
EXPERIMENTAL INVESTIGATION OF THE GROWTH OF AN ISOLATED CRACK 

V. M. Kuznetsov, P. A. Martynyuk, and A. I. Potyl i tsyn 

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki ,  Vol. 10, No. 4, pp. 155-160, 1969 

The re su l t s  a re  presented  of an exper imenta l  invest igat ion of the growth of an isolated crack.  

Using photoelast ie  analysis  and high-speed motion photography, we de termined  the Lime dependence of the c rack  
length and crack propagation rate .  In contras t  to the work of Wells and Post  [5], we ca r r i ed  out a detai led analysis  of 
the init ial  s tages of c rack  propagation. With the aid of s t ra in  gauges we de te rmined  the t ime dependence of applied 
tensi le  s t r e s s ;  the r e su l t s  obtained are  quite sa t i s fac tor i ly  descr ibed  by the fo rmula  postulated in [6]. 

Theore t i ca l  studies of non-s teady-s ta te  propagation of an isolated c rack  during br i t t le  f rac tu re  were  ca r r i ed  out 
by Mott [1], Rober ts  and Wells [2], Broberg  [3], and Barenblat t  et  al. [4]. Among exper imenta l  invest igat ions,  that 
ca r r i ed  out by Wells and Post  [5] is worth mentioning. 

Our exper imenta l  method was s imi l a r  to that used in [5] in which the s t r e s s  field in the vicinity of a c rack  growing 
in a plate spec imen was studied. The mot ion-pic ture  photographs of the p rocess  were  taken with short  exposures  using 
four success ive  spark pulses.  Wells and Post  succeeded in obtaining only three points of the graph represen t ing  the 
dependence of the c rack-propaga t ion  ra te  on crack  length; these points were  obtained only for the c rack-propagat ion  
stage in which the c rack-propagat ion  ra te  a lmost  reaches  its l imit ing value, equal in this case to 0.38 of the veloci ty 
of e las t ic  waves. 

This made it possible  for the author~ of [4] to regard  the c rack-propagat ion  ra te  as genera l ly  constant and to use 
BrobergVs resu l t s  obtained in solving a p rec i se ly  formulated dynamic problem of the c rack  propagation f rom the state 
of r e s t  at a constant veloci ty.  

The optical par t  of the invest igat ion ca r r i ed  out by Wells and Post  was outstandingly good, photoelast ic  analysis  
being used to obtain detai led data on the s t r e s s  state in the vicini ty of the tip of a growing crack.  The shor tcomings  of 
this work were  the lack of control  of forces  applied to the spec imen and the fa i lure  to obtain data on the ini t ial  c rack  
propagation s tages .  One of the objects of the invest igat ion descr ibed  below was to e l iminate  these shor tcomings .  

1. Tensi le  testing machine. Ordinary tensi le  test ing machines  are  so constructed that the load acting on a spec i -  
men inc reases  gradual ly  with inc reas ing  strain.  In our case,  to obtain data easy to in te rpre t ,  it was necessa ry  for a 
suddenly applied load to r ema in  constant during the ent i re  p rocess  of c rack  propagation or  at leas t  during a substantial  
par t  of this period. A specia l  tensi le  test ing machine was therefore  designed for this purpose  by V. N. Chertakov 
(Institute of Hydrodynamics,  SO AN SSSR). Its genera l  view is shown in Fig. 1; its design and principle  of operat ion 
are  desc r ibed  below. 

The machine consis ts  of a base plate 1 supporting two columns 2 braced at the top by a c r o s s - b a r  3. The ends of 
the columns are  threaded to take nuts 4 with which the columns are  fastened to the c r o s s - b a r  and to the base plate. 

The specimen is mounted in two shackles.  The upper shackle 5 can be moved ve r t i ca l ly  by means of the nut 7 for 
accomod~ting specimens  of different  lengths and for p re l imina ry  select ion of f ree  play in the linkage of the loading unit. 
The lower shackle 6 with a movable c ros sp i ece  8, helical  spring 9,and cocking device 10 consti tutes an independent 
loading unit. 

The ent i re  loading unit can be moved ver t i ca l ly  so that the expected line of f rac tu re  can be posit ioned in the field of 
view of the r eco rd ing  apparatus.  The loading unit has a separa te  fo rce -gene ra t ing  sys tem act ivated by spring 9. One 
end of the spring r e s t s  in a r e c e s s  of the movable c rossp iece  8 and the other end bears  on plate l l , w h i c h  is held in 
posit ion by nut 12 screwed on the s tem of the lower shackle 6. The force to be t ransmi t ted  to the shackles  is regulated 
by turning nut 12, i . e . ,  by compress ing  spr ing 9. For  t ransmit t ing  the force  of the spring to the spec imen cocking and 
t r igger  mechan i sms  are  provided. 

These  mechan i sms  fo rm an in tegra l  part  of the fo rce -gene ra t i ng  sys t em which is linked to the movable c rossp iece  
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and which includes the lower shackle 6 with its threaded stem; a hole is mil led in the end of the s tem for attaching the 
t w o - a r m  cocking mechan i sm 13. The cocking and t r igge r  mechan i sm 10 const i tutes  a r igid f r ame ,  in the opposite 
ve r t i ca l  walls of which s c r ew  14 for cocking spr ing 9 and t r igge r  rod 15 with a r e l eas ing  l ever  16 a re  mounted. 

Fig. 1 

The t w o - a r m  mechan i sm 13 const i tutes  two plates connected by a hinged joint. Its upper end is linked through a 
connecting rod to the stern of the lower shackle 6 and its lower end is hinged on the inside surface  of the base of the 
f rame of the t r igge r  device.  When the loading sys tem is cocked, the fo rce -gene ra t i ng  sys tem is closed by secur ing  it 
to the movable c ro s sp i ece  8 with pins 17; to prevent  deviat ion of the sys tem f rom coaxial i ty,  a cyl indr ica l  s tem f ree  
to move in a cor responding  hole in the base plate 1 is attached to the lower par t  of the f r ame  of the cock ing- t r igger ing  
device.  

To soften the impact  of the lower shackle s t r ik ing  the movable c ro s sp i ece  when the spec imen breaks ,  a cyl in-  
d r i ca l  r e c e s s  is made in the c rossp iece ;  a rubber  washer  covered  by a meta l  plate is placed in this r e c e s s .  In this 
way the impact  of the lower shackle is softened by the rubber  shock absorber .  To make it possible  to posi t ion the 
shackles  in accordance  with the spec imen length and keep the line of f rac tu re  in the same plane, a provis ion was made 
for moving the c ro s sp i ece  8 in the ve r t i ca l  d i rec t ion  with the aid of nuts 18; at the same t ime the loading and cocking 2 
t r igger ing  devices ,  which a re  at tached to the c ros sp i ece ,  a re  also moved. The spec imen is secured  in the shackles  
with the aid of sponge pads 19 and bolts 20. The load applied to the spec imen can be p re se t  at any level  in the range 
0-2000 kg by tightening nut 12 on the s tem of the lower shackle.  

2. Exper imenta l  technique. The tes ts  were  ca r r i ed  out on organic g lass  plate spec imens  measur ing  220 x 110 
x 3 ram. Before test ing,  an a r t i f i c ia l  c rack  3 - 4  mm long was made in each specimen.  The photographs were  taken in 
a po la r ized  light with the aid of an SFR-2M photorecorder  at a speed of 250,000 f r a m e s / s e e .  

A schemat ic  r ep resen ta t ion  of the apparatus is shown in Fig. 2. Here  1 is the control  panel, 2 is an IFK-2000 
pulse lamp with a r e f l ec to r ,  3 is a d i s cha rge r ,  4 is a bat tery  of condensers  for fusing the wire ,  5 is a ba t te ry  of con-  
dense r s  of the pulse lamp, 6 is a delay block, 7 is a pulse genera tor ,  8 is the SFR-2M, 9 is the test ing machine with 
a specimen,  10 is a lens,  and 11 ~nd 12 are  pol3roids.  

Fig. 2 

The main difficulty was encountered in synchronizing the onset of c rack  propagation with the s tar t ing of the pho- 
t o r eco rde r .  P r e l i m i n a r y  tes t s  showed that the t ime in terva l  between s tar t ing the test ing machine and the onset of 
c rack  propagation is 2 .2-2 .6  msee .  
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In addit ion,  it  was n e c e s s a r y  to synchronize  the onset  of c r ack  propagat ion with the ini t ia l  posi t ioning of the pho-  
t o r e c o r d e r  m i r r o r  and with the f lash of the i l luminat ing  lamp.  

The tes t ing  machine was the re fo re  s t a r t ed  in the following way. The t r i gge r  mechan i sm of the spr ing  13 was 
bear ing  on a p lex ig las s  rod  (Fig.  3) with a 0 .2- ram copper  wire  inside it. This wire  was in the c i rcu i t  of the ba t t e ry  of 
condensers ;  when it  was b las ted ,  the roddes in t eg ra t e d ,  which ac t iva ted  the t r i gge r  mechan i sm of the tes t ing  machine.  

Fig.  3 

The e l e c t r i c a l  c i r cu i t  of the appara tus  is  shown in Fig. 4. When the photogenera tor  is  s t a r t ed ,  i t  emi t s  a h igh-  
vol tage pu lse  through the d i s c h a r g e r  3, by which the ba t t e ry  of condense r s  4 (12 #F, 25 kV) is connected to the wi re  8 
inside the p lex ig las  rod  and to the pulse  gene ra to r  7 and pu lse  f l a sh - l amp  2 (IFK-2000) through the de l sy  block 6. The 
d i a g r a m  in Fig.  4 shows the following components :  1) control  panel;  2) IFK-2000 pulse lamp; 3) d i s c h a r g e r ;  4) ba t t e ry  
of 12- /~F /25-kVcondense r s ;  5) ba t t e ry  of condensers  (800 p F / l . 0  kV) of the pulse lamp; 6) delay block; 7) pulse  g e n e r -  
a tor ;  8) p lex ig las  rod  with a copper  wire;  9) charging device  T e s l a  VS-222; 10) charging device  UPU-1M. 

The r e s u l t s  of spec ia l  e x p e r i m e n t s  showed that the t ime in te rva l  between pushing the s t a r t ing  button on the con-  
t ro l  panel 1, i . e . ,  s t a r t i ng  the d i s in tegra t ion  of the p lexig las  rod,  and the onset  of c r a c k  propagat ion  is of the o r d e r  of 
2.5 msec  4- 200 gsee.  On this  bas i s ,  the de lay  block 6 switched on the f lash lamp 2 s l ight ly  before  the onset  of c r a c k  
propagat ion;  the advance was 100-150 #sec ,  the f lash dura t ion  being 450-500 ttsec. 

Fig. 4 

The initial setting of the angle of the photoreeorder mirror was selected on the basis of the same considerations, 
so that the advance was 2.5 msec .  By varying the length of the plexiglas rod it is possible to vary within known limits 
the delay time in starting the machine. Polaroids 11 and 12 were used mainly to mark more clearly the position of the 
crack tip. 

r ..... ~ 
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Fig. 5 

In addition to taking motion pictures of the crack propagation, measurements of stresses in the specimen were 
carried out. This was done with the aid of the PKB5-100 strain gauges attached to the specimen. 

The e l e c t r i c  c i r cu i t  of the s t r a i n  measu r ing  s y s t e m  is  shown in Fig. 5. It c o m p r i s e s  the fol lowing components:  
1) OK-17M osc i l lograph;  2) cathodic r e p e a t e r ;  3) G5-15 pulse  gene ra to r ;  4) osc i l log raph  r e c o r d e r  c i rcui t ;  5) pulse  
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generator  t r igger ing  c i rcui t  (R 1 and R 2 corresponding to the beginning and end of crack propagation, respect ively);  R 1 
and R 3 are r e s i s t ances  of conducting f i lms (of the order  of 3-5 kohms) deposited on the specimen; Rm is the s t ra in  gauge. 

Signals f rom the s t ra in  gauge were t ransmi t ted  to one beam of the OK-17M oscil lograph through the cathodic 
repea ter ,  the amplif icat ion coefficient of the cathodic r ePea te r / ampl i f i e r  system being of the order  of 4 �9 104. The 
other beam was used to mark  the ins tants  of the onset  of crack propagation and its reaching the free specimen surface 
The signals  of the beginning and end of crack propagation were produced as a resu l t  of breaking of conducting f i lms 
deposited on the specimen in front of the tip of the ini t ial  crack and near  the opposite side of the specimen.  

3. Exper imenta l  resu l t s .  Motion-picture f rames  showing success ive  stages of crack propagation are reproduced 
in Fig. 6. The t ime in terva ls  between f rames  were 8 ~see.  The resu l t s  of the process ing of exper imenta l  data are 
shown in Fig. 7, where the crack length (curve 1) and crack propagation rate  (curve 2) are plotted against  t ime. The 
charac ter  of the t ime dependence of the tensi le  s t r e s s  as recorded by the osci l lograph (curve 1) and the s t ra in-gauge 
cal ibra t ion curve (curve 2) are shown in Fig. 8. Each step on the cal ibrat ion curve corresponds  to a 200-kg increase  
in applied load. The sharp reduct ion in s t r e s s  is associated with the s t ra in  gauge being influenced by an unloading wave 
a r r iv ing  at it f rom the crack and by the wave xeflected f rom the unbroken edge of the specimen.  

4. Analysis  of the resul t s .  The Mott formula  in its more  prec ise  form derived by Roberts  and Wells is 

Here l 0 is the ini t ia l  c rack length and 1 is the crack length at a given propagation stage. The formula  postulated 
in [6] has the form 

Here c o is the velocity of the Rayleigh waves and 10* is the length of a crack in a state of equi l ibr ium at a given 
tens i le  s t ress .  It should be noted that the difference between these two formulas  consis ts  not only in a smal l  difference 
between their constants  and between the form of the functional re lat ionship,  but also in different meanings of l 0. In ac-  
cordance with the genera l ly  accepted tenets  of the theory of br i t t le  f rac ture  [7, 14], the equi l ibr ium crack length is 
related to tensi le  s t r e s s  p by the Griffith formula ,which,  in the case of a crack emerging  on the boundary of a half-  
space, has the form [8] 

l,*= 1.61~ (3) 

where K is the cohesion modulus. 

The length of an equi l ibr ium crack /~  corresponding to the static tensi le  s trength a ,  of the ma te r i a l  is given by 
a s imi l a r  formula:  

Zo" = , .6 ,  ~ (4) 

Thus, the equi l ibr ium crack length at s t r e s s e s  exceeding the mate r ia l  s trength is shor ter  than under  stat ic load- 
ing conditions: 

At the same t ime, the crack length/0 ~ is de termined by the rat io of the theoret ical  and actual ma te r i a l  s trength 
[9], and its order  of m~gnitude in the case of a purely br i t t le  f rac ture  mechanism is given by 

\ a . /  

Here b N 10-~ cm is the in tera tomic  spacing and a T is the theoret ical  strength,  approximately equal to 0.1 E 
(where E is the Young modulus). According to data cited in re fe rence  books [10] the tensi le  s t rength of thermoplas t ic  
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Fig. 6 
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p l a s t i c s ,  which inc lude  p t ex ig l a s ,  is  (0 .28-0 .70)  �9 109 d y n e s / e m  2 and t he i r  Young ' s  modulus  is  (0 .14-0 .28)  �9 1011 
d y n e s / c m  2. Thus ,  we find that  l~ is  v e r y  s m a l l ,  of the o r d e r  of (0 .2 -1 .0 )  �9 10 -~ cm.  H o w e v e r ,  the above ca lcu la t ion  
con ta ins  a s e r i o u s  e r r o r .  The point  i s  that  a subs t an t i a l  p a r t  in the c r a c k  p ropaga t ion  in m o s t  m a t e r i a l s  is p layed  by 
loca l  p l a s t i c  s t r a i n s  c o n c e n t r a t e d  in thin s u r f a c e  l a y e r s  of the c r a c k .  

L;mm g,m/s~c, , / 

l/O 

ZO 

0 t, 
$~ 96 12R 

Fig.  7 

As shown by I rwin  [11] and Orowan  [12]~ the w o r k  of p l a s t i c  d e f o r m a t i o n  du r ing  q u a s i - b r i t t l e  f r a c t u r e  can be,  by 
s e v e r a l  o r d e r s  of magni tude ,  l a r g e r  than the usua l  coe f f i c i en t  of s u r f a c e  t ens ion ,  which  is  equa l  to s p e c i f i c  w o r k  e x -  
pended  in r u p t u r i n g  i n t e r n a l  bonds.  

The e f f e c t i v e  magni tude  of s u r f a c e  t ens ion  d e t e r m i n e d  f r o m  the r e s u l t s  of e x p e r i m e n t s  on c l e a v a g e  f r a c t u r e  of 
p l e x i g l a s  s p e c i m e n s  is 12,000 c a l / c m  2, which  c o r r e s p o n d s  to a cohes ion  modulus  of 150 c a l / c m  2. The t e n s i l e  s t r eng th  
of the p l a s t i c  u sed  in our  e x p e r i m e n t s  was  500 • 50 kg /cm2;  i t s  Young~s m o d u l u s E  = 1.8 ' 104 k g / e m  2 and dens i t y  p = 
= 1.13 g / c m  3. A c c o r d i n g  to the da t a  in [13], the v e l o c i t y  of longi tudina l  w a v e s  in p l a s t i c  i s  2800 m / s e c .  Using the known 
r e l a t i o n s  for  the v e l o c i t i e s  of longi tud ina l  (c l) and t r a n s v e r s e  (c 2) waves  

c~=[E t- -v l'/,, E i "~v, 
p (t -]- v) (i --  2v) c s = [  ~ 2(t~-v)'J 

we obtain  the P o i s s o n t s  r a t i o  v = 0.435 and c 2 = 900 m / s e c .  The ve loc i t y  of Ray l e igh  waves  i s  a p p r o x i m a t e l y  equa l  to 
0.9c 2. Thus ,  in our  c a s e  it  may  be a s s u m e d  that  c o = 800 m / s e c .  In the c a s e  of p la te  s p e c i m e n s  unde rgo ing  d e f o r m a t i o n  
we a r e  dea l ing  with a p l ane  s t r e s s  s t a te ,  so that  the cohes ion  modulus  should  be c a l c u l a t e d  f r o m  the f o r m u l a  K 1 
= K~I - v -2. Ins tead  of 150 k g / c m  2 one should  t h e r e f o r e  take 135 k g / c m  z. Subst i tu t ing into (4) the v a l u e s  of K and or., we 
ob ta in /0  ~ = 1.1 ram.  

Fig.  8 

To d e t e r m i n e  L* f r o m  (5) the t e n s i l e  s t r e s s  m u s t  be known. As shown by the o s c i l l o g r a m  in Fig .  8, p v a r i e s  with 
t ime .  To s imp l i fy  the c a l c u l a t i o n s ,  i t  is a s s u m e d  that  p r e m a i n s  cons t an t  at  a c e r t a i n  m e a n  l eve l .  A c c o r d i n g  to the o s -  
e i l l o g r a m  in Fig .  8, the o v e r - a l l  t en s i l e  load v a r i e s  be tween  600 and 950 kg. Le t  the m e a n  load l e v e l  be 775 kg. Since 
the p la te  s p e c i m e n  is  11 c m  wide and 0.3 c m  th ick ,  th is  is  equ iva l en t  to p = 235 k g / e m  '2. F r o m  (5) we have  l~  = 5 ram.  

60Q 
m/see 1 

zop 

1g zg J0 gz 

Fig .  9 

In Fig .  9 we p lo t ted  Eq. (2) taking c o = 800 m / s e c  and l~  = 5 m m ;  in the s a m e  f igure  we plot ted  e x p e r i m e n t a l  
points  obtained f r o m  mot ion  p i c t u r e  f r a m e s  in Fig .  6 and the g raph  in Fig.  7. The  a g r e e m e n t  be tween  e x p e r i m e n t a l  
and ca l cu l a t ed  da ta  i s  qui te  s a t i s f a c t o r y .  
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