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PrevLously it was shown [1] that such macroscopic vLsoelastLc characteristLcs of epoxy-based polymer 
composite materials (PCM) as dynamLc shear modulus G', loss tangent tan 6, and velocity of low-frequency 
shear waves c t = Gq-6~/p, where p is the polymer densLty, depend on the molecular mobility and relaxatLon pro- 
cesses Ln a binder. The most dLsttnctLve relaxation process Ls the o~-relaxatLon caused by the transitLon of an 
epoxy matrLx from the glassy to the viscoelastLc state. The multiplicity of the o~transltion prevLously observed 
and discussed can explain the peculiarLties of vLscoelastLc behavLor of PCM based on the concept of two levels 
of supermoleoular organization Ln thermosetting polymers [2, 3]. 

The objective of this work was to contLnue the study of the molecular mobilLty and relaxatLon processes 
in an epoxy matrix of PCM after extended exposure to the humid subtropLcal BatumL climate. The combination 
of such factors as the hLgh average annual relatLve hurnLdLty (80-85%), the large amount of precLpLtation (2500- 
2800 mm per year), the faLrly hLgh level of sun radLatLon, and the proximity to the Black Sea, whLch increases 
the level of sulfates and chlorides in the atmosphere, results Ln a hLghly agressLve emvLroument Ln BatumL An 
addLtLonal factor is the natural thermocyclLng takLng place due to radLatLve heatLng of the sample surface. For 
example, on sunny summer days the temperature of organLc flber-reLnforced plastLc samples usually reaches 
320-330 ~ It was thought that the degradation and crross-llnkLng which may take place in a binder would have 
a considerable Lnfluence on the properties of an epoxy matrix durLug extended outdoor weathering. First  of all, 
Lt would affect the character of the molecular mobL1Lty and relaxatLon processes. 

In addLtLon to the maLn objectLve of this work the elucLdation of the aging mecbanLsm in PCM has been of 
scLentLfLc and practical Lnterest since the mechanism of weatherLng Ln structural plastLos Ls not fully understood 
[41. 

Samples of PCM based on an epoxyanilLnophenol-formaldehyde bLnder were ohesenfor thLs LnvesttgatLon. 
A vnLLvlon fiber cloth and a carbon fiber tape, T.U,3, were used as re infer(~.[ng fillers in organic fiber= and car- 
ben flber=retnforoed plastics, respectively [1]. The test samples, 260 x 260 x 1.8 mm plates, were exposed for 
five years. After exposure, samples were cut Lute 120 x 10 x 1+8 nun plates and subjected to vacuum treatment 
at room temperature until their  mass stabilized. Then such parameters as G', tan 6, and c t were determined 
at the 77-570~ temperature range with a 2-4% er ror  by using the reverse torsion pendulum [2]. These results 
are  presented Ln Figs. 1 and 2. It was shown earl ier  [1] that an organic fiber Ls the filler that most affects the 
structure of an epoxy binder even during hardenLng. Compared to organLc fiber=reinforced plastics, the binder 
Ln carbon fiber-reinforced plastics has a greater density of the three ,  dLmensLonal network and a greater  orien- 
tation of elements of macromolecules near the filler surface. ThLs explains the dLfferent temperature ranges 
of the relaxation trans ltLous Ln the initial samples.  WLthont going into the  details of the molecular mobility and 
relaxation processes of the composites as was done earl ier  [1], we point out that the temperature dependences 
of G', tan 6, and c t in the control samples were not noticeably changed after five years in the laboratory. 

The difference in the overall effects of the agressive factors on a binder in organLc fiber- and carbon 
fiber-reinforced composites turned out to be the most important feature Of outdoor weathering. 

*Presented at the Fifth All-Union Symposium on the Mechanics of Polymer and Composite Materials (RLga, 
October, 1983). 
tFor Part 1, see [1]. 
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Fig. 1. Temperature dependences of e~ (I, 2) and 
tan ~ (1', Z') in (a) carbon fiber- and (b) organic 
fiber-reinforced plastics in the initial state (1, 1') 
and after 5 years of outdoor weathering (2, 2'). 

indeed, let us analyze how the temperature dependences of c t and tan 5 are changed after weathering in a 
carbon fiber-reinforced plastic (Figs. la  and 2a). The e-maximum of tan 5 produced by the superpositton of the 
two peaks (el and c~ 2) close to each other on the temperature scale [1] was shined higher by 27~ with an in- 
crease of 25% in its magnitude. Similar shills were found for the TI-T 4 transition temperatures determined 
from the e~ = f(T) curve. TemperaturesT~ and T3, as was suggested ear l ier  [1], determine the lower and the 
upper limit of unfreezing of the segmental ruction in the less oriented or loosely packed regions of an amorphous 
thermosetting polymer. The width of the transition zone in the less oriented (ATt3 = T 3 - T l) and in the more 
oriented (AT24 = T 4 -  Tz) regions of a polymer matrix was affected d~ffereutly by outdoor weathering, with ~T13 
remaining practically unchanged (60 • I~ whereas T24 decreased a~er  weathering from 78 to 50~K. The in- 
creased height of the composite or-peak (curve 1' in Fig. 2a) is apparently brought about by the more cooperative 
character of the ez-transitlon [1] as indicated by significant narrowing of the transition zone ATz4. This narrow- 
ing, as shown in Fig. 1, is the resul t  of increasing the glass transition temperature T 2 by 33~ 

Opposite effects are produced in a binder by weathering of organic fiber-reinforced plastics (Figs. lb and 
2b). in the ma In relaxation region, the ~-maximum tan 5 decreased in maghitude and shifted to a lower temperature b~ 
38~ Even larger  shifts were observed for the T1-T ~ transition temperatures.  The glass transition tempera- 
ture T~, for example, decreased from 405 to 360~ Both transition ~ones ATI3 and ~T24 significa~ly increased: 
from 33 to 60~ for T13 and from 24 to 45~ for T24, indicating the less cooperative character of the e l -  and c~ 2- 
trans it ions. 

Thus, the obtained data led to the rather unexpected conclusion that the weathering mechanism of an epoxy 
matrix is different in carbon fiber- and organic fiber-reinforced plastics. 

Let us consider a probable molecular mechanism of the changes taking place in the polymer matrix of 
composites during weathering. The changes observed in the c t = f(T) and tan 5 = f(T) graphs of a carbon fiber- 
reinforced plastic suggest that extended outdoor weathering is favorable for achieving a higher degree of hard- 
cuing of a binder. This is apparently caused by some hardener still remaining in the system as well as by 
active groups formed by cleavage of the most stressed segments of macrochalns. The fact that the sound veloc- 
ity of a binder in the viscoelastic state increased by almost 20% aider weathering also suggests a higher degree 
of hardening after outdoor weathering because it was shown [2] that in thermose~ing polymers an increase of 
c t at T > T 4 correlates with an increase in the degree of cross-linking v c. 
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Fig. 2. Temperature dependence of tan 6 in the main 
relaxatiou regLon of a binder Ln (a) carbon fiber- and 
(b) organic fiber-reinforced plastics In the [nftLal 
state (1, 2) and a~ter 5 years of outdoor weathering 
(I', 2'). 

Along with the increase of u c Ln a carbon fiber-reinforced plastic, the degree of s tructural  order Ln the 
most densely packed regions of a binder also increases. This is indicated by several factors already mentioned, 
namely the increase in magnLtude of the a-maximum, the narrowing of the AT24 transition zone, and the in- 
crease in composite density from 1470 to 1490 kg/m 3 after weatherLng. We can also point out that there were 
no visible signs of degradation in the carbon fLber-reinforced plastic. 

However, Ln an organic fiber-reinforced plastic the possible hardening of the binder due to weathering 
was masked by clearly visLble degradation. This degradation is Lndicnted by the shift to lower temperatures 
of the a-maximum and the T1-T 4 transitions, by the decrease in the ~-peak amplitude, and by the increase of 
the transition zones AT13 and AT24. The decrease of the sound velocity c t of a binder In the viscoelastic region 
and, therefore, the decreased cross-linking density Pc, also tndLcates that outdoor weathering results in a less 
densely packed network. The shif~ of the T 1 transition to a lower temperature region (see Fig. lb) ls only 
slightly larger than the corresponding shift of T 2 (56 and 45~ respectively) and, therefore, Lt can be concluded 
that degradation involves not only the unorLented or less densely packed regions of a bLnder, but also the more 
oriented and more densely packed regions. 

Now we focus on changes [n the character of the molecular mobility In an epoxy matrix of PCM In the 
glassy state. The"anomalous" dependence of the dynamic shear  modulus and the sound velocity on the degree 
of cross-linking Pc is typical for epoxy compounds [2]. This is exhibited by a decrease of G' in the glassy state though 
the network densLty increases. This observation is also valid (see Fig. 1) for PCM based on an epoxyantlino- 
phenol-formaldehyde binder. In both organLc fiber- and carbon fiber-reinforced plastLcs, an increase of Uc re-  
sults [n a decrease of the sound velocity c t in the glassy state (at T < Tl). Thus, In carbon fiber-reLnforced 
plastics increased cross-linking of the binder during outdoor weathering makes [t more dLffLcult for kLnettc 
elements of neighbor LUg cha Ins to approach each other at lower temperatures, limit Lug, therefore, the effLc [ency 
of tntermolecular interactions. As a result, in the glassy state a binder wLth a higher degree of cross-linking 
has greater  molecular mobility. Such an effect caused by outdoor weathering of a carbon fiber-reinforced plas- 
t ic is observed [nthe low-temperature region. As can be seen in Fig. la (curves 1' and 2') the intensity of the 
~-maxLmum, caused by unfreezing of the local molecular elements [2], increases after weathering. 

It might appear that after weathering, the intensity of low-temperature mobilLty Ln a binder of an organic 
fiber-reinforced plastic should be reduced because of the decreased dens Lty of the three-dimens tonal network. 
Therefore, this plastic would be expected to have a reduced low-temperature E-maximum, which ts a superpo- 
sition of ~-relaxation processes Ln the binder (200-210~ and In the organic fiber (250~ [1]. However, an in- 
crease of the ~-maximum (Fig. lb, curves 1' and 2') was observed. Apparently the [ntensLty of the molecular 
mobLlity at low temperatures increases due to the increased amount of small kinetic elements formed during 
degradation of the binder. The density of an organic fiber-reinforced plastic aider weathering remains practi- 
callyunchauged (1250 and 1256 kg/m3). 
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The results discussed here cannot yet explain unambiguously the differences in the mechanism of weath- 
ering of organic fiber- and carbon fiber-reinforced plastics. Among possible contributing factors are differ- 
ences in the initial structural order, which depends on the reinforcing filler [1], or the fairly high hydrophilicity 
of an organic fiber [5], which increases the rate constant of degradation of an organic fiber-reinforced plastic. 
It is important to point out that in predicting the behavior of composites with different reinforcLng fibers in an 
aggressive environment, one should not assume identical changes in the structure and properties of the epoxy 
matrix in these PCM during aging. 

The authors thank V. N. Tkachenko for conducting the climatic tests of carbon fiber-reinforced plastic 
samples. 
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ROTATIONAL DEFORMATION IN 

COMPOSITE MATERIALS* 

D IS P E R S E - S T R E  NGTHE NE D 

V. t, V l a d i m i r o v  and  N. A. P e r t s e v  UDC 539.2:539.4:678 

ExperLrnental Lnvestigations of recent years have establLshed that the mechanical behavior of various 
solids Ls determined Ln many cases by deformation processes of the rotatLonal type, which are associated with 
the mutual turuLng of volumes of material. For an adequate theoretical descrLption of rotational modes of plas- 
tic deformation, it Ls necessary to draw upon disclination notLons [1]. Among other things, the highly prevalent 
phenomenon of twin and kink.band formation, the development of whLch, from the macroscopLc standpoint, Ls 
equivalent to the dipole motion of partial wedge-shape disclinatLons [2, 3] can be applied to rotational deforma- 
tion. The latter case makes it possible to examine twinning and kink formatLon as elementary processes of 
rotational deformat Lore 

In composites, rotatLonal modes play a special role, since they may manLfest themselves here, Ln contrast 
to homogeneous crystals, even with small degrees of deformation; this Ls dictated by the Laitial [nhomogeneLty 
of the plastic propertLes of composLte materLals [4]. Mechanical twinning without prior deformation vLa slippLng 
was actually observed during the tenstonLng of disperse-strengthened Cu-A1-Co alloys [5, 6]. TwLns have also 
been detected in the deformation bending of zinc crystals,  which contaLn virtually nondeformable particles [7]+ 
Kinking, in turn, is one of the basic strain mechanLsms of uniaxLally aligned fiber composites [8-10]. 

Thus, compos ire materials are an important subject for application of the disclination theory of rotatlonal 
plasticity. We had prevLously performed quautttatLve computations of deformation and strength properties during 
kink formation for fLbrous composites [3, 4]. The present study is devoted to theoretical analysLs of laws gow 
erning the development of the rotational mode of deformation (in the form of twins and kink bands) Ln composites 
of another type, and, namely, in disperse-strengthened materials cons isting of a plastic matrix and nondeform- 
able particles. The study examines the stress that deforms the composites, and establishes the force dependence 
of the disperse strengthening due to the orientation and shape of the Lncluslons, as well as predLcts the extrus ion 
effect of particles from the kink bands and twins. 

*Presented at the Fifth All-Union Conference on the Mechanics of Polymer and ComposLte Materials (Riga, 
October, 1983). 
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