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A B S T R A C T   

Polyamide 6 is a widely used engineering plastic; however, its thermomechanical properties are not well un
derstood, particularly at medium and high strain rates. In this research, the thermomechanical properties of 
Polyamide 6 were extensively characterized. Differential Scanning Calorimetry was performed to investigate the 
glass transition temperature and crystallinity. Frequency sweep Dynamic Mechanical Analysis was carried out 
through the secondary- and glass-transitions, and the temperature dependent storage moduli obtained from 
different sweep frequencies were used to construct a master curve. Quasi-static tensile tests at two loading speeds 
were conducted with digital image correlation for full-field strain mapping. Compression properties were 
measured at strain rates between 0.001 and 6000 s− 1 at room temperature, and temperatures between − 60 and 
200 ◦C at 0.01 s− 1. The mechanical response is highly rate- and temperature-dependent; at large strains and 
elevated rates, apparent softening occurs owing to heat generation, which was quantified using an infrared 
camera.   

1. Introduction 

Polyamide 6 (PA6) is a semi-crystalline engineering polymer with 
amide and carbonyl groups, and hydrogen bonding between chains that 
results in high stiffness, strength, and hygroscopicity [1]. Owing to its 
good mechanical performance, it is often used for sports items [2] and 
bearings [3], in which it can be exposed to different loading conditions, 
including impact. Many investigations have been performed to study 
molecular morphology [2–4], effect of water absorption [1,5,6] and 
temperature-dependent mechanical performance [1,5,7] of PA6; in 
particular, the rate-dependent mechanical response has been studied at 
quasi-static strain rates [1,7,8]. However, few investigations have 
addressed the high rate behaviours, e.g. above 100 s− 1. Furthermore, 
manufacturing history plays a significant role in the mechanical prop
erties of many polymers, owing to the effect of crystallinity, and there is 
a need for characterisation data from consistently prepared PA6 mate
rial of known crystallinity and controlled moisture content. 

The mechanical properties of polymers are sensitive to temperature 
and strain rate (or frequency). Dynamic Mechanical Analysis (DMA) is 
commonly used to measure the temperature- and frequency-dependent 

complex modulus, which includes the storage and loss moduli [9,10]. 
The glass (α)- and secondary (β)-transitions can be characterised: the 
mechanical performances of polymers are significantly affected by these 
transitions. Frequency sweep DMA data obtained at different tempera
tures can be used to construct a master curve with a much broader 
frequency or strain rate range than can be achieved directly. The master 
curve allows the prediction of the modulus from very low (i.e. creep) to 
very high (i.e. impact) strain rates. Moreover, the activation energies of 
the molecular transitions, such as α-and β-transitions, can be estimated 
using the Arrhenius relationship [11]. 

The tensile test is a traditional material characterisation method, and 
it is often used to calibrate and validate constitutive material parame
ters. However, separating material behaviour from the structural 
response is difficult, particularly when strain localisation occurs [12, 
13]. Digital image correlation (DIC) provides a chance to analyse the 
full-field deformation information, not only the overall 
force-displacement curve but also true stress and true strain in the 
localised area, at large deformations [12–16]. Song et al. [13] used 
full-field 2-D DIC to track local true strain changes and thereby calculate 
true stress using three different methods, assuming that the stretch ratio 
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of the incompressible sample in transverse and through-thickness di
rections was the same. Of course, these assumptions cause uncertainty in 
the calculations. 

Rate dependent characterisation is typically performed in compres
sion. Screw-driven machines are widely used to perform quasi-static 
(QS) tests. Conducting tests at medium strain rates (e.g. 1 to 100 s− 1) 
is challenging for all materials. The frequency of experimental acquisi
tion is close to the natural frequency of the loading apparatus, and 
inertia in the apparatus must be overcome so that the specimen can be 
deformed at a high velocity after a rapid acceleration process [17]. 
Hydraulic test machines have previously been applied to measure the 
compressive response of an engineering polymer from 1 to about 85 s− 1 

[18]. For higher strain rates, the split Hopkinson bar (SPHB) is a mature 
technique to test engineering polymers; however, only a few studies of 
high rate properties of PA 6 are available. Walley et al. used a direct 
impact Hopkinson bar to achieve strain rates up to 20,000 s− 1 [19]; 
Plöckl [20] employed an SHPB accompanied with DIC to measure the 
high rate response of rectangular specimens; Pouriayevali et al. [21] 
performed high rate tension and compression tests using split Hopkinson 
bar system to calibrate a constitutive model. An essential observation in 
the rate-dependent tests is that the strength, or yield stress, shows a 
bilinear increase with increasing strain rate for both amorphous and 
semi-crystalline polymers, examples of the latter include polypropylene 
[22], poly (ether-ether-ketone) [23] and various classes of polyethylene 
[24]. This is attributed to the secondary (β)-transition, whose motions 
are restricted in high strain rate and/or low temperature tests [25]. 
Investigation of these effects often makes use of time-temperature 
equivalence – the strength at high strain rates is observed to be the 
same as that at low temperature. This concept, which is also used to 
construct master curves of elastic properties as described above, has 
been applied to understand high rate behaviours by using low temper
ature test data for polymers including polycarbonate [17,26] and plas
ticized polyvinyl chloride (PVC) [18]. 

In addition to changes in the intrinsic material response, the adia
batic heating effect plays a significant role when considering the rate- 
dependent constitutive behaviours of polymers, particularly at large 
strains and high rates [27,28]. The increased strain rate can change the 
experimental conditions from isothermal to adiabatic, because the 
timescale of the loading is insufficient for the heat generated from 
plastic deformation to conduct out of the specimen into the environment 
[17,27]. This heat can lead to a qualitatively and quantitatively different 
mechanical response compared with quasi-static (isothermal) tests [18, 
29]. To measure temperature changes, embedded thermocouples, 
infrared (IR) detectors and IR cameras have been used [30,31]. Gener
ally, embedded thermocouples can induce strain localisations in the 
specimens and have limited response times; IR detectors can have 
acquisition rates of order a few microseconds, however, can only mea
sure one location and are very sensitive to measuring angle; IR cameras 
can provide the full-field thermal information during large strain 
deformation, and modern cameras can acquire images sufficiently 
quickly to obtain useful information at strain rates of a few 1000 s− 1. 

The research presented in this paper provides a comprehensive data 
set on the temperature and rate-dependent properties of PA6, allowing 
the development of constitutive models. Different heating rate DSC 
measurements were conducted to calculate the crystallinity of the 
received material. Frequency sweep DMA was carried out to test the 
frequency (rate)- and temperature-dependent viscoelastic behaviour. 
Moreover, the DMA data were used to construct a master curve and 
estimate the activation energies of glass- and secondary-transitions. A 
DIC system was applied to tensile tests at two loading speeds to measure 
the inhomogeneous deformation process and thereby extract the local 
constitutive behaviour during large strain deformation. Temperature- 
dependent compression tests were performed at temperatures span
ning the β- and α-transitions. Rate-dependent compression constitutive 
behaviours were measured using a screw-driven machine, hydraulic 
machine and SHPB from low to high strain rates; some tests were 

instrumented with a high-speed IR camera to investigate the effects of 
temperature rise on the mechanical performance during plastic defor
mation. Using these data, the true stress-strain curves obtained from 
representative points in tensile and compression tests are compared to 
further understand the strain localisation during the tensile tests. The 
rate- and temperature-dependent compression tests are also compared 
to enhance the time-temperature equivalence at small strains, and allow 
the effect of adiabatic heating on the large strain response to be 
addressed. 

2. Material information and sample preparation 

Injection moulded PA 6 sheets, Akulon® K222-D [32], were pro
vided by DSM®. The dimensions of these sheets were approximately 
300 × 100 × 2 mm, and they were provided in sealed bags, ‘dry as 
moulded’. Test specimens were machined from these sheets, then 
immediately vacuum packed and stored in a freezer to minimise uptake 
of water. Specimens were returned to room temperature and then 
removed from the vacuum pack immediately before testing. 

A number of specimen dimensions were used. Differential Scanning 
Calorimetry (DSC) samples were discs of about 3 mm diameter and 0.5 
mm thickness. The Dynamic Mechanical Analysis samples were 60 mm 
in length, 10 mm wide and 2 mm thick, consistent with ASTM standard 
D4065. The tensile samples were cut according to ISO 527 type 1BA with 
25 mm gauge length and 30 mm straight length, as shown in Fig. 1. 
Compression samples were cut through-thickness cut at the centre of the 
sheet and had 4 mm diameter and 2 mm thickness. 

3. Experimental procedure 

3.1. Differential scanning calorimetry (DSC) 

DSC experiments were performed using a commercial DSC system, 
TA Instruments Q2000. Specimens were heated at 2, 5, 10, 20, 50 and 
100 ◦C/min from − 50 to 350 ◦C. The method of calculation of the 
crystallinity will be described in the next section. 

3.2. Dynamic Mechanical Analysis (DMA) 

Song et al. [26] compared the temperature dependent moduli of 
polycarbonate using a single cantilever beam and three three-point bend 
configuration. The results indicated that the three-point bend configu
ration could give more accurate moduli than a single cantilever beam – 
assessed by comparison with tensile test results. However, when the 
temperature is above the glass transition, pure amorphous polymers 
such as polycarbonate lose stiffness very rapidly, so that the loss 
modulus and tan delta peak cannot be captured using a three-point bend 
configuration because there is no clamp to hold the sample during the 
tests. 

As a semi-crystalline polymer, PA 6 has residual stiffness above its 
glass-transition temperature: the DMA experiments in this paper were 
performed using a three-point bend configuration. A commercial DMA 
machine, TA Q800, was used. The apparatus and clamps were calibrated 

Fig. 1. Dimensions of tension sample (ISO 527 type 1BA).  
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before the tests, then isothermal frequency sweeps were performed at 
2 ◦C increments from − 100 to 110 ◦C, spanning the β- and α-transitions, 
with a 5-min equilibrium time at each temperature step. Oscillatory 
displacement with 0.1% strain amplitude was applied at frequencies of 
0.1, 0.25, 1, 2.5 and 10 Hz with a 125% force track. The DMA data were 
used to construct a master curve (time-temperature superposition, TTS), 
and Arrhenius plots were used to estimate the activation energies of the 
α- and β-transitions. 

3.3. Tension tests 

An Instron 5980 universal test machine with a 100 kN load cell was 
employed to perform tensile tests at 25 and 5 mm/min loading speeds at 
room temperature. A high resolution CCD camera with a 105 mm lens 
was placed about 400 mm from the sample surface to capture the 
deformation process. To generate a speckle pattern for subsequent dig
ital image correlation (DIC), the tensile bar was sprayed using water- 
based white ink, after which a black marker pen was used to create a 
random pattern of dots. During tests, the ink and dots adhered well to 
the specimens. More detailed information about DIC processing pa
rameters can be found in Appendix A. 

3.4. Compression tests 

In this research, all strains in compression tests are reported as true 
strain, and the true stress was calculated based on the incompressible 
volume assumption. 

Fig. 2 shows the experimental apparatus for the rate-dependent tests. 
Again, a screw-driven test machine, Instron 5980, with 100 kN load cell 
and compression anvils, was used to perform the tests at 0.001, 0.01, 0.1 
and 0.5 s− 1. In these QS tests, an extensometer was attached to the 
loading anvils to minimise rig compliance effects (Fig. 2(a)). The mea
surement from this extensometer was used to allow true strain rate 
control during the experiment, and to provide strain measurements for 
subsequent analysis. An environmental chamber was used to perform 
temperature-dependent QS tests, the high temperature environment was 
created using a heating element, and liquid nitrogen was used to lower 
the temperature. Petroleum jelly was used to reduce the friction effects 
at room temperature and high temperatures, as suggested in Ref. [33], 
and AEROSPEC® 210 graphited grease was used in the low-temperature 
tests. 

Experiments at rates around 10 s− 1 were conducted on a custom- 
built hydraulic machine (Fig. 2(b)), which is made from a hydraulic 
actuator, a strain gauge-based force transducer and two linear variable 
differential transformers (LVDTs). The displacement or strain was ob
tained from the averaged two LVDT signals, and the stress was converted 
from the force transducer. 

Fig. 3(c) shows the schematic of the split Hopkinson pressure bar 

(SHPB) used for high strain rate experiments. This can generate a strain 
rate from 1500 to 6000 s− 1 with a final true strain above 1. A gas gun 
launches the Ti-6AL-4V striker bar to generate the input wave in the 
input bar, and this input stress wave is propagated along the input bar to 
the specimen, which is sandwiched between the Ti-6AL-4V input and 
output bars. The change in impedance at the bar-sample interface causes 
some of the stress wave to be transmitted into the output bar, and the 
remainder to be reflected back into the input bar. The input and re
flected waves are measured using the strain gauges attached to the input 
bar, and the transmitted wave can be obtained from the strain gauges on 
the output bar. The stress-strain relationship is produced using standard 
equations described in Ref. [34]. A thin brass film was used as a pulse 
shaper to reduce the wave oscillations caused by the dispersion of high 
frequency waves in the bars, and petroleum jelly was used as lubrication 
to reduce the friction between the sample-bar interface. More details of 
testing polymers using the SHPB system can be found in reviews by 
Siviour and Jordan [17,35]. 

A Telops M3k IR camera mounted with a 50 mm lens and 0.75 inch 
extension ring was used to measure the temperature rise in the speci
mens at 0.1, 0.5, 12 and 3000 s− 1 at room temperature. For the tests at 
strain rates lower than 100 s− 1, the frame rate of the IR camera is suf
ficient to allow continuous high-resolution thermal images during tests. 
For high rate tests, the frame rate is insufficient to record an adequate 
number of thermal images during a single experiment, which has a 
duration of approximately 400 μs  Thus, the ‘shift and reconstruction’ 
method has been developed to stitch together thermal images from 
several high-rate tests and construct a ‘continuous’ sequence of thermal 
images at different strains; more details are given in the later section. 
Before testing, the camera factory default calibration was verified using 
a calibrated black body source between 50 and 150 ◦C. The emissivity of 
PA 6 is taken as 0.965, as described in the literature [36]. More details of 
the IR camera settings used are given in Table 1. 

4. Experimental results – thermomechanical properties 

4.1. DSC measurements 

Fig. 3(a) shows the heat flow (W g− 1) as a function of temperature for 
six different heating rates. Here, data between 100 and 250 ◦C are shown 
because the endothermic peaks occurred in this region. Fig. 3(b) gives an 
example of how the percentage of crystallinity was calculated. Firstly, 
all curves were converted to J g− 1 ◦C− 1. Secondly, the curves were 
zeroed; all curves showed a small exothermic peak followed by a large 
endothermic heat flow, indicating some recrystallization followed by 
melting [37]. 

To find the intrinsic crystallinity of the received material at room 
temperature, the curves were integrated from 150 ◦C to 250 ◦C. The 
crystallinity (Xc) of the received material is [2,37]: 

Fig. 2. Experimental apparatus (a) Screw-driven quasi-static compression (b) Medium rate hydraulic compression (c) High rate split Hopkinson pressure bar.  
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Xc =
ΔHm

ΔH0
f

(1)  

where, ΔHm is different between the measured heat of fusion and the 
heat of crystallization during the DSC scan. ΔH0

f is a reference value 
indicating heat of melting 100% crystalline polymer; a value of about 
230 J g− 1 for PA 6 was obtained from the literature [37,38]. 

Table 2 shows the percentage crystallinity of PA 6 measured using 
different heating rates. For the heating rates between 2 and 20 ◦C/min, 
the values are approximately 27%, which is in the expected range 
(25–35%) for injection moulded PA 6 [39]. 

4.2. DMA measurements 

The original data for storage and loss modulus are shown in Fig. 4(a). 
Both frequency and temperature can affect these moduli; an increase in 
frequency can increase the storage modulus; the storage modulus de
creases with an increased temperature and shows three stages: (1) from 
− 100 to about − 50 ◦C, the E′ value presented a dramatic drop because of 
the secondary (β)-transition effects; (2) from − 50 to about 35 ◦C, E′ 
showed a plateau; (3) above 35 ◦C, E’ exhibited a very rapid drop 
because of the glass (α)-transition. Here, as a semi-crystalline polymer, 
the crystal phase of PA 6 can provide residual stiffness when the tem
perature is above the glass-transition temperature, and this gives a 
chance to capture the loss modulus peak and Tan delta peak of the 
α-transition using the three-point bend configuration, as well as to 
calculate the transition activation energies. 

Fig. 4(b) shows a master curve of E’ versus logarithm strain rate, 
obtained using time-temperature superposition (TTS). Here, the strain 
rate is used to allow easier comparison to the compression data pre
sented later, and is estimated as [17]: 

ε̇≈Δε
Δt

=
ε0

1/4f
= 4f ε0 (2)  

where, f and ε0 are applied frequency and strain amplitude in the DMA 
test. The fundamental principle of TTS is that an increase in frequency 
and a lowering in temperature have a similar effect on polymer mate
rials. The horizontal shifting algorithm moves the isotherms at tem
peratures above the reference temperatures (20 ◦C) to lower 
frequencies, and those at temperatures below the reference temperature 
to higher frequencies. Therefore, each isotherm overlaps its neighbours 
and forms the master curve. In this study, these shifts were performed 
manually, more details about the shifting can be found in Refs. [40,41], 
and the shift factors as a function of temperature are shown in Fig. 4(c). 

Two distinct peaks can be observed in the loss modulus (Fig. 4(a)) 
and Tan delta curves (data available online): at low temperatures, the 
β-transition peaks occurred from − 80 to − 55 ◦C; at high temperatures, 
the α-transition peaks were between 46 and 60 ◦C. All these transitions 
are frequency (rate)-dependent; a higher frequency will move the 
transition peak to a higher temperature. To calculate the activation 
energies, the Arrhenius equation is applied: 

ln(f )= ln(A) −
Ea

R
1
T

(3)  

where f is the frequency, A is the preexponential factor; Ea is the acti
vation energy; R is the gas constant; and T is the absolute temperature. If 
base-10 logarithms are applied, the gradient of log(f) versus 1/T can be 
written as Equation (4) and plotted as Fig. 4(d). 

k= −
Ea

2.303R
(4) 

The activation energy for the secondary (β)-transition and glass 
(α)-transition are 64.5 and 347 kJ mol− 1 The different curve fitting 
methods can give different results for activation energy. All the raw 
DMA data can be found as online supplementary material using a DOI 
given at the end of this paper, and the reader can select a suitable 
method to calculate the activation energy for transitions according to 
model requirements. 

4.3. Tension tests 

Three tests were performed for each loading speed; the force- 
displacement curves are shown in Fig. 5(a). In this paper, one of the 
25 mm/min tests (Fig. 5(b)) is used as an example to interpret the data 
analysis process and results, whilst results from a 5 mm/min test are 
shown in Appendix B. 

The optical images were processed using the commercial software 
MatchID® (www.matchid.eu, version 2023.2.1) to obtain strain and 
strain rate information; the processing setup can be found in Appendix 
A. To investigate the strain localisation, five data points were picked 
from the centreline of the specimen, distributed evenly in the gauge area 
and labelled as A to E in Fig. 6. One more data point was selected, 

Fig. 3. (a) Heat flow (W g− 1) against temperature using different heating rates (b) Example (2 ◦C/min) of melting energy.  

Table 1 
IR camera settings for all experiments.  

Strain rate Frame rate (Hz) Exposure time (μs) Window size (pixel2) 

Low rate 100 100 128 × 128 
Medium rate 500 100 300 × 160 
High rate 10,000 20 92 × 128  

Table 2 
Calculated percentage crystallinity of PA 6 specimens.  

Heat rate (◦C/min) 2 5 10 20 50 100 
Crystallinity (%) 27.9 27.0 26.6 27.8 24.6 25.9  

P. Song et al.                                                                                                                                                                                                                                     
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labelled as Neck, which indicated the position of first necking in the test. 
All strain-related data were processed as Hencky (true) strain and 
extracted at these points as functions of time. 

Fig. 6 shows the contours of axial true strain generated by DIC for a 
25 mm/min tension test at different times (Fig. 5(b)). From the begin
ning to 6 s, the force shows a linear relationship with displacement; 
correspondingly, there is no evident colour gradient in DIC strain 
mapping. Following the linear part, the force experiences a slight drop 
(after 6 s), and the strain curve shows a short plateau, which indicates 
that the whole gauge area deformed plastically and homogeneously 
until 25 s, when the force decreased significantly and pronounced 
localisation is observed in the true strain map. After that, the neck 
progressed through the gauge area, to encompass measurement points B 

and C. 
Fig. 7 shows strain and strain rate versus time for the selected data 

points. Localisation initialises at the Neck point, causing a rapid increase 
in strain rate at this point; this then moves outwards from the neck 
through the specimen. At the moment of necking, more distant points 
experienced elastic unloading, which is seen as a negative strain rate in 
Fig. 7(b), and remain at a constant strain until the neck arrives (Fig. 7(a) 
and (b), point B). 

To address the true stress, the strains in transverse and through- 
thickness directions, εxx and εzz, are required. This paper uses two 
methods, based on different assumptions, to estimate these so that the 
axial true stress (σyy) can be calculated. The strain in transverse and 
through-thickness directions was assumed to be the same: εxx = εzz, and 

Fig. 4. Results from three-point bend frequency sweep DMA: (a) Original data for storage (E′) and loss (E″) modulus (b) Time-temperature superposition master curve 
(c) Shift factor against temperature (d) Arrhenius plot for α- and β-transition. 

Fig. 5. (a) Force-displacement curves for tensile tests at speeds of 25 and 5 mm/min (b) Force-time curve for one of 25 mm/min test.  
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the two methods were: 
Method 1 (Fig. 8(a)): calculating εxx according to εyy assuming con

stant volume: 

εxx = εzz =
− εyy

2
(5)  

σyy =
F × exp

(
εyy

)

A0
(6)  

where, A0 indicates the cross-sectional area of the undeformed sample. 
Method 2 (Fig. 8(b)): using averaged overall transverse strain εxx: 

εxx = ln
(

x′
r − x′

l

xr − xl

)

(7)  

σyy =
F

A0 × exp(2εxx)
(8) 

Fig. 9 shows the axial true stress-true strain curves obtained from the 
two methods, and a comparison for three representative points. The 
yield points are the same; however, there are significant differences after 
further deformation. Immediately after yield, the strains along the 
specimen become non-uniform. There is no apparent softening, and at a 
strain of about 0.25, the Neck point experiences very rapid localisation, 
with a high strain rate, moving almost immediately to a high stress and 
strain. As the neck moves along the specimen, other points also expe
rience rapid jumps in stress, which in Fig. 9(a) causes them to rejoin the 
same stress-strain curve as the neck. Points far from neck initiation, such 
as point A, do not experience this necking and cold drawing during this 
experiment. 

To address the inconsistency of axial true stress calculated using the 
two different methods, the transverse and axial true strains, εxx and εyy, 
of the five points A-E, were extracted from DIC at different horizontal 
positions. It is noted that the horizontal width of the specimen is 5 mm; 
however, to minimise noise, a 4.5 mm wide region within this area was 
chosen, as shown in Fig. 10. Strains from points A, C and Neck are shown 
at six different times. Before the force drop (6 s), εxx is independent of 
position. Sequentially (12 s), point C (close to the Neck) and Neck 
experienced large deformation in the transverse direction compared 
with point A (far to the Neck); but the transverse strain is independent of 
horizontal location. Following that (25 s), point C and Neck showed 
more evident transverse strains (deformation) than point A; at the same 
time, the points closer to the edge experienced larger transverse strains 
than those in the centre. During the necking extension process (35 and 
65 s), an apparent strain gradient can be found by comparing the edge 

Fig. 6. Axial true strain maps for a 25 mm/min tension test obtained from DIC 
at different times, shown in Fig. 5(b). 

Fig. 7. Data extracted from six data (points A to E), which are evenly placed in gauge area, and one more data point (Neck) where the neck first formed (Fig. 6): (a) 
Axial true strain-time curve (b) Axial true strain rate-time curve. 

Fig. 8. Schematic of axial true stress calculation (a) Method 1 (b) Method 2 (reproduced from Ref. [13].  
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and centre points for both point C and Neck; this might be why Method 1 
gives higher stress than Method 2. It is worth noting that the de
formations in the axial (loading) direction for the points on the same 
horizontal line are very close to each other, as shown in Fig. 10(a’), (b’) 
and (c’). 

There is no suitable method to verify whether the deformation in 
transverse and through-thickness directions are the same using 2D-DIC. 
Moreover, it is very challenging to understand the constitutive behav
iour of material using remote data from tests with localisation. Thus, 
further tensile tests were not performed in this study. However, the tests 

performed do give important data for the validation of future material 
models. 

4.4. Varying rate and temperature compression tests 

For all QS tests, an approximately 5 N pre-load was applied to the 
samples to avoid ‘toe-in’. Fig. 11(a) presents the true stress-true strain 
curves at starting temperatures from − 60 to 200 ◦C, which covered the 
β- and α-transitions. Not all curves have a distinct yield peak on the 
temperature-dependent stress-strain curve, thus, Fig. 11(b) plots the 

Fig. 9. Axial true stress-strain curves using (a) Method 1 (b) Method 2. (c) Comparison of true stress-strain curves of point A, point C, and neck obtained from 
different methods. 

Fig. 10. Transverse true strain against original x-position for five points in the line of: (a) Point A (b) Point C (c) Neck. Axial true strain against original x-position for 
five points in the line of: (a’) Point A (b’) Point C (c’) Neck. Note the different vertical scales for (a) and (a’). 

Fig. 11. Varying temperature compression tests (a) True stress-strain curves (b) True stresses at 0.1, 0.3 and 0.6 true strain against logarithm strain rate.  
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true stress at true strains of 0.1, 0.3 and 0.6. It can be seen that the stress 
increases with decreasing temperature for all strains. Moreover, the rate 
of increase is slightly higher at low temperatures because of the 
β-transition. The inflection at about 50 ◦C is a result of the glass 
transition. 

Rate-dependent compression data are shown in Fig. 12(a). As for 
decreasing temperature, increasing strain rate strengthens the material, 
exhibiting the well-known time-temperature equivalence between 
temperature and strain rate. Fig. 12(b) plots the true stress at 0.1, 0.3 
and 0.6 true strain as a function of the logarithm strain rate. At 0.1 true 
strain, the stress shows a bilinear increase with increasing strain rate, 
which again results from the β-transition effect. When the strain rate is 
or lower than 0.5, an apparent strain hardening is observed; however, 
when the strain rate is above 0.5, the strain hardening is barely seen. 
Correspondingly, the stress at large strain (0.3 and 0.6) is very close to 
that at 0.1 true strain when the strain rate is higher than 0.5 s− 1 in 
Fig. 12(b). These observations are caused by the adiabatic heating ef
fects, which will be addressed later. 

4.5. Comparison of tension and compression data 

Fig. 13(a) compares true stress-true strain curves obtained from the 
Neck points (Method 1) in tension and two true rate-controlled 
compression tests. The 5 mm/min tensile test and 0.001 s− 1 compres
sion test overlap very well, and the 25 mm/min tensile test and 0.01 s− 1 

true rate-controlled compression test are consistent until 0.3 true strain, 
after which they separate. Further exploring these observations, the true 
strain rate versus true strain curves for these four tests are plotted in 
Fig. 13(b). For the two tensile tests, in the beginning, the true strain rate 
experienced a sharp increase, which is the linear part of the force- 
displacement curves (first 6 s in Fig. 5(b) and first 25 s in Fig. B1); 
following that, plateaus start until a strain of about 0.25; these corre
spond to the plateaus after the first distinct peak in the force- 
displacement curves. After the plateaus, the strain rates in the tensile 
tests dramatically increase, which might result in inconsistent observed 
behaviour in tension and compression. This demonstrates, again, that 
even if local data are obtained, the tensile test is affected by both ma
terial constitutive and specimen geometry structural behaviour. Thus, 
both local (true strain-time curve) and global (force-displacement curve) 
behaviours should be considered when the tensile test is used to cali
brate the constitutive parameters. 

5. Experimental results – temperature rises during deformation 

5.1. Motivation 

Fig. 14 compares the large strain behaviour of temperature and rate- 
dependent compression tests with similar yield (inflection) stress. The 

rate-dependent (red lines) tests present evident softening compared with 
the temperature-dependent (black lines). During the large strain defor
mation, plastic work can be converted to heat, which at high strain rates 
does not have time to conduct out of the specimen. This self-heating can 
cause thermal softening at large strains. In order to investigate this 
further, a series of experiments was performed using an IR camera to 
measure the temperature rises in the specimens. 

5.2. Low and medium rate experiments 

Experiments were performed at rates of 0.1, 0.5 and 12 s− 1. Ap
pendix C shows a discussion of the thermal conditions at these rates. 
Fig. 15 presents representative thermal images at strains of 0.1, 0.3, 0.5 
and 0.7. For later comparison, the temperature was averaged over the 
white solid box in Fig. 15(a), allowing comparisons of stress and tem
perature against strain, Fig. 16. The fixed position and dimension of this 
average window was chosen to ensure that the temperature within this 
window was not significantly affected by the thermal conduction be
tween the loading anvils and samples according to Appendix C, and can 
continuously represent the ‘hottest’ part of samples during the change of 
sample dimensions. 

The temperature rises at these three strain rates are very close at 
strains below 0.2; following that, they diverge until the end of the tests. 
There is little plastic (or viscoelastic) work at the beginning of these 
tests; as the materials experience plastic deformation, generating heat 
which, at the highest rates of 12 s− 1, does not have sufficient time for 
significant heat conduction out of the specimen. Thus, more evident 
softening can be observed at higher strain rates. In the experiment at 12 
s− 1, the eventual temperature rise is 20 ◦C, taking the total temperature 
higher than 40 ◦C, and moving the sample into the glass transition re
gion. Appendix C investigates the thermal boundary conditions, and 
builds up phenomenological models [42] of tests at 12 and 0.5 s− 1 strain 
rates to help interpret the experimental observations. 

5.3. High strain rates 

In high rate tests with the IR camera, the long split Hopkinson bar 
(LSHPB) was used multiple times at the same strain rate to produce 
consistent true stress-strain curves, as shown in Fig. 17 (a). At the same 
time, the IR camera triggering delay was altered in each test, allowing a 
series of images to be constructed by stitching single tests together. 
Fig. 17(b) shows an example of stitching of two LSHPB shots; the force 
signals overlap very well, and the IR triggering output signal indicates 
the IR camera recorded the thermal images at different moments. Thus, 
a continuous temperature mapping at different strains (Fig. 17(c)) can 
be constructed using 4–5 thermal images obtained from each test. 

Fig. 17(d) shows the representative thermal images from yield (0.1 
strain) to a very large strain. A significant temperature rise is observed 

Fig. 12. Varying rate compression tests (a) True stress-strain curves (b) True stresses at 0.1, 0.3 and 0.6 true strain against logarithm strain rate.  
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during the deformation process. In particular, at a strain of 0.5, the 
temperature is about 40 ◦C, which moves the sample into its glass- 
transition region. Furthermore, with increased strain, more plastic 

Fig. 13. Comparison between tension (point Neck, Method 1) and compression tests (a) true stress-strain curves and (b) true strain rate-strain curve.  

Fig. 14. Comparison of true stress-strain curves at low temperature and high 
strain rate tests. 

Fig. 15. Selected thermal images from experiments at (a) 12 s− 1 (b) 0.5 s− 1 (c) 0.1 s− 1.  

Fig. 16. True stress and corresponding temperature rise against true strain in 
three strain rate compression tests. 
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work was converted to heat, and the temperature was about 60 ◦C at a 
true strain of 1. 

6. Conclusions 

Thermomechanical characterisation has been performed on dry 
polyamide 6 to provide a comprehensive dataset of mechanical prop
erties. Results from the DSC measurements with different heating rates 
indicate that the crystallinity of received PA 6 is about 27 %, which is 
within the reported range of the commercial product. Frequency sweep 
DMA data shows frequency (rate)- and temperature-dependent moduli 
in the viscoelastic regions, and the secondary (β)- and glass (α)-transi
tion peaks were observed in loss modulus and Tan delta. Moreover, the 
isotherms from DMA measurements were used to construct a master 
curve, which can predict the moduli at a strain rate regime far beyond 
the capability of the DMA machine. Then, the activation energies of 
these two transitions were calculated using the Arrhenius relationship. 

Tensile tests were performed at two loading speeds, with full-field 
optical images that were processed using Digital Image Correlation to 
understand strain localisation. The tensile sample experiences visco
elastic deformation before the first force peak, and then the test moves to 
global plastic deformation at a constant stress, followed by apparent 
strain localisation, or necking with a significant force drop; finally, the 
neck extends to the rest of gauge area; this corresponds to a force plateau 
even though the true stress in the material is increasing. These obser
vations demonstrate that the global behaviour (force-displacement 
curve) alone is insufficient to validate the constitutive parameters using 
the tensile test. 

Compression tests were performed at a wide temperature and strain 
rate range to address the temperature- and rate-dependent behaviours of 
PA 6. Moreover, a high-speed IR was used to measure temperature rise in 
the tests at strain rates of 0.1, 0.5, 12 and 3000 s− 1. It can be seen that an 
increase in strain rate and a decrease in temperature can strengthen the 
material at small strains, which is consistent with the time-temperature 
equivalence theory of polymers. However, with the increasing strain 
rate, heating of the specimen leads to obvious thermal softening at large 
strains in medium and high rate tests. 

Overall, this paper provides the first comprehensive study on the 
thermomechanical response of dry polyamide 6 at low and high strain 
rates, with valuable data for the development of constitutive models of 
semi-crystalline polymers. 
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Appendix A. Digital image correlation setup  

Table A1 
Digital image correlation setup  

Loading speeds (mm/min) 25 5 
Camera (Point Grey) GS3-U3-120S6M-C 
Image resolution (pixel) 4240 × 2824, 16-bit 
Frame rate (frame/s) 2 1 
Lens Nikon 105 mm Lens 
Field of view (pixels) 800 × 2824 
Pixel to mm conversion 0.024 
Stand-off distance (mm) 400 
Speckle size (pixels) ≈8 
DIC software MatchID, version 2023.2.1 
Image filtering Gaussian, 5 × 5 pixel kernel 
Subset size (pixel) 49 
Step size (pixel) 3 
Subset shape function Quadratic 
Matching criterion Zero-normalized sum of square differences (ZNSSD) 
Interpolant Bicubic polynomial interpolation 
Strain tensor Hencky (True) strain tensor 
Estimates progress history Spatial and updated reference 
Strain window size 15 × 15 pixels2, Quadratic Quadrilateral  

Appendix B. 5 mm/min tensile test data

Fig. B1. Force-displacement curve from a 5 mm/min tension test.   
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Fig. B2. Axial true strain maps for a 5 mm/min tension test obtained from DIC at different times (Fig. B1).  

Fig. B3. Data extracted from six data (point A to E), which are evenly placed in gauge area, and one more data point (Neck) where the neck first formed (Fig.B2): (a) 
Axial true strain-time curve (b) Axial true strain rate-time curve; Axial true stress-strain curves using: (c) Method 1 (d) Method 2 

Appendix C. Study of thermal boundary conditions using the FE model [42] 

The following 1-D equations can estimate the strain rate over which the thermal conditions transition between isothermal and adiabatic [26]: 

α=
k

ρCp
(9)  

lt = 2
̅̅̅̅̅
αt

√
⇒t=

1
α

(
lt

2

)2

(10)  

ε̇= 1
t

(11)  

where, α is the thermal diffusivity, the thermal conductivity k is 0.28 W m− 1 K− 1 [43], the density ρ is 1.13 g cm− 3 [32], and the specific heat capacity 
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CP is 1.7 J g− 1 K− 1 [44]. t indicates the timescale for thermal diffusion, and lt is the current length of the specimen. Based on this estimate, we see that 
experimental conditions begin to approach adiabatic at rates above 0.1 s− 1 for the initial sample geometry (lt is 2 mm). However, in practice the 
specimen becomes shorter during the experiment, so significant heat loss can begin to occur at this rate. To obtain a more sophisticated understanding 
of this, Finite Element (FE) simulations were performed.

Fig. C1. (a) Experimental data and FE fitted true stress-strain curve at 0.5 and 12 s− 1 in compression (b) Experimental data and FE output temperature rise-strain 
curves using different thermal conductance values (c) FE results for specimen temperature rise at 0.7 true strain for 0.5 s− 1 compression tests using two conduc
tance values. 

To provide appropriate specimen behaviour in the FE simulation, the three-network viscoplastic (TNV) model from the PolyUMod® material 
library [42] was used to fit the true stress-true strain curves at 0.5 and 12 s− 1 (Fig. C1(a), Table C1). In addition, the inelastic work fraction, which 
indicates the ratio of plastic work converted to heat, was defined to provide outputs consistent with experimental temperature rises. If the experi
mental condition is ‘fully adiabatic’, the temperature rise value should be independent of the thermal conductance value between sample-anvil in
terfaces. In Fig. C1(b), two conductance values are used to demonstrate the expected effect of conduction on the measured temperature rise: more 
detailed visualisation of the temperature distribution in the specimen is shown in C1(c) and (d). The results indicate that the test at 0.5 s− 1 may be 
regarded as adiabatic to 0.5 true strain; and the test at 12 s− 1 to 0.7 true strain.  

Table C1 
Curve fitting parameters using three-network viscoplastic [42] model used in Abaqus/Explicit  

Description Fitting parameters 

Material parameters of PA6 12 s− 1 0.5 s− 1 

Density, ρ, (g/cm3) 1.13 [32] 
Specific heat capacity, Cp, (J/(g ◦C)), at 20 ◦C ~1.70 [44] 
Thermal conductivity, K, (W/(m K)) 0.28 [43] 
Inelastic heat fraction, TQC 0.50 0.65 
Network A 
Yeoh parameter 1, C10, (MPa) 5.5 11.4 
Yeoh parameter 2, C20, (MPa) − 3.0 − 2.7 
Yeoh parameter 3, C30, (MPa) 0.83 0.90 
Bulk modulus, κ1, (MPa) 4377.5 
Bulk modulus, κ2, (MPa) 0 
Bulk modulus, κ3, (MPa) 0 
Network B 
Yeoh parameter 1, C10, (MPa) 300.7 306.7 
Yeoh parameter 2, C20, (MPa) 0 
Yeoh parameter 3, C30, (MPa) 0 
Bulk modulus, κ1, (MPa) 4377.5 
Bulk modulus, κ2, (MPa) 0 
Bulk modulus, κ3, (MPa) 0 
Flow resistance of network, τ̂, (MPa) 58.8 66.9 
Stress exponential of network, m 12.6 13.7 
Volumetric flow coefficient, b 0 
Pressure dependent of flow, p0 0 

(continued on next page) 
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Table C1 (continued ) 

Description Fitting parameters 

Material parameters of PA6 12 s− 1 0.5 s− 1 

Yield evolution of τ̂, ff 1 
Yield evolution of characteristic strain, εf 0.1 
Flow damage strain, cε 0.1 
Flow damage final state, fs 1 
Material parameters of loading anvils (Steel) 
Density, ρ, (g/cm3) 7.85 
Specific heat capacity, Cp, (J/(g ◦C)) 0.47 
Thermal conductivity, K, (W/(m K)) 45 
Young’s modulus, E, (MPa) 210,000 
Poisson’s ratio 0.3  
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