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Abstract Auxetic open cell polyurethane (PU) foams

have been manufactured and mechanically characterised

under cyclic tensile loading. The classical manufacturing

process for auxetic PU foams involves multiaxial com-

pression of the conventional parent foam, and heating of

the compressed specimens above the Tm of the foam

polymer. Eighty cylindrical specimens were fabricated

using manufacturing routes modified from those in the

open literature, with different temperatures (135 �C,

150 �C), compression ratios and different cooling methods

(water or room temperature exposure). Compressive tensile

cyclic loading has been applied to measure tangent mod-

ulus, Poisson’s ratios and energy dissipated per unit

volume. The results are used to obtain relations between

manufacturing parameters, mechanical and hysteresis

properties of the foams. Compression, both radial and

axial, was found to be the most significant manufacturing

parameter for the auxetic foams in this work.

Introduction

The seminal work of Lakes in 1987 [1] opened the field of

modelling, manufacturing and testing of auxetic materials

and structures for engineering applications. The negative

Poisson’s ratio effect is allowed in classical elasticity for

isotropic, homogeneous and thermodynamically correct

solids, ranging between -1 and 0.5 for 3D unconstrained

media [2], while for special orthotropic materials the only

limits for the Poisson’s ratios are given by the equivalence

between cross products of Young’s moduli and Poisson’s

ratios in the same plane [3]. The negative Poisson’s ratio

effect, therefore, reveals itself as a counter-intuitive

deformation behaviour, with unusual large volume chan-

ges. Negative Poisson’s ratio has been observed also in

balanced symmetric cross-ply laminates [4–6], micropo-

rous polyethylene [7, 8], centresymmetric [9–11] and non-

centresymmetric cellular configurations [12, 13]. Lakes [1]

produced an open cell foam with a Poisson’s ratio -0.7

using industrial thermoplastic Scott foam. Subsequently,

several polymeric and metal foams were transformed into

auxetic phase [14], showing enhancement in terms of in-

dentability [15] and viscoelastic loss [16, 17] compared to

the conventional base used for their fabrication. The

increase in terms of sound absorption coefficients was

recorded for the first time by Howell et al. [18], and con-

firmed for high-density auxetic open cell foams by Scarpa

et al. [19]. Chan and Evans [20] outlined a manufacturing

route for auxetic open cell thermoplastic foams, which was

then followed by Gaspar et al. [21], and modified by

Scarpa et al. [22], to obtain NPR specimens with high

resilience [23], improved stiffness [22], and high energy

dissipation per unit volume under compressive cyclic

fatigue loading [24].

In the above-cited works, only a limited number of

auxetic specimens have been produced and tested in part

because of the mechanical and thermal energies involved in

the classic manufacturing process, as well as the discard

rate and difficulty of obtaining clean specimens. Although

an initial attempt has been made in [22], it is in general

difficult to identify relations between the manufacturing
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parameters and the final mechanical properties of the foam

with a limited statistical population of specimens. In this

work, eighty specimens were manufactured in 16 batches

following a modification of the manufacturing process [22]

with two cooling systems that have been mechanically

tested, measuring the stiffness, Poisson’s ratio and hyster-

esis at 0.03 Hz tensile cyclic loading. General relationships

between the initial volumetric ratio (IVR) and final density

ratios (FDR), and the mechanical properties have been

clearly identified for the Poisson’s ratio (m) and the tangent

modulus, while the loss tangent (tan d) assumes a more

scattered behaviour with no clear correlation with the

manufacturing parameters.

Materials and equipment

The specimens tested were obtained from conventional

grey open-cell polyurethane (PU) foams supplied by

McMaster-Carr Co, Chicago, IL, with 1181–1378 pores/m,

and 27.2 kg/m3 density. The native foam was provided in

square blocks of 600 mm side length and 50 mm thickness.

Cylindrical specimens of foam were then cut using a sharp

edged tube so that the rise direction of the foam lay in the

long axis of the sample. The various manufacturing

parameters thought to control final mechanical properties

were varied in a systematic manner. Two types of tubes (30

and 48 mm in diameter) were employed to provide dif-

ferent compression ratios. Sixteen batches (five specimens

each) were manufactured, each batch being characterised

by the maximal temperature, radial compression, heating

duration and cooling method. Within each batch, speci-

mens were subjected to different axial compressions,

ranging from 1.25 to 5. In all, 80 different specimens were

manufactured with volumetric compression ratios ranging

from 5 to 19.1, see Table 1.

The conversion process applied to the foams involved

the imposition of a two axis compression, followed by

heating until softening, with an ensuing cooling process

(still under mechanical compression), which was carried

out in one of two different ways. The aluminium mould

used consisted of a set of five tubes and piston rods able to

slide along the tubes independently. Different values of

axial compression could be achieved by altering the posi-

tion of the piston in the tubes. The internal wall of the tube

was lubricated with olive oil because distilled oils or oil-

derivatives show instability and unpleasant smells at high

temperatures [15, 22]. The foam specimens were carefully

inserted inside the tubes using a wire to even out the

deformation in the foam avoiding as far as possible the

formation of creases or torque effects. A conical inlet

proved useful in avoiding creases, especially for the

specimens with larger initial diameters. The mould was

then put into an industrial convection oven (Sanyo MOV-

212F).

A number of preliminary batches were made in order to

optimise the time–temperature profile. During the pre-

liminary tests, many specimens were auxetic for only a few

hours following manufacture, while others exhibited con-

ventional positive Poisson’s ratios. The eventual optimised

method involved is preheating the oven to 200 �C and then

putting the mould into the oven to heat. To monitor spec-

imen temperature, a thermocouple was inserted between

the mould and the foam specimen. Two time–temperature

profiles (135 �C in 12 min and 150 �C in 15 min) were

applied to both sets of specimens, one with 48 mm and the

other with 30 mm diameter, as shown in Fig. 1.

The heating process was followed by a cooling opera-

tion. Two methods of cooling were tested: firstly, cooling

in air at room temperature lasting approximately one and

half hours; secondly, cooling in room water temperature

lasting approximately 5 min. Following cooling, specimens

were gently manipulated by hand in order to relax the

external surface. All specimens’ manufacturing parameters

are shown in Table 1.

Experimental methods and testing techniques

Dimensions and weights of all specimens were measured to

calculate their density before and after processing. Analysis

including mechanical testing had to be made reasonably

rapidly following processing, since they relax back to their

original shape over periods of months; however for the

water-cooled specimens it was necessary to wait for

approximately 2 days until the core of these specimens was

completely dry. For the sake of comparability between the

results, dimensions and mass were measured 1 week fol-

lowing post-processing. Some of the batches have an

unusual density value in comparison to other specimen

batches due to the different cooling methods. Dimensions

were measured with callipers, and mass was measured

using a Mettler PM2500 electronic balance with a sensi-

tivity of 0.001 g. All measurements were carried out in a

room with a stable temperature and humidity (21 �C and

48% RH). The diameter was measured in three different

positions and the mean result used. By knowing the density

of the conventional foam, qconv (27.2 kg/m3), and the final

density, q, of the auxetic specimens, it has been possible to

calculate the FDR:

FDR ¼ q
qconv

ð1Þ

In order to measure Poisson’s ratio, tangent modulus

(analogous to Young’s modulus) and the dissipation of

energy of each specimen, a Shimadzu Autograph AGS-
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Table 1 Processing parameters for all specimens

Batch Specimen Initial size (mm) Imposed size (mm) Compression ratio Temperature (�C) Time (min) Cooling method

Diameter Length Diameter Length Radial Axial Volume

A 1A 48 180 19 60 2.53 3 19.15 135 12 Water

2A 48 160 19 60 2.53 2.67 17.02

3A 48 140 19 60 2.53 2.33 14.89

4A 48 120 19 60 2.53 2.00 12.76

5A 48 100 19 60 2.53 1.67 10.64

B 1B 48 180 19 60 2.53 3 19.15 150 15 Water

2B 48 160 19 60 2.53 2.67 17.02

3B 48 140 19 60 2.53 2.33 14.89

4B 48 120 19 60 2.53 2.00 12.76

5B 48 100 19 60 2.53 1.67 10.64

C 1C 48 180 19 80 2.53 2.25 14.36 135 12 Water

2C 48 160 19 80 2.53 2.00 12.76

3C 48 140 19 80 2.53 1.75 11.17

4C 48 120 19 80 2.53 1.50 9.57

5C 48 100 19 80 2.53 1.25 7.98

D 1D 48 180 19 80 2.53 2.25 14.36 150 15 Water

2D 48 160 19 80 2.53 2.00 12.76

3D 48 140 19 80 2.53 1.75 11.17

4D 48 120 19 80 2.53 1.50 9.57

5D 48 100 19 80 2.53 1.25 7.98

E 1E 48 180 19 80 2.53 2.25 14.36 135 12 Room temperature

2E 48 160 19 80 2.53 2.00 12.76

3E 48 140 19 80 2.53 1.75 11.17

4E 48 120 19 80 2.53 1.50 9.57

5E 48 100 19 80 2.53 1.25 7.98

F 1F 48 180 19 80 2.53 2.25 14.36 150 15 Room temperature

2F 48 160 19 80 2.53 2.00 12.76

3F 48 140 19 80 2.53 1.75 11.17

4F 48 120 19 80 2.53 1.50 9.57

5F 48 100 19 80 2.53 1.25 7.98

G 1G 30 200 19 60 1.58 3.33 8.31 135 12 Water

2G 30 180 19 60 1.58 3.00 7.48

3G 30 160 19 60 1.58 2.67 6.65

4G 30 140 19 60 1.58 2.33 5.82

5G 30 120 19 60 1.58 2.00 4.99

H 1H 30 200 19 40 1.58 5.00 12.47 135 12 Water

2H 30 180 19 40 1.58 4.50 11.22

3H 30 160 19 40 1.58 4.00 9.97

4H 30 140 19 40 1.58 3.50 8.73

5H 30 120 19 40 1.58 3.00 7.48

I 1I 30 200 19 60 1.58 3.33 8.31 150 15 Water

2I 30 180 19 60 1.58 3.00 7.48

3I 30 160 19 60 1.58 2.67 6.65

4I 30 140 19 60 1.58 2.33 5.82

5I 30 120 19 60 1.58 2.00 4.99
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10kND testing machine equipped with a 50 N load cell was

used. Tests were in tension and were quasi-static and

cyclical (displacement rate of 20 mm/min). Deformations,

and thus strains, were measured via an optical system

Videoextensometer (Messphysik GmbH, Austria), which is

an edge following system and required small contrasting

surface markers to be adhered temporarily to specimens

using a ‘poster mount’ type adhesive (‘Spray Mount’, 3M

Inc). The markers were thus adhered away from the

clamped ends and to only the central portion of cylindrical

specimen, allowing deformation and strain data to be

collected from only this central portion and avoiding ends

effects [26]. Figure 2 shows how these markers remained

adhered to the central portion of the foam; consequently the

resulting data reflects deformations and strains down the

central portion of the sample. There was nothing to suggest

there was anything but uniform strain down the length of

the main body of the samples.

The longitudinal and transverse strains were calculated

as:

Table 1 continued

Batch Specimen Initial size (mm) Imposed size (mm) Compression ratio Temperature (�C) Time (min) Cooling method

Diameter Length Diameter Length Radial Axial Volume

L 1L 30 200 19 40 1.58 5.00 12.47 150 15 Water

2L 30 180 19 40 1.58 4.50 11.22

3L 30 160 19 40 1.58 4.00 9.97

4L 30 140 19 40 1.58 3.50 8.73

5L 30 120 19 40 1.58 3.00 7.48

M 1M 30 200 19 40 1.58 5.00 12.47 135 12 Room temperature

2M 30 180 19 40 1.58 4.50 11.22

3M 30 160 19 40 1.58 4.00 9.97

4M 30 140 19 40 1.58 3.50 8.73

5M 30 120 19 40 1.58 3.00 7.48

N 1N 30 200 19 60 1.58 3.33 8.31 135 12 Room temperature

2N 30 180 19 60 1.58 3.00 7.48

3N 30 160 19 60 1.58 2.67 6.65

4N 30 140 19 60 1.58 2.33 5.82

5N 30 120 19 60 1.58 2.00 4.99

O 1O 30 200 19 40 1.58 5.00 12.47 150 15 Room temperature

2O 30 180 19 40 1.58 4.50 11.22

3O 30 160 19 40 1.58 4.00 9.97

4O 30 140 19 40 1.58 3.50 8.73

5O 30 120 19 40 1.58 3.00 7.48

P 1P 30 200 19 60 1.58 3.33 8.31 150 15 Room temperature

2P 30 180 19 60 1.58 3.00 7.48

3P 30 160 19 60 1.58 2.67 6.65

4P 30 140 19 60 1.58 2.33 5.82

5P 30 120 19 60 1.58 2.00 4.99

Q 1Q 48 180 19 60 2.53 3.00 19.15 135 12 Room temperature

2Q 48 160 19 60 2.53 2.67 17.02

3Q 48 140 19 60 2.53 2.33 14.89

4Q 48 120 19 60 2.53 2.00 12.76

5Q 48 100 19 60 2.53 1.67 10.64

R 1R 48 180 19 60 2.53 3.00 19.15 150 15 Room temperature

2R 48 160 19 60 2.53 2.67 17.02

3R 48 140 19 60 2.53 2.33 14.89

4R 48 120 19 60 2.53 2.00 12.76

5R 48 100 19 60 2.53 1.67 10.64

Note that within each batch there were five specimens, each with a different axial compression ratio ranging from 1.25 to 5
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ex ¼
Dl

l0
; ey ¼

Dd

d0

ð2Þ

where Dl and Dd are the longitudinal and diameter

deformations, and l0 and d0 the starting specimen length

and diameters, respectively. The Poisson’s ratio mxy was

calculated using the classical definition for the strain data

during the loading portion of the stress–strain cycle:

mxy ¼ �
ey

ex
ð3Þ

The tensile stress using the starting specimen cross

section A0 was calculated as:

r ¼ F

A0

ð4Þ

while the tangent modulus was calculated using the

definition [7] for data during the loading portion of the

stress–strain cycle:

E ¼ dr
dex

ð5Þ

In this case, the slope of the linear region of the stress–

strain curve ranges between 0 and 5–10% strain. Most

conventional foams presented a quasi-linear response

during deformation before reaching 20% strain. A quasi-

static tensile progressive stress–strain analysis on auxetic

samples revealed that the negative Poisson’s ratio foams

behave linearly up to 25% of tensile strain. By considering

the foam as a viscoelastic linear material, the Young’s

complex modulus can be represented as [25]:

E� ¼ Eð1þ i tan dÞ ð6Þ

where d is the phase angle between the stress and strain

sinusoids. For each specimen, a stress–strain curve was

measured corresponding to the cyclic loading with R = 0,

i.e. the ratio between the minimum and maximum dis-

placement during testing [24] (R = 0 indicating that the

test was done in tension–tension); a typical example is

Fig. 1 Time–temperature profiles with the final value of 135 �C and

150 �C

Fig. 2 Example of a specimen with the markers ready to be tested Fig. 3 Example of stress–strain curve
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shown in Fig. 3 for specimen 1A. The areas corresponding

to the hysteresis cycles were calculated by approximating

the sides of each stress–strain curve with two second

degree polynomial curves and subsequent numerical inte-

gration of areas.

Results and discussion

Figure 4a and b shows SEM images of the conventional

and negative Poisson’s ratio microstructures, respectively.

The conventional parent phase foam is partially reticulated,

with membranes present between the cell ribs, and average

diameter around 500 lm. The negative Poisson’s ratio

foam (Poisson’s ratio –0.24) instead shows convoluted and

disordered unit cells, with complex rib geometry. Using the

final density data acquired regarding each specimen and

knowing the density of the native foam, an analysis of the

FDR versus the imposed volumetric ratio (IVR) was car-

ried out using a linear least squares (LLS) technique, as

shown in Fig. 5. It is noticeable that all the batches show a

quasi-linear trend, with the curve slopes ranging between

0.12 and 0.56. All the batches yield a good correlation

factor for the LLS of approximately 0.9. A significant

discrepancy between the IVR and FDR is clear. This may

be so because while the IVR is a geometrical ratio, the

FDR is a ratio between densities; hence any loss of mass

associated with heating during processing may alter the

FDR and, more importantly, become a factor in the

mechanical behaviour of the auxetic specimens.

The values of force, length and width were post-pro-

cessed and, in general, exhibited repeatable and linear

behaviour in terms of longitudinal and lateral strains and

stress. A single cycle, usually the last of five, was chosen

for analysis.

All specimens were auxetic, i.e. exhibited negative

Poisson’s ratios, and in general specimens with lower axial

compressive ratios tend to reach maximal negative Pois-

son’s ratios, see Fig. 6. Lower Poisson’s ratios were

Fig. 4 SEM images of (a) conventional and (b) auxetic open cell foam

Fig. 5 Imposed volumetric

ratio versus final density ratio

curve
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obtained in batches A, C and D made from specimens of

48 mm of initial diameter and using the water-cooling

method, with the maximal negative value in specimen 5C

of -0.63. Specimen 5C had a processing temperature of

135 �C, and radial and axial compression ratios of 2.53 and

1.25, respectively. It appears that the batches can be divi-

ded into two main clusters, one containing specimens with

an initial diameter of 30 mm (FDR ranging between 3.35

and 5.78 and m between -0.29 and -0.09), and the second

containing specimens with an initial diameter of 48 mm

(FDR values ranging between 6.25 and 11.90, and m
between -0.63 and -0.10). All groups show a general

monotonic dependence of the Poisson’s ratio versus FDR

values. The water-cooled batches with an initial diameter

of 48 mm (A–D) have a higher value of correlation coef-

ficient, with an average R2 value of 0.80 and standard

deviation of 20.6% of the mean correlation value. In con-

trast, batches with 30 mm initial diameter cooled in air at

room temperature (M–P) are poorly correlated, with an

average R2 value of 0.49 and standard deviation of 39.2%

of the mean correlation value. Almost certainly the water

jet used to cool the mould provides a significant thermal

shock and a more uniform temperature distribution during

cooling, both in terms of exposure time and uniformity

along the length of the mould, as opposed to air drying.

Importantly no effect of the maximal temperature reached

in the various batches that was observed.

In general, the largest magnitude negative Poisson’s

ratios were found for the specimens in each batch with the

lowest FDR. The specimens 5A, 5C and 5G, with m values

of -0.58, -0.63 and -0.59, respectively, showed the

largest Poisson’s ratios belonging to batches with final

temperature of 135 �C and being water-cooled. It appears,

however, that no specific correlation between cooling

method and final temperature values exists in this case.

Figure 7 shows the behaviour of the tangent modulus

versus the Poisson’s ratio. Similar to Fig. 6, two clusters

can be seen to emerge. While one cluster contains the

specimens with an initial diameter of 30 mm, the less

tightly packed cluster contains the batches with the

Fig. 6 Poisson’s ratio versus

final density ratio. The two

clusters are shown bounded for

clarity

Fig. 7 Tangent modulus versus

Poisson’s ratio
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specimens having 48 mm diameter. The first cluster shows

a concentration of the specimens with stiffness between

0.03 and 0.09 MPa, while the second one is localised

between 0.15 and 0.65 MPa. It is worth noting that the

dependence of the tangent modulus versus the Poisson’s

ratio is in general monotonically decreasing, i.e., the

modulus increases for large negative Poisson’s ratio values.

A general decrease of the tangent modulus accompanied

by the decrease of the Poisson’s ratio was apparent, and a

LLS best fit was derived for each batch. In general, the

batches of specimens with initial diameters of 48 mm, with

imposed length of 80 mm and water-cooled (i.e. C and D)

showed a higher correlation with an average R2 value of

0.94 and standard deviation 1% of the mean correlation

value. Conversely, a condition of mean quasi-zero corre-

lation occurred in several batches consisting of specimens

with 30 mm initial diameter, room temperature-cooled.

The water-cooled specimens 5A, 5C and 5D with initial

diameter of 48 mm showed the higher values of stiffness

(0.44, 0.59 and 0.65 MPa, respectively). Figure 8 shows

the general monotonic stiffness (tangent modulus) versus

the FDR decreases with the emerging of the two clusters.

As with the previous analysis, the more concentrated

cluster is related to batches made from specimens with

30 mm of initial diameter and the second to those with

48 mm of initial diameter.

Figure 9 shows how, in general, the energy dissipation

decreases as Poisson’s ratio approaches zero, albeit in this

case there is no evident presence of clusters between bat-

ches made with specimens with 30 or 48 mm of initial

diameter, nor is there a statistically significant correlation.

It is worth noting that the 48 mm diameter specimens are

more widely spread in comparison with specimens with the

initial size of 30 mm.

Figure 10 shows the relation between stiffness and the

tan d between each stress–strain sinusoid. For this case, the

modulus–loss grouping also shows the presence of the two

clusters, as in Figs. 6–8.

Fig. 8 Tangent modulus versus

final density ratio

Fig. 9 Dissipation of energy

versus Poisson’s ratio
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Five conventional foam specimens of 30 mm diameter

were tested for reference. Their mean properties were as

follows: m = 0.62, tangent modulus = 0.26 MPa, energy

dissipation per unit volume = 0.92 mJ/cm3, and tan

d = 0.33. One specimen featured an outlier value of

0.401 mJ/cm3 discarded using the Chauvenet’s criterium

[27]. The specific energy dissipation value is consistent

with the ones recorded for conventional foams under

compression–compression at small loading ratios [24].

The variation in processing parameters in this study is

unique and so comparison with all the present specimens is

not always possible simply because no other similar pro-

cessed specimens exist. However, specimen 4C can be seen

to match reasonably well data available from another study

[22]. Specimen 4C has the largest magnitude negative

Poisson’s ratio in this study of -0.42, and a tangent

modulus of 0.28 MPa. These values compare well with a

Poisson’s ratio of -0.22 and ‘Young’s modulus’ (taken to

be similar to tangent modulus in this study) of 0.21 MPa

from [22]. The specimen from [22] was made from the

same native foam and with similar initial dimensions to

specimen 4C, but was converted to the auxetic state via a

different compression, temperature profile and cooling

method.

In broad terms the values of elastic properties presented

here are within the range of those reported in the literature.

One of the present authors has previously reported values

for auxetic versions of another PU foams [19] of 0.02 MPa

and 0.14 for tangent (given as Young’s) modulus and loss

factor, respectively. Another of the authors reported similar

values of tangent modulus [28] of 17 kPa (0.017 MPa).

A study of the hysteresis loops on negative Poisson’s

ratio open cell foam has been carried out in [24], where the

areas has been calculated from data gathered during fatigue

tests performed at 3 Hz in compressive loading and under a

preload of 70% of the initial length of each specimen. The

results presented in this work provide lower values of

energy dissipation (one order of magnitude on average);

however one must consider that the testing conditions in

[24] were very different (dynamic compressive preloaded

versus quasi-static tensile without preload test). Reference

[24] reports that the energy dissipation per unit volume of

the native foam (*0.05 mJ/cm3 after 20,000 cycles) is

lower than the auxetic one (0.8 mJ/cm3 as average result).

The analysis carried out in the current work highlights a

different behaviour. It is apparent in the results of the

quasi-static cyclic tests that the conventional foam has a

greater energy dissipation compared to the average value of

the auxetic version (being 0.071 mJ/cm3 for the auxetic

specimens with an initial diameter of 30 mm). It is

apparent that the overall compression is the most important

factor in the determination of Poisson’s ratio of these

auxetic foams.

Conclusions

An established manufacturing process for producing ther-

moplastic auxetic cylinder foam from flexible PU foams

specimens with an initial diameter of 30 and 48 mm has

been modified, and the resulting auxetic foam mechani-

cally tested. Density, Poisson’s ratio, stiffness and

dissipation of energy were identified for each specimen.

Using the data acquired, a linear relation between FDR and

imposed volumetric ratio for each auxetic specimen has

been evaluated and a good value of correlation has been

reached for each batch. All specimens were auxetic, with

values of the Poisson’s ratio ranging from -0.09 to -0.63.

In each batch, the maximal negative Poisson’s ratio was

found in the specimens with the initial diameter of 48 mm,

i.e. higher radial compression, but with the lowest FDR. In

most cases, the stiffness of the specimens tested decreased

for increasing FDR, and decreased with declining Pois-

son’s ratio values. The water-cooled specimen with an

Fig. 10 Tangent modulus

versus loss tangent

J Mater Sci (2008) 43:5851–5860 5859

123



initial diameter of 48 mm showed the highest values of

negative Poisson’s ratio, while batches having an axial

compression of 80 mm showed the best correlation

between FDR and Poisson’s ratio. Clusters of results found

in the analysis made on the Poisson’s ratio, FDR, stiffness

and dissipation of energy suggest that the most important

manufacturing factor is overall compression imposed. This

is particularly evident in the relationship between tangent

modulus and Poisson’s ratio, where the 30 mm specimens

tend to have lower modulus values than the 48 mm

diameter samples. In contrast, no significant correlation

between cooling methods, maximal temperature levels

during the heating process and mechanical properties have

been observed.
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