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Abstract

Nascent polyamide-6 shows a peculiar and irreversible effect; the quiescent crystallization kinetics

on cooling are accelerated upon deformation in the melt, even after full relaxation of the melt. This

phenomenon, known as the orientation (or better, deformation) induced memory effect of polyamide

materials, is explored in a step-by-step manner using in-situ wide-angle X-ray diffraction. For this

purpose, unique polyamide-6 samples were used, which were created by compression molding the

virgin pellets just below the average melting temperature, defined by the peak position in a DSC-curve.

The experimental data shows that only the imposed strain level controls the irreversible change in the

quiescent crystallization kinetics. During cooling of the undeformed melt, an unusual crystallization

behavior is observed, i.e. the stable α-phase converges into the less stable β -mesophase. Possible

causes for the memory-effect are discussed and related to hypotheses from the literature.
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1 Introduction

Polyamide-6 (PA-6) is a semi-crystalline polymer mainly used for engineering applications. The

physical properties of the material are significantly influenced by the crystalline morphology within

the sample, which, in turn, is controlled by the conditions during processing [1–5]. Two different

polymorphic structures may form upon crystallization from the relaxed melt, namely, the mono-

clinic α-phase [6] and, at high cooling rates or upon cold-crystallization, a pseudo-hexagonal β -

mesophase [1, 7–9]. Both polymorphs exhibit a strong dependency on the intermolecular hydrogen

bonding between different amide groups. The most stable α-structure contains fully extended, anti-

parallel chains and is characterized by sheet-like hydrogen bonding. The less stable β -mesophase is

described as an aggregate of parallel and straight but conformationally disordered chain segments with

cylindrical symmetry. The structure of the β -mesophase is much alike the stable pseudo-hexagonal

γ-phase, which can be obtained by an iodinating treatment of PA-6 [10, 11], spinning fibres at high

speeds [12] or crystallization in confined systems [13]. The existence of the β -mesophase and the γ-

phase easily leads to confusion, mainly because the profiles obtained with wide-angle X-ray diffrac-

tion (WAXD) are similar. Only a technique based on infrared spectroscopy is able to distinguish

between both structures [11, 14], although this is not easy. Some authors summarize that, based on

the setting of the hydrogen bonds and chain conformation, the β -mesophase can be viewed as an in-

termediate structure between the α- and γ-phase [2,12]. This suggests that the difference between the

γ- and β -mesophase can only be found in the degree of crystal perfection [3, 15].

The overview above briefly illustrates the complexity of the different polymorphs present in PA-

6. However, what remains is that in the case of quiescent crystallization, for a relaxed polymer

melt, the crystallization rate on cooling depends on the temperature dependent nucleation density

and growth rate of the crystal aggregates [16, 17]. Melt-memory effects may occur when, prior to

(re-)crystallization, a sample is brought to a low temperature or when the annealing period is short.

Eventually, this leads to an increase in the crystallization rate [18, 19] or a change of the final crystal

morphology [20, 21]. It is well known that for most semi-crystalline systems, prolonged time in the

melt prior to crystallization reduces these effects of the original structure by gradual destruction of the

crystal aggregates [18,22]. For polymers with strong hydrogen bonding, such as polyamides, stronger
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melt-memory effects are reported because the structures are harder to relax [23, 24]. In addition to

these temperature controlled memory effects, a large difference exists between the crystallization tem-

perature of raw reactor material and mechanically treated polyamides [25–28]. Upon cooling at 10

◦C/min, a shift upwards of 15 ◦C was reported for extruded PA-6 samples. The PA-6 used is pro-

duced in a continuous process where shear deformation exposed to the bulk of the material during

this process is negligible compared to the shear deformation during later melt treatments as described

in this paper. Indeed, It is shown many times in literature that a PA-6 sample, polymerized on lab

scale or on a larger more commercial scale, shows a mechanical induced irreversible upward shift

in crystallization temperature [13, 25–31].This memory effect is known to be also molecular weight

dependent [18]. The molecular weight should be high enough; memory effects are not observed for

oligomers. For the material we used this is definitely the case.∗ This irreversible phenomena is often

called the orientation induced memory effect, but for obvious reasons shown in this work is referred to

as the deformation induced memory effect. This matter forms a long-lasting research topic including

ongoing debate on the (molecular) origin. In literature, different treatments are classified based on

the induced shift in crystallization rate, ranging from untreated virgin material (no shift) to solution

precipitation (maximum shift) [29]. Despite the abundance of work published on this topic, no sys-

tematic study on the influence of melt deformation on virgin material is reported during solidification

and/or melting. The reason for this is found in the fact that dedicated experimental setups always

require samples of specific dimensions. Hence, raw reactor material is mechanically deformed prior

to structural investigation, erasing the original material behavior. Subsequently, only the thermally

induced memory effect can be studied instead [32].

The work reported here was inspired by the work of Janssens et al. [31], who studied the defor-

mation induced shift of the crystallization kinetics of virgin material in a step-by-step manner using

RheoDSC. After a careful sample preparation procedure, we obtained unique disk shaped samples

with crystallization and melting kinetics similar to the raw reactor material. These samples were ex-

amined using a shear cell setup combined with WAXD in a synchrotron. Crystallization and melting

of virgin material is monitored in-situ after various shear pulses with different strength and total strain.

In addition, the effects of delay time and shear temperature were investigated. Possible causes for the

∗The material used is a commercial grade with a Mn ∼ 24 kg/mol, Mw/Mn ∼ 2 and zero shear viscosity O(103) Pa·s.
More information can not be provided due to confidential reasons.
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measured change in crystallization kinetics are discussed and related to hypotheses from the literature.

So the main goal of this work is the rationalization of the experimental observation in order to come

with a scientific sound hypothesis in an attempt to explain the experimental observations.

2 Material and Methods

2.1 Sample preparation

The material investigated is a commercial polyamide-6 Akulon grade (DSM, the Netherlands). As-

received granular material, from here on referred to as virgin material, was dried for 48 hrs in vacuum

at 80 ◦C according to the specifications supplied by the manufacturer. Disk shaped samples of 32

mm in diameter and approximately 1.4 mm thick were compression moulded at a relatively low tem-

perature of 204 ◦C for one minute under low pressure. The samples were sandwiched between two

thin aluminium layers coated with silicon free release agent to minimize any adherence between the

polymer and the aluminium. Each sample was removed from the mould and quenched between two

metal plates of room temperature. Immediately after, the sample was sealed in a small aluminium

bag, enclosed with standard silica bags to prevent moisture absorbance by the sample. Since sample

preparation is a crucial aspect within this work, more details are included in the results section.
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Figure 1: Time-temperature profile during the shear cell experiments with in-situ WAXD. Heating
and cooling rates are 20 ◦C/min.
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2.2 Thermal analyses

Differential scanning calorimetry (DSC) was used to investigate crystallization and melting of the

virgin and mechanically deformed samples under non-isothermal conditions. Use was made of a

Mettler-Toledo 823e/700 module in combination with a Cryostat intracooler. Razor blade cut samples

of approximately four mg were placed in standard 40 µL aluminium crucibles. Two subsequent heat-

ing and cooling runs were performed, always at a rate of 20 ◦C/min and in the range of 25-260 ◦C.

The highest temperature was held for five minutes to erase any thermal history. In between both runs

an equilibration period of one minute was used at the lowest temperature.

2.3 Shear experiments

The influence of strain was investigated using a CSS-450 Shear Cell (Linkam, UK), combined with

2D wide-angle X-ray diffraction (WAXD) measurements at the Dutch-Belgian (DUBBLE) beamline

BM26 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [33]. The source-

ray photon wavelength was set to 1.033 Å, with an X-ray beam of 300 µm in diameter. Patterns were

acquired with an exposure time of three seconds at repeated intervals of five seconds. All patterns

were collected by means of a Frelon CCD detector (Photonic Science, UK) with 2048 x 2048 pixels of

48.83 x 48.83 µm at approximately 145 mm from the sample surface. Data was integrated, corrected

for static noise, and background subtracted using the Fit2D software package (ESRF, France). All

integrated scattering patterns were rescaled to a Cu-α radiation source (λ = 1.54 Å) to easily compare

the data to other literature. The crystal phase composition of the individual samples was investigated

throughout the temperature profile displayed in Figure 1. The sample was brought to 260 ◦C (first

heating) and maintained at this temperature for four minutes to erase all thermal history. At the end

of this annealing period, a shear pulse was applied. Subsequently, the sample was cooled to 80 ◦C

(first cooling) and kept at 80 ◦C to ensure the crystallization process was complete. Next, the sample

is reheated (second heating) to evaluate the melting kinetics and again cooled to room temperature

(second cooling). Unless stated otherwise, cooling and heating rates were always 20 ◦C/min. In

this way, one X-ray image (three seconds) contains the collected scattering content over one degree

Celcius, with a time increment of 5/3 ◦C between sampling.

Experiments were performed to investigate the influence of total strain (0, 9, 18, 27, 54, and 108).
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For a constant strain value, the shear rate was varied (0, 4.5, 9, 18 and 27 1/s). To investigate the

effect of shear temperature (250, 255, 260 and 265 ◦C, shear temperature kept for one minute after

annealing period at 260 ◦C) and relaxation time prior to the onset of cooling (0, 1 and 3 minutes), a

shear pulse with constant strain and shear rate was used.

Care was taken to prevent compression of the sample in the thickness direction, meanwhile ensur-

ing proper (thermal) contact with the top and bottom plates within the shear cell. To reduce heat loss

towards the frame of the shear cell, and obtain an improved temperature control over the sample, the

original plates within the shear cell were replaced with perforated quartz plates. Three holes of five

mm in diameter were drilled in the bottom glass at a radial distance of 7.5 mm from the centre and

120◦ inter-spacing. Consequently, to allow for the X-ray beam to pass through the entire setup, strain

was applied by rotating the bottom plate always in steps of 120◦.

3 Results

First, the methods used for sample preparation and the initial crystal phase distribution of the sam-

ples is briefly discussed. Second, the outcome of the shear-cell experiments with in-situ WAXD is

presented.

3.1 Crystallization and melting of differently prepared samples

The objective of the sample preparation process was to obtain specimen that had undergone a mini-

mum amount of mechanical treatment and could still be handled and investigated using the shear cell.

Initially, standard methods such as freeze grinding with liquid nitrogen and compression moulding

above the melting temperature were evaluated. The melting and crystallization behaviour was inves-

tigated using DSC and is plot in Figure 2 and summarized in Table 1. Compression moulding the

pellets to a thin film of 0.5 mm thick at high temperature resulted in a large shift upwards of 20.2 ◦C

in the crystallization temperature, Tc, relative to the virgin sample. An intermediate case was found

for the grinded sample which shows two populations during crystal formation; one high temperature

process at 180 ◦C, the second at approximately 160 ◦C. Similar results were found for the virgin pellet,

where, although a much lower Tc was obtained, a shoulder is noted at higher temperatures. Although
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the origin of this shift is not discussed here, it can be hypothesized that every sample, even a pellet

obtained directly from the manufacturer, contains a percentage of mechanically deformed material. In

the case of the virgin pellet, this section could be located in the shell, where, during the pellet creation

process, the highest shear levels are experienced. Note that the level of shear deformation experienced

by the bulk of the material during production is negligible compared to the treatments described in

this work.

Table 1: Peak crystallization temperature, Tc and peak melting temperature, Tm, for multiple sample
preparation methods during first cooling and second heating at 20 ◦C/min in DSC.

Sample Tc [ ◦C ] Tm [ ◦C ]
moulded at 260 ◦C 173.5 216.4

grinded 162.7 216.0
moulded at 205 ◦C 156.1 215.7
moulded at 204 ◦C 154.1 212.1

virgin 153.7 211.9

It is well known that the melting behaviour of PA-6 is complex, and may be accompanied with

phase transitions, reorganization, and/or multiple melting peaks [13, 34–36]. Two endothermic peaks

can be recognized in the heating traces plot in Figure 2b. A shift towards the higher melting tempera-

ture, Tm, is displayed for both the compression molded and freeze grinded sample with respect to the

virgin sample. Simultaneously, the heating trace of the latter shows a significant re-crystallization peak

followed by a double melting process at higher temperatures. This re-crystallization peak was also

obtained by Zhang et al. [36], who studied the gradual heating of quenched (non-virgin) PA-6 samples

using WAXD and attributed the peak to the formation of a high temperature α-phase. Androsch et

al. [37] showed that the less stable β -mesophase within quenched samples gradually converts into

α-phase crystals at temperatures above 187 ◦C, which is well in agreement with the location of the re-

crystallization peak in our results. On the contrary, the re-crystallization process of the virgin pellets

is observed after cooling at 20 ◦C/min, which, in the case of a fully relaxed melt, should easily allow

for the formation of stable α-phase crystals [8]. A relaxed melt is here considered as a melt state that

gives the same crystallization kinetics if no other thermo-mechanical history than repeated heating and

cooling is applied and the time in the melt state is sufficient to relax any crystalline structure created by

cooling. This concept allows for the possibility that some other, not yet defined, structural order can
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survive this thermal cycling. Tol and co-workers showed that, in the case of confined PA-6 droplets,

crystallization in the region between 175 and 130 ◦C yields the formation of γ-crystals [13]. They sug-

gest that the less stable γ-phase reorganizes prior to melting and correlate the lower and higher peak

to melting of stable γ- and α-crystals, respectively. Hence, the absence of both the recrystallization

and lower melting peak for the compression moulded sample suggests formation of purely α-crystals

during cooling. This implies that, upon mechanical deformation, structure formation within virgin

PA-6 gradually shifts from γ-phase towards the α-phase. The absence of the re-crystallization peak

in the ’memory-free’ high temperature moulded sample provides a first indication for hindered crys-

tallization in the virgin material. To increase understanding on this phenomena, melting and cooling

of virgin and mechanically deformed PA-6 is further investigated in the next section using WAXD.
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Figure 2: Heat flow versus temperature during first cooling (a) and second heating (b) in DSC at 20
◦C for multiple sample preparation methods. Vertical dashed line in (a) is included to emphasize the
large shift in crystallization temperature depending on the sample preparation method.

The preparation of specimen with similar crystallization/melting properties as the virgin material
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was realized by compression moulding the pellets at a relatively low temperature of 204 ◦C. The frac-

tion of the material having the lowest melting temperature is used to merge the pellets into a disk, see

Figure 3. The sample is brittle, but the adherence between the individual, and still recognizable, pellets

is sufficient to transport or store the disk in one piece. The crystallization and melting behaviour of the

sample was validated using DSC and is included in Figure 2. It can be appreciated that the mechanical

deformation of the pellets inside the disk is kept to a minimum, showing melting and crystallization

kinetics almost equal to the virgin pellets. It is emphasized that the mould temperature selected forms

a critical aspect in the preparation of the near-virgin disk. This is illustrated by including DSC traces

of a disk prepared at 205 ◦C, already showing enlarged mechanical deformation, which can be judged

from the increased Tc and Tm.

Figure 3: Final disk-shaped sample, 32 mm in diameter with near-virgin melting and crystallization
kinetics.

Finally, the WAXD reflections of a virgin pellet and a disk shaped sample are compared, see

Figure 4. A total of three different reflections can be distinguished at scattering angles of 20.3, 21.3,

and 23.9◦. The pair at 20.3 and 23.9◦ is associated with the (200) and (002)/(202) lattice planes of

the monoclinic α-phase, respectively [1], with the b-axis coinciding with the chain direction. Here,

the (200) plane, α1, corresponds to the interchain distance within the hydrogen bonded sheets, while

the (002)/(202) plane, α2, reflects the intersheet distance between the hydrogen bonded sheets [7,36].

The small peak at 21.3◦ corresponds to the average interchain distance in the β -mesophase and/or the

(001) diffraction plane in the γ-phase. For clarity, this peak is referred to as γ1, although it might also

correspond to the formation of the less stable β -mesophase. During compression moulding, the pellets

were kept at 204 ◦C for one minute and quenched to room temperature immediately after. A decrease

of the γ1-peak can originate from re-crystallization of β -mesophase content into the α-phase upon

heating, or by freezing in the random conformation of the partially molten γ-crystals upon quenching.
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Figure 4: WAXD pattern of a virgin pellet and disk at room temperature. Patterns are shifted along
the vertical axis for clarity.

3.2 Shear cell experiments

First heating

The disk-shaped samples were placed in the shear cell setup and the crystal structure was monitored

during the first heating run using in-situ WAXD. In order to homogenize the sample prior to the shear

pulse, i.e, remove the interface between the individual pellets and erase the thermal memory effect, the

polymer was brought above the equilibrium melting temperature, T 0
m . In the case of PA-6, estimations

for this value can be found as low as 215 ◦C [38] to as high as 306 ◦C [39]. In practice, annealing

temperatures equal to or above 260 ◦C are considered sufficient [40, 41]. In our case, we used this

minimum allowed temperature to avoid sample degradation since the sample was not flushed with a

constant nitrogen flow.

Figure 5 shows the integrated scattering intensity as function of temperature. During heating,

the α1- and α2-peak move closer, but do not fully merge into a single reflection. As a result of the

anisotropy in thermal expansion of the crystal lattices in cross-chain direction, the monoclinic α-phase

usually converts into a hexagonal shape on heating, a process known as the Brill-transition [34, 42].

Although a shift towards higher angles was noted for the (200) plane on heating, i.e. a decrease of

the interchain hydrogen-bond length, the two peaks did not fully merge, indicating thermal stability

via stable hydrogen bonds until the crystals melted. From temperatures below 240 ◦C and onwards, a
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fully amorphous pattern was obtained.

Figure 5: Intensity versus scattering angle collected during first heating.

First cooling and second heating without shear

The evolution of the crystal phases on first cooling and subsequent heating is displayed for the exper-

iment without shear in Figure 6. Below 160 ◦C (with Tc from DSC at ∼155 ◦C) two reflections are

recorded at 21.3 and 10.4◦ (at 80 ◦C) corresponding to the formation of γ-phase (and/or β -phase since

we cannot distinguish between these phases). At lower temperatures, the intense γ1-reflection shifts

towards higher diffraction angles, indicating thermal shrinkage of the diffraction plane. In view of

clarification, the temperature window between 180 and 150 ◦C is plot in a different way in Figure 7a.

By superposing the integrated scattering patterns, it becomes clear that, judging from peak broadening

at approximately 22◦, first a small content of high-temperature α-crystals is formed. At slightly lower

temperatures, the amorphous halo decreases significantly and the γ1-peak emerges. These results are

in agreement with the DSC cooling scans of the virgin pellet included in Figure 2a, where a high

temperature shoulder was obtained prior to the main crystallization peak. Both peak and shoulder in

DSC can now be attributed to crystallization of the α-phase and, clearly from 160 ◦C on, the γ-phase

(and/or β -mesophase), respectively, see again Figure 7a. What is unusual is that, simultaneously with

the appearance of the γ1-peak, the weak reflection corresponding to the (200) plane of the α-phase

appears which then fully merge at ∼ 120 ◦C, see Figure 6a.

A possible transition of the apparently meta-stable α-crystals to γ-crystals is provoked by a co-
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(a) (b)

Figure 6: Intensity versus scattering angle collected during first cooling (a) and second heating (b) of
a virgin sample without shear. The (weak) peak at 10.4 ◦ is inserted separately with a different range
of the intensity in order to increase contrast.

operative twist of the molecular chains about the amide groups, which enables the hydrogen bonds to

switch from antiparallel chains to parallel chains [43]. It is important to note that this transformation

is commonly observed in reversed order on heating [5]. Interestingly, this is also the case in this exper-

iment, see Figure 6b. The evolution of the γ1 and α1 peaks is fully reversible; at 120 ◦C the splitting

of both peaks is observed. It is presumed that the shift of the α1-reflection towards lower angles corre-

sponds with the arrangement of hydrogen bonds within the (200) planes, which reaches equilibrium at

approximately 190 ◦C. Finally, the weak scattering signal at approximately 22◦ at 230 ◦C is attributed

to melting of stable α-phase crystals present in the pre-deformed part of the pellet. For clarification

purposes, this part of the heating segment is again plot separately in Figure 7b. On heating, only a

fraction of the structures that correspond to the γ1-reflection converges into α-crystals. Again, notice

that the diffraction patterns of the γ- and β -mesophase are indistinguishable. Penel-Pierron et al. [11]

showed that melt-cast films in the β -phase reorganized into the stable α-form on heating from 120

◦C onwards. In addition, they reported that the stable γ-phase may undergo a transition towards the

α-phase, however, only upon tensile drawing and at high temperatures. Deducing from these results

in literature and the high melting peak of the γ1-reflection in our experiments, i.e. above 215 ◦C, we

can conclude that the remaining structures contributing to the γ1-reflection correspond to stable γ-

crystals. Meanwhile, the present β -mesophase reorganizes into α-crystals. No such re-crystallization
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process was observed during heating in DSC in the 120-180 ◦C range, which suggests that the ob-

served transition in WAXD is largely thermally balanced or that the heating rate applied in DSC was

too high to clearly distinguish this process. Although we cannot draw any strong conclusions based on

our combined observations from DSC and WAXD, it is hypothesized that the unusual and reversible

transformation between the α-phase and the β -mesophase is caused by a strong molecular memory

effect. For verification purposes, this experiment was repeated for two different samples, from which

equal data was obtained. Data on second cooling is equivalent to first cooling (not shown).

No observations can be made in the scattering data related to the re-crystallization peak obtained

in DSC at ∼190◦C. On the other hand, the lack in α-phase reflections confirms the perfectioning

process of γ-crystals proposed by Tol [13].
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Figure 7: Integrated scattering signal of patterns in the range of 180 - 150 ◦C on first cooling (a) and
in the range 224-244 ◦C on second heating (b) of a virgin sample without shear.
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Effect of strain

Multiple experiments were performed with varying shear pulses to investigate the influence of me-

chanical treatment on the deformation induced memory effect. As a typical example, the evolution of

the crystal phases after maximum deformation (total strain = 108, shear time = 12 s, and shear rate

= 9 1/s) is examined. The scattering profiles during first cooling and second heating are displayed in

Figure 8. Compared with the unsheared sample (Figure 6), the shear pulse did have a great effect on

the crystallization and melting kinetics. The sample shows an enhanced crystallization rate, where

first signs of crystal reflections can be recognized from 180 ◦C onwards. This shift in Tc with respect

to the virgin sample (Tc = 155 ◦) corresponds to the observations made in DSC, Figure 2a. On cooling,

one clear peak is first formed due to the occurrence of the hexagonal α-phase. Towards lower tem-

peratures, the Brill-transition, i.e. expansion and shrinkage of respectively the (200) and (002)/(202)

diffraction plane, leads to the characteristic scattering angles at 20.3 and 23.9 ◦ of the monoclinic α-

phase. On heating, the reversed process is recognized. These WAXD patterns evidence the formation

and melting of stable α-crystals only. No signal reflecting the growth of either the γ- or β -phase is

detected, indicating that the deformation induced memory effect in the virgin pellets is fully erased by

the mechanical deformation applied.

(a) (b)

Figure 8: Intensity versus scattering angle collected during first cooling and second heating for a
sample exposed to maximum strain.

Next, the effect of different total strain is evaluated. Rather than to compare the integrated scat-
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tering intensity versus temperature for each experiment, the WAXD reflections at (or closest to) 80

◦C during second cooling are collected. An overview is presented in Figure 9 and a summary of the

flow conditions is given in Table 2. It is clear that with strain, the final morphology progresses from

a dominant γ-phase/β -mesophase towards the α-phase. For the minimum strain value, still a small

γ1-reflection is detected. Hardly any difference can be noted between the WAXD patterns after a total

strain of 54 and 108. Remarkably, first the α2-peak increases with strain, followed by the α1-peak.
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Figure 9: Intensity vs scattering angle at 80 ◦C during second cooling for samples with different total
strain. Patterns are shifted along the vertical axis for clarity.

Table 2: Details on the different shear pulses given during separate experiments. Shear temperature
was 260 ◦C, cooling started directly after the shear pulse.

Experiment Strain [-] Shear rate [1/s] Shear time [s]
1 0 0 0
2 9 9 1
3 18 9 2
4 27 9 3
5 54 9 6
6 108 9 12
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Since the shear temperature was set to 260 ◦C, no molecular orientation within the sample is

expected as a result of flow-induced crystallization. To rule out any possibility of preferred crystal

orientation in the direction of flow, the WAXD patterns were evaluated. As it can be appreciated from

Figure 10, all individual Debye-rings show a constant intensity along the azimuthal angle. Small signs

of orientation seem to show in Figure 10f, although a similar effect in the inner reflection of the kapton

film suggests a slight misalignment of the shear cell setup with respect to the X-ray beam. We do not

consider this as important.

(a) (b)

(c) (d)

(e) (f)

Figure 10: WAXD patterns obtained during second cooling at 80 ◦C for experiments 1-6 (a-f).

Since both the α1- and α2-reflection increase with strain while maintaining their respective peak

position, see Fig. 9 and 10, it can be concluded that strain does not effect the level of crystallographic

mismatches. After all, this would lead to significant peak broadening or a departure of the α1- and

α2-spacings from their ideal value [12]. Unfortunately, these 2D WAXD experiments do not reveal

details on crystallographic orientation in the gradient direction. This prevents us from drawing strong
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conclusions on any crystal anisotropy at low strain. For simplicity, we will use the ratio between the

intensity of the α1- and α2-peak as a characteristic measure for the transformation between a virgin

sample and one wherein where the memory effect was fully erased, i.e. an isotropic crystal structure

was obtained. Results are plot in Figure 11 for all variables investigated. Integrated scattering patterns

are not shown here but included in the Appendix instead. From Fig. 11a it can be appreciated that

the peak-ratio progresses towards an equilibrium value with strain. Herein, the first experiment with

non-zero strain forms an exception since the γ1-peak superposes both α-reflections, i.e. the peak ratio

can be determined in a less accurate way (see again Fig. 9). Equilibrium is reached between 27 and 54

strain units, which uniquely provides a quantitative measure for the mechanical deformation needed

to fully erase the memory effect. Concerning the other experimental parameters, shear rate, delay

time, and shear temperature, it is evident from respectively Fig. 11b-d that, within experimental error,

the crystal phase distribution is not affected.
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Figure 11: Peak ratio of the α1- and α2-reflection as function of strain (a), and for a total strain of 18
units: shear rate (b), delay time or relaxation time af shear (c) and shear temperature (d).
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4 Discussion

In this section, possible causes for the memory-effect are discussed using the experimental data at

hand and relating these to hypotheses from the literature [30, 31].

Perhaps the most straightforward explanation for the observed shift in Tc could be found in a decrease

of the molecular weight following mechanical treatment. Processing the virgin pellets could lead to

a reduced viscosity and facilitate increased chain mobility. However, multiple authors showed by

using gel permeation chromatography (GPC) that after a first processing cycle, the molecular weight

remained constant [26, 44] while the crystallization kinetics were enhanced. In addition, a lower

molecular weight could not explain the shift in polymorphism shown in Figure 10.

A second explanation could be found in the improved dispersion of heterogeneous contaminants,

incorporated throughout the matrix material during processing. Melt deformation would increase the

nucleation density, providing a higher crystallization temperature and allow for the formation of a

large number of smaller spherulites. This hypothesis does not clarify the preferred γ-phase crystal-

lization at lower Tc, neither the experiments of Aharoni [29], who observed a maximum shift in Tc

when virgin PA-6 was diluted in a pure solution, free of any form of contaminant.

The third and most likely possibility involves an initial confinement of chains due to an inho-

mogeneous hydrogen bonding activity. It is well established that conditions that allow for limited

chain mobility, such as high cooling rates, low temperatures, or the presence of a large number of

nanocomposites, promote the formation of γ-crystals and/or β -mesophase [8, 35–37]. Meanwhile,

slow cooling or high crystallization temperatures lead to unrestricted formation of α-phase. It is

known that a large number of inter- and intra-molecular hydrogen bonds are still present above the

melting temperature [45]. Therefore, clusters of these hydrogen bonds cannot be removed by an an-

nealing process alone, a certain level of mechanical treatment is needed to break and evenly distribute

these clusters. Notice that hydrogen bonds are considered as physical dynamic links that open and

reconnect. A cluster containing only a few hydrogen bonds would most probably relax. We propose

that stable clusters have sufficient hydrogen bonds such that the two polar sites can not separate far

enough due to the surrounding connected bonds and, therefore, re-connect and restrict the relaxation

of other nearby bonds and thus of the cluster. In the RheoDSC study of Janssens [31], it was shown
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that erasing the memory effect becomes easier in the presence of water. Hence, complementary to

the reduction of the glass transition temperature with moisture content [46], it becomes easier to drag

the chains out of their ’locked’ conformation because of increased molecular mobility. If we review

the unusual crystallization behaviour observed in Figure 6, the virgin sample first crystallizes from

the melt into the γ-form, wherein hydrogen bondings is almost complete [47]. In addition, a small

fraction of α-crystals is formed, which, most probably, is forced to reorganize into the β -mesophase

because of energetic reasons. On heating, the mobility of the chains is again increased, releasing the

stress on the β -mesophase which recrystallizes into the α-phase [15].
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5 Conclusions

The main results concerning the crystallization and melting behaviour of virgin PA-6 upon melt de-

formation are the following.

• From the preparation of the pellets it follows that always some deformation has taken place.

Therefore we consider it most likely that the observation of a high temperature shoulder during

cooling in DSC is due this (probably) small fraction of deformed material. Unique disk-shaped

samples, with unaltered properties with respect to the virgin pellets, were realized by compres-

sion moulding at relatively low temperature and used in a shear cell with in-situ WAXD. The

ability to produce such samples is crucial for the following shear experiments.

• The melt-memory effect in PA-6 is purely governed by strain. Upon mechanical deformation in

the melt, the material gradually shifts from stable γ-form crystallization at lower temperatures

towards formation of the stable α-form at higher temperatures and this effect saturates at a

critical strain.

• An unusual and reversible phase-transition between the α- and β -mesophase is observed for

the sample without shear.

The discussion on the molecular origin of the melt memory effect is still open. This matter is not

answered here in detail. Therefore, suggestions for future research include:

• The use of FTIR to distinguish between stable γ-crystals and less stable β -mesophase within

the virgin samples during or after cooling.

• Investigate the influence of strain on the specific crystal orientation using 2D WAXD with the

X-ray beam in the vorticity direction.
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Appendix

The scattering patterns of the experiments concerning the influence of shear rate, delay time after the

shear pulse and shear temperature are included in Figure 12.
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Figure 12: Intensity vs scattering angle at 80 ◦C during second cooling for a sample with intermediate
deformation (total strain = 18), with different shear rates (a), delay time after the shear pulse (b), and
shear temperature (c). Patterns are shifted along the vertical axis for clarity.
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