
 

Prediction of plasticity-controlled failure in polyamide 6

Citation for published version (APA):
Parodi, E., Peters, G. W. M., & Govaert, L. E. (2018). Prediction of plasticity-controlled failure in polyamide 6:
influence of temperature and relative humidity. Journal of Applied Polymer Science, 135(11), 1-10. [45942].
https://doi.org/10.1002/app.45942

Document license:
TAVERNE

DOI:
10.1002/app.45942

Document status and date:
Published: 15/03/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1002/app.45942
https://doi.org/10.1002/app.45942
https://research.tue.nl/en/publications/8493981e-fc3e-46e5-b4af-565f7faeff2e


Prediction of plasticity-controlled failure in polyamide 6: Influence of
temperature and relative humidity

Emanuele Parodi,1,2 Gerrit W. M. Peters,1 Leon E. Govaert 1

1Department of Mechanical Engineering, Materials Technology Institute, Eindhoven University of Technology, P.O. Box 513,
5600 MB, Eindhoven, the Netherlands
2Dutch Polymer Institute (DPI), P.O. Box 902, 5600 AX Eindhoven, the Netherlands
Correspondence to: L. E. Govaert (E - mail: l.e.govaert@tue.nl)

ABSTRACT: In this study, the influence of temperature and relative humidity on the plasticity controlled failure of polyamide 6 was

investigated. Uniaxial tensile tests were performed at several temperatures, strain rates, and relative humidity; creep tests were per-

formed at different relative humidity and applied load. In order to describe and predict the yield kinetics, the Ree–Eyring equation

was employed and modified to include the effect of relative humidity. Subsequently, by the introduction of the concept of critical

amount of accumulated plastic strain, the yield kinetics were successfully translated to predictions of time-to-failure. A good agree-

ment between predictions and experimental results is obtained, showing that the model is a suitable and versatile tool to evaluate

mechanical performance of a temperature and moisture sensitive material such as polyamide 6. VC 2017 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2018, 135, 45942.
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INTRODUCTION

Polyamide 6 (PA6) is one of the most commonly used engineer-

ing polymers, which can be found in the form of fibers, films,

and also injection molded products. In the past decades, it was

also introduced in the field of load-bearing applications such as

mechanical parts, under-hood components, and sport items

that are often exposed to demanding conditions combining

high load, high temperature regimes, and high relative humid-

ity. These applications require a high level of reliability, thus an

investigation of humidity and temperature influence on the

mechanical properties is required.

Polyamide 6 is an aliphatic polyamide, the monomer has two

polar groups: the amide and carbonyl group. Hydrogen bonds

can be formed between chains, resulting in high modulus and

yield strength.1 However, the polar character also causes a cru-

cial issue of PA6: hygroscopicity.2 If exposed to a humid envi-

ronment, PA6 absorbs water up to a saturation level which

typically depends on temperature and relative humidity.3 When

this occurs, part of the hydrogen bonds are broken and new H-

bonds are formed with the absorbed water molecules.4 This

phenomenon leads to plasticization and results in a depression

of the glass transition temperature which also results in a con-

siderable degradation of the mechanical properties.5–9

Another characteristic of PA6 is polymorphism. If solidified,

starting form the molten state, then it can crystallize into two

forms: (1) the most stable a-phase (monoclinic cell), which is

obtained in low under-cooling or in isothermal crystallization at

temperatures exceeding 170 8C; and (2) the less stable g-

mesophase (pseudo-hexagonal cell) obtained at high under-

cooling or isothermal crystallization at temperatures between Tg

and 170 8C. In case of very fast cooling (>100 8C/s), also a

completely amorphous sample can be obtained.10

In case of exposure to humidity, Tg can drop to values below

room temperature, in which case structural changes at room

temperature may occur.11 Although lifetime prediction of poly-

mers is a widely investigated topic, studies regarding neat PA6

are hardly found in literature, most of the studies in literature

are focused on PA6 nanocomposites.12,13 In general, it is known

that three different failure modes can be distinguished: (1) plas-

ticity controlled failure (high applied load), (2) slow crack

growth (medium load) and, (3) molecular degradation (low or

no load).14 The latter is regarded to be independent of applied

stress, and is, at least in PA6, not regarded as a limiting factor.

Crack growth controlled failure is mainly studied by cyclic

fatigue,15–17 however, it is a failure regime hardly achieved in

the case of polyamide 6, due to its excellent fatigue properties.

Finally, the plasticity controlled regime, where failure occurs by
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accumulation of plastic deformation, can be studied by uniaxial

tensile test at constant applied strain rate and constant applied

load (creep).

In this study, a model able to predict the plasticity controlled

failure of polyamide 6 at different temperatures and relative

humidity is presented.

BACKGROUND

Under constant load, solid polymers tend to display time

dependent deformation (creep) and, ultimately, creep rupture

occurs. A creep curve can be divided in three regimes: primary

creep where the strain rate decreases in time, secondary creep in

which strain rate remains constant, and tertiary creep where

strain rate increases in time due to intrinsic or geometric soft-

ening which eventually leads to failure. The time-to-failure

depends on the applied load and temperature, where an increase

of these two leads to a decrease of time-to-failure, as shown in

literature by Tomlins et al.,18 and Verheulpen-Heymans and

Bauwens.19 Important in lifetime prediction is an estimate of

the plastic flow during secondary creep. The deformation kinet-

ics, that is, the stress and temperature dependence of this plastic

flow rate, is described by the Eyring’s activated flow theory20:

_Eplðr;TÞ5 _E0exp 2
DU

RT

� �
sin h

rV �

kT

� �
(1)

where _E0 is a rate factor, r is the yield stress, V* is the activa-

tion volume, DU is the activation energy, R is the universal gas

constant, k is the Boltzmann’s constant, and T the absolute

temperature.

Plotting the plastic flow rate for each applied load as a function

of the corresponding time-to-failure, a linear relation with

slope-1 (in a double logarithmic plot) is found,21 implying that

the product of _Epl and tf is a constant:

_EplðrÞ � tf ðrÞ5C (2)

This constant C can be defined as the critical strain, Ecr , which

equals the accumulated plastic strain for a material subjected to

the plastic flow rate, _Epl . By this phenomenological approach

and by the stress–temperature-dependence of the plastic flow

rate, the prediction of time-to-failure under a constant load is

achieved:

tf ðr;TÞ5
Ecr

_Eplðr;TÞ
(3)

An important step in lifetime prediction is the characterization

of the stress- and temperature-dependence of the plastic flow

rate. Bauwens-Crowet et al.22 has shown that the steady state

reached during secondary creep is identical to that obtained at

yield point in constant strain rate experiment. Thus, stress- and

temperature-dependence measured in constant strain rate

experiments can be used to characterize the kinetics of plastic

flow. The reason is that the plastic flow rate is uniquely deter-

mined by stress and temperature; during a tensile test, the plas-

tic flow rate will gradually increase with increasing stress, until,

at the yield stress, it exactly matches the experimentally applied

strain rate. If the applied strain rate is higher, a higher value of

the stress is required to obtain the same balance again; hence,

the yield stress increases. The equivalence between the strain

rate dependence of the yield stress and the stress dependence of

the plastic flow rate is very convenient with respect to character-

ization. Constant strain rate experiments are the most suitable

because of their advantage in logistics and planning.

EXPERIMENTAL

Materials

The material employed in this work was a polyamide 6 (Akulon

K122) kindly provided by DSM (the Netherlands). This PA6 has

a viscosity-average molar mass (Mv) of about 24.9 kg/mol.

Sample Preparation

Sheets with a thickness of 0.5 mm were prepared by compres-

sion molding. After a careful drying procedure (1 night at

110 8C under vacuum), the pellets were placed in a “sandwich”

consisting of two thick steel plates (about 3 mm), two thin alu-

minum foils (about 0.2 mm), and a 250 3 250 3 0.5 mm steel

mold. The material was melted at 265 8C for 5 min, while a

force of about 10 kN was applied. Then, the “sandwich” was

rapidly moved to a cold press set at 80 8C where the material

was solidified in quiescent condition for 3 min. Dog-bone sam-

ples, according to the ISO527 type 1BA, were prepared using a

cutting die (main measures: width 5 mm, length 22 mm). Com-

pression samples of 3 mm diameter and 3 mm height were

machined from compression molded plates of 4 mm thick.

Sample Conditioning

To investigate the influence of hydration, samples were stored at

four different relative humidity, RH0% (dry), RH35%, RH50%,

and RH75%. In the case of dry conditioning, samples were

stored in a desiccator under vacuum at room temperature; for

RH50% an environmental chamber was employed. While in the

case of RH35% and RH75% two desiccators, containing super-

saturated salt solutions able to maintain a constant relative

humidity in a close environment, were used. The salts were

sodium chloride and magnesium chloride hexahydrate for

RH75% and RH35% respectively.

Mechanical Tests

Uniaxial tensile tests and creep tests under constant load were

performed using a Zwick Z010 Testing Machine equipped with

a 1 kN load-cell. The testing area was surrounded by an envi-

ronmental chamber which allows to test at controlled tempera-

ture and humidity. The tensile tests were performed, at least in

duplicates, in a range of strain rates from 1025 up to 3 3

1022 s21, temperatures between 240 and 120 8C (in dry condi-

tion) and relative humidity of 35, 50, and 75% (at room tem-

perature). The “dry” material was tested in laboratory

atmosphere; hence the range of strain rates used was limited to

reduce exposure time and avoid any influence water uptake dur-

ing testing. Before starting the experiments, a pre-load of 0.1

MPa was applied at a speed of 1 mm/min. Creep measurements

were performed at a relative humidity of 35, 50, and 75%. The

stress was applied within 10 s and subsequently kept constant

until failure. The time-to-failure was estimated as the time at

which the strain reaches the value of 25%, which was defined as

strain at failure. The plastic flow rate ( _Epl) was estimated as the

minimum in a Sherby–Dorn plot.23
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Compression tests were performed on cylindrical samples on a

Zwick 100 kN universal tensile tester equipped with a tempera-

ture chamber. Test were performed in dry condition at various

temperatures and a true strain rate of 1022 s21. True stresses

were calculated in the assumption of incompressibility.

X-ray Diffraction

Wide angle X-ray diffraction (XRD) was performed at the Euro-

pean Synchrotron Radiation Facility in Grenoble (FR) at the

Dutch-Belgian beamline (DUBBLE). After normalization, the

crystallinity was estimated by subtracting an amorphous halo

(experimentally obtained) to the measured patterns. The weight

percentage of crystallinity is finally calculated by:

vC5
T2A

T
(4)

where T is the total scattered intensity and A is the scattering

from the amorphous halo. In order to estimate the effect of dif-

ferent conditioning on the crystallographic structures, a decon-

volution analysis was performed. This was obtained by fitting

Lorentzian functions, in proximity of each characteristic reflec-

tion. Eventually, all the Lorentzian functions and the amor-

phous halo were summed to verify the fidelity of the fitting

procedure (green markers in Figure 1). Thus, the relative quan-

tities vC;a and vC;g were calculated by the following:

vC;a5
Al2Ag

Am

� �
and vC;g5

Al2Aa

Am

� �
(5)

where Aa and Ag are the total area of the Lorentzian functions

for the a and g peaks, Am is the total area of the measured pat-

tern, and Al is the sum of all the Lorentzian functions (a and

g). An example is given in Figure 1.

Dynamical Mechanical Thermal Analysis

In order to measure the glass transition temperature before and

after conditioning, dynamical mechanical thermal analysis

(DMTA) was performed by a “TA instruments Q800” DMA.

Samples were rectangular bars of about 5 mm width, 0.5 mm

thickness. The experiments were carried out at a single fre-

quency of 1 Hz and along a temperature ramp from 240 to

100 8C with a heating rate of 3 8C/min. The glass transition tem-

perature was defined as the maximum in log tan(d).

RESULTS AND DISCUSSION

The first step of this investigation was a crystallographic charac-

terization performed by wide angle XRD experiments. These

were carried out on the dry samples at room temperature. In

Figure 2, the result of a radial integration is given. The pattern

shows the characteristics of g-form, that is, the main peak at

about 2u 218, and the secondary peak at about 2u 108. By

deconvolution analysis, the crystallinity was estimated to be

around 30%.

Yield Kinetics: Dry State

The mechanical characterization started with tensile tests at sev-

eral temperatures in dry condition at strain rates ranging

from1024 to 3 3 1022 s21. In Figure 3(a), the stress–strain

response of dry samples at several temperatures and strain rates

are shown; as expected, an increase of strain rate results in an

increase of yield stress. It is clear that the strain at yield varies

strongly with temperature and strain rate. At 80 8C, yield occurs

at about 15% of strain, whereas it shifts towards 5% at 23 8C.

This effect is related to the presence of two different contribu-

tions to yield: (1) the glassy amorphous domains at low strain

and (2) the crystalline domains at higher strain. The contribu-

tion of glassy amorphous domains becomes dominant at low

temperatures and (or) high strain rates and, as a result, the

strain at yield decreases. Figure 3(b) shows the yield stress as a

function of strain rate at different testing temperatures for sam-

ples in the dry state. From Figure 3(b) it is evident that the

strain rate-dependence of yield stress displays two different

slopes. This observation indicates that the deformation occurs

through two different molecular deformation mechanisms that

contribute to the flow stress, as already proposed by several

authors.22–26 These two processes are generally attributed to an

intra-lamellar deformation mechanism further referred to as

processes I and an inter-lamellar mechanism, further referred to

Figure 1. Example of WAXD pattern deconvolution analysis. The green

line is the result of the deconvolution procedure, the orange line is the

measured amorphous halo, blue and red curves are the Lorentzian func-

tions. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. Radial integration of WAXD with deconvolution analysis. [Color

figure can be viewed at wileyonlinelibrary.com]
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as processes II.27–29 In Figure 4(a), a schematic decomposition

of the two processes is proposed. The stress contributions of

both processes can be regarded to be additive, therefore the eq.

(1) is re-written, leading to:

ryð _E; TÞ5 kT

V �I
sin h21 _E

_E0;I
exp

DUI

RT

� �� �

1
kT

V �II
sin h21 _E

_E0;II
exp

DUII

RT

� �� �
(6)

where _E0;I, DUI, and V �I are the rate factor, activation energy,

and activation volume related to process I and _E0;II, DUII and

V �II are related to the process II. In order to describe the results

shown in Figure 3(b), the set of parameters shown in Table I

was employed.

Finally, in Figure 4(b) the yield kinetics of polyamide 6 at dry

state is shown, in this case the lines are results of eq. (6).

Deformation Mechanisms

As already mentioned, experimental evidences suggest that the

deformation takes place through (at least) two different mecha-

nisms which act in parallel. These two are strain rate- and

temperature-activated processes and they are additive to each

other, therefore by varying the temperature (or relative humid-

ity) and strain rate it is possible to observe deformation

governed by processes I or I 1 II. These two mechanisms are

usually associated to an intra-lamellar (process I) and inter-

lamellar deformation (process II). More in details, it is proposed

that:

� Process I (intra-lamellar), active below melting temperature

(Tm), is governed by plastic deformation of lamella via crys-

tallographic slip, which is facilitated by the movement of

screw dislocation present in the crystals.

� Process II (inter-lamellar), is related to the deformation of

the inter-lamellar amorphous region. Depression of glass

transition temperature and (or) an increase of temperature

lead to higher mobility in the amorphous regions, which

results in a lower yield stress contribution (Figure 5).

Influence of Temperature

To further explore the kinetics, the stress–strain response was

investigated at a single strain rate (1022 s21) in a wide range of

temperatures, from 240 to 120 8C, the resulting stress–strain

curves are shown in Figure 6(a). In Figure 6(b), the yield stress

is plotted as a function of temperature, the line is the result of

eq. (6) in the case of a fixed strain rate (1022 s21) and varying

temperatures. As shown, the model describes the results well in

the range of temperatures between 23 and 100 8C; as far as the

Figure 3. (a) Stress–strain response of uniaxial tensile tests at 23, 40, 50, and 80 8C in a range of strain rates from 1024 to 3�1022 s21 in dry condition.

(b) Yield kinetics of samples tested at different temperatures at the dry state, lines are guides to the eye. [Color figure can be viewed at wileyonlineli-

brary.com]

Figure 4. (a) Yield stress versus strain rate at 55 8C; the black dashed lines are the two contribution separated (process I and II). (b) Yield kinetics of

polyamide 6 at dry state, the lines are results of eq. (6) with parameters shown in Table I. [Color figure can be viewed at wileyonlinelibrary.com]
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description at low temperatures is concerned, the deviation

from the prediction is related to reduction of the strain to yield

due to the onset of the stress contribution of glassy component.

This causes strain localization to take place at much lower

strains, see also Figure 6(a). In appendix A, examples of com-

pression tests are given; in this case, the localization does not

occur, and the prediction remains in good agreement with the

results, even at low temperatures.

At very high temperatures (T> 100 8C), the temperature-

dependence of yield stress flattens; this is due to an evolution of

the crystallographic structure during the test. In fact, at high

temperature, well above Tg, the chain mobility is higher and

lamellar thickening and (or) cold crystallization occur (this phe-

nomenon will be called “annealing”); this leads to an increase

of yield stress in time. An example of this effect is given in Fig-

ure 7(a), where the samples are tested at 110 8C in a range of

strain rates from 3 3 1024 up to 3 3 1022 s21. Remarkably,

the yield stress is observed to increase with decreasing strain

rate, which is possible only in case of structural evolution dur-

ing the test. Annealing is a time- and temperature-dependent

phenomenon, its effect increases with increasing temperature

and (or) exposure time; thus, during an experiment at low

strain rate, where the exposure time is high, more annealing

will occur and yield stress will increase. Moreover, to under-

stand whether the stress plays a role in annealing kinetics,

another kind of experiment was performed; tensile tests were

performed at constant strain rate after conditioning the samples

at 110 8C for several different exposure times. In Figure 7(b),

yield stress is plotted as a function of exposure time; the

increase of yield due to annealing starts only after about 104 s,

while in the case of Figure 7(a), an increase of yield stress is vis-

ible already in the case of strain rate 1022 s21 which is equiva-

lent to about 350 s (300 s without stress 1 50 s with stress). It

is therefore stated that, the flattening at temperatures higher

than 100 8C is due to an evolution of the crystalline structure.

Influence of Humidity

As explained in Introduction section, the conditioning environ-

ment (i.e., temperature and humidity) has a crucial influence

on the glass transition of PA6. Consequently, the samples were

exposed to four different moist environments (RH35%,

RH50%, RH75%, and under water) for a certain time up to sat-

uration. The absorbed water fraction was calculated by the

following:

H2O% 5
Wi2W0

W0

� �
3100 (7)

where W0 is the weight of the sample before conditioning and

Wi is the weight at the time ti. In Figure 8(a), an example of

water absorption kinetics is shown. After a certain time, the

absorbed water fraction reaches a plateau value, which is con-

sidered as the saturation level.

An investigation of the moisture-induced glass transition

depression was performed by DMTA. In Figure 9(a), the phase

angle [tan(d)] of samples conditioned at different humidity is

plotted as function of temperature. The maximum defines the

glass transition temperature; as expected, Tg decreases with

increasing relative humidity. In Figure 9(b), the glass transition

temperatures obtained by DMTA, are plotted as a function of

absorbed water fraction. Tg drops from about 60 8C for the dry

sample to about 220 8C for sample soaked in water. In Table II,

the glass transition temperatures are reported.

If Tg reaches a value smaller or equal to the room temperature,

hydration-induced crystallization may occur at room tempera-

ture during conditioning. In Figure 10(a), the WAXD patterns

are given for the four different relative humidity; Figure 10(b)

shows the crystalline fraction evolution as a function of relative

humidity. Figure 10(b) shows the effect of hydration on crystal-

lographic structures; as already mentioned, at dry condition the

sample has a crystallinity of about 30% of consisting of solely

g-mesophase, whereas upon hydration, part of the amorphous

and g-mesophase transform into a-phase (Table III).

Next, the samples conditioned at different RH % are tested, an

example is given in Figure 11(a); as mentioned, hydration low-

ers the stress–strain response. Experiments were performed at

Table I. Eyring Parameters

V� (m3) DU (J mol21) _E0(s21)

I 9�e–27 1�e6 1�e123

II 1.9�e–27 3�e5 2�e45

Figure 5. (a) Screw dislocation (schematic), (b) mobilization of the inter-

lamellar amorphous region (schematic). [Color figure can be viewed at

wileyonlinelibrary.com]
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several strain rates and relative humidity, and the resulting

deformation kinetics for samples conditioned at different RH %

are shown in Figure 11(b). In this case, the lines are the results

of the Ree–Eyring equation but after a modification which

includes the effect of relative humidity. The modification is

based on the hypothesis that the distance to Tg is determining

in the mechanical response. A humidity-induced reduction in

glass transition temperature is subsequently regarded as an

“apparent” increase in the ambient temperature. Consequently,

we introduce an “apparent temperature” (~T ):

~T 5T1ðTg ;dry2Tg ;wetÞ (8)

where T is the actual testing temperature, Tg,dry is the glass

transition temperature at the dry state and Tg,wet is the Tg after

Figure 6. (a) Examples of temperature-dependence of stress–strain response at the dry state and strain rate of 1022 s21; (b) yield stress as a function of

testing temperature, markers are the experimental results and the line is the prediction based on the Ree–Eyring equation. [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 7. (a) Yield kinetics for dry samples tests at 110 8C and different strain rates. This plot shows the result of the structure evolution which takes

place during testing. (b) Yield stress as a function of exposure time at 110 8C prior to test. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 8. (a) Example of water absorption kinetics, the absorbed water fraction is plotted as a function of time in the case of samples soaked in water.

(b) Saturation level as a function of relative humidity, conditioning at 23 8C. [Color figure can be viewed at wileyonlinelibrary.com]
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conditioning. A similar modification was applied by S€ontjens

et al.30 to describe the influence of molecular weight on the

deformation kinetics of poly-D,L-lactide.

Introduction of eq. (8) into eq. (6) leads to:

ryð _E; ~T Þ5 k ~T

V �I
sin h21 _E

_E0;I
exp

DUI

R ~T

� �� �

1
k ~T

V �II
sin h21 _E

_E0;II
exp

DUII

R ~T

� �� � (9)

As shown in Figure 11(b), this modification results in a good

prediction of yield stress, the same parameters reported in Table

I were employed.

Upon hydration, a decrease of yield stress is registered in both

process I (intra-lamellar) and process II (inter-lamellar). As pre-

viously discussed in Deformation Mechanisms section, the

inter-lamellar mechanism is related to the deformation of amor-

phous domains, whereas the intra-lamellar is related to move-

ment of screw dislocations (crystal imperfections). Since water

can be absorbed only by the amorphous domains, it is straight-

forward to understand that the effect of hydration on the inter-

lamellar deformation is due to the drop in glass transition tem-

perature. As far as the intra-lamellar deformation is concerned,

the deformation is governed by the movement of screw disloca-

tions (defects). In order to explain the influence of hydration

on this deformation mechanism, it is hypothesized that the

hydration-induced plasticization not only improves mobility of

the bulk amorphous region, but also enhances the mobility of

the amorphous layer next to the crystal lamella; thus, the higher

mobility of the amorphous local to the crystal might stimulate

the movement of dislocations, facilitating the deformation.

Long-Term Failure

After the extensive investigation of deformation kinetics with

experiments at constant strain rate, creep tests (constant load)

are employed to study the influence of hydration on the time-

to-failure. In Figure 12(a), two examples of creep test are

Figure 9. (a) DMTA results, log tan(d) as a function of temperature for samples conditioned at different humidity; markers are the Tg. (b) Glass transi-

tion temperature (obtained by DMTA) as function of the water fraction absorbed by the sample. [Color figure can be viewed at wileyonlinelibrary.com]

Table II. Glass Transition Temperature After Conditioning

Dry RH35% RH50% RH75% Water

Tg (8C) 58 36 19 4 220

Figure 10. (a) Wide angle X-ray diffraction integrated patterns of samples conditioned at different relative humidity and 23 8C; (b) crystalline fractions

as functions of relative humidity, obtained by deconvolution analysis. [Color figure can be viewed at wileyonlinelibrary.com]

Table III. Crystallinity After Conditioning

Dry RH35% RH50% RH75%

g-form (%) 30 25 24 23

a-phase (%) 0 5 7 9

Total (%) 30 30 31 32
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shown; the annotations help to understand the definition of

plastic flow rate ( _Epl) and critical strain (Ecr ). To predict life-

time, we have made use of an experimental observation; if we

perform creep at several applied loads and plot the plastic flow

rate as a function of time-to-failure in a double-logarithmic

plot, a slope of 21 is found, see Figure 12(b). This implies, as

stated in Background section, eq. (3), that the product of the

plastic flow rate ( _Epl) and the time-to-failure (tf) is constant.

Figure 13(a) demonstrates that the kinetics of plastic flow rate

during secondary creep (open markers) matches the strain rate

dependence of yield stress measured in short-term constant

strain rate experiments (solid markers). The lines are results of

Figure 11. (a) Examples of stress-strain response of samples conditioned at different relative humidity and tested at 23 8C with a strain rate of 1022 s21;

(b) yield kinetics of samples conditioned at different RH % and testes at room temperature in a range of strain rates from 1025 to 3 3 1022 s21. [Color

figure can be viewed at wileyonlinelibrary.com]

Figure 12. (a) Example of creep test at constant applied load, it shows the definition of _Epl , Ecr and tf; (b) Plastic flow rate as a function of time to fail-

ure for samples conditioned at different relative humidity. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 13. Applied stress as a function of (a) plastic flow rate and (b) time-to-failure for samples conditioned at different relative humidity. (a) The solid

markers are the results of tests at constant strain rate, open markers are results of creep tests and lines the results of eq. (9). (b) The results of creep test

and lines are the results of eqs. (9) and (3) combined. [Color figure can be viewed at wileyonlinelibrary.com]
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eq. (9) employing the parameters listed in Table I. To describe

the time-to-failure results, the modified Ree–Eyring equation

[eq. (9)] combined with the critical strain were employed, as

shown in Figure 13(b). The selected critical strain was Ecr50:16.

Note that lines have the same absolute stress dependency (slope)

in both Figure 13(a,b), but with opposite signs. Finally, as

shown in Figure 13(b), the model gives a satisfactory descrip-

tion of the experimental results, therefore, it is suitable to pre-

dict of long-term plastic failure of polyamide 6 conditioned at

different relative humidity.

CONCLUSIONS

In this study, the effect of temperature and relative humidity on

the mechanical properties of melt processed polyamide 6 was

investigated. PA6 shows a strong dependency on temperature, in

the investigated range (from 240 to 120 8C) yield stress varies

from about 125 to 20 MPa at a strain rate of 1022 s21. Hydra-

tion strongly lowers the glass transition temperature, this affects

substantially the mechanical properties. The pre-existing Ree–

Eyring equation was modified in order to include the effect of

humidity (Tg depression), the temperature was replaced by the

“apparent temperature”. After this modification, the Eyring

equation is therefore suitable to predict the deformation kinetics

of polyamide 6 at different temperatures and relative humidity.

Moreover, by the introduction of the critical strain, the predic-

tions made for the deformation kinetics (tensile test – constant

plastic strain rate) can be translated also to predictions of time-

to-failure (creep test – constant load) for different relative

humidity.
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APPENDIX

In order to explain the partial mismatch between prediction

and results of Figure 6(a), compression tests were performed

with strain rate 1022 s21 (the same of tensile test) in a range of

temperatures from 240 to 120 8C. The experiments were

performed on cylindrical samples of about 3 mm height and

3 mm diameter; in order to decrease the friction between sam-

ple and the compression tool, they the samples were wrapped

in PTFE tape and before every experiment, a layer of PTFE

spray was sprayed on the testing surfaces. Figure 14(a) shows

the compressive true stress-true strain curves for the tempera-

ture range explored. The curves display double-yield; the first

yield point (at low temperatures), located at low strain, is

related to the stress contribution of the amorphous glassy

phase, and the second yield stress, located at high strain. The

latter is usually related to break-up of the lamellae. Figure 14(b)

shows the temperature dependence of the second yield stress,

where now the two-process approach holds over the entire tem-

perature range. This shows that the reason for the deviation in

Figure 6(a) is simply that in uniaxial extension the strain locali-

zation is governed by a maximum in the engineering stress

(geometric softening). At high temperature, this is located at

second yield (high strain), but with decreasing temperature it

shifts to the first yield point (low strain).
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