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Mater ia ls  based on sil icon nitride are  used extensively for prepar ing  thermal ly  s t r e s sed  components of 
var ious h igh- t empera tu re  devices.  In view of this, in developing these mater ia l s  the main attention is devoted 
toproviding the required level of mechanical  proper t ies  under operat ing t empera tu re  conditions. Sincetnit ial ly 
Lhe main direct ion for using silicon nitr ide mater ia ls  l~ s t ruc tu res  is gas turbine engine components I1] intended 
.for operation at t empera tu re s  above 1000~ i n t h e m a j o r i t y o r  cases  s trength has been determined in this t em-  
pera ture  range ~2, and others] .  

The study of ma te r i a l  mechanical  p roper t i es  at t empera tu res  above 100ff'C is also connected with the 
widespread opinion that the s t r e n ~ h  of ce ramics  based on SiaN 4 is mainly governed by the condition of the in ter -  
granular  phase which softens at 1100-1400~ depending on the t ~ e  and amount of activated sintering additives 
introduced. In view of this the s trength of the major i ty  of silicon nitride mater ia ls  dec reases  at t empera tures  
above l l00~ [3]. 

As a result  of summar iz ing  the data of numerous studies for dense uniform ce ramic  mater ia ls  it has been 
established [4] that the t empera tu re  dependence for ultimate s trength includes three tempera ture  zones.  In the 
initial t empera tu re  zone the ult imate s trength remains  constant, or  changes a little. [n the next tempera ture  
zone it dec reases  at f i rs t  and then it inc reases ,  which is connected with development of plasticity.  In the third 
t empera tu re  zone the re  is marked  ce ramic  loss of s t rength due to development of creep.  A s imi la r  t empera ture  
dependence for ultimate s t rength is observed  with test ing silicon nitride ce ramics  in a vacuum [5I as a result  
of a v iscoe las t ic  t ransi t ion in the in te rgranular  phase.  However, since mater ia l s  intended for operation in oxidiz- 
ing a tmospheres  are  norm.ally tested in air,  ox i~ t ion  occur r ing  during test ing may markedly  affect the nature 
of the t empera tu re  dependence for ultimate s t rength and other ce ramic  propel:t ies [6]. Reasons for the change 
in ult imate s t rength .for ma te r i a l s  based on StaN 4 as a result  of oxidation have previously  been analyzed [7]. 
[Iowever, in these studies,  as in many others,  the effect of oxidation was only studied at t empera tures  a ~ v e  
1000~ 

Data a re  given in the present  work  .for the mechanical  p roper t i es  of reaot ion-s in te red  silicon nitride ce-  
ramics  ( s imi la r  to those considered in [7]) at t empera tu res  up to 1400~ with a more  detailed study of the tem.- 
pera ture  range 600-900~ Ultimate s t rength in air  and in a neutral  a tmosphere  under three-point  bending con-  
ditions (distance ~ t w e e n  the supports  20 ram) was determined in spec t rums 3.5 x 5 x 25 mm in size, and p r e -  
cri t ical  c rack  development in air  was studied in double- tors ion specimens 2 > 25 >" 75 mm in size.  All of the 
,~pecimens were  cut from blanks 7 x 50 x 150 mm in size.  

Fo r  the ce ramics  studied there  is a reduction in s trength thqaical for silicon nitride mater ia ls  at t empera -  
tares above 1000~ developing both in air  and in a neutral  a tmosphere  (lqg. 1). In addition, with testing in air  
in the t empera tu re  range 700-800~ there  is some reduction in ultimate strength which is almost  undeveloped in 
a neutral  a tmosphere .  Since this phenomenon m o r e  than likely may  be connected with mater ia l  oxidation, in 
order to strengthen the effect and to es t imate  the degree of its development with prolonged loading some of the 
specimens were  exposed prev ious ly  at high tempera ture  under load ~pr (lower than the fai lure load in sYuart- 
term tests) for  half  an hour,  and then their  residual  s trength a re  s was found by increas ing the load (at the same 
temperature)  to fa i lure .  In the case of test ing in a neutral  a tmosphere  p r io r  exposure under load even for 20 h 
<:lid not marked ly  al ter  the s trength (Fig. 2L In cont ras t  to this with test ing in air  at 800~ in spite of the short  
time of exposure there  was a drop in specimen strength, and this was m o r e  intense, the grea te r  the amount of 
pr ior  loading (with p r io r  loading to 177 MPa specimens failed during exposure under load). At the same time, 
at 1100~ p r i o r  loading did not: affect test  resul ts .  It is noted that simple oxidation (without loading) for half an 
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Fig.  1. D ~ e n d e n c e  of ultimate s t r e n ~ h  for specimens tested in air  (15, in a neutral  a tmosphere  
(2), and weight increase  (3} on t empera tu re .  

Fig. 2. Dependence of residual  s t r e n ~ h  for specimens on elm amount of p r io r  s t r e s s i n g  with t e s t -  
ing in air  (1) and in a neutral  a tmosphere  (25 at 800~'C. 

Fig.  3. Typical  K { - V - d i a g r a m s  at dif-  
ferent t empera tures :  15 n :=186, T = 
900"C; 2) n=62,  T =800~ 35 n=163,  T=  
600~ 45 n=146,  T=20+C.. 

F i g  4. Surface of specimens oxidized at 
800C (aS and 1200~ (b). 

hour at 800~ did not al ter  the s t rength (Yigs. 1 and 25. Thus, for the ce ramics  in question the region for  a 
s trength reduction is found in the t empera tu re  range 600-90ff~C. 

Analysis of data in the l i te ra ture  [8, 9, and others]  showed that at 600-1000~ there  is a reduction in streng~ 
for bofl~ porous reaction-sintered materials fS] and for dense hot-pressed materials f9]. This indicates that a 
reduction in strength is quite common for silicon nitride ceramics. However, since detailed studies have not 
been carried out previously for the strength properties of silicon nitride ceramics in this range (there is only 
information a~ut Individual random points falling in this temperature range), it is difficult to talk about tem- 
perature limits for different materials. 

Apart from a reduction in strength some reduction in the crack resistance has been established [i0] for 
hot-pressed SiaN r with additions of MgO and Y2Oa + AI20 a at I 000 ~ (the Kic value was not determined at lower tempera- 
lures}. A similar reduction in K[c has been recorded previously by us in studying ceramic NKKKM-81, which 
is close in composition and preparation technology to that being studied. No marked changes in Kic were ob- 
served in the present work in determining the KI-V-diagram for eeramic NKKKM-84. In addition, it was found 
that at 800~ there is a sharp reduction in exponent n (~ig. 35 in the equation describing crack growth 
rate: 
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Fig+ 5+ F r a c t u r e  sur face  of a specimen previous ly  exposed at a s t r e s s  of 177 MPa 
for 20 rain at 800+C+ 

Fig.  6. Dependence of relat ive intensity of crys tobal i te  peaks in the compress ion  
region due to loading after  test ing at 800oC. 

This points to activation of p rec r i t i ca l  c rack  growth in this t empera tu re  range. At both higher and lower terr~ 
pe ra tu res  ce ramic  NKKKM-84 res i s t s  slow failure much better .  Activation of p rec r i t i ca l  c rack  growth at B00"C 
agrees  with the fact that a reduction in residual  s trength aKer ex~posure under constant toad is more  eIear ly  
defined than for the s h o r t - t e r m  strength (Figs. 1 and 2)+ 

Thus, with tests  in a i r  in the t empera tu re  range being studied there is a marked  reduction in almost  all 
of the main mechanical  p roper t i es  of the ce ramic .  The mechanism for Ioss of s t r e n ~ h  requires explaining+ 
Since no reduction in sho r t - t e rm and residual  s t r e n ~ h  (Fig. 2) was noted with test ing in an inert a tmosphere  
(argo~), it is possible to assume that; It is connected with the effect of test  a tmosphere ,  and in fact with ma te -  
rial oxidation. In fact ,  with p rog rammed  heating (at a ra te  of 15 dog/rain by means of an OD-103 derivatograph) 
oxidation of the test  cer~m'tic occurs  more  rapidly at 700-1000~ (Fig. 1). An active increase  in weight Am for 
~4pecimens is observed in the t he rmograv ime t r i c  curve as a resul t  of occur rence  of the react ion 

SiBN+ ++I+ 302 ~= 3SiQ @ 2N,~, 

accompanying formation of a hard porous oxide layer (Fig. 4a) exhibiting low protective properties [II]+ At tem- 
peratures above 1000~ the oxidation p rocess  slows dowm rapidly since as a result  of diffusion of additions and 
impurities towards the specimen surface  an easi ly melting si l icate Iayer  forms at it r7] healing open pores  (Fig. 
4 b * )  

Oxidation at a t empera tu re  up to 1000~ leads to formation of a layer  of silicon dioxide consist ing mainly 
of a~-crystoballte and also certain amounts of t rydimite  3_nd a m o ~ h o u s  phase, so that the oxide layer  is in the 
solid state and it does not exhibit any marked plas t ic i ty  [11]. Oxidation observed at these tempera tures  for 
porous reae t ton-s in te red  ce ramic  causes  densification of the surface layer  as a result  of an increase  in volume 
with t ransformat ion  of Si3N 4 into SiO2, and development of in tenml  s t r e s se s  in it. At t empera tures  above 10000C, 
when plas t ic i ty  effects develop in the oxide layer  and in the in tergranular  secondary  phase, these s t r e s ses  are  
easily relaxed, but in the t empera tu re  range in question britt le fai lure of oxidized surface  layer  fragments  is 
possible,  

* Cracking of the surface  layer  occur red  after  specimen cooling as a result  of the p resence  of thermal  s t r e s ses  
caused by the difference in l inear  thermal  expansion coefficients for Si3N 4 and SiO 2 r12] due to a ' - - ~ - t r a n s f o r m a  - 
lion in erystobal i te .  
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Elec t ron  m i c r o s c o p e  studies of spec imens  tes ted  at 800~ in a i r  showed a cons iderab le  number  of c r ack s  
in the subsur face  l ayer  to a depth of 30-40 pm (Fig. 5). To a g r e a t e r  depth the spec imen  is weakly  oxidized and 
it re ta ins  quite high poros i ty ,  and eIongated c ry s t a l s  of [~-Si3N 4 a r e  readi ly  seen in the f r a c t u r e .  

However,  c r acks  could a r i s e  not only during exposure  at 800"C, but also as a resu l t  of spec imen  cooling. 
Supporting this las t  suggestion is, in fac% c rack  format ion  at the edges of SiO 2 f r agmen t s .  By exhibit ing a g r e a t e r  
l inear  t he rma l  expansion coefficient,  a r e a s  of SiO 2 during cooling a r e  c o m p r e s s e d  m o r e  s t rong ly  them Si3N4, as 
a resu l t  of which fhey b reak  and c racks  fo rm at thei r  edges .  In addition, although the c racks  obse rved  (Fig. 5) 
a re  apparent ly  not the d i rec t  r eason  for  loss  of s t rength  for  the c e r a m i c  in question at 800~ format ion  of low- 
s trength,  br i t t le  oxide phase  m a y  p r o m o t e  propagat ion  of a fa i lure  c rack ,  and at the mouth of a crack,  which is 
accompanied  by a cons iderable  i n c r e a s e  in volume (by m o r e  than 70~5), an umvedging effect  develops .  

An a l te rna t ive  mechan i sm for  the reduction in s t r e n ~ h  p r o p e r t i e s  a t ~  800~ in a i r  m a y  be the p r o c e s s  of 
m a t e r i a l  cor ros ion  cracking,  i .e. ,  loss  of  s t rength as a resu l t  of the s imul taneous  effect  of a mechan ica l  s t r e s s  
and a chemica l ly  act ive medium with which in accordance  with the Fu l l e r  and Thomson  c r a c k  growth model  I13] 
the chemical  react ion  at the c r ack  tip p r o m o t e a b r e a k i n g  of the k~md between m a t e r i a l  a toms .  This  mechan i sm 
is In good agreement  with development  of the reduction in mechan ica l  c h a r a c t e r i s t i c s  only with tes t ing  in air ,  
and not in an argon a tmosphere ,  with the data provided  f~)r the effect  of the amount of p r i o r  loading on the degree  
of loss  of s t rength,  with absence  of a m a r k e d  reduction in the s t rength  of spec imens  not subjected to loading 
during oxidation. In addition, by means  of x - r a y  phase  analys is  it has been es tab l i shed  that the re la t ive*  in- 
tens i ty  of peaks  I for  the mab~ oxidation product ,  i.eo, c rys toba l i t e  on spec imens  tes ted  at 800'~C, i n c r e a s e s  with 
an i nc rea se  in p r i o r  loading (Yig. 6). 

Consequently, tt~e mechan ica l  p r o p e r t i e s  of the m a t e r i a l  a re  affected by its chemica l  reac t ion  with the 
a tmosphe re .  However,  in turin mechan ica l  s t r e s s e s  affect  the oxidaiion p r o c e s s .  At higher  t e m p e r a t u r e s ,  de-  
ve lopment  of this mec lmnism is mainta ined by format ion  of a solid oxide l aye r  p reven t ing  acce s s  of oxygen, 
amd also poss ib ly  exis tence  of the Ioffe effect (rounding of the tip of a c r a c k  with which there  is a sharTJ i nc rea se  
in KIc 16] as a resu l t  of the development  of p las t ic i ty) .  

Thus,  the s t rength  p r o p e r t i e s  of c e r a m i c  at ~ 800~ in a i r  a r e  reduced,  which, judging f rom data in the 
l i t e ra tu re ,  is inherent  for  o ther  si l icon ni t r ide  m a t e r i a l s .  This  phenomenon has  not been cons idered  prev ious ly ,  
s ince on the one hand s t rength p r o p e r t i e s  a re  only marked ly  reduced with prolonged loading for  which e x p e r i -  
menta l  data is l imited,  and on the o ther  hand In this t e m p e r a t u r e  range (up to the t e m p e r a t u r e  co r r e spond ing  
to g l a s sy  phase  softening) the mechan ica l  p r o p e r t i e s  a r e  t rad i t ionaI ly  a s sumed  to be unchanged. 
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P r e v i o u s  theore t i ca I -ex~per imen ta l  s tudies [1-31 of co r ruga ted  expansion joints showed the need to allow 
for  the pulsa t ing  c h a r a c t e r  of loading of these  s t ruc tu ra l  e lements ,  which are in very  common use in cons t ruc-  
tion of power  p lan ts .  These  e lements  work  beyond the e las t ic  l imit .  An in tegra l  method has been proposed  for 
evaluat ing the i r  s e r v i c e  life, .and the method has opened up the poss ib i l i ty  of s igni[ icant ly increas ing  the strength 
of nocrnal ized exTpansion joints .  

The basis  of the p roposed  method is the notion that the re la t ive  deflection of the lens &, being am integral  
c~mraeter is t ic  of the loading of l:he s t ruc tu re ,  can s e r v e  as a p a r a m e t e r  of s e rv i ce  life in puIsat ing loading~ An 
empi r i ca l  re lat ion was obtained to connect  this quantity with the number  of cycles  to fa i lure  N: 

7iA ;~ M, (1) 

where  ~ A a t  (A is the range of the d i sp tacement  exper ienced  by "~he lens; A t is the Kmit ing e las t ic  de-  

~lection of the lens), i .e. ,  the axial  d i sp lacement  of the inside contour of the tens at which p las t ic  s t ra ins  occur  
inside the lens; k and M a r e  constants  .for the glven c lass  of s t r u c t u r e s .  

This  method was l a t e r  subs tant ia ted  s t a t i s t i ca I ly  for  axial  e ~ a n s i o n  joints [4]. 

However ,  s ince alx-mt 80'~$ of all expansion joints in p ipel ines  work  as hinged inse r t s ,  i .e.,  exper ience  
ang'ular d i sp lacements ,  it is impor tan t  to evaluate  the s t r e n ~ h  of expansion joints under antis~umrnetric loading. 
The s tudies  [5, 6] we re  devoted to theore t i ca l  de te rmina t ion  of c h a r a c t e r i s t i c s  of the s t r e s s - s t r a i n  s tate  (SSS5 
of expansion joints,  ineludfng the angular  d i sp lacements .  

This  s tudy r epo r t s  r esu l t s  of an exper imenta l  invest igat ion of the tow-cyete  fatigue of fu l l - sca le  spec imens  
of co r ruga ted  (lens-shaped5 expansion joints OST 34-235-73 under different  t)3~es of loading. We chose expan-  
sion joints Du250 and Du700 for  tes t ing.  

The t es t s  w e r e  conducted on an a u t o m a t i c  unit e spec ia l Iy  designed and built by the Insti tute of P r o b l e m s  
of MacMne D e s i ~  of the Ukrainian Academy of Sciences  and the "Turb.aatom" Industr ia l  Associat ion.  The unit 
was desigued to s tudy the opera t ing  c h a r a c t e r i s t i c s  of expansion joints under pulsa t ing loading. It p e r m i t s  both 
axts}~nmetric  and a n t i s ~ n m e t r i c  cycl ic  deformat ion  of spec imens .  

In sa fe - l i f e  t e s t s  conducted to de t e rmine  c h a r a c t e r i s t i c s  of low-cyc le  fatigue, the manipulated va r i ab le  
is the d i sp lacement  (range5 A =2Aa (in axial  loading3 or  the angle of rotat ion of the lens axis  7=2"Y a (in ant i -  
s y m m e t r i c  loading3. 

?Figure 1 shoves the s chem e  of deformat ion  of the spec imens  for  these  t3~pes of toading. 
A 

The  fo rm of the loading cycle  with r e spec t  to the d i sp lacements  was a s sumed  to be s~Tnrnetricah zX a = •  

and %1 = ~ , / / 2 .  
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