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I N T R O D U C T I O N  

The p r o c e s s  of shock c o m p r e s s i o n  in ce r ta in  solids (iron, carbon,  KC1, KBr,  quar tz ,  many minera l s )  is 
accompanied  at i nc reased  p r e s s u r e  Ps by phase  t rans i t ions ,  i .e. ,  fo rmat ion  of new crys ta l l ine  phases  [1]. 
Changes in the wave configurat ions which then develop [2-4] pe rmi t  de terminat ion  of the c h a r a c t e r i s t i c  t imes  
of these  t r ans i t ions ,  which usual ly  c o m p r i s e  0.2-0.4 psec .  In [5-7] a s ing le -ve loc i ty  s i n g l e - t e m p e r a t u r e  model  
of a two-phase  v i scop las t i c  med ium was developed, which was used for  study of nonsta t ionary  shock waves  in 
Armco  iron with phase  t rans i t ions ,  and on the bas i s  of  the re la t ionship  between phase t rans i t ions  and ha rden-  
ing, the kinet ics  of the phase  t rans i t ion  ~ ~-- e in iron were  de te rmined .  In the p resen t  study an investigation 
of shock-wave propagat ion  in Armco  iron will be p e r f o r m e d  with considera t ion  of new expe r imen t s  [3, 4] in 
which the multiwave s t ruc tu re  of shock waves of var ious  in tens i t ies  w e r e  fixed d i rec t ly  by manganin s enso r s  a n d  
a light i n t e r f e r o m e t e r .  Under these  expe r imen ta l  condi t ions ,calculat ions  were  p e r f o r m e d  for  motion of shock 
waves  on the front  of  which phase t r ans i t ions  occur .  The kinet ics  of phase  t rans i t ion  will be studied and p r e -  
sented in g r e a t e r  detail  than in [6, 7]. 

w 1. The bas ic  equations in Lagrang ian  coordinates  (r, t) for  the case  of one-d imens iona l  motion with 
uniaxial  deformat ion  have the f o r m  

(P0/P) OPl/Ot -~ p~Ov/Or -~ (p0/p)/m = 0, 

(Po/P) Op~/~t + p~Ov/Or --  (po/p)~rm : 
(Pi 0 : p ~ a i ,  a 1 - ~  a 2 : l ,  p : P i  ~ P~, i : i ,  2), 

poOv/O t : Ooll/Or, (1.1) 
Po/P [p~Oe~/Ot + p~ae~lat +(% -- el) I12] = o~av/Or, 

o , , =  _ .  p = r ) =  .2(o  ~ r )  
d~n/dt = (4/3) ~ (P0/P) dr~Or, x '1 ~ x*, 

where Pi, P[, a i ,  ei  are the mean density,  t rue  density,  volume content, and speci f ic  in ternal  ene rgy  of the i - th  
phase;  p, v, T are  the density,  veloci ty ,  and t e m p e r a t u r e ;  o al, ~-11, p are  the s t r e s s  t enso r ,  s t r e s s  deviator ,  
and hydros ta t ic  p r e s s u r e  in the medium; g, ~-* are the shea r  modulus and e las t ic  l imit ,  for  the descr ipt ion 
of which Mises c reep  condi t ionswi l lbe  used; I12 is the veloci ty  of phase t r ans i t ions  for  which the following r e -  
la t ionships  are  fulfilled: I12 = j 12 - J 21 ;fOr the 2 ~ 1 t rans i t ion j 12 = 0, J21 > 0 ; for  the 1--* 2 t rans i t ion  j 12 > 0, J~l = 0; i f  
the re  are no phase t r ans i t ions  Jl2 =0, J21 =0. 

The intensi ty of the phase  t r ans i t ions  cons idered  is g r ea t e r ,  the more  the p r e s s u r e  p exceeds  the p h ase -  
t r ans i t ion  p r e s s u r e  Ps(T), i .e . ,  the g r e a t e r  the nonequil ibrium. Kine t ics leading  to re ta rda t ion  of phase  t r a n -  
si t ion and achievement  of  me tas tab le  s ta tes  occur  in the case  of the t rans i t ion  Fe cy ~-~-Fe e .  We will a ssume 
[5-7] that  the phase - t r ans i t i on  veloci ty  depends on the difference of the phase the rmodynamic  potent ia ls  (for 
ident ical  p r e s s u r e s  and t e m p e r a t u r e s )  and on the volume content of the or ig ina l  phase .  Moreover ,  we allow 
sa tura t ion  of phase - t r ans i t i on  veloci ty  for  sufficiently grea t  deviations f r o m  the equi l ibr ium line. Then at 
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Ji2 > O o r  J21 > 0  the following re la t ionships  are  rea l ized:  

11, = a,j~ ~i - -  exp 
k-- ]); 

(1.2) 
�9 o [p~ - p ~ , , ]  

J > 

where the m a x i m u m  phase - t r ans i t i on  veloci t ies  are de te rmined  by the quanti t ies  J~2 and J~l- In cont ras t  to 
[5-7], we cons ider  he re  that a t  fixed p r e s s u r e  the t rans i t ion  i - - j  occu r s  the more  rapidly ,  the g r e a t e r  the 
content of the or ig inal  i - th  phase .  

The iron phase  equi l ibr ium curve  in the region of the ot~-~ e t rans i t ion ,  obtained by Kaufman on the bas is  
of  s ta t ic  and dynamic data [8], may  be approx imated  by the function 

p~(T) = K 1 § K~T/T o + Ka(T/To)2. 

The kinetic re la t ionships  of  Eq. (1.2) give the actual  phase - t r ans i t i on  h y s t e r e s i s ,  de te rmined  e x p e r i -  
mental ly ,  for  example ,  in [3]. 

The equations of s ta te  and in ternal  ene rgy  of the m a t e r i a l s  studied a r e  r e p r e s e n t e d  in the f o r m  of th ree  
components ,  which desc r ibe  e las t ic  p r o p e r t i e s  of  the cold body in hydros ta t ic  compres s ion ,  harmonic  o sc i l -  
lat ions of a toms in the lat t ice,  and t h e r m a l  exci ta t ion of e lec t rons  toge the r  with anharmonic  ef fec ts  of a tomic 
osci l la t ions:  

p(pO, T) = pp § PT § Pe,~; E(P ~ T) = ep § e T § eea. 

In [9], defining pp(p0) and ep(p~ it was p roposed  that the B o r n - M a y e r  potent ial  be used: 

pp (p0) = Ax-2/3 exp [b (1 --  xt/a)] - -  g x f  -4/a, x = p~/p0; 

ep (pO) = 3Ab-ipOo-I exp [b ( t  --  x'/a)] --  3Kp~--'x-l/ao 

Unfortunately,  the coeff icients  A, b, K obtained in [9] for  one and the same  m a t e r i a l  v a r y  marked ly  de-  
pending on which expe r imen ta l  r e su l t s  are p rocessed :  s tat ic ,  dynamic,  o r  s tat ic  and dynamic toge ther .  In 
numer i ca l  calculat ion in the p r e s s u r e  range to 1 Mbar  it is expedient to use the s i m p l e r  approximat ion 

pp(pO) = bl(t __ x) § b~(l - -  x) 2 § bait --  x)3; 

& b~ x)3] ' ep(e) = x ) +  xr + 

w h i c h  allows accura te  fixation of the hydrodynamic  veloci ty  of sound at the point po=p~ and signif icantly de-  
c r e a s e s  the volume of calculat ions with no loss  in accuracy .  

The t h e r m a l  components  have the f o r m  

PT = "~T(pO)pOeT, e'z = c~T, 

where TT(p  ~ is the Griineisen coefficient [9]; e v is the atomic specif ic  heat.  The t e r m s  Pea and eea re ia ted  
to t h e r m a l  exci tat ion of e l ec t rons  and anharmonic  effects  of t h e r m a l  motion of a toms in the la t t ice  become 
significant at high p r e s s u r e s  and t e m p e r a t u r e s  (p > 1 mba r ,  T > 10,000~ and the re fo re  will not be consid-  
e red .  

2. Using the model  of a two-phase  e las top las t ic  medium the p rob l em of p lana r  coll is ion of a plate of 
th ickness  l I with a t a rge t  of  th ickness  l - l 1 will be solved numer i ca l ly  (the s t r i k e r  and t a rge t  having infinite 
t r a n s v e r s e  dimensions) .  The initial s ta te  and boundary conditions of the s t r i k e r - t a r g e t  s y s t e m  are  known. 

The phys icochemica l  p r o c e s s e s  occur r ing  upon shock-wave propagat ion in the t a rge t  and s t r i k e r  lead 
to the development of a mult iwave flow pic ture ,  in the course  of which discontinuit ies (shook waves) a re  gen-  
e ra ted ,  in teract ,  and degenera te .  The re fo re  we use  an indirect  method of calculat ion employing pseudov i s -  
cosi ty ,  which allows calculat ion of the ent i re  flow region in a single manner .  In cons t ruc t ing  the difference 
s y s t e m  [6] by the s t ra igh t - l ine  method (or par t ic le  method) the pa r t i a l  de r iva t ives  with r e spec t  to r at each  
t ime  l aye r  are  approximated  by a cen t ra l  divided difference (to s e c o n d - o r d e r  accuracy) .  This  t r a n s f o r m s  the 
s y s t e m  of di f ferent ia l  equations of  Eq. (1.1) with pa r t i a l  der iva t ives  with r e spec t  to r and t to a s y s t e m  of 6N 
(where N is the num ber  of pa r t i c les  into which the computat ion region ove r  r is divided) o rd ina ry  d i f ferent ia l -  
dif ference equations in t ,  for  all functions of which initial Conditions at the moment  of  coll is ion t =0 are  known. 
To solve the Cauchy p rob lem obtained in th is  manne r  a modified Eu le r  method is used.  In the p r o g r a m  de-  
veloped a l a r g e r  num ber  of pa r t i c l e s  is r ea l i zed  than in [5] (N =184). This  pe rmi t t ed  more  accura te  ca lcu-  
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lation of the p rocesses  occurr ing ,  including, which is most  important,  phase t ransi t ions .  In the difference 
equation sys tem,  pseudoviscosi ty  (linear and quadratic) is introduced, with considerat ion of which the s t ress  
t ensor  (at the j - th  point of the t ime layer) appears as 

0.11 = __/~ ~_ :II -- (p, 

while the pseudoviscosi ty  is 

(p ~- pokr(dv/dr)(e,a,  -b c , k r ldddr] ) ,  

where c 1 and e 2 are the weights of the l inear  and quadrat ic  pseudoviscosi t ies .  To increase accuracy  of ca l -  
culations in the rarefact ion region we set ~p =0. 

In real izing the differenee sys tem direct ly on the computer  a portion of the calculations was per formed 
with differing pseudoviscosi ty  s t ruc tu res  (including the differential analyzer  of [10]), in o rde r  to reduce the 
width of the t ransi t ion zone to 3-5 par t ic les .  

3. According to the resul ts  of [1-7] a shook wave in an elastoplast ic  medium with phase t ransi t ions  
in the ease of sufficiently high loading (p > ps ) has a three-wave  configuration in both the compress ion  stage 
and the rarefac t ion  stage. Figure 1 shows an idealized profile of such a shock wave in the fo rm of the p r e s -  
sure curve at some moment in t ime,  where ab is the elast ic  p r e c u r s o r ;  D e is the velocity of the e las t ic  p re -  
cursor ;  be is the f i rs t  plast ic wave (bringing the original  phase into a nenequil ibrium state), propagating with 
velocity Dl; cd is the second plastic wave or  phase t rans i t ion  wave, propagating with velocity D12; ef is the 
elast ic  ra refac t ion  wave; fg is the plast ic rarefact ion wave, bringing the second phase into a nonequilibrium 
state; gh is the rarefac t ion  wave in which r eve r se  phase t ransi t ion occurs ;  and C e, Cl, C21 are the c o r r e -  
spondingveloci t ies  of ra refac t ion  waves. We note that at p r e s s u r e s  p > 320 kbar the waves be and cd have 
identical velocit ies and so, without dividing, move together  in the form of a single discontinuity bd (denoted 
by the dashed line) until the p res su re  decreases  below 320 kbar under the influence of unloading. The mult i -  
wave cha rac t e r  of the shock wave leads to the unloading wave "swallowing" the compress ion  wave by stages:  
f i rs t  the phase t rans i t ion  wave, then the f i rs t  plast ic wave, and finally, the e las t ic  p r e c u r s o r .  

In [3] shock-wave p re s su re  profi les were obtained experimental ly  in Armco iron and Type 3 steel,  which 
showed a multiwave configuration. The shock wave was induced by collision with an aluminum plate. The p r e s -  
sure profi les  were determined by mangmain sensors  in the form of a double bifi lar  loop at var ious depths in 
the ta rge t  f rom the collision surface.  In the f i rs t  ser ies  of experiments  the aluminum s t r ike r  had a thickness 
of 1 mm and collided with a Type 3 steel ta rge t  (collision velocity not measured) .  In the second ser ies  of ex-  
per iments  the 7 -mm- th i ck  atuminum plate collided at a velocity of 2.11 4-0.07 k m / s e c  with a target  of k r m c o  
iron o r  Type 3 steM. Two se r ies  of calculations were also per formed for the exper imenta l  conditions of [3]. 
In the f irst  se r ies  of cMculations the s t r ike r  velocity was es t imated at 3.5 k m / s e c  and in the second, at 2.11 
kra /see .  In all calculations the target  mater ia l  was Armco iron. We note that calculated and experimental  
data will also be compared  in eases  where in the computations the target  mater ia l  was Armco iron and the 
experiments  used Type 3 steel  (these mater ia ls  have s imi lar  physicochemical  proper t ies) .  

Shock-wave motion calculations were also per formed for an experiment [4] in which the velocity profile 
of the free surface of the iron ta rge t  (target thickness 3.11 mm) was obtained with high accuracy by a light 
in te r fe romete r .  The shock was initiated by a plate of tungsten carbide with coll ision p ressure  of 170 kbar.  

In [6, 7] t rans i t ion  kinetics were determined f rom the thickness of the constant hardening zone in an 
iron specimen in which complete phase t ransi t ion occurred .  The experimental  p ressu re  profi les obtained in 
[3] and the free surface velocity profile of [4] permit ted using the width and amplitude of the phase t ransi t ion 
wave at var ious depths in the iron ta rge t  to pe r fo rm a number  of calculations to more  accura te ly  determine 
the kinetics of phase t rans i t ions .  As a resul t  of these calculations values were found for the kinetic pa r am-  
e ters  appearing in Eq. (1.2} which agree best with the experiments  of [3, 4]: 

]o2 = 6,6 �9 t0 l0 kg/rn s sec, A12 = 24 :kba~ : nl~ -= 3, (3.1) 

]~ = 3,7 �9 t0:lkg/rn3sec, A.~I = 24 kbar, n~l = 3. 

On the whole, Eqs. (1.2), (3.1) define more  intense kinetics for phase t rans i t ions  in iron than the data of [6, 7] 
indicate. 

Figure 2 presents  calculated resul ts  in the form of p ressu re  curves  for s t r ike r  and ta rge t  (first series)  
at var ious  moments  after collision. The point K corresponds  to the contact surface,  dividing s t r ike r  and t a r -  
get. At the initial moment the shock-wave p re s su re  reaches  560 kbar, so that the f i r s t  and second plastic waves 
move with identical velocity D i =6.1 k in/see ,  which then decreases  with decrease  in p res su re ,  while at dis-  
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tances  of 5-6 mm, division of the shock wave into D l and D12 commences .  The ra refac t ion  wave, formed over  
a very  brief  t ime (due to the low thickness of the s t r ike r  l I = 1 mm), rapidly begins to "swallow" the shock 
wave: f i rs t  the wave in which phase t ransi t ion is real ized,  then the f irst  plastic wave. 

Figure 3 shows good agreement  for the f i rs t  se r ies  between calculated (solid line) and experimental  
(points f rom [3]} p re s su re  damping over  target  depth. Intense shock-wave damping is completed at a depth 
of 7 mm, i.e., in the region where phase t ransi t ion occurs ,  so that study of the p rocess  at dis tances up to 7 mm 
is of g rea te r  interest  than at 10 and 20 mm, where slow damping of the f irst  plastic wave occurs .  

P re s su re  curves  at var ious  moments ,  obtained in calculations for the second ser ies ,  are presented in 
Fig. 4. At the moment of collision the original  ta rget  phase completely absorbs the load, and only after  the 
passage of a cer tain t ime does t ransi t ion into the second phase occur ,  leading to relaxation unloading. F o r m a -  
tion of a multiwave s t ructure  in s t r ike r  and target  appears more c lear ly  here than in the f i rs t  se r ies .  The 
p re s su re  curve at t =3.0 #see is marked with le t ters .  In the numer ica l  computation with pseudoviscosi ty  the 
segment bc has finite thickness,  while the width of zone cd is determined by the phase- t rans i t ion  kinetics.  

Calculated p ressu re  profi les for the shock wave over  t ime for  the f i rs t  and second ser ies  of exper i -  
ments are  shown by the solid line in Figs.  5 and 6, while the dashed lines indicate the expe r imen ta lp re s su re  p ro -  
files of [3] at the same target  sections.  For  the f irst  se r ies ,  curves  1-3 were obtained at depths of 6, 10, and 
20 ram; for the second ser ies ,  curves  1-4 are at 4, 11, 12, and 17 mm. 

In these experiments  the moment of collision was not measured  directly,  so that osc i l lograms were p ro -  
duced in coordinates (p, t) using the measured  velocity of the f i rs t  plast ic wave D 1 =5 .05"  0.07 k m / s e c ,  which 
corresponds  to a p re s su re  on the shock front of 130 kbar.  But the velocity D 1 of plast ic  wave bc at the initial 
moment of t ime is determined by the collision p res su re  and under the given conditions is g rea te r  than 5.05 
k m / s e c .  Then as shock-wave formation proceeds ,  D 1 decreases .  It is this fact which causes the calculated 
p re s su re  profi les at fixed target  sections in the f irst  and second se r ies  to l ead  the osc i l lograms  p rocessed  in 
such a manner  at the same target  sect ions.  Thus the data presented in [3] are shifted along the t ime axis t by 
some amount ~-. For  the f i rs t  se r ies  ~-i=0.21, ~-~=0.28, 1-~--0.43; for  the second ~-1=0.15, ~-2=0.17, ~-3=0.18, 
T4=0.22,  (~-, /~sec; subscr ip tdenotes  corresponding curve number  in Figs.  5 and 6). In the numer ica l  ca lcu-  
lation of the experiment  of [4], in which the moment of collision was measured,  the calculated exit t ime of the 
shock wave onto the free surface coincided with experiment  with great  accuracy .  

As is evident f rom Figs.  5 and 6 the calculated p ressu re  profi les at high target  depths are somewhat 
wider than the experimental  ones.  This may evidently be explained by the fact that the calculations modelled 
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a pure ly  p lana r  shock (with infinite t r a n s v e r s e  dimensions) ,  while in the expe r imen t s ,  at l a t e r  t imes ,  two-d i -  
mens iona l  ef fec ts  caused by l a te ra l  unloading begin to appear ,  since at the moment  of  coll is ion the p lanar  
segment  c o m p r i s e d  60-65 m m .  

We will cons ider  one more  impor tant  fact concerning the second s e r i e s  of expe r imen t s .  The calculat ions 
show that in these  expe r imen t s  phase  t r ans i t ions  in the t a rge t  occur r ing  at the shock front should exis t  at d i s -  
t ances  less  than 4 m m  f r o m  the col l is ion su r face .  However,  in the exper imen ta l  prof i le  obtained at a depth 
of 4 m m  (dashed line 1, Fig. 6) the p h a s e - t r a n s i t i o n w a v e  is not dist inguishable.  This  is evidently r e l a t ed  to 
insufficient expe r imen ta l  resolut ion,  s ince if phase  t rans i t ions  did not occur ,  the p r e s s u r e  at the shock front 
at this  point would be somewhat  higher  than the cor responding  p r e s s u r e  at depths of 11 and 12 m m  (curves 2 
and 3, Fig. 6). Calculat ions p e r f o r m e d  sole ly  for  the f i r s t  phase of iron show that the d i sag reemen t  should be 
~18 kbar .  F r o m  this  viewpoint,  the veloci ty  prof i le  of the f ree  surface  of the iron t a rge t  [4] is o f g r e a t i n t e r e s t .  
At a coll is ion p r e s s u r e  of 170 kbar  for  a t a rg e t  th ickness  of 3.11 m m  a c l ea r  t h r e e - w a v e  prof i le  was obtained, 
indicating that  phase  t r ans i t ions  occur  in the i ron at these  depths. Accurate  de terminat ion  of the col l is ion 
moment  in [4] allowed evaluat ion of the mean  veloci ty  of the f i r s t  shock plas t ic  wave at a given t a rge t  th ick-  
ne s s .  This  value p roved  equal  to ~5.3 k m / s e c .  The calculated values and expe r imen ta l  data (solid and dashed 
l ines,  respect ive ly)  p re sen ted  in Fig. 7 indicate the high accuracy  of the calcula t ions .  

Thus,  the n u m e r i c a l  calculat ions of shock waves with phase t r ans i t ions  and analys is  of the exper iments  
of [3, 4] provide a basis  for  concluding that the divergence of the expe r imen ta l  curve  f r o m  the calculat ions at 
a depth of 4 m m  (see Fig. 6) is produced by insufficient resolut ion in the m e a s u r e m e n t s .  This  is supported 
by the fact that  at these  d is tances  the th ickness  of the phase - t r ans i t ion  front is comparab le  to the thickness 
of the manganin s enso r .  

w Exper imen t s  on iron hardening in low-carbon  s tee l  (at p r e s s u r e s  of the o r d e r  of 130 kbar  and higher) 
showed the high e f fec t iveness  of shock-wave p rocess ing  in compar i son  to other  methods of hardening (for ex-  
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ample ,  cold roll ing).  The high sens i t iv i ty  of iron and s tee l  to significant hardening in shock waves is caused 
by phase t r ans i t ions  occur r ing  in the spec imen  tes ted .  In [6, 7] calculat ions of shock-wave motion were  made 
and expe r imen t s  on iron hardening with a p lanar  shock of s t r i k e r  on t a rge t  were  pe r fo rmed .  Compar i son  of 
calculated data with exper imen ta l ly  m e a s u r e d  penetra t ion depth of  constant hardening allowed evaluation of 
the rea l  ve loci ty  of the oe~ ~ t r ans i t ions .  I t  developed that the veloci ty  of the r e v e r s e  t rans i t ion  was an o r d e r  
higher  than that of the forward  one. This  has been conf i rmed in the p resen t  calculat ions.  

The kinetic p a r a m e t e r  values  obtained above [Eq. {3.1)] were  used  for  calculat ion of shock waves  of v a r -  
ious in tensi t ies  ( s t r l ke rve loc i t ywas  var ied) ,  developing as a resu l t  of coll is ion of an iron plate with an iron 
t a rge t  [6, 7]. The calculat ions showed that the expe r imen ta l ly  m e a s u r e d  depth of  the cons tant -hardening  zone 
was reduced due to spec imen shr inkage caused by la te ra l  expansion upon l a te ra l  unloading. In these  ha rden-  
ing expe r imen t s  the shr inkage c o m p r i s e d  2 to 5 m m  and must  be cons idered  in compar ing  calculat ions with 
exper iment .  Such a compar i son  must  be cons idered  sepa ra te ly .  

We will cons ider  one more  exper imen t  [11] on hardening of low-carbon s teel ,  in which p lanar  coll ision 
of a 2 . 5 - m m - t h i c k  plate (collision p r e s s u r e  155 kbar) was produced,  leading to phase t rans i t ions  in a shock 
wave.  Calculat ions p e r f o r m e d  for  these  conditions (v0= 900 m / s e c )  for  s t r i k e r  and t a rge t  at var ious  moments  
of t ime  are shown in Figs.  8 and 9, where it is evident that the depth of the comple te  phase - t r ans i t i on  zone is 
of the o r d e r  of 0.5 m m .  This  is caused by the fact that the p r e s s u r e  on the shock front (initially somewhat  
exceeding the phase - t r ans i t i on  p re s su re )  falls because  of both the phase t rans i t ions ,  which have commenced ,  
and the over taking ra re fac t ion  wave.  At a depth of 2-3 ram, phase t rans i t ions  in the t a rge t  do not go to c o m -  
pletion,  and at 10-15 m m  they cease  en t i re ly .  Thus it may be expected  that in the given case  within the shock 
wave there  occurs  a re la t ive ly  smal l  inc rease  in ha rdness  in l aye r s  c loses t  to the coll is ion sur face .  E x p e r i -  
ment gives the same  resu l t  ( increase  in spec imen ha rdness  by only 20%at an initial m i c r o h a r d n e s s  of  130 HV), 
s ince,  in prac t ice ,  because of technological  difficult ies ha rdness  m e a s u r e m e n t  takes  place at some depth be-  
low the sur face  (denoted by point T in Fig. 9), i .e.,  at a point where phase t rans i t ions  do not go to complet ion.  
Thus,  this  expe r imen ta l  fact does not contradict  the concept of the re la t ionship  between Ire ~ ~ F e  ~ t r ans i t ions  
and explosive hardening.  
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