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Effect of Clay Modification on the Mechanism
of Local Deformations in PA6 Nanocomposites
Zita Dominkovics, Elodie Naveau, Christine Jérôme, József Hári,
Károly Renner, János Móczó, Michaël Alexandre, Béla Pukánszky*
PA nanocomposites are prepared from clays organophilized with a phosphonium and an
ammonium salt, and sodium montmorillonite is used as reference. The analysis of mechanical
and micromechanical properties of the composites reveal that several micromechanical
deformation processes occur in the PA/MMT compo-
sites. The matrix cavitates at relatively small stress.
Processes related to non-exfoliated clay structural
units are initiated at larger stresses. Sound is emitted
mainly by the fracture of particles, but debonding may
also occur. The plastic deformation of the matrix dom-
inates at larger stresses and deformations. The various
local deformations are independent of each other and
composite properties are not determined by silicate
related processes but by the deformation of the matrix.
1. Introduction

The interest in polymer/layered silicate nanocomposites is

still considerable and research related to them continues

because of their potentials as structural materials.[1–4] Since

in the successful preparation of such nanocomposites the

key factor is the extent of exfoliation, the attention focuses

mainly on means to achieve complete homogenization of

individual platelets and on the characterization of struc-

ture. In spite of all efforts, complete exfoliation is rarely

achieved and the structure of layered silicate composites is
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complex. Besides individual platelets and some tactoids,

larger particles are often present and a silicate network

may also form at considerable extent of exfoliation.[5–7] The

complex structure leads to a variety of behaviors and

these composites have widely differing properties in spite

of the fact that often similar, exfoliated/intercalated

structure is claimed in the literature by the majority of

authors.[1–4,8–13] The structure is not controlled in the

necessary extent yet and the importance as well as role of

the various structural entities in the determination of

properties is unknown at the moment. The deformation

and failure of polymer/layered silicate nanocomposites is

not studied in the extent as structure and certain properties.

Even less attention is paid to local micromechanical

deformation processes occurring around clay entities,

although they may determine the macroscopic properties

of the composites.[7,14,15] Deformation may be dominated

either by that of the matrix or by processes related to the

silicate reinforcement. The polymer may deform by shear

yielding, but its cavitation, i.e., formation of voids in the

matrix itself, cracking or fracture can also take place.

Voiding was shown to occur during the deformation of

neat polyamide.[16] Much larger is the number of possible
library.com DOI: 10.1002/mame.201200244
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deformation processes related to the silicate. According to

Kim et al.[14] the fracture or peeling off the silicate layers

and the slipping of individual layers or stacks may occur

during deformation. If also the presence of larger entities is

allowed for, and this is definitely the case when sodium

montmorillonite (NaMMT) is used as filler, the debonding of

the silicate from the matrix must be also considered as a

possible deformation mechanism.[17] Basically all silicate

related processes depend on interaction, both on the forces

acting among the layers and on matrix/filler adhesion. As a

consequence, the quality of organophilization, i.e., the type

and amount of the surfactant used, is expected to influence

the mechanism of deformation and the properties of

the composites considerably.

The advantages of phosphonium modification of clay were

shown in a previous paper indicating better stability for

composites prepared with such a clay compared to the silicate

modified with the usual ammonium salt.[18] In a subsequent

paper composites were prepared with clays organophilized

with a phosphonium and an ammonium salt, respectively,

and the structure and properties of PA6 nanocomposites

prepared with them were analyzed in detail.[19] The two

modifications led to different gallery structures and this

resulted in dissimilar extent of exfoliation. The clay modified

with the phosphonium salt exfoliated better in PA than the

silicate treated with the ammonium salt in spite of its smaller

surface coverage. The nanocomposites contained individual

platelets, intercalated stacks, and large particles, but the

development of a silicate network could be also detected at

larger clay contents. The reinforcing effect of the clays was

determined quantitatively showing that two factors deter-

mine the extent of reinforcement: contact surface and the

strength of interaction. Reinforcement was much stronger

in the composite containing the clay modified with the

phosphonium salt because of a better combination of

exfoliation and surface coverage.

The present paper focuses on local processes occurring

during the deformation of the nanocomposites mentioned

above. Micromechanical deformations are analyzed by

following the volume increase of specimens during defor-

mation and by the detection of acoustic signals emitted

by local processes. Characteristic stresses derived from the

measurements are compared to macroscopic properties,

and the main factors determining properties as well as the

dominating deformation mechanism are identified.
2. Experimental Section

Cloisite 20A modified with bis(hydrogenated tallowalkyl) dimethyl-

ammonium chloride (NoMMT) and NaMMT were obtained from

Rockwood Additives Ltd. NaMMT was organophilized with

trihexyltetradecylphosphonium chloride in supercritical CO2 to

obtain the other organophilized montmorillonite (PoMMT) accord-

ing to the procedure described earlier.[18] The silicates were
www.MaterialsViews.com
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characterized extensively by X-ray diffraction (XRD), thermo-

gravimetric analysis (TGA), nitrogen adsorption, and inverse gas

chromatography (IGC). The characteristics of the clays are

presented in the previous paper[19] and the consequences of

similarities and/or differences between them are discussed in

detail there.

The Domamide 27 polyamide 6 (density: 1.14 g cm�3, MFI:

4 g � (10 min)�1 at 230 8C and 2.16 kg) used as matrix was obtained

from Domo Chemicals (Domamid 27). Composites containing 0.5, 1,

2, 3, 5, and 7 vol% clay were homogenized using a Berstorff ZE 34

Basic twin-screw extruder with the temperature program of 60–

210–225–230–230–230–230 8C and 50 rpm screw speed. Rectan-

gular tensile bars with the dimensions of 150� 10�4 mm3 (ISO

527 1A specimen) were injection molded using a Demag IntElect

50/330-100 injection molding machine at 40–235–240–250–

260 8C, 50 mm s�1 injection rate, 350 bar holding pressure and

20 s holding time. The temperature of the mold was set to 60 8C and

cooling time to 45 s. XRD traces were recorded on the composites

using a Phillips PW 1830/PW 1050 equipment with Cu Ka radiation

at 40 kV and 35 mA anode excitation. Morphology was character-

ized by electron microscopy. Transmission electron micrographs

were taken from ultrathin sections prepared with a Leica EM FC6

apparatus by a Tecnai G2 Twin microscope (LB6, 200 kV). SEM

micrographs were recorded using a Jeol JSM 6380 LA apparatus on

fracture surfaces created by the cryogenic fracture of neat and

deformed samples. Mechanical properties were characterized by

tensile testing using an Instron 5566 apparatus. Tensile modulus

was determined at 0.5 mm min�1 cross head speed and 115 mm

gauge length, while other tensile characteristics were measured at

5 mm min�1 speed. Tensile bars were conditioned in an atmo-

sphere of 50% relative humidity (RH) and 23 8C for 3 d before testing.

Acoustic emission (AE) signals were recorded with a Sensophone

AED 40/4 apparatus. A single A11 resonance detector with the

resonance frequency of 150 kHz was attached to the center of

the specimen. Preamplification was 20 dB and peak amplitude

detected by the equipment is 108 dB �mV. Reference voltage was

1 mV. The threshold level of detection was set to 20 dB. The volume

strain (VOLS) was determined by measuring also the change in

one lateral dimension of the specimen by a strain transducer. The

same dimensional changes were assumed to occur in both lateral

directions. VOLS is calculated from deformations measured in two

perpendicular directions
013, 29

H & Co
DV

V0
¼ ð1þ exÞð1þ eyÞ2 � 1 (1)
where DV is the volume increase, V0 is the initial volume, ex is the

deformation in the direction of the load (tensile direction), while ey

is the deformation in one of the other directions perpendicular to

loading. We assumed that ey¼ ez. The measurements were carried

out at 5 mm min�1 cross-head speed. Five parallel measurements

were done in all mechanical and micromechanical experiments.
3. Results and Discussion

This paper focuses the attention on the mechanism of

deformation and does not discuss structure and properties
8, 796–805
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in detail; reference is made to the previous publication

where necessary[19] in order to keep the length of this

paper within reasonable limits. The results are discussed

in separate sections; first those obtained by VOLS are

presented followed by the results of the AE measurements.

Deformation mechanisms and their relation to macroscopic

properties are discussed in a separate section.
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Figure 1. Stress versus strain and volume strain versus strain
traces for the neat PA (– –) and those of the composite containing
7 vol% OMMT modified with the ammonium salt (––).
3.1. Volume Strain

As mentioned in the introductory part several microme-

chanical deformation processes may take place during the

tensile testing of specimens prepared from PA6 nanocom-

posites. Some of these are accompanied by volume increase,

while others are not. Shear yielding, plastic flow, or the

slipping of platelets[14] do not result in the increase of

specimen volume, while many others like crazing, cavita-

tion or debonding lead to detectable VOLS. Volume increase

is plotted against linear elongation in Figure 1 for the

matrix PA and for the composite containing 7 vol% OMMT

modified with the ammonium salt (NaMMT). The corre-

sponding stress versus strain traces are also presented for

reference. The volume of the matrix polymer increases with

a smaller slope first, then with a larger rate after a certain,

relatively small deformation. Although the difference in

slope is small, it could be detected on all traces. Volume

increase in the first section is the result of the Poisson’s ratio

of the polymer being different from 0.5 (deviatoric strain).

The Poisson’s ratio calculated from the slope of this section

is 0.39 which is a reasonable value for PA.[8] The increase of

volume beyond the critical deformation must be caused

by a micromechanical deformation process, probably by

cavitation (dilatational strain), which was shown to occur

during the deformation of PA.[7,16] At larger deformations,

above 4% elongation, the volume of the specimen seems

to decrease. This apparent decrease results from plastic

deformation and necking; values beyond the maximum

loose their meaning and the measurement was stopped

close to that point. Unfortunately, the mechanical strain

gauge used in these experiments initiated the necking of

the sample.

The presence of the silicate results in further volume

increase as shown by the full line in Figure 1. The maximum

volume increase is in the range of 2% which agrees well

with values observed by others in PA nanocomposites

prepared from different components under dissimilar

conditions.[7,15] The attention must be called here to the

fact that the shape of the traces is the same in all materials

studied independently of the presence or absence of silicate

or the type of surface modification, including also the

uncoated NaMMT. As a consequence, we refrain from

showing all traces in order to save space. One might

conclude from the similarity of the VOLS traces that

deformation proceeds with the same mechanism and the
Macromol. Mater. Eng. 2
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silicate does not initiate a new process. However, this

tentative conclusion needs further proof.

A characteristic or initiation deformation (eVOLS) as well

as stress (sVOLS) can be determined from the change of

slope in the way indicated in Figure 1. These characteristic

values were derived for all materials and sVOLS is plotted

against silicate content in Figure 2. Although the standard

deviation of the determination is rather large, which is

not very surprising considering the traces in Figure 1,

the effect of the silicates is clear. NaMMT hinders, while

organophilic silicates promote the process leading to

volume increase. The difference in the effect of the

two modified clays must be caused by their dissimilar

surface coverage and the resulting different extent of

exfoliation.

Total strain can be divided into three components: elastic,

deviatoric and dilatational strain assuming linear additiv-

ity.[20,21] Using the results of volume (dilatational) strain

measurements, we calculated the individual stress compo-

nents. The dilatational stress component is plotted against

linear strain in Figure 3 for PA and the three types of

composites. The results of the calculations completely

corroborate the conclusions drawn from Figure 2. Volume

increase is smaller in the presence of NaMMT than in

the neat PA matrix, i.e., this silicate hinders cavitation, while

the other two increase it. We must also call attention to the

fact that volume increase isnot verylarge and the presence of

the silicates does not influence it much. Since in the PA/

NaMMT composites the number of large particles possibly

initiating debonding is much larger than in the other two

types of composites, we may assume that besides elastic
013, 298, 796–805
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Figure 2. Effect of silicate content and surface modification on the
initiation stress of volume increase. Symbols: (D) NaMMT, (*)
PoMMT, (&) NoMMT, (*) PA matrix.
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deformation not debonding, but cavitation is the dominat-

ing micromechanical deformation process in this stage of

deformation. The correlations presented in Figure 2 as well as

Figure 3 clearly indicate that the presence of the silicate

influences the process, probably cavitation, resulting in

volume increase. In order to check the role of the silicate,

initiation stress was plotted against the intensity of the

silicate reflection determined by XRD (Figure 4). Such a

reflection is detected if ordered, non-exfoliated tactoids or

particles are present in the composite. The intensity of the
0.00 0.01 0.02 0.03 0.04 0.05
0

10

20

30

40

D
ila

ta
tio

na
l s

tra
in

 (%
)

Elongational strain 

PoMMT

NoMMT

NaMMT

PA

Figure 3. Dilatational component of strain for PA(––) and for the
composites containing the three clays in 5 vol%, NaMMT(– –),
NoMMT(– � –), PoMMT(– � � –).
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reflection is assumed to be proportional to the number of

these structural units. One must keep in mind, though, that

the intensity of the reflection depends on several factors[22]

and the direct comparison of composites containing

different silicates might be misleading. However, the

correlations presented in Figure 4 are clear and show that

volume increase depends on structure, on the degree of

exfoliation and on the presence of non-exfoliated particles.

Assuming that the mechanism of deformation is similar or

even the same in all cases, the different effect of the silicates

may be explained by their dissimilar surface free energy.

Cavitation is caused by negative hydrostatic pressure and

results in the formation of voids. Large surface energy[19] and

good adhesion to the surface of NaMMT hinders this process,

while weak interaction with the organophilic clays facil-

itates it. Deviation of the intersections of the correlations

from the matrix value indicate that the size and amount of

these structural units also play a role, and the explanation

might be more complicated than presented here. One may

assume that two factors determine the extent of volume

increase, the fracture and/or debonding of particles and

interaction, both acting in different extent in composites

containing the two types of silicates (NaMMT, OMMT). One

may also consider that the presence of the silicate changes

the crystalline structure of PA, a considerable part crystal-

lizes in the g form in the composites instead of the usual a

modification.[23] Finally, the orientation of anisotropic

particles must also influence deformation processes and in

different extent for the various composites. Nevertheless,

one may conclude that cavitation occurs in all composites

and it is initiated at a relatively small stress (10–15 MPa)

compared to the yield stress of the polymer (61.5 MPa).
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Figure 4. Correlation between the intensity of the silicate reflec-
tion (XRD) and the initiation stress of volume increase. Symbols:
(D) NaMMT, (*) PoMMT, (&) NoMMT.
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3.2. Acoustic Emission

Some of the local deformation processes occurring around

heterogeneities are accompanied by the release of energy.

Energy is released in the form of elastic waves, which can be

detected by piezoelectric transducers. Although the tech-

nique has limitations, it is very useful for the study of

micromechanical deformation processes and the number,

energy, amplitude, and other quantities of the signal as well

as other characteristics derived from the measurements

offer valuable information. The result of a typical measure-

ment done on the composite containing 0.5 vol% of the

NaMMT clay is presented in Figure 5. The stress versus

strain trace is also plotted as reference; it helps to locate the

position of the acoustic events during deformation. Each

small circle corresponds at least to one acoustic event

(signal, hit). According to the figure a considerable number

of signals is detected during deformation and most of them

occur at relatively small elongations. The amplitude of

these events covers a relatively wide range.

Unfortunately the observation of individual events

allows drawing only limited conclusions thus primary

results are transformed for analysis. The cumulative

number of signals is also plotted in Figure 5 for the neat

PA and for the composite. It is obvious from the figure that

the stress versus strain traces are rather similar for the two

materials (PA, composite), but the number of events differ

significantly for them. The number of signals is about one

order of magnitude larger in the composite containing only

a small amount of clay and acoustic activity increases

further with increasing clay content. Considering the
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Figure 5. Acoustic emission signals detected during the
deformation of the PA composite containing 0.5 vol% NaMMT.
Symbols: (*) individual acoustic signals for the composite,
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for the neat PA (– –) and for the composite (––).
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results presented in the previous section, one must

conclude that the process resulting in the acoustic events

do not initiate volume increase otherwise much larger VOLS

initiated at larger stresses must have been measured in

the presence of the clays, but the magnitude of volume

increase was the same in all polymers including the

neat PA. Characteristic values are derived also from the AE

measurements as indicated in Figure 5.

The acoustic behavior of composites containing the

organophilic clays and NaMMT, respectively, also differ

from each other. A typical trace obtained on the composite

containing 1.5 vol% of the clay modified with the phos-

phonium salt is presented in Figure 6; the behavior of neat

PA is shown again for comparison. The acoustic activity of

the composite is only slightly larger than that of the matrix

polymer. Moreover, instead of a well defined step like in the

case of NaMMT (see Figure 5), the acoustic activity is spread

along the entire range of elongation, the cumulative

number of hits increases continuously with a small step

at around 3–5% deformation. This difference indicates a

deformation mechanism dissimilar from that occurring in

the composite containing NaMMT. Since the matrix also

gives a limited number of signals, the silicate might

promote the same process, but the events might be created

also by another process related solely to the particles.

The determination of characteristic deformation (eAE) and

stress values (sAE) is much more difficult in this case and

the values are also much less reliable. The method of

determination is indicated also in Figure 6.

The number of signals detected up to yield strain is

plotted against the intensity of the silicate reflection in
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Figure 6. Comparison of the acoustic activity of the neat PA
polymer (– –) and the composite containing 1.5 vol% OMMT
modified with the phosphonium salt (––).
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Figure 7 in order to check the relation between non-

exfoliated structural units and acoustic activity. The results

obtained on composites containing NaMMT and the

OMMTs, respectively, had to be plotted on different scales.

The silicate reflection of NaMMT is weak because of

disordered stacking, but the number of signals is large,

while the opposite is valid for composites prepared with

OMMT. In spite of the considerable standard deviation, the

correlations are clear as well as the different influence of the

two types of clay (NaMMT, OMMT) on the acoustic activity

of the composites. The conclusions can be drawn from these

results that acoustic events are related to the silicate and

that NaMMT and modified clays have different effect on

composite behavior, might even deform according to a

dissimilar mechanism.

Characteristic deformations and stresses were deter-

mined also from the AE measurements as shown in Figure 5

and 6. Initiation stresses determined by the two techniques,

i.e., VOLS and AE, are plotted against each other in Figure 8.

The complete or almost complete lack of correlation leads to

several conclusions. In other composites acoustic events

usually precede volume increase and the two processes are

closely related, in fact the process detected by AE initiate

volume increase.[7,24] Considering the characteristic defor-

mations and stresses here one can see that the initiation

stress for volume increase is much smaller than that

determined by AE; volume increase precedes the emission

of sound. Moreover, as the figure shows, the two processes

are independent of each other, i.e., the process resulting in

volume increase does not initiate the one emitting sound.
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3.3. Micromechanics and Properties

The detailed analysis of structure and properties indicated

better exfoliation for the clay modified with the phospho-

nium salt than that achieved with the traditional

ammonium surfactant.[19] The result was considerably

stronger reinforcement for the former silicate demon-

strated by Figure 9 presenting the composition dependence

of tensile yield stress for the three sets of composites. The

figure also proves that besides exfoliation, the strength of

interfacial adhesion determined by surface coverage also

influences properties. The strong reinforcing effect of

PoMMT is clear. However, NaMMT reinforces our PA more

than the clay modified with the ammonium salt, which

might be slightly surprising. This difference was explained

earlier with the smaller extent of exfoliation and the more

than 100% surface coverage of this clay (120 vs. 74% for

NoMMT and PoMMT, respectively).[19] The different inter-

ception of the correlations from the value determined for

the matrix polymer might have a number of reasons. We

must consider here the change in crystal modification as a

result of silicate reinforcement. A considerable amount of g

form of PA was found in the composites, while the amount

of a modification was larger in the neat PA. However, the

modulus of the a form is claimed to be larger than that of the

g.[25–27] thus this explanation might not hold. We must

consider here also the orientation of anisotropic particles,

which may also change the behavior of the composites

compared to the matrix. The question obviously needs

further and more detailed study, but the answer is not

crucial for the analysis of micromechanical processes. As

mentioned above, the magnitude of yield stress is more

important for us in this moment than differences in the
013, 298, 796–805
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extent of reinforcement. In spite of the apparently large

changes, composite yield stresses vary between 60 and

69 MPa. These values are much larger than the character-

istic stresses determined by micromechanical testing. The

relationship of the three characteristic stresses is demon-

strated well by Figure 10 presenting their composition

dependence. Values determined by the different techniques

(VOLS, AE, and tensile testing) clearly separate into well

defined groups indicating different processes which are

practically independent of each other. Silicates influence

the initiation stress of volume increase and yield stress only

slightly at this scale, and the amount and type of silicate has

more significant effect only on the characteristics stress

determined by AE. The independence of processes was

demonstrated by Figure 8 and similar correlations could be

presented for the other combination of characteristic

stresses as well. Figure 10 indicates also that the process

resulting in the emission of sound is different for

composites containing NaMMT and the two OMMTs, or

at least it occurs at larger stresses.

Mechanical and micromechanical testing can and do

indicate that several independent local processes occur

during the deformation of PA nanocomposites, but cannot

reveal their nature. SEM studies were carried out on

deformed samples to obtain more information about these

processes. Specimens were deformed to twice the yield

strain (2ey), the deformed samples were cut along their axis

with a razor blade, cooled in liquid nitrogen and then

broken. SEM micrographs were taken from these fracture

surfaces. The micrograph recorded on the fracture surface of

the composite containing 3 vol% NaMMT is presented in

Figure 11. Since NaMMT does not exfoliate practically at all,
Macromol. Mater. Eng. 2
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a large number of particles are seen in the micrograph

revealing considerable plastic flow, but also particle related

processes. In the middle of the micrograph the fracture of a

particle or large aggregate is seen, but one might find

indication of debonding, separation of the matrix and the

silicate particles as well. Apparently larger particles and

aggregates fracture during deformation, while debonding

occurs on medium size clay particles. A closer scrutiny

reveals smaller holes without particles, which may indicate

matrix cavitation. However, particles might have fallen out

during fracture or might be too small to detect at this

magnification, thus the occurrence of this mechanism

cannot be proven based on these micrographs.
013, 298, 796–805
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Figure 12. SEM micrographs recorded on composites containing
5 vol% NoMMT; magnification (a) 2500� , (b) 10 000�.
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At the first glance the fracture surface of deformed

composites containing the modified clays resembles very

much the one shown in Figure 11, and clays with different

modifications result in similar fracture surfaces. As a

consequence, only two micrographs are presented here for

the composite containing 5 vol% of the clay modified with

the ammonium salt. However, experience during the study

as well as a closer analysis of the micrographs revealed

some differences. The number of particles was much

smaller in the composites containing the modified clays,

and this number is even smaller for PoMMT than for the clay

modified with the ammonium surfactant. Homogeneous

structure and a considerable extent of exfoliation was

shown for these composites by TEM, i.e., the number of

large particles is relatively small in them. Only three or four

larger particles can be seen in the micrograph presented in

Figure 12a compared to the much larger number and wider

size distribution observed in Figure 11 (consider also the

different magnifications and silicate contents). A closer

scrutiny reveals a larger number of sub-mm particles

adhering strongly to the matrix, but their identification is

difficult and questionable. Obviously larger particles and

aggregates break in these composites as well, and debond-

ing may also occur. On the other hand, the number of

cavities apparently not related to particles is much larger in

composites containing organophilic clays as shown by

Figure 12b. In fact apart from the top of the large hole seen

also in the middle of Figure 12a, the entire matrix seems to

consist of a maze of elongated cavities. The sub-mm size of

the holes, their uniform distribution and the number of

small particles adhering to the matrix indicate a different

process than the one deduced from Figure 11. These cavities

might be related to particles, but might form simply by

the cavitation of the matrix shown to occur by the VOLS

measurements.

Taking into account all the results and considerations

presented in this and in previous sections the conclusion

can be drawn that several, three, or four, micromechanical

processes take place during the deformation of our PA

composites. Considerable cavitation occurs in the matrix

polymer and the process is modified only slightly by the

presence of the clay. Interfacial adhesion, silicate content,

and particle size influence the process. NaMMT mainly

hinders it due to its large surface free energy and strong

adhesion with the matrix, while organophilic clays seem to

facilitate its initiation. Cavitation is initiated at surprisingly

low stresses, at around 10 MPa. Cavitation does not seem to

emit sound, or it could not be detected under the conditions

used for the measurements. AE signals can be assigned

mostly to the fracture of large clay particles and aggregates.

This process occurs at medium stresses between 20 and

40 MPa. The effect of surface modification on this process is

significant and the stress necessary to initiate it seems to be

related to the surface energy of the clay. NaMMT with high
www.MaterialsViews.com
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surface energy fractures at 40–45 MPa, while OMMTs at

smaller stresses, at around 20–30 MPa. Larger surface

coverage of NoMMT results in smaller fracture energies.

The much smaller number of large particles, and thus

fractures, is shown also by the drastically smaller number

of acoustic events in composites containing the modified

clays (see Figure 7). According to SEM micrographs

debonding may also occur, but it cannot be identified

and/or separated from the fracture of the particles.

Surprisingly, yield stress is not influenced much by these

processes and it is dominated by the plastic deformation of

the matrix. Tensile yield stress is larger than 60 MPa for all

composites. The independence of the tensile yield stress of

PA nanocomposites of micromechanical processes is rather

surprising, since in most other composites a very close

correlation was found between yield stress and/or tensile

strength and the initiation stress for local deformations.[28]

This statement is demonstrated by Figure 13 showing the

correlation between the characteristic stress derived from

AE experiments and the tensile strength of polymer/wood
013, 298, 796–805
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composites. The correlation is universal and independent of

the characteristics of the matrix or the reinforcement.

Empty symbols indicate poly(propylene) (PP), while full

circles denote poly(lactic acid) (PLA) composites in the

figure. Several matrix polymers were used to prepare the PP

composites and the type of wood reinforcement varied in a

wide range for both matrices. Considering all these facts,

the deviation from the general tendency is surprisingly

small. No correlation was found between local processes

and macroscopic properties in our nanocomposites proving

that composite properties are determined mainly by matrix

characteristics, and the influence of the type and amount of

the silicate is limited.
4. Conclusion

Micromechanical testing, SEM study, and the analysis of

mechanical and micromechanical properties revealed that

several micromechanical deformation processes take place

in the PA/MMT composites investigated. The results

showed that cavitation occurs in the matrix at relatively

small stress. Processes related to non-exfoliated clay

structural units, particles or tactoids, are initiated at larger

stresses. Sound is emitted mainly by the fracture of

particles, but debonding may also occur with the emission

of sound. Plastic deformation of the matrix dominates at

larger stresses and deformations. The various local pro-

cesses are independent of each other and composite
Macromol. Mater. Eng. 2
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properties are not determined by silicate related processes,

but by the deformation of the matrix. The modification of

clay influences all processes in smaller or larger extent, the

key factors are exfoliation and interfacial adhesion, a proper

combination of which leads to considerable reinforcement.
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