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Water Sorption in Polyamide 6/Poly(Amino-ether) Blends.
II. Mechanical Behavior
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Poliméricos “POLYMAT”, Facultad de Quı́mica, UPV/EHU, San Sebastian, Spain

ABSTRACT

Polyamide 6 (PA)/poly(amino-ether of bisphenol A) (Blox) blends were placed in

water for different times in an attempt to both find out whether the positive effects of

Blox on the mechanical properties of PA are maintained in wet conditions, and to study

the effects of solvent sorption on the mechanical properties of polymer blends.

After one week’s sorption, the positive effects of the presence of Blox on the

mechanical properties of PA were much larger than the composition would indicate, as

20% Blox led to a 100% increase in the modulus of elasticity with respect to that of the

wet PA. After sorption for six weeks, the positive effects had decreased, attributed to a

decrease in the interactions between PA and Blox, which was a consequence of the high

miscibilized water content. The sorption/desorption process appeared to be only

partially reversible as significant water contents remained in the blends even after very

long desorption times and cracking was observed in blends very rich in Blox.
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INTRODUCTION

Polyamides are widely used polymers due to their favorable combination of

mechanical properties, easy processing, and comparatively low price. However, unlike

other polymers, and due to their strong proton-acceptor nature, polyamides are prone to

absorb large amounts of water (up to 11%), both as liquid and also as atmospheric moisture.

Careful processing is required to minimize large-scale plasticization in the solid state,[1] that

leads to important decreases in both the Tg and in mechanical properties such as stiffness and

tensile strength. The water sorption mechanisms[2 – 4] and resulting changes in some

properties of pure polyamides[5] have been known for some time.

As in the case of other deficiencies of polymers, such as low impact strength, blending

may be used to overcome the undesired behavior of polyamides in wet conditions. Thus,

the incorporation of a polymer less sensitive to water uptake than PA will probably be

beneficial. This effect is due not only to the presence of a hydrophobic polymer, but also to

the more complicated penetration paths for moisture.[6] This should take place both when

the second component is mixed at a molecular scale (miscible blends) and at a microscopic

scale (immiscible blends).

Poly(amino-ether of bisphenol A) (Blox) is a recently commercialized polymer,

which is characterized by its excellent barrier properties to gases and superior mechanical

toughness and stiffness.[7] Recently,[8] PA/Blox blends appeared as partially miscible

blends, which comprised an almost pure PA phase, and a second phase where Blox is the

major component and PA is mixed in increasing amounts (up to 62% in the 80/20 blend for

instance) as the PA content of the whole blend increases. These blends exhibited a

desirable level of mechanical properties in the dry state,[8] particularly in the case of the

80/20 blend, as their modulus of elasticity, yield stress, and ductility, were larger than

those predicted by the rule of mixtures.

In the first part of this paper, both water sorption of the PA/Blox blends and the phase

behavior of the wet blends were studied. After water sorption, the presence of two clearly

differentiated wet and dry PA phases with a Tg difference of 608C, and also that of both dry

and fully wet Blox phases were seen. Water sorption was much slower in the blends than

that corresponding to the Blox content. This positive characteristic was seen as a decrease

in the diffusion coefficient of 38% compared to that of pure PA in a 20% Blox blend.

As in the case of the diffusion coefficient, due to water sorption in PA, the decrease in

mechanical properties can be clearly less negative in the presence of Blox. This should

increase the interest of PA/Blox blends, as they would possess attractive mechanical

properties, not only in the dry state, but also in the often-present wet state.

Moreover, this would also provide information on the effects of liquid sorption on the

mechanical behavior of polymer blends, which is a research subject that has seldom been

studied. In recent years, to our knowledge, very few studies dealing with this topic have

appeared, either in the case of polyamide-based blends[9,10] or other blends.[11,12]

In this study, the effects of different amounts of water uptake on the mechanical

properties of PA/Blox blends of different compositions are studied by means of tensile

testing after medium and long sorption times, and the results are compared with the

properties of dry blends and those of pure PA. The reversibility of the sorption process is

investigated and the mechanical properties are analyzed as a function of the water content

in the case of the 80/20 blend, the one with the best mechanical properties.
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EXPERIMENTAL

The polymers used in this work were PA (Durethan B30S from Bayer Hispania S. A.,

Barcelona, Spain) and an experimental poly(amino-ether) resin kindly supplied by Dow

Chemical under the name Blox. The PA has a molecular weight Mv ¼ 29,000, determined

by viscosimetry at 258C in aqueous formic acid (85%). Blox has a melt flow index (MFI)

of 9.0 g/10 min, determined at 2008C with a 2.16 kg load. Both polymers were dried before

processing in order to avoid moisture-induced degradation reactions, the PA for 14 h at

808C in vacuo, and Blox for 6 h at 658C in an air circulation oven.

To obtain the blends, pellets of PA and Blox were mixed at the desired weight ratios

and tumbled together before injection molding. The polymers were directly melt mixed

and injection-molded in a Battenfeld BA 230E reciprocating screw injection molding

machine. The barrel temperature was 2308C and the mold temperature 208C. The choice of

the barrel temperature was determined by the melting temperature of PA and the

possibility of degradation reactions of Blox at higher temperatures. The screw of the

plasticization unit was a standard screw with a diameter of 18 mm, L/D of 17.8,

compression ratio of 4, and helix angle of 17.88. No mixing devices were present. The

injection speed and pressure were 6.1 cm3/s and 1500 bar, respectively. Tensile ASTM

D-638, type IV specimens with a thickness of 2 mm were obtained.

The sorption measurements were carried out at 238C on injection molded tensile

specimens. The samples were immersed in distilled water for periods up to 6 weeks.

Subsequent desorption experiments were performed at room temperature for up to 12

days. The solvent content in the samples at the time t was calculated as:

% solvent ¼ ðweight at time t 2 initial weightÞ £ 100=initial weight

Tensile testing after each sorption or desorption time was carried out on an Instron 4301

tester at 23 ^ 28C and 50 ^ 5% relative humidity in 2-mm-thick ASTM D-638, type IV

specimens. A crosshead speed of 20 mm/min was used. The mechanical properties (Young’s

modulus (E), yield stress (sy), and break strain (1b)) were determined from the force–

displacement curves. A minimum of eight specimens were tested for each reported value.

RESULTS AND DISCUSSION

Effects of the Composition of the Blends

The overall effect of the presence of water in PA/Blox blends is shown in Fig. 1, in

which the tensile stress–strain curve of the 80/20 PA/Blox blend, as an example, after

water sorption during one week (curve b) is compared with that of the pure PA also after

one week sorption (curve c), and with that of the dry blend (curve a). As can be seen when

curves b and a are compared, the water presence leads to a clear plasticizing effect and

associated decreases in the modulus of elasticity and yield stress (stress of the rubber-

plateau in the case of rubber-like behavior) and to a curve similar to that of rubber-like

materials. Decreases in mechanical properties as the water content increased have also

been observed in a PA/rubber blend,[9] and in an amorphous PA/ethylene–vinyl alcohol

Water Sorption in PA/Blox Blends. II 707

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



copolymer (EVOH) blend.[10] However, as can be seen, when the curves of the wet blend

and wet PA (curves b and c, respectively) are compared, the presence of 20% Blox[8] led to

larger yield stress and modulus of elasticity. The ductility values, despite the presence of

two phases, are close to that of pure PA, and are much higher than that of pure Blox (36%).

The mechanical properties of the blends as a function of composition and at several water

contents are discussed in the following paragraphs.

Figure 2 shows the modulus of elasticity of the blends, after sorption for a week (curve

a) and six weeks (curve b). The curve of the blends before sorption (curve c) is also shown

as a comparison. The position of these points in the sorption curve is seen in Fig. 3. As can

be seen in Fig. 2, the clearly smaller modulus of elasticity of the wet blends compared with

Figure 1. Stress–strain curves of 80/20 PA/Blox (a) before and (b) after 1 week’s sorption time

(discontinuous lines). Curve c corresponds to pure PA after 1 week’s sorption.

Figure 2. Young’s modulus vs Blox content in PA/Blox blends after 1 week (K), long sorption

times (A) and before sorption (W).
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that of the dry blends indicates that plasticization, induced by water, is important in all the

PA/Blox blends, despite the slight plasticization effect of water in Blox. The modulus of

Blox after six weeks sorption is 88% of that of dry Blox, while in the case of the wet PA it

is only 27% of the modulus of dry PA. This indicates that the plasticizing effect of water in

PA is much larger than in Blox. This is because, after long sorption times, the water

content of Blox is around half that of PA, but its plasticization, measured by the modulus

decrease, is much lower than that of PA.

As can also be seen in Fig. 2, the plasticization effect is much smaller in the blends than

in pure PA. This is because the very large differences between the modulus of the dry and the

two wet PAs on the left of Fig. 2, become progressively smaller as the Blox content of the

blends increases. Smaller differences in modulus between the dry and fully wet blends as the

content of the less absorbing component increased have also been seen in amorphous

PA/EVOH and crystalline nylon-containing ionomer/EVOH blends.[10] No plot of the

mechanical properties at intermediate sorption times was provided in Ref.[10]. This

stiffening effect of the presence of Blox in the wet PA is very positive, as it is much larger

than that the Blox content could suggest. This is because the moduli of the wet blends with

20 and 35% Blox are, respectively, more than two and three-fold that of pure PA.

As can also be seen, the modulus of the blends after one week’s sorption is higher than

that predicted by the rule of mixtures, which would link by means of a tie line the values of

the two pure components (it is not depicted for clarity). Although the plasticizing effect on

the modulus does not have to be proportional to the water content, this modulus above that

predicted by the law of mixtures is probably due to the higher water content of the

components of the blends in the pure state compared with that in the blends after the same

sorption conditions. This smaller water content in the blends is seen, as the curves of the

blends after one week of Fig. 3 are at a position closer to that of Blox than that they should be

according to their composition. However, after long times the distance between the curves is

Figure 3. Water uptake of the PA/Blox blends against the square root of time: (X) pure PA, (B)

90/10, (V) 80/20, (O) 65/35, (P) 50/50, (W) 35/65, (A) 20/80, (S) 10/90 and (K) pure Blox. The

arrows show the times at which mechanical properties were measured.
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that expected from the composition change. The study of the change of mechanical

properties as a function of the water content will be reported in the second part of this paper.

The yield stress of the blends at the same sorption conditions as in Fig. 2 is shown in

Fig. 4. In the case of wet PA, and to a lesser extent in the wet blends very rich in PA, the

maximum of the yield peak was not clearly seen, so the plotted values correspond to the

stress of the rubber-like plateau, and are depicted as a broken line. The value of wet Blox

after six weeks does not appear, as breaking took place (at 47.9 MPa) before yielding. As can

be seen, the plasticizing effect on the yield stress is also very important and fairly similar to

that of the Young’s modulus, as might be expected because of the usually similar behavior of

both modulus of elasticity and yield stress that has been often seen experimentally[13] and

that has even been predicted by theoretical models.[14] When decreases of the yield stress

with respect to the values of the dry blend were calculated, the yield stress decreases due to

water sorption were slightly larger than those of the modulus of elasticity. This smaller

positive effect of the presence of Blox on yield stress can be influenced by the fact that the

modulus of elasticity is a bulk property, in which the whole section contributes to stress.

Yielding, however, is a more localized process that can easily initiate in the more plasticized

zone of heterogeneous materials, such as the wet PA/Blox blends.

Moreover, when yield stress is discussed (and to a lesser extent the modulus of elasticity

as it is measured at much smaller strain) the effects of the significant presence of water on the

interactions between PA and Blox should be taken into account. This is because, as an

important amount of PA is miscibilized in the Blox-rich phase where water is also present,

the interactions by hydrogen bonding between PA and Blox will be hindered by the proton-

donor water molecules, and this will take place at a microscopic scale in the bulk specimen.

This is in agreement with the progressively lower positive effect of the presence of Blox on

the yield stress as the water content and the sorption time increase. A decrease in the

polymer–polymer interactions and an increase in the polymer–solvent ones in swollen

blends with respect to dry ones has also been proposed as responsible for the overall

decrease in mechanical properties of swollen SBR/NR blends.[11]

Figure 4. Yield stress vs Blox content in PA/Blox blends. Symbols as in Fig. 2.
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The ductility of the blends after one week (curve a) and six weeks (curve b) is shown

in Fig. 5 against composition. The ductility of the blends in the dry state is also shown

(curve c) as a reference. The comparison between the ductility values after different water

sorption times is not easy to make, as the deformation mechanism at long strains suffers a

clear change, from that typical of a partially crystalline polymer with multiple yielding and

cold drawing processes, towards the rubber-like behavior of the wet materials, which was

seen in Fig. 1. Despite this fact, the ductility of PA-rich blends in Fig. 5 is greater than the

direct rule of mixtures (it is not drawn in Fig. 5 for clarity) would predict, and higher than

in the case of the dry blend. Moreover, as in EVOH/PA blends,[10] the positive effect of

plasticization in ductility is found in almost all the compositions, opposite to the large

ductility decrease of wet EVOH/nylon-containing ionomer blends[10] in the presence of

only 30% ionomer. The ductility of pure Blox and of the blends very rich in Blox is

surprising as it decreased upon water sorption. This effect appears to be significant, as it

takes place in most of the three water sorption levels and three blend compositions (0, 10

and 20% Blox). This decrease in ductility of the blends upon water sorption can be related

to the appearance upon desorption of small cracks distributed across the specimen that

were seen in part I of this study.[1] Permanent damage in poly(butylene terephthalate)

(PBT) materials and in short fibre reinforced PBT[15] upon water immersion at

temperatures around 508C was explained as a consequence of the formation of microvoids

due to hydrolysis. These microvoids will act as stress concentrators that can initiate matrix

cracking.[12] Although the effects observed in this study are very similar, such a reaction

cannot take place in Blox. Neither were the cracks found in this study due to the presence

of two phases, as they also appeared in the pure Blox at room temperature. It is difficult to

relate them to the volume contraction during desorption, therefore the cracks are attributed

to the volume increase of the specimen upon sorption that can be heterogeneous at

microscopic level, leading to microcracking that must affect ductility.

With respect to desorption, at medium desorption times, the mechanical properties

were the same to those during sorption at the same water content. At long desorption times,

Figure 5. Ductility vs Blox content in PA/Blox blends. Symbols as in Fig. 2.
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the initial values of the mechanical properties were not recovered as residual water

remained. This indicates that water sorption is a partially reversible process both from a

sorption and mechanical properties point of view.

Effects of the Water Content

Finally, taking into account the attractive balance of properties of the 80/20 blend, that

was seen in Ref.[8], the effects of different amounts of water on the mechanical properties

of this blend composition were studied at six sorption times. The results for the modulus of

elasticity and the yield stress are shown in Figs. 6 and 7, respectively. The values of pure

PA are also plotted as a reference. The ductility of the 80/20 blend did not change much

(from 210% in the dry blend to 280% in the wet blends) as the dry blend was able to cold

draw, and as was expected due to plasticization.

As can be seen in Fig. 6, the decrease in modulus of elasticity is directly related

to the increase in water content. This takes place up to 9% water content, which

corresponds approximately to the point at which Fickian behavior finished. It has been

seen by PALS[16] that in PA both the free volume cavity size and the amount of free

volume sites decrease during initial sorption, up to around 8% of the maximum water

uptake. This should give rise to an increase in the modulus of elasticity that does not

take place, either in the pure PA or in the blend of Fig. 6. This suggests that

plasticization by water takes place at different volume scales, and that the free volume

increase, that leads to plasticization and to modulus decreases, has a dimension which

is not detected by PALS. As can also be seen, the higher modulus of elasticity of the

dry blend compared to that of PA holds upon water sorption. The direct relation

between yield stress and water content disappears at sorption times shorter than those

Figure 6. Young’s modulus vs water content for the 80/20 PA/Blox blend (X) and pure PA (W).
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in the case of the modulus, probably because of the larger sensitivity of yield stress to

heterogeneities in local composition.

CONCLUSIONS

The severe plasticization of PA by water is clearly diminished by means of the

presence of only small levels of Blox, both after intermediate (one week) and long (six

weeks) sorption times. This is in part due to the slower water uptake of the blends after

intermediate sorption times, and leads to moduli of elasticity two and three-fold that of the

wet PA in wet blends with 20 or 30% Blox. Thus, the loss of rigidity characteristic of PA

upon water sorption is clearly reduced. After long sorption times, the positive effects of the

Blox presence were less important, as the large miscibilized water content probably

hinders the interactions between PA and Blox.

The sorption/desorption process in pure Blox and in blends very rich in Blox leads to

generalised cracking in the specimens, which is probably the reason for the observed low

ductility of these materials. This cracking effect, and the presence of some water in the

blends even after very long desorption times, indicate that the sorption process in these

blends is only partially reversible.
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