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The p re sen t  communicat ion is based chiefly on the resu l t s  of invest igations ca r r i ed  out in recen t  y e a r s  
at the Institute of the Mechanics of P o l y m e r s ,  Academy of Sciences of the Latvian SSR; the i r  pr incipal  object  
was the study of the p re requ i s i t e s  for  acce le ra t ed  t e s t s  of po lymer  compos i tes ,  and on the i r  bas i s  the devising 
of methods of predic t ing the r e s i s t ance  of these m a t e r i a l s  in different  s ta tes  of s imple  and  complex s t r e s s e s  
under conditions of l ong - t e rm stat ic  loading. The ob jec t s  of the invest igat ions were  modern  s t ruc tu ra l  p l a s -  
t ics  re inforced  by unbroken f ibers  such as g lass ,  organic ,  carbon,  and boron p las t ics ,  and also different  va r i -  
ants of the so -ca l l ed  hybrid composi tes .  The degree  to which  inelast ic  deformat ions  of these  compos i tes  mani -  
fes t  themse lves  under l o n g - t e r m  loading can be judged f rom the data p resen ted  in Table 1 where  it is shown by 
how many t imes  full compliance in c reep  of the ma t e r i a l  exceeds  its instantaneous compliance.  T h e  resu l t s  
were  obtained in l ong - t e rm tes t s  of unidirect ional  re inforced  compos i tes  c a r r i e d  out in r ecen t  y e a r s  with 
th ree  types of loading: tension in the di rect ion of the f ibers ,  t r a n s v e r s e  tension, and longitudinal shear .  It can 
be seen that a f te r  t e s t s  last ing three  y e a r s  the compl iance  of organic,  g lass ,  carbon,  and boron p las t ics  in the 
t r a n s v e r s e  di rect ion and in shea r  exceeds  the instantaneous e las t ic  compl iance  by a fac tor  of m o r e  than two 
(or even three) .  With hybrid compos i tes  the t ime  effect  may  be cons iderable  even in the direct ion of the re in-  
forcement .  F o r  instance,  when in organic  p las t ic  a p a r t o f t h e o r g a n i e f i b e r s  a re  replaced by high-modulus 
(boron and carbon) f ibers ,  the effect  i s  that  compliance in c reep  in the course  of  one y e a r  under  conditions 
of tension in the direct ion of the f ibers  may  be a lmos t  three  t imes  as la rge  as the instantaneous compliance.  
Here ,  together  with the v iscoelas t ic i ty  of the components ,  a substant ia l  contribution is also made by the ac-  
cumulat ion of damage.  

TABLE 1. Ratio of Full  Compliance in Creep  of Unidirectional Com-  
posi tes  to the Compliance in Instantaneous Loading 

Type of composite material 
lm, (0 l,:t= (0 

Duration of  creep t and 
stress level relatlve to 
short-term strength R 

Two-component:  
organic plastic 1,6 2,6 2,4 
(~o=0,5) 
la~ plastic 1,06 2.3 2,5 t==3 yt 

.=0,5) . 
c a r e e n  pla~lc  1,03 2,l 2,3 ~=  (0,1 -0 ,3 )R 
h~c=0.5) 
boron plastic 1.02 3,3 -- 
(~tb=0,5) 

Hybrid: 
organic boron plastic 2,8 -- -- t= I yr; a=O,7R 
(~o=0,3; I~ =0,I) 
~rganic carbon elastic 2.1 - -  - -  t= lyr;- o=0,6R 

=0,3 lac=O F) 
Organic ~Iass vlastic 1.4 - -  -- t=lyr; a=0.6R 
(~2=o,3;~g=o,'0 

Type of  state of  ~ress (~" ff~ ~;,2 

Note_. Axis 1 co r responds  to the direct ion of the re inforcement ;  /~ ,  
~g, Pc, Pb a r e  the volume con ten to forgan ie ,  g lass ,  carbon,  and boron 
f ibers ,  respec t ive ly ,  in the composi te .  
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Fig. 1. Isochronous s t ra in  quadrics  
of unidirect ional  organic plast ic with 
volume content of f ibers  0.6 in instan- 
taneous loading (top) and af te r  c reep  
for  three  yea r s  (bottom). 

More significant is the t ime-dependent  change of the s t ra in  quadr ics  of unidirectional composi te  in the 
state of plane s t r e s s ;  it is known that unidirectional  layers  in disor iented laminated composi tes  operate  under  
such conditions. The isochronous s t ra in  quadrics  of organic plast ic plotted by a method worked out in [1] are  
shown in Fig. 1 in the s t r e s s  space all,  a2. ~ (Y12 for  the case  of instantaneous loading and c reep  for  th ree  years .  
The radius vectors  of the surface  are  a function of the invariants of the s t ra in  t ensor  and of the compliance 
tensor  of the mater ia l .  The qli axis cor responds  to the direct ion of the f ibers .  It can be seen that even a slight 
deviation f rom the direct ion of the re in forcement  leads to a substantial  d i f ference of the sur faces ;  the mean 
value of the radius vector  of the surface  af ter  3 yea r s  of deformation is 2.4 t imes l a rge r  than the mean radius 
vec tor  of the s t ra in  quadric in instantaneous loading. The isochronous s t ra in  quadr ics  of glass ,  carbon,  and 
boron plast ic have the same aspect.  Yet the averaged values of the radius vec tors  of these same quadr ics  of 
boron plastic d i f fer  even m o r e -  by a fac to r  of 3.4. All this shows that the inelast ic s t ra in  of po lymer  f iber  
composi tes  manifes ts  i tself  substantially and that the development of methods of acce le ra ted  test ing is ve ry  
topical.  

The basic ideas that l a te r  formed the physical basis for  the development  of methods of predict ing the 
relaxat ional  p roper t i es  of polymers  were  contained in [2-4] and expressed  by the widely known equation of 
A l e k s a n d r o v - L a z u r k l n - G u r e v i c h  express ing  the cor re la t ion  between the relaxation time, t empera ture ,  and 
s t ress .  An analogous cor re la t ion  is also establ ished f rom the relat ions obtained in [5] by s ta t is t ical  prob-  
ability analysis of the mic romechan i sms  of viscoelast ic  s t ra in  of polymers .  As a resu l t  of the detailed inves- 
tigation of the t empera tu re  dependence of the viscoelas t ic  functions of various po lymers  [6-8], the method of 
reduced var iables  (or viscoelast ic  corresponding states)  was devised which makes it possible to divide the 
influence of the two basic variables  ( tempera ture  and time) into the manifestation of the viscoelas t ic  p rope r -  
t ies  of polymers .  

La te r  (late s ixt ies  and ea r ly  sevent ies)  sys temat ic  study of the dependence of the speed of the relaxat ion 
p roces se s  on various fac tors  affecting po lymer  mate r ia l s  under  conditions of thei r  c r eep  made it possible to 
establish that, together  with the t e m p e r a t u r e - t i m e  analogy, there  may also exis t  s t r e s s - t i m e  [9], v ib ra t ion -  
t ime [10], and m o i s t u r e - t i m e  [11] analogies; also substantial  and shown were possibi l i t ies  of utilizing the 
method of analogies for  taking into account the effect  of hydrostat ic  p r e s s u r e  [12, 13] and of d i sperse  f i l le rs  
[14] on the viscoelast ic  p roper t i es  of polymers .  All this made it possible to formulate  the principle  of mult i -  
p a r a m e t e r  predict ion of c reep  of po lymer  ma te r i a l s  [15,16]. A natural  extension of thi s work were  invest igat ions 
of the the rmoviscoe las t i c  p roper t i es  of modern  s t ruc tura l  f ibrous composi tes  and the d iscovery  of the p r e r e -  
quisi tes  for  devising methods of predict ing the i r  long- te rm res i s tance .  It is known that in the manifold mani-  
festat ions of the inelastic r es i s t ance  of f i be r - r e in fo rced  composi tes ,  the inelast ic p roper t i e s  of the po lymer  
mat r i ces  make a substantial  contribution. The viscoelas t ic  behavior  of such ma t r i ce s  has a considerable  ef-  
fect  on the deformabi l i ty  and fa i lure  of po lymer  composi tes  exposed to the long- te rm action of mechanical  
loads and environmental  factors .  A number  of authors conf i rmed the possibi l i ty of maintaining the t emper -  
a t u r e - t i m e  analogy on the sample of various f ibrous composi tes .  F o r  instance, in [17-20] it was shown that 
the analogy is maintained for  various glass plast ics ,  in [21] in the study of the relaxat ion p roper t i e s  of carbon 
plastic,  in [22, 23] the maintenance of the analogy for  high-s t rength organic plast ic was revea led .  Here  the 
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Fig. 2. Diagram of the stagewise investiga- 
tion of the possibi l i t ies  of predict ing long- 
t e rm  c reep  of po lymer  composi tes .  
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Fig. 3. Long- t e rm c reep  of organ-  
ic f ibers  for  a = 330 (1); 1000 (2); 
1650 MPa (3). Dots: control  exper i -  
ments;  lines: predict ion according 
to acce lera ted  (to 5 h) thermal  tes ts .  

composite is r ega rded  as quasihomogeneous anisotropic mater ia l ,  and there fore  the dataof  such apred ic t i en  charac -  
t e r i ze  the actually tes ted mater ia l  only, and s t r ic t ly  speaking, they do not make it  possible to utilize the principal  ad- 
vantage of f ibrous composi tes ,  i .e. ,  the possibi l i ty  of optimizing the s t ruc ture  of the re in fo rcement  of the mater ia l  in 
connection with actual s t ruc tu res  with specified se rv ice  life and operat ing conditions. More promis ing  seems 

t h e  approach based on using the resu l t s  of acce le ra ted  tes t s  in the complex and predict ing the visco-  
e las t ic  function of the s t ruc tura l  e lements  of the composite,  on the one hand, and subsequently applying t h e  
s t ruc tura l  theor ies  on the other  hand [24, 25]. The possibi l i t ies  of such an approach were investigated on four 
types of composite:  glass,  organic,  carbon, and boron plast ics .  Let  us br ief ly  consider  the principal  resul ts .  

F igure  2 shows a diagram of the main stages of the investigations. The s t ruc tura l  organization of the 
composite is subdivided into the following levels:  f iber  and binder ,  unidirect ional ly re in forced  mater ia l ,  and 
finally, disor iented composite.  F o r  the f i r s t  two levels,  acce le ra ted  thermal  tes ts  and prediction of the visco-  
elast ic  functions were ca r r i ed  out; the data of the predict ion were  used for  calculating the functions of the 
composite with specified a r rangement  of the re inforcement ,  which in the i r  turn were  checked with different  
kinds of state of s t r e s s  by long- term tests  (up to 3-5 years) .  

Here  there  is no need to dwell at length and in detail  on the predict ion of the viscoelas t ic  p roper t ies  of 
the re inforc ing f ibers .  It is known that glass,  carbon,  and boron f ibers  may be regarded as elast ic .  The pos-  
sibil i t ies of predict ing the c reep  of organic f ibers  were  investigated in [26], and they are  i l lustrated here  in 
Fig. 3 f rom which it follows that, f i r s t ly ,  such f ibers  reveal  considerable creep,  and secondly, the curves  of 
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Fig. 4. Long- t e rm creep of the epoxy binder F~DT-10 in tension for  
= 6.8 (1); 13.6 (2); 20.4 (3); 27.2 (4); 34 MPa (5). Dots: control  

experiments;  lines: prediction according to accelera ted (to 5 h) 
thermal  tests.  

Fig. 5. Curves of the viscoelast ic  compliance in creep of unidirec-  
tionally reinforced carbon plastic.  Dots: mean experimental  data; 
lines: calculation using the resul ts  of long- term tests  of the binder 
( ) and the resul ts  of predicting the viscoelast ic  compliance of 
the binder on the basis of t e m p e r a t u r e - t i m e  analogy (- - - ) .  

their  long- term creep can be perfect ly  sa t is factor i ly  predicted f rom the resul ts  of accelera ted thermal  tests  
on the basis of the revealed maintenance of the t e m p e r a t u r e - t i m e  analogy (TTA). 

The investigation of the possibil i t ies of accelera ted relaxation p rocesses  in different thermoset t ing 
binders was dealt with by many authors. Maksimov et al. [27-30] ca r r i ed  out an extensive p rogram of studying 
creep of polyes ter  binder with different (including complex) kinds of states of s t r e ss  under the effect of t em-  
p e r a t u r e -  mois ture  factors  of the environment;  it was established that the t e m p e r a t u r e - m o i s t u r e - t i m e  an- 
alogy had been maintained, and a method was worked out for  using it for  the purpose of mul t iparameter  p re -  
diction of creep.  The possibil i t ies of accelera ted determination of the theological  cha rac te r i s t i c s  of epoxy 
binder were studied in [26, 31]; it was revealed that the t e m p e r a t u r e - t i m e  analogy had been maintained with 
complex state of s t ress  in the range of physical ly l inear  and nonlinear viscoelast ic  res is tance  under conditions 
of both active and passive loading; it was shown that in a wide range of s t r e s ses  the function of t empera tu re  
displacement a T is pract ical ly  independent of the type of state of s t ress ,  and this in turn makes it possible to 
reduce considerably the number of rapid tests.  The possibil i t ies of predict ing the physical ly nonlinear c reep  
of epoxy binder revealed in [31] are  confirmed in Fig. 4 where, on the example of the binder I~DT-10 widely 
used in the production of reinforced plast ics,  the experimental  data of long- term (up to 6 years )  control  c reep  
tests  in tension are compared with the resul ts  of prediction according to accelera ted  tests in the tempera ture  
range f rom 20 to 60~ 

Thus, having available the data of the prediction of the functions and pa ramete r s  of long- te rm viscoelas-  
tic res is tance  of the reinforcing f ibers and of the binder, we can calculate the components of the tensor  of 
viscoelast ic  compliance of unidi~:ectional reinforced composite.  The calculation procedure  was dealt with in 
detail in [32] where, with the aid of the so-cal led  method of sections,  the problem was reduced to the elast ic  
problem by applying Laplace t r ans forms  to the initial sys tems of equations;* the originals of the sought func- 
tions of viscoelast ic i ty  of a composite were found by numerical  inversion of the Laplace t rans form.  Long- 
te rm (up to 3 years)  control  creep tests were ca r r i ed  out with specimens of unidirectionaliy re inforced glass,  
organic,  carbon, and boron plastics.  As an example Fig. 5 presents  the curves  of the independent components 
of the tensor  of viscoelast ic  compliance in creep of unidirectionaliy re inforced carbon plastic;  the resul ts  of 
control creep tests  of tubular specimens of the composite are  compared with the theoret ical  curves  obtained 
by the use of the data of long- term tests  of specimens of binder, and also of the data of accelera ted  thermal  
tests .  In [32] an analogous comparison was also ca r r i ed  out for  glass ,  organic,  and boron plastic.  When gen- 

*The possibil i t ies of the method of sections for predict ing elast ic cha rac te r i s t i c s  were pre l iminar i ly  verified 
in detail on two-component [33, 34] and multif ibered (hybrid) composi tes  [35-37]. 
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Fig. 6. Curves  of v iscoe las t ic  compliance in c reep  pipes of organic  
plas t ic  with he l ica l - tangent ia l  r e in fo rcement  under  conditions of 
longitudinal tension and tors ion.  Dots: mean exper imenta l  data; 
lines: calculation using the resu l t s  of the predic t ion of the v i scoe la s -  
tic functions of unidirectionalLy re inforced l ayers .  

Fig. 7. Compliance curves  in c reep  of unidirect ionaliy re inforced 
pipes  of  organic  p las t ic  under conditions of t r a n s v e r s e  tension (I2222) 
and longitudinal shea r  (I1212): a) initial cu rves  at 20, 40, 50 and 60~ 
b) function of t he rm a l  shear ;  c) genera l ized  compliance curve  reduced 
to T O = 20~ Dashed line: 3 -yea r - l ong  control  t es t s .  

eraLizing the resu l t s  of these invest igat ions,  we may  conclude that the predic ted  and control functions of c reep  
of the above unidirect ional  compos i tes  di f fer  (with r a r e  exceptions) within the l imits  of the confidence intervals  
of the  mean exper imenta l  curves ;  yet  it is very  important  that  the resu l t s  of the calculat ions of the c r eep  func- 
tions of the compos i tes  using the data of acce le ra ted  tes ts  and long- t e rm tes t s  of the binder di f fer  insignifi-  
cantly. The conclusion is c o r r e c t  at l eas t  for  the ver i f ied  range  of va lues  of  volume contents of f ibe rs  in the 
composi te  {0.4-0.6). 

The above-sa id  applies to unidirect ional ly  re inforced  ma te r i a l ,  and it the bas i s  for  going over  to com-  
pos i tes  with m o r e  complex r e in fo rcemen t  a r r angemen t s .  The poss ibi l i t ies  of such a t ransi t ion were  ver i f ied  
on the example  of laminated disor iented m a t e r i a l s .  The calculat ion schema  of such a s tack  uses  the usual ly 
adopted assumpt ions  that the deformat ions  of the l ayers  in the plane of r e in fo rcemen t  a re  equal and that  the 
s t r e s s e s  acting in the direct ion perpendicu la r  to the plane of the r e in fo rcement  a re  equal. The c h a r a c t e r i s t i c s  
of the regu la r i ty  of deformat ion of individual unidirect ional  l aye r s  were  predic ted  by the method examined 
above. The resu l t s  can be judged f rom Fig. 6 where  the dots indicate the data of t h r e e - y e a r  c reep  tes ts  in ten-  
sion and tors ion  of pipes of organic  p las t ic  with hel ica l - tangent ia l  re in forcement .  The lines indicate the theo-  
re t ica l  curves  using acce le ra ted  the rma l  tes t s  of the components  of the ma te r i a l .  An analogous r e su l t  was also 
obtained wLth pipes of carbon and g lass  plastLc. On the whole we found per fec t ly  acceptable  ag reemen t  between 
predict ion and long - t e rm tes ts .  

The above-expla ined var ian t  of predic t ing the v iscoe las t ic  p rope r t i e s  of re inforced p las t ics  is applicable 
on the assumpt ion that the p rope r t i e s  of the f ibers  and of the binder  in the composi te  a re  additive. E r r o r s  of 
the method may  become enlarged in consequence of the manifesta t ion of effects  of physicomechanic  interact ion 
of the f ibers  and binder  in the curing of the composi te  and the consequent changes of the p rope r t i e s  of the com-  
ponents.  The re fo re  the study of the the rmov i scoe la s t i c  p rope r t i e s  of spec imens  of unidtrect ionally re inforced 
p las t ics  was dist inguished in Fig. 2 as a s epa ra t e  s tage of the exper imenta l  investigation. The resu l t s  of such 
tes t s  may  be used for  predic t ing the v iscoe las t ic  behavior  of compos i tes  with m o r e  complex re inforc ing  a r -  
rangements ,  and also for  additional checks of the predic t ions  according to data of acce le ra ted  t e s t s  of the f i -  
be r s  and the binder.  F o r  this purpose  we c a r r i e d  out s h o r t - t e r m  (up to 5 h) c reep  tes t s  at di f ferent  t e m p e r a t u r e  
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Fig. 8. Values of the function of thermal shear for  unidlrectionally 
reinforced organic plastic (OP), glass plastic (GP), carbon plastic 
(CP), and boron plastic (BP} from creep tests with t ransverse  ten- 
sion and longitudinal shear. The line indicates the function In a T 
for the binder. 

Fig. 9. Diagram of the variants of the investigated hybrid composites. 
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Fig. 10. Averaged s t r e s s - s t r a i n  diagram a(c) 
of organic boron plastic in the direction of the 
reinforcing fibers and curves of the effects ac- 
companying deformation of the composite: r) 
change of the electrical resistance of the speci- 
men; AE) total acoustic emission; Q) heat flux; 
E) change of the modulus of elasticity of the com- 
posite in the direction of tension. 

levels with specially made thin-walled, unidirectiona[[y reinforced (by circular  winding) tubular specimens of 
organic, glass, carbon, and boron plastic. All the specimens were made on the basis of the same type of binder, 
viz., ]~DT-10, with a reinforcement coefficient equal to 0.5. The tests were carr ied out with t ransverse  ten- 
s[on and longitudinal shear. The obtained data made it possible to verify directly on the unidirectional com- 
posite whether the t empera tu re - t ime  analogy had been maintained. As an example Fig. 7 shows the compli- 
ance curves of organic plastic in t ransverse tension Iz222(ln t, T) and longitudinal shear I1212(in t, T). An an- 
alysis carr ied out with the use of the algorithm from [38] showed that within the limits of the permissible scat-  
ter,  the initial curves at different temperature levels differ only by the time scale, i.e., I (In t, 2")= I0n t+ ln aT)= 
I[ln (aTt)] = I0n t'), where a T is the function of the thermal shear. 

An analogous analysis was also carr ied out f or  glass, carbon, andboronplastic.  The values of the function 
of thermal shear  that were found are presented in Fig. 8; the same figure also shows the function In a T found 
in tests of specimens of cured binder ~)T-10 [26]. It can be seen from the figure that the values of the func- 
tion In a T, which is a quantitative measure of the thermal acceleration of relaxation processes,  for  three types 
of composites (glass, carbon, and boron plastic) in the investigated temperature  range, firstly, are practically 
independent of the kind of state of s t ress ,  and secondly, that they differ little from Ina  T for the binder. This 
cannot be extended to apply to organic plastic because there we found that the curves in a T for the plastic and 
for the binder deviated increasingly from each other with increasing temperature.  
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Fig. 11. Calculation schema of a hybrid composite .  

All that has been explained above concerns the case when inelastic deformation of the composi te  is due 
chiefly to the  viscoelast ic  proper t ies ;  it was possible to neglect  the contribution of other  mechanisms (ductil- 
ity, accumulation of damage). Yet accumulation of damage may cause a substantial change of the effective 
charac te r i s t i c s  of deformabil i ty of po lymer  composi tes .  This is par t icu lar ly  distinct in hybrid composi tes  
containing br i t t le  high-modulus f ibers  and f ibers  with grea t  compliance.  Great  in teres t  in devising s t ruc tures  
made of such composi tes  is due, as is well known, to the additional possibi l i t ies  of del iberate ly  controll ing 
the proper t ies  of the mater ia l .  The study of these problems was the object of a cycle of works ca r r i ed  out in 
o rde r  to investigate a number  of such mater ia l s  whose variants  are  i l lustrated in Fig. 9. Each variant  com- 
pr ised  two types of f ibers  with different  rat io of the i r  volume content. The bulk of the work was ca r r i ed  out 
with unidirectionai[y re inforced  composi tes  with s ta t is t ical ly  homogeneous mixture  of  both types of f iber  
throught the bulk of the composite.  

Here are  some pre l iminary  r emarks  on the cha rac te r i s t i c s  of e las t ic i ty  and sh o r t - t e rm  strength of hy- 
brid composi tes .  The authors of [35--37] investigated the possibi l i t ies  of predict ing the charac te r i s t i c s  of e las-  
t icity of such composi tes  f rom the p roper t i es  of the components in dependence on the type of re inforcing f ibers  
and the rat io of thei r  volume content. It was shown that calculation by the method of sections with subsequent 
averaging of the elast ic  p roper t i e s  of two repeating s t ruc tura l  e lements  containing different  types of f ibers  
makes it possible to predic t  the elast ic  p roper t i es  of such mult i f iber  mate r ia l s  with an accuracy  that is ac- 
ceptable for  prac t ica l  applications. The authors d iscovered  and co r r ec t l y  predicted cases  of change of the 
modulus of e las t ic i ty  of unidirectional composi tes  longitudinally and t r ansve r se ly  caused by the difference in 
antsotropy of the f ibers;  e.g., in organic glass plast ic  and carbon glass plast ic with decreas ing  content of or -  
ganic and carbon f ibers ,  respect ively ,  the modulus Of elast ic i ty  of the composi te  in the longitudinal direct ion 
dec reases ,  and ir~ the t r an sve r se  direct ion it substantially increases .  

The strength p roper t i es  of these mate r ia l s  were  studied by Maksimov et at. [39] who determined exper i -  
mental ly the dependence of the s trength on the type and volume rat io  of different  f ibers  with different  ways of 
qua'sistatic simple loading (tension and compress ion  in the direct ion of the f ibers ,  the same in the t r an s ve r s e  
d i rec t ion ,  16ngitudlnal shear ,  and two types of combined loading). It was established that a change in the rat io 
of volume content in a hybrid composite of two types of f iber  leads in mos t  cases  to a re la t ive ly  monotonic 
change of strength.  At that, the ambiguity of the change in s trength with different  types of loading is c l e a r l y r e -  
vealed; e.g.,  with decreas ing content of organic f i b e r s  in organic boron plast ic and organic carbon plast ic the 
s trength in compress ion in the direct ion of the f ibers  increases ,  whereas  in tension it converse ly  substantially 
dec reases .  Very effective in increasing the s t rength  of organic plast ic in compress ion  is the par t ia l  rep lace-  
ment of organic f ibers  by high-modulus ones. F o r  instance,  if half (by volume) of the Organic f ibers  are  r e -  
placed b y  boron f ibers ,  the s t rength of the plast ic  becomes  four  t imes  as g rea t  as the s trength of the initial 
organic plastic.  The same effect  (only on a l e s s e r  Scale) is also found in the case of organic carbon plastic 
and organic glass plastic.  An analysis of the exper imental  data in [39] leads to the conclusion that it is pos-  
sibl6 to descr ibe  the s t rength of the tested hybrid composi tes  in a state of plane s t r e s s  by the tensor -polynom- 
ial c r i t e r ion  [40] with retaining the t e rms  up to second power inclusively; the resul ts  of the calculation made 
it possible to reveal  and descr ibe  the dependences of the components of the tensors  of the s trength surface on 
the rat io of different  types of f ibers  contained in the hybrid composite;  the resu l t s  of the analysis may be used 
for  purposes of prediction (interpolation of the calculations) of the strength within the investigated ranges  of 
volume content of f ibers .  

L e t u s  now turn to the question of the deformation of such composi tes  when they are  subjected to tension 
in the direct ion of the re inforcement .  The s t r e s s - s t r a i n  d iagrams obtained f rom the tes t s  provide grounds for  
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s ta t ing that, with the exception of organic  g lass  plast ic ,  all the var ian ts  of hybrid m a t e r i a l s  contained in Fig. 9 
have an in te rmedia te  range  of ra t ios  of contents of two types of f ibe r s  within which the s t r e s s -  s t r a in  d i ag rams  
have a cons iderab ly  nonlinear  shape which is unlike the shape of the d i ag rams  of the initial two-component  
compos i tes .  The cause  of the nonlineari ty  can be g ra sped  on the bas is  of obvious cons idera t ions :  when a com-  
posi te  re in forced  by br i t t le  f ibers  in combination with f ibers  with g r ea t  compl iance  is subjected to tensi le  load, 
Intense accumulat ion of d i s pe r s e  damage  of the br i t t le  f ibe rs  may  take place a l ready  at an ea r ly  s tage of de-  
format ion.  This is conf i rmed by a number  of ef fec ts  obse rved  in the deformat ion  of the m a t e r i a l .  F igure  10 
shows the averaged  s t r e s s - s t r a i n  d i ag ram of organic  boron plas t ic  and the cu rves  of the e f fec t s  accompanying 
deformat ion  of the ma te r i a l ,  viz.,  the curve  of change of e lec t r i ca l  r e s i s t ance  of the compos i te  whose intense 
inc rease  indicates that  the cur ren t -conduct ing  boron f ibers  a re  being des t royed;  cu rves  of  acoust ic  emiss ion  
and heat  r e l ease ;  the curve  of the i r r e v e r s i b l e  change of the modulus of  e las t ic i ty .  

The resu l t s  of diagnosing the accumulat ion of damage,  explained in detail  in [41-43], f o r m  the bas i s  fo r  
assuming,  in solving the p rob lem,  that the s t r e s s e s  a r c  red i s t r ibu ted  upon des t ruct ion of the br i t t le  f ibe r s  in 
a hybrid composi te  [44], and they a r e  also the basis  fo r  working out a s t ruc tu ra l  model  of deformat ion  of the 
hybrid composi te  taking the effect  of f ragmenta t ion  of the f ibe r s  into account [451. In the calculat ion s ch ema  
of the ma te r i a l  (Fig. 11) it was accepted that  the fai l ing br i t t le  f ibe rs  ope ra te  in a quasihomogeneous an i se -  
t ropic  ma t r ix  consis t ing of a po l ym er  b inder  re inforced  by compl iant  f ibers .  Another pecul ia r i ty  of this p rob-  
l em distinguishing it  f r o m  the known solutions for  two-component  composi te  s cons i s t s  in the ne ce s s l t y  of taking the r e -  
s i s tance  of the ma t r ix  to tension into account. Thus,  in the equi l ibr ium equations of  a f ibe r  of length dz and the 
e l emen ta ry  volume of the m a t r i x  and composi te ,  p resen ted  below, it is a s sumed  that the br i t t le  f iber  abso rbs  
the tensi le  load, and the ma t r ix  absorbs  the tensi le  load and the shear ing  fo r ce s  in the vicinity of the ends of 
the f r ac tu red  f ibers :  

dot 21r =0; O~m + 1 O 

r m 

oyrl ~ + 2 J c~,,, (z, r) rdr + or. (r. =-, r.,~) - r = , 
r/ 

where  

x= ~,. (Z, r!). 

The equation of the s t r e s s  curve  in the ruptured f iber ,  obtained f r o m  the solution of the s y s t e m  of initial equa-  
tions with the cor responding  boundary conditions, is then introduced into the express ion  for  the damage  to the 
f ibers  Pf  de te rmined  by reducing the s t r e s s e s  absorbed  by the f ibe r  and the dis tr ibut ion function ~(l) of the 
p ieces  of f i be r s  according  to lengths 

where  

l ' 
ch nT 

[ I _t] 
z ~  - - 2 ; 2  ; rl= :, 

l 

z F 

! ~(l) ! [ 1 - - , t ( z ) ]dzd l  
o[o 

- -5  

P1= 
L 

J ~ (l) ldt 
0 

The dis tr ibut ion of the p ieces  of f ibe r s  in the s t ra in  function of the compos i te  was obtained on the assumpt ion  
of Weibull dis tr ibution of the s t rength  of the f ibe r s  and the assumpt ion that the f ibers  f r agmen t  only at the 
p laces  of m a x i m u m  s t r e s s e s :  
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Fig. 12. Isochronic curves  of compliance of unidirectional  organic 
glass plastic in dependence on the content of organic /~o and glass/~g 
f ibers  for  instantaneous loading (1) and a f te r  c r eep  for  10,000 h (2). 
Dots: experiment;  lines: calculation according to the elast ic  char -  
ac te r i s t ics  of the components {1) and using the functions of v iscoelas-  
t ic  compliance of the organic  f ibers  and of the binder  found in ac- 
ce lera ted  thermal  tes ts  (2). 

Fig. 13. Long- t e rm c reep  of unidirect ional  organic  boron plastic 
(/~o = 0.31, #b = 0.09) in tension in the direct ion of the re in forcement  
for  a = 750 MPa (0.73 of s h o r t - t e r m  strength).  Dots: exper iment ;  
lines: predict ion:  1) w i thv i seoe la s t i cp rope r t i e s  of the organic  f ibers  
and of the binder  and also the fragmentat ion of the boron f ibers  taken 
into account; 2) w i thv i scoe la s t i cp rope r t i e s  of the organic  f ibers  and 
of the binder  taken into account on the assumption that  there  is no 
damage. 

i 

N~(e) = Z bo exp (-rcje~); 
j = 0  

i=0,1 ,2  . . . . .  n; boo=No(0); 

i --I  

bli=N~(0) - 2 b ~ h ;  i:~1; 
h = 0  

[ ]~ bij 2b~_,,jc~_l.ci_cj , i ~ ] ;  c.i=2--i 1 ch (rllo2 - '-l) ; r=loecEj~. 

And finally, the dependences presented  below cor respond to the explici t  express ion  of the change of the modulus 
of e las t ic i ty  in consequence of the fragmentat ion of f ibers  upon loading of the composite,  and also the function 
of damage to the mater ia l  charac te r ized  by the relat ive change of the modulus of elast ici ty:  

E(8) =EI~ 3, [ I 2 th 71l~ ~ h 9-7"~-V j =/~o v~j ex p (--rc~e~) + E,,(1 -,u4) ; 
~]loNo(O) , i - ~ 

E (e) _ E!~! 2 /"J ~ ,~.d ~'~ th ~l~ ~ bo exp (-rcje~)  �9 P ( 8 ) = l  
Eo E.:,af+Ern(l-~tt/) -~loN-o(O) ~1 ~-o 

The possibi l i t ies  of using the model for  predict ing the s t r e s s -  s t rain diagrams of hybrid composi tes  were con- 
f i rmed in [43, 45, 46] by a compar ison with resu l t s  of s h o r t - t e r m  quasis tat ie  tes ts .  

Let  us now turn to the question of the effect  of the t ime factor.  It follows f rom Table 1 that for  hybrid 
unidirectional composi tes  the t ime factor  may be substantial even with loading in the direction of the re in force-  
ment.  The resul ts  of diagnosing the accumulation of damage in the composi tes  shown in Fig. 9 made it possible 
to reveal  the fundamental difference between the mechanisms of inelastic deformation of these mater ia l s .  Fo r  
instance, long- term c reep  of organic glass plast ic is due predominantly to the viscoelast ic  p roper t ies  of the 
organic f ibers  and of the binder,  The c loseness  of the values of e las t ic i ty  and maximum deformations of the 
investigated glass and organic f ibers  is the reason why with s t r e s se s  up to 0.7 of the ultimate strength,  the 
damage observed by indirect  methods (e.g., according to acoustic emission) do not cause any substantial  changes 
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Fig. 14. Reverse creep of unidirectional 
organic boron plastic after prel iminary 
creep for 10,000 h in tension in the direc-  
tion of the reinforcement for a = 750 MPa 
and subsequent complete unloading. 
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Fig. 15. S t r e s s - s t r a i n  diagrams (a) and histograms of the intensity 
of acoustic emission (b) of the initial specimens of organic boron 
plastic (1) and specimens after prel iminary creep for 10,000 h with 
a = 750 MPa, subsequent complete unloading, and recovery for 1500 
h (2). 

Fig. 16. S t r e s s - s t r a i n  diagrams of unidirectional hybrid composites 
in tension and compression in the direction of the fibers: a) organic 
boron plastic (Po = 0.31, #b = 0.09); b) glass boron plastic (~g = 0.29, 
gb = 0.10). 

of the averaged (effective) values of the modulus of elasticity and the time-dependent function of compliance 
of the composite in the direction of the fibers. This is confirmed by an analysis of the results of long-term 
(one year) c r e e p t e s t s  of specimens of organic" glass plastic with different ratio of the content of organic and 
glass fibers.  The obtained isochronic curves of compliance are shown in Fig. 12 from which it can be seen 
that the instantaneous compliance of the composite increases with increasing content of glass fibers In it be- 
cause the modulus of elasticity of the organic fibers is somewhat larger  than the modulus of elasticity of glass 
fibers [37]. However, the manifestation of creep of organic fibers has the effect that from 10,000 h onwards 
the full compliance of the organic plastic is higher than the compliance of glass plastic. Partial  replacement 
of organic fibers by glass fibers s u p p r e s s e s  the creep effect of the material .  In Fig. 12 we also show the re-  
sults of perfectly satisfactory prediction of the long-term creep of these composites. The predicted compli- 
ance curve was obtained by calculation according to the propert ies  of the components on the assumption that 
glass fibers res is t  elastically, and that the binder and organic fibers res i s t  viscoelastically; in the calculations 
we used the functions of viscoelastic compliance of the organic fibers and of the binder found in [26] from ac- 
celerated thermal tests.  
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In distinction to organic  g lass  plas t ic ,  c r eep  of hybrid composi tes  containing high-modulus (boron, c a r -  
bon) f ibers  may  to a large extent depend on the sca t t e red  f ragmenta t ion  of these f ibers .  The method of p r e -  
dicting long- t e rm deformation of such m a t e r i a l s  was worked out by Kochetkov and Maksimov [47]. Here  we wil 
will confine ourse lves  to the example  of predic t ing the c reep  of organic  boron plas t ic  in tension in the d i r ec -  
tion of the f ibers  taking the effect  of f ragmenta t ion  of the boron f ibers  into account (Fig. 13). Curve 1 was 
calculated by a p r o g r a m  devised in [47] with a view to the v iscoe las t ic  r e s i s t ance  of the ma t r ix  in tension and 
shear ,  and also to the s ta t i s t i cs  and the t ime dependence of the s t rength  of the boron f ibers ;  the v iscoe las t ic  
functions of the anisotropic  ( re inforced by 'o rgan ic  f ibers)  ma t r ix  were  de te rmined  according to s h o r t - t e r m  
the rma l  tes ts  by the above-expla ined  method of predic t ing the v i scoe las t ic  p rope r t i e s  of two-component  com-  
pos i tes .  F o r  the sake of compar i son  we also p re sen t  curve  2 which was calculated according to the known 
rule of mix tures  for  a v iscoe las t ic  ma t r ix  and e las t ic  boron f ibers  on the assumpt ion  that there  is no accumu-  
lation of damage.  F r o m  a compar i son  of cu rves  1 and 2 it can be seen that the effect  of damage accumulat ion 
in l ong- t e rm c reep  is considerable ,  and that  on the whole it is predic ted  sa t i s fac tor i ly .  

It should be noted that a f te r  unloading of spec imens  damaged in the p roce s s  of l ong - t e rm c reep  we find 
very  intense r e v e r s e  c reep  (Fig. 14). The magnitude of the res idual  deformat ion  a f t e r  l ong- t e rm r eco v e ry  as 
a rule  does not exceed 10% of the value of full deformat ion  attained at the instant of unloading. F r o m  this, 
however ,  i t  does not follow that the mechanica l  p rope r t i e s  o f  the m a t e r i a l  a r e  r e s to red .  A lucid conf i rmat ion 
of this is Fig. 15 in which s t r e s s -  s t ra in  d i ag rams  a re  compared  with the h i s tog rams  of the obse rved  acoustic 
emiss ion  of the initial spec imens  (not subjected to p r e l i m i n a r y l o a d i n g ) o f t h e  same  organic boron plas t ic  and 
spec imens  a f te r  p r e l i m i n a r y  l ong - t e rm c r eep  shown in Figs .  13 and 14, subsequent  complete  unloading, and 
recovery .  The shape of the s t r e s s - s t r a i n  d iag ram changed and the intensity of the acoust ic  emiss ion  dec rea sed  
substant ial ly.  

The investigation of c reep  of hybrid compos i tes  that was c a r r i e d  out has,  a f te r  all, to be complemented  
by t es t s  with o ther  kinds of s ta te  of s t r e s s .  F o r  instance,  even in unidimensional  loading, the r e s i s t ance  of 
these  ma te r i a l s  is la rge ly  dependent on the sign of the s t r e s s ;  this can be c l e a r l y  seen f rom the s t r e s s - s t r a i n  
d i ag rams  in tension and compres s ion  in the di rect ion of the r e in fo rcemen t  of organic  boron plas t ic  and g lass  
boron plas t ic  shown in Fig. 16. 

In conclusion the following mus t  be pointed out.  To define m o r e  accura te ly  the range  of applicabil i ty of 
the examined var ian t  of predic t ing the v iscoe las t ic  p rope r t i e s  of f i be r - r e in fo r ced  compos i tes  entai ls  the neces -  
s i ty  of studying fu r the r  and more  thoroughly the phys icochemica l  interact ion of the f ibers  and the binder.  Im-  
por tant  a re  not only the facts  of interact ion thereby discovered;  it is indispensable to evaluate the consequent 
quanti tat ive change of the c h a r a c t e r i s t i c s  of the mechanical  p rope r t i e s  of the components of the composi te  used 
in s t ruc tu ra l  models .  It is also very  impor tant  to improve  the methods of diagnosing damage to the ma te r i a l  
in s t ruc tu re s  d i rec t ly  in the p roce s s  of the i r  operat ion,  and to use these data, not only for  evaluating the s ta te  
of the ma te r i a l  at the instant of inspection, but also for  improving the accuracy  of the predict ion of the spe-  
cified life of the s t ruc ture .  And finally, the questipn r ema ins  topical:  to develop fu r the r  the methods of p r e -  
diction for  conditions approaching operat ing conditions. In this r e spec t  much was done in tak ing  into account 
the actual operat ion of the m a t e r i a l  under conditions of complex  state of s t r e s s ;  questions of the aging of m a -  
t e r ia l  and of the additional effect  of var ious  fac tors ,  including ex t r ema l  and environmenta l  ones, have been 
invest igated to a l e s s e r  extent. 
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