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In investigating dynamic p roces se s  which give r i se  to f rac ture ,  a neces sa ry  par t  of the exper iment  is 
the measu remen t  of the ra te  of growth of a crack.  The best known methods of measu remen t  are  as follows: 
a) the method of bonding fine wires  or  other sensit ive elements  over  a crack;  b) the method of high-speed 
photography; c) the method of modulation by ul trasound of a fixed frequency; d) the method of measur ing  the 
e lec t r i c  potential;  e} the method of measur ing  the e lec t r ic  r es i s t ance  of bonded foils, conducting paper,  ad- 
hesives ,  e tc .  

The methods of bonding fine wires ,  photography, and modulation by ultrasound are  essent ia l ly  d iscre te ;  
and their  use requi res  cer tain a p r io r i  information on the course  of the p rocess  being studied. Shortening the 
auantization t ime general ly  leads to fewer readings .  This fact and the complexity,  the high cost,  and the cum-  
be r some  nature of the apparatus make these methods less than ideally suited to a detailed study of such rapid 
and complex p rocesses  as the development of c racks .  In addition, in the method of ul trasound modulation 
additional energy is introduced into the region at the tip of the crack,  and this obviously can affect the nature 
of its motion. 

Measurements  of e lec t r ic  potential and e lec t r ic  r es i s t ance  can be per formed so that the change in length 
of the c rack  gives a d i sc re te  or  analog e lec t r ic  signal. To obtain more  complete information on the ra te  of 
development of a c rack  it is obviously desi rable  to obtain a signal in analog form.  The disadvantage of the 
e lec t r ic  potential method is that the measuremen t s  can be per formed only on conducting mater ia l s ,  and r e -  
quiring increased sensi t ivi ty forces  the use of a high cur ren t  density, which leads to a change in the physical  
and mechanical  state of the ma te r i a l  at the tip of the c rack  and affects its growth in t ime. The method of 
measur ing  the e lec t r ic  r e s i s t ance  of  bonded sensit ive elements can give the des i red  resul ts ,  but its grea tes t  
disadvantage is the uncontrollable delay of the rupture  of the sensit ive element re la t ive  to the tip of the c rack .  
This s t ems  f rom the fact that the sensi t ive mate r ia l  is severa l  o rde r s  of magnitude thicker than the width of 
the c rack  at the tip, which is a few tenths of an angst rom unit. 

In o rde r  to el iminate these deficiencies we used as a sensit ive element an ultrathin film of an e l ec t r i -  
cally conducting mate r ia l  evaporated in vacuum onto t h e s u r f a c e  of the sample under study. The distance from 
the evaporator  to the sur face  was chosen so as to obtain a film of uniform thickness.  

The thickness h of the film was measured  with an in te r fe romete r  and was chosen so as to sat isfy the 
condition h 1 <h <h2, where h 1 is the minimum thickness for which the evaporated layer  retains  the proper t ies  
of a continuum (for copper,  h l ~ (50-100) 10 -s cm [1]); h 2 is the maximum thickness for which plast ic de forma-  
tion of the evaporated layer  can be neglected.  Exper imental  es t imates  showed that in our case h 2 ~600-10  -8 
cm. After evaporat ing onto the sample 1 and checking the film thickness,  the film was cut in two symmet r i c  
halves (Fig. 1). One half  forms the working element 4 and the other,  a cal ibrat ion e lement  3. F igure  1 shows 
the connections of the elements  in the bridge c i rcui t  5. During the motion of the c rack  the unbalance signal 
U(t), where U is the e ledtr ic  potential and t is the t ime, is fed into the s torage osci l lograph 7, which can be 
t r iggered  both externally by the rupture  of a special  evaporated str ip and internally by the signal under study. 
Before the exper iment  was s tar ted  the amplitude and duration of the osci l lograph sweep were calibrated by 
using a type G5-15 osci l la tor  8. A type F-4202  digital vol tmeter  6 was used to obtain the calibration curve.  
The whole c i rcui t  was shielded against in terference by the sc reen  2. The r e s i s t o r s  Rk, made of the film it-  
self, are  used to c o r r e c t  the cha rac te r i s t i c s  of the sensi t ive elements .  
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The cal ibrat ion curve U(I), where l is the length of the crack,  obtained for e lement  3 by cutting the 
evaporated layer ,  is used to calculate l (t) and v(t), the ra te  of growth of the crack.  Curves  1 and 2 of Fig. 2 
were obtained with the cal ibrat ing and working elements  respect ive ly .  The maximum rela t ive  e r r o r  is m 1%. 
The advantages of the method descr ibed  for measur ing  c rack  speed are  its r emarkab le  s implici ty,  accuracy ,  
and the possibi l i ty of  a detailed study of any stage of the f rac ture  p rocess  by select ing the sweep time, the 
level of sensit ivi ty,  and the t r igger ing  level of the osci l lograph.  

The samples  used in the investigation were 14 • 9 • 0.14 cm glass plates.  A notch 0.15 cm deep with a 
radius of  curvature  of 0.01 cm at the tip was made in the center  of one edge. The plate was s t r e s sed  t h e r -  
mal ly  by heating a spot 0.15 cm in d iameter  f rom both sides by heating elements  placed 0.05 cm from the 
sur faces .  The t empera tu re  of the glass  in the region of the heating elements  was 50~ As a resu l t  of t he r -  
mal  s t r e s s e s  and their  concentrat ion at the tip of the notch a rec t i l inear  macroscop ic  c rack  grew from the 
notch to the heated area  where it stopped: It requi red  about 3 min of heating to obtain a shock. By varying 
the position of  the heating elements  the c rack  lengths could be varied by an o rde r  of magnitude. The sample 
as a whole obviously does not experience any rotat ions or  displacements  in this method of s t ress ing .  A cha r -  
ac ter is t ie  feature of the method is the complex cha rac te r  of the the rmoe las t i c  s t r e s s  field. Curves  1, 2, and 
3 of Fig. 3 show the s t r e s s  ~0 = a./~,max normal  to the axis of  the c r ack  at t imes t = l ,  2, and 3 min, r e spec -  
t ively.  The s t r e s s e s  were calculated by equations given in [2] which take account of the effect of the edge of 
the plate in introducing a fictitious heat source  of the same strength located symmet r i ca l ly  with respec t  to 
the edge. Curve 4 of  Fig. 3 shows the t ime dependence of a0 measured  at a distance of 8 mm from the edge. 
The s t r e s s e s  were  determined with KTD-1 silicon s t r a in  gages with a 2.5 mm base.  The effect of heating the 
gages on the magnitude of the signal was taken into account in the measurement .  

Using the procedure  descr ibed,  we pe r fo rmed  more  than 10 measurements  of the c rack  speed v. Typi-  
cal graphs of v(t) a re  shown in Fig. 4. Here t ime is counted f rom the beginning of the sweep of the beam. 
The value of the quantization t ime r =0.5 psee  taken in the p rocess ing  of the experimental  analog curve is 
not the limit. For  a more  detailed investigation of the p rocess  T can be decreased.  In addition, analog 
methods of p rocess ing  the signal can be used. Our measured  values of c rack  speed differ somewhat f rom 
t radi t ionalva lues  (e.g., [3, 4]) p r imar i ly  in the very  pronounced stepwise nature of its growth. Figure 4 shows 
that a change in c r ack  speed by a factor  of two occurs  in less than 0.5 ~sec.  The maximum value of the speed 
observed  in all the exper iments  is 0.4cl, where c 1 is the speed of longitudinal vibrat ions.  For  our tes t  mate-  
r ia l  c 1 =5.1 mm/psec .  Exper imental  proofs of the pulsation of c r ack  speed have appeared in the l i tera ture  
[5, 6] based on a compar i son  of adjacent f r ames  of mot ion-pic ture  film. 

The causes of the stepwise c rack  growth in our experiments  remain  unexplained. A simple calculation 
el iminated the effect of waves ref lec ted  f rom the side faces of the plate paral le l  to the line of f rac ture .  The 
mos t  rea l i s t ic  causes may be the following: a) the nonuniformity of the static field of thermoelas t ic  s t r e s se s  
preceding the beginning of the g rowth  of a c rack  aud its dynamic  r ea r r angemen t ;  b) a dependence of the f rac -  
ture  energy 7eff on the c rack  speed of the form shown, for example, in [7]. 

It can be seen f rom Fig. 4 that the absolute maximum speed (points 4.69 and 5.11, where the numbers  
indicate the c rack  length in mm from the tip of the notch) occurs  in the region of tensile s t r e s ses .  The de-  
c rease  in speed is re la ted to the t ransi t ion of the tip into the region of compress ive  s t r e s se s  (curve 3 of Fig. 
3). Calculations show that the fur ther  increase  in speed (points 7.12 and 7.10) is related to the a r r iva l  of the 
Rayleigh wave c R f rom the corner  of the plate. The value of c R was taken as 0.55c 1. The 1.5 mm depth of 
the initial notch was taken into account in the calculations.  Fur ther  c rack  growth occurs  in a region of com-  
press ive  s t r e s s e s  with insignificant fluctuations of speed which in the final stage is 50 -100  m/sec.  In this 
case the growth mechan i sm may be the rma l  fluctuation p rocesses  occur r ing  at the tip. 

F r a c t o g r a m s  of the f rac ture  surface were studied to check qualitatively on the quasistable c rack  growth 
and speed measu remen t s .  The f ractography was done in two ways: by a d i rec t  study of the surface through 
an MIM-7 optical mic roscope  using a magnification of 100)and with an LG-75 H e - N e  laser  beam reflected 
f rom the surface  of the c rack  onto a screen .  The f i rs t  method was used to study the initial phase of quasi-  
stable c rack  growth, and the second to find the charac te r i s t i c  domains and points during the dynamic par t  of 
the motion up to the end. This procedure  is based on the dependence of the curvature  of the f rac ture  surface 
on the c rack  speed, with the curvature  varying both in the direct ion of c rack  growth and over  the thickness of 
the plate. Figure 5 is a schemat ic  d iagram of the experiment.  The laser  beam 1 passes  through the cylin-  
dr ica l  lens 2 and falls on the f rac ture  surface  6 of half the sample 3. The ref lected beam falls on the sc reen  
4. Using a m i c r o m e t e r  gauge a screen  with a rec tangular  slit 5 of width 0.5 mm is moved along the surface.  
in this way a rec tangular  i~ortion on the surface of the c rack  cut out by the slit is ref lected into a certain line 
determined by the curvature  of this par t .  
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Figure 6a shows f rae tograms  made with the MIM-7 optical microscope .  The figure represen t s  a stage 
of subcr i t ica l  growth of a crack.  It is c lear  that growth begins f rom initial defects of the medium (dark r e -  
gions) which can be produced, for example, in cutting the glass .  The advance of the c rack  front (curve A) is 
r e s t r a ined  by the points of at tachment A' on the free surface .  This may be produced by the plast ic deforma-  
tion of surface  layers  of the mater ia l .  After the c r ack  front is rectif ied its motion occurs  in individual notice-  
able jumps,  lines B and C, where line C is less dist inct  than the others .  Observations with a microscope  at 
a large distance f rom the notch did not help to show any other charac te r i s t i c  features of the f rac ture  surface 
indicating the beginning of the dynamic growth of a crack.  

The resul t s  of the f rac tography obtained by the second method by using a laser  are shown in Fig. 6b. 
Here curves  1 and 2 corresponding to curves  1 and 2 of Fig. 4 are images on a screen  of a light beam from the 
f rac ture  surface .  The numbers  denote the distance in mi l l imeters  of the line cut by the slit 5 (Fig. 5) on the 
surface from the tip of the notch. Curve AB corresponds to the leading edge of this surface.  The narrowing 
of the ref lected light beam is re la ted to the decrease  in curvature  of the surface and the t ransi t ion f rom "vis-  
cous" to "bri t t le"  f rac ture  (points 1.37 and 1.32). These data agree with observat ions under a microscope  
(lines C whose dis tances from the tip of the notch are 1.40 and 1.35 mm).  

On the f r ac togram corresponding to the dynamic motion of the c rack  there are  portions of increased 
brightness of the light pat tern (marked by points on curves  1 and 2 of Fig.  6), par ts  of disruption of the beam, 
and par ts  of bending its t r a jec to ry .  The f i rs t  is re lated to the change in curvature  of the surface in the d i rec -  
tion of motion of the c rack  in such a way that there  is focussing of the beam to a point - a break in the form of 
a plane lune.  In the second case a pat tern opposite to the f i rs t  is observed.  The curvature  of the t ra jec tory  of 
the light beam is related to the rotat ion of the vector  normal  to the surface in a plane perpendicular  to the 
c rack  velocity.  On curves 1 and 2 of Fig. 4 the charac te r i s t i c  points on the f r ae togram are indicated by a r -  
rows.  Here it is c lear  that the resul ts  of the f ractography qualitatively ref lect  the charac te r i s t i cs  of c rack  
growth measured  by the method descr ibed above. 

Thus, the investigation per formed can be considered proof of the possibil i ty of pulsations of the rate of 
c r ack  growth. The method of s t r e ss ing  the samples  and measur ing  the speed can be used in future experimen- 
tal  studies of p rocesses  re la ted to the brittle f rac ture  of mater ia l s .  
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The in terac t ion  between c racks  in an e las t ic  plane weakened by a s y s t e m  of c r acks  has ,  as a rule ,  been 
invest igated in the case  of co l l inear  c r acks  only. More complex configurat ions were  analyzed in [1, 2], in the 
f i r s t  of which four sl i ts  p laced s y m m e t r i c a l l y  about the i r  common cen te r  were  studied by us ing  Four i e r  t r a n s -  
f o r m s ;  in the other ,  a per iod ic  s y s t e m  of l e n g t h w i s e - c r o s s w i s e  c r acks  was studied. In [3] s ingular  in tegra l  
equations were  produced for a s y s t e m  of a r b i t r a r i l y  or iented  c r acks ;  n u m e r i c a l  r e su l t s  were  obtained only 
for  co l l inear  c r ac ks  or iented  at the s ame  angle to loading direct ion.  In the case  of  br i t t le  fa i lure  the inves t i -  
gation of  the in teract ion between two a r b i t r a r i l y  d i rec ted  c r acks  is of in te res t ,  this being the subjec t  of  the 
p r e s e n t  a r t i c le .  

Le t  the re  be two cuts L 1 and L 2 in the xOy plane (Fig. 1) whose p a r a m e t r i c  equations a re  (k = 1,2) .  

Lk:  x ( t )  ---- akt,  y ( t )  = b~t, O <  t k ~ t ~ t~+~ 

(ah = cos ~zk, b~ = sin cc~). 

The boundar ies  of  the cuts a r e  a s s um ed  to be s t r e s s - f r e e ,  and at infinity the applied fo rces  are  
c r  c o  o~ =~1,  % =~.,., ~ = 0 .  (1) 

The following r e p r e s e n t a t i o n  [2] of the s t r e s s  function U is employed:  

2 tk+2 
1 ~ o. o 

U (x, y) = + (~y~ + ~2x ~) + ~ ~ ,) [/~ (t) r~k ,+ f., (t) r~] in (rib -~ rSk) dt ,  (2) 
k=l  tk 

where  

rl~ = aux  -1- bky - -  t; r2h = - - b ~ x  -t- aky .  

where  

The function (2) mus t  sa t i s fy  the conditions (1). The conditions on the boundaries  of the c racks  L k a re  

(cru + ~x) + (%--ox)  cos 2a k - -  2~x~sin 2ak = O, 

(au --~x) sin 2~k -4- 2Tx u cos 2~k = O, 
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