm/min
10mm/min
50mm/min

1E-3 0.01
lg(ε')

 15 °C
 25 °C
 35 °C
 50 °C
 65 °C
 80 °C

Fig. 3. The first yield stress of sample A as a function of (a) draw temperature at different nominal strain rates and (b) log of strain rate, log 30, at different draw

temperatures.
were 1 mm/min, 5 mm/min, 10 mm/min and 50 mm/min. Since
the gauge length for samples B and C was 25 mm, so the
nominal strain rates were different from sample A. The corres-
ponding results are given in Figs. 4e7.

Similar to the case of sample A, for samples B and C,
depending on the temperature and strain rate, either a single
yield or a double yield may occur, as illustrated in Figs. 4
and 6. However, the temperature and strain rate sensitivity
for different samples are not identical, namely the parameters
A and B in Eq. (5) are different for samples A, B and C. For
the sake of clarity, the appearance of double yielding of
samples under different testing conditions is summarized in
Table 1. Comparatively speaking, the double yielding is
inclined to be present in sample A, the thickest one. For
sample C, the thinnest one, the double yielding only has taken
place at the strain rate below 5 mm/min. In the case of strain
rate above 5 mm/min, irrespective of the temperature, only
a single yield or a local maximum is observed in sample C.
Therefore, we can draw the conclusion that the double yield-
ing of PA6 is not only associated with the testing conditions,
namely a combination of two thermally activated rate pro-
cesses depending on temperature and strain rate, but also has
a marked relation to the initial structure formed in sample.
Furthermore, the structural evolvement of PA6 films of about
80 mm thick in tensile deformation has been studied in detail
by Coulon et al. [27,28] using atomic force microscopic
(AFM) analysis and the double yielding was not reported in
such films, where some special microstructure cannot come
into being for PA6 films exhibiting double yielding because
of the thin enough thickness in our opinion, as also approved
above conclusion.

Also, the first yield stress of samples B and C varied with
temperature and strain rate is shown in Figs. 5 and 7, respec-
tively. The general influence tendency of temperature and
strain rate on samples B and C can be explained in a similar
manner with sample A, namely the first yield stress decreases
with temperature increasing and strain rate decreasing, and
the temperature sensitivity or gradient is nearly linear while the
strain rate gradient is logarithmic below a certain temperature.
In addition, combining with Figs. 2e7, it is evident that
increasing thickness of samples will lead to a reduction of
tensile yield stress, as is consistent with the results of Uribe-
Arocha et al. [29], who have also reported that in the fracture
surface of thicker tensile specimens the formation of a sheet-
like structure was observed in PA6-clay nanocomposites.

4. Discussion

Based on the extensive set of data generated with diverse
PA6 samples we can draw the conclusion that double yielding
is indeed in existence in PA6, provided that an appropriate
initial structure and testing condition can be achieved. Very
distinct changes in the shape of stressestrain curves of PA6
samples can be observed as there dependent variables are
altered. The experimental observation has given the direct infor-
mation evident sharp necking was discerned in the vicinity of
the second yield point Y2, where the permanent plastic deforma-
tion may be taken place. In contrast, the first yield point Y1 is
most probably accompanied by the deformation of the amor-
phous phase of PA6, including the interlamellar sliding or shear,
lamellar separation and lamellar cluster rotation in our opinion.

In the following paragraphs we will discuss some differ-
ences in initial structure of samples with different thickness
by means of DSC, XRD and DMA analyses, including the
interplanar distance dhkl, the crystallite dimension Hhkl, the
quantitative determination of a, g, and d (amorphous) phases,
the b-relaxation, the a-relaxation at Tg temperature, and so on.
Fig. 8 shows the changes of DSC melting curves of samples A,
B and C. The results indicate that both the crystal thickness
and the perfection of crystallite increase with sample thickness
increasing, since the melting temperature of main peak I, char-
acterizing the crystal thickness, has a slight increment with
increasing sample thickness. In addition, the melting region
is broadened, as well as the area of shoulder peak increases
when the sample thickness decreases, roughly indicating the
relatively poor crystallite perfection. In order to give more
insight into different crystalline planes of samples, the XRD
patterns and corresponding deconvolution curves are depicted
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Fig. 4. Nominal stressestrain curves of plain PA6 for sample B as a function of draw temperature for a constant nominal strain rate of (a) 0.67� 10�3 s�1;

(b) 6.67� 10�3 s�1; (c) 6.67� 10�2 s�1.
in Figs. 9 and 10, respectively. The calculated values based on
Eqs. (2)e(4) are listed in Table 2. According to these results, it
seems that the primarily existed crystal form is g form in
sample C, whereas both the a- and g-form are existed in sam-
ples A and B. Moreover, the content of g form increases from
3.2% to 8.5% for the thickness decreases from 4.26 mm to
3.42 mm. Again, it is found that an increase in the thickness
is accompanied by an increase in total core crystallinity
from 7.4% to 12.5%. In fact, Akkapeddi [30] has also reported
that crystallinity in the core of injection molded PA specimens
increased dramatically with sample thickness increasing,
while remaining nearly constant in the skin. In agreement
with the changes of core crystallinity against sample thickness,
the interplanar distance dhkl of both a- and g-form also in-
creases with the thickness increasing, as well as the crystallite
dimension Hhkl.
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Fig. 5. The first yield stress of sample B as a function of (a) draw temperature at different nominal strain rates and (b) log of strain rate, log 30, at different draw

temperatures.
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Fig. 6. Nominal stressestrain curves of plain PA6 for sample C as a function of draw temperature for a constant nominal strain rate of (a) 0.67� 10�3 s�1;

(b) 3.33� 10�3 s�1; (c) 6.67� 10�3 s�1; (d) 3.33� 10�2 s�1.
In terms of above discussion, it is notable that the charac-
teristics in crystalline phase vary with the sample thickness
significantly. However, the content of amorphous phase of
PA6 used in this study exceeds much more than 50%, as
shown in Table 2. Thus it is very necessary to consider the
structural change of amorphous phase, as will be discussed
in the following text. Firstly, the effect of sample thickness
on the storage modulus is clearly shown in Fig. 11(a). Thinner
samples exhibit higher storage moduli, thus higher stiffness.
From the DMA results shown in Fig. 11(b) and (c), it is worth
mentioning that besides the obvious primary dissipation, i.e.
a-relaxation peak at Tg temperature, there is also a distinct
secondary dissipation, i.e. b-relaxation peak at lower temper-
ature. For sample A, the a- and b-relaxation peaks are about
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Fig. 7. The first yield stress of sample C as a function of (a) draw temperature at different nominal strain rates and (b) log of strain rate, log 30, at different draw

temperatures.
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63.45 �C and �54.18 �C, respectively. And the values of
60.07 �C and �55.67 �C for sample B and 51.87 �C and
�62.41 �C for sample C are obtained. Together with the ten-
sile deformation results, we can see the temperature and strain
rate sensitivity change at the temperature in the vicinity of
Tg of PA6. What is of great importance in Fig. 11 is that for
sample A, below the a-relaxation peak, there are a broad
shoulder peak from 20 �C to 50 �C and a loss modulus plateau
from �25 �C to 20 �C. The storage modulus corresponding to
this loss modulus plateau increases with scanning temperature
increasing, which is contrary to the cases of samples B and C.
Generally speaking, the a-transition of PA is related with the
breakage of the hydrogen bond network, while the b-transition
is mainly due to the movement of the carbonyl group in amor-
phous phase [31].

In the past, some theories and models were proposed to
account for the occurrence of yielding and double yielding
[10e14,32e37]. Some researcher employed the local meltinge
recrystallization theory to explain the double yielding of PEs.
During the tensile deformation, the concentration of the stress
on less perfect crystallites causes them to partially melt and

Table 1

The occurrence of double yielding in PA6 samples under different testing

conditions

Sample Strain rate

(mm/min)

Temperature (�C)

15 25 35 50 65 80

A 1 U U � � � �
5 � U U � � �

10 � � U � � �
50 � � � U � �

B 1 � U � � � �
10 � � U � � �

100 � � � U � �

C 1 � U � � � �
5 � � U � � �

10 � � � � � �
50 � � � � � �

180 190 200 210 220 230 240

II

sample C

sample B

sample A

En
do

th
er

m
 >

Temperature (°C)

I

Fig. 8. The DSC melting curves of molded samples A, B and C.
recrystallize. Potentially crystallizable materials form a new
population of oriented crystallites. Therefore, the two yield
points result from the yielding of the original and the new
crystallites, respectively [14,33]. However, the local meltinge
recrystallization theory seems to be not applicable to discuss
the double yielding of PA6. The DSC melting curves of drawn
sample C experiencing tensile tests at different temperatures
and strain rates are shown in Fig. 12 and the corresponding
crystallinity based on Eq. (1) is summarized in Table 3. It
can be seen that, compared with the undrawn samples shown
in Table 2, the crystallinity of drawn sample is relatively
much higher, which is likely to be attributed to the stress-
induced recrystallization process, although the lamellae will
be disrupted during deformation. The higher the strain rate,
the more the lamellae will be fragmented. With the tempera-
ture increasing, lamellar fragmentation is favored by the
more regularly chain folded systems formed at higher draw
temperature. Most importantly, an extra shoulder peak II
near the main melting peak I appears at higher temperature
for sample C tested at lower strain rate and higher temperature,
referring to curves (3) and (4) in Fig. 12(a), with the former
sample tested at 5 mm/min and 35 �C and the latter at
5 mm/min and 65 �C. The additional peak at higher tempera-
ture may be ascribed to the melting of the lamellae recrystal-
lized during the tensile deformation because of the lower
strain rate and higher temperature, which provide much
more time and activated heat energy for molecular rearrange-
ment to form perfect crystallites or new crystallites. On the
other hand, in view of the fact that the double yielding dis-
appears at the strain rate of 5 mm/min and temperature of
65 �C for sample C, as described previously, the theory of
local meltingerecrystallization is still in question for explain-
ing double yielding of PA6. Perhaps this situation lies in the
lack of considering the contribution of the amorphous phase
to double yielding [12] with respect to the theory of local-
melting recrystallization and an overall consideration on the
coupling of the crystalline region with the amorphous one is
demanded for solving the deformation mechanism of double
yielding of PA6, as well as the role of the inter- and intra-link
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Fig. 9. The X-ray diffraction patterns for samples A, B and C.



Fig. 10. The deconvolution curves of the X-ray diffraction curve of samples (a) A, (b) B, and (c) C.
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[23]. The former is formed by crystallizing one molecule in
two different lamellae simultaneously and binds several
stacked lamellae, acting as a transmitter of external load, while
the latter arises from the intra-lamellar tie molecules [32], de-
pressing the micro-necking process, namely controlling the
extent of the second stress plateau region prior to necking in
our opinion. For sample A, bringing forth the double yielding
relatively frequently, some special microstructure should come
into being. From the DSC and XRD results, it is indicated that
the crystal thickness, the perfection of crystallite, the core
crystallinity, the interplanar distance and the crystallite
dimension of sample A are also relatively higher than that of
samples B and C. From the DMA result, the occurrence of
the shoulder peak in the vicinity of a-relaxation peak for
sample A means that some specific structure also formed in
amorphous phase, probably related with the formation of a
continuous network by tie molecules, responsible for large im-
provement in yielding behavior. Thus the yielding manner of
PA6 seems to be determined by the synergetic effect of both
the deformation of amorphous and crystalline phases. Some
specific structure involving the crystalline and amorphous
phases should come into being in PA6 exhibiting double
Table 2

X-ray diffraction data for the core layer of PA6 injection molded samples

Sample hkl 2q (�) FWHM Area Amplitude dhkl (nm) Hhkl (nm) CI (%)

A g200 21.03 1.090 97.76 57.10 0.4221 7.40 3.24

d 21.54 5.237 2691.46 392.79 0.4122 1.53 89.16

a002 23.58 1.590 229.50 91.91 0.3770 5.07 7.60

B g200 21.11 1.321 135.61 65.35 0.4205 6.09 8.53

d 21.84 5.871 1390.42 196.87 0.4066 1.36 87.51

a002 23.69 1.658 62.92 24.15 0.3753 4.86 3.96

C g200 21.11 1.398 244.77 111.48 0.4205 5.75 7.39

d 21.34 5.289 3068.49 396.92 0.4160 1.51 92.61
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Fig. 12. The DSC melting curves of drawn sample C: (a) v¼ 5 mm/min and (b) v¼ 50 mm/min.
Table 3

The crystallinity of sample C after tensile test at different testing conditions

Strain rate

(mm/min)

Temperature (�C)

15 25 50 65

5 44.38% 42.69% 42.6% 40.63%

50 42.82% 40.72% 39.64% 36.46%
yielding. Especially, the important role of inter- and intra-link
should be taken into account when considering the origin of
double yielding of PA6.

5. Conclusions

The major objective of this work is to establish the relation
of the dependence of the complex yielding process on the
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structural factors and testing conditions. The double yielding
really exists in PA6, provided that the definite temperature
and strain rate are given, as well as the appropriate initial
structure. As the temperature reaches a certain level, the
stressestrain curves display a rubber-like deformation and
exhibit no evident maximum. It is also revealed that the
temperature sensitivity of the first yield stress is nearly linear
while the strain rate sensitivity is logarithmic in respect of PA6.
Moreover, the temperature and strain rate sensitivity of PA6
change at the temperature in the vicinity of the glass transition
temperature of PA6.

Also, the double yielding of PA6 is not only the combina-
tion of two thermally activated rate processes depending on
temperature and strain rate, but also intimately associated
with the initial structure of samples. Some specific structure
involving the crystalline and amorphous phases will be in
existence in PA6 exhibiting double yielding. The theory of
partial meltingerecrystallization cannot account fully for the
double yielding of PA6. The important role of inter- and
intra-link should be taken into account when considering the
origin of double yielding of PA6.
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