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T e c h n o l o g i c a l  S t r e n g t h  

The operating charac te r i s t i c s  of steel a re  determined by the combination of physicomechanical  prop-  
ert ies and s t ruc ture  result ing from heat treatment.  Operation at low temperatures  ca r r i e s  the danger of 
b r i t t l e f r ae tu re .  At elevated t empera tu res ,  where the t ime faetor is basic to the res is tanee of the mater ia l ,  
the steel is affected most by changes in s t ruc ture  and defects in elastic,  temperature ,  and concentration fields. 
Softening of the mater ia l  and the formation of f rac ture  centers  are  associa ted  with dislocation reactions,  the 
interaction of dislocations with defects,  coalescence  of inclusions and vacancies in pores ,  and other processes .  
F rac tu re  centers  a r e  nucleated and grouped around s t ructura l  defects that occur during solidification of metals 
and al loys,  manufactu ring of machine par ts ,  and heat t reatment ,  especially ha rdening treatments.  Heat - t rea t -  
ment conditions must be selected in view of the charac te r i s t i c  s t ructural  defects inherited by the material 
a f ter  the p r imary  metal lurgical  and other t reatments .  The heat t reatment  must  weaken and not strengthen 
these defects. The inheritance of defects is not always taken into account, and thus the use of individtml 
technological p rocesses ,  especially some types of thermomcehanical  t reatment ,  does not always give positive 
resu Its. 

For  cr i t ical  machine par ts  not only numerical  values of the mechanical  charac te r i s t i cs  in standard tests 
a re of importance,  which may be identical af ter  various heat t reatments of the same steels ,  but also the s t ruc -  
ture of the mater ia l ,  which must ensure the least damage and thus high res is tance  of the section and the s u r -  
face under operating conditions. The s t ruc ture  ensuring the necessary  operating charac te r i s t i cs  in combina-  
tion with given mechanical  proper t ies  is formed in the p rocess  of manufacture and heat treatment.  The tech- 
nological p rocess  of manufacturing parts  from a given mater ia l  must be selected so as to avoid defects that 
a re  dangerous under given operating conditions. Of par t icular  interest  in this connection is the "technological 
s t rength,"  taking into account both the numerical  value of the mechanical property and the charac te r i s t i cs  of the. 
s t ruc tu re  - for example, s t ructural  defects inherent in the mater ia l  a f ter  the treatment,  especially h ~ t  t rea t -  
ment - ensuring this property,  k properly selected technological strength ensures high structt~ral strength 
of machines and equipment. 

Let us consider  several  examples associa ted  with the technology of heat t reatment  and ehemieothermai  
~.reatment. 

Diffusionat chromizing of steel 08kp in vacuum at 1450°C for 30 h produces a coating of considerable 
depth l~3.5 mm) with a high concentrat ion of chromium on the surface  (32 ~).~' A high dislocation density, r e -  
vealed by etch pits,  is observed in the diffusion zone. Dislocations a re  formed under theinf lucnee of s t resses  
s imi lar  to thermal  s t r e s ses  occurr ing in the flow of the diffusing substance as a consequence of the difference 
in thea tomie  sizes and compress ibi l i ty  of the diffusing atoms and the atoms of the base metal. The dislocation 
density at the surface  of the par t  is small ,  since dislocation loops generated from sources  in the direction of the 
the surface reach the sur face ,  forming porosi t ies  in the surface zone. These porosi t ies  a re  points of c rack  
nucleation during loading in the process  of operation and pitting under the influence of gas flows. The porosit ies 
can be eliminated by ew.'n small plastic deformations (~155~). This c rea tes  a more  even distribution of strength 
in the diffusion coating as the result  of the more intensive work hardening of the layer tess alloyed with the 
diffusing subst,qnee. The technological strength is increased  by a combination of diffusion chromizing in vacuum 
and plastic deformation of the diffusion coating. To crea te  a complex scale- res is tant  diffusion coating it is 
necessary  to take into account the diffusional exchange with the alloy that occurs during h igh- tempera ture  
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operat ion of the par t .  P re fe ren t i a l  diffusion of the a toms of the substance from the coating,  with high mobili ty,  
into the base  meta l  lowers the concentrat ion of vacancies  in the sublayer ;  this prevents  the development of 
damage during c reep  and c r a c k  growth - the zone of diffusion of the substance  protect ing the part .  Thus,  along 
with the alloying e lements  ensuring high sca le  r e s i s t ance  the coating must  contain a substance whose a toms 
diffuse rapidly into the base  meta l ,  cl iminating the supersa tura t ion  with vacancies  that occurs  due to the de-  
velopment  of diffusion and plas t ic  deformation.  The  coating a lso  pro tec t s  the base  meta l  against  gases and 
damage inducing nucleation and development of c r acks  in the elastic field. If the coating does not contain 
rapidly diffusing a toms ,  then poros i t i e s  and c racks  form in the ma te r i a l  in contact  with the coating because  of 
the diffusional exchange at high t empera tu re s  with the base  metal ,  in which the substance  diffuses m o r e  rapidly 
than in the coating. Such coatings may even s t imula te  p r e m a t u r e  fa i lure ,  lowering the technological s t rength 
of the p a r t  operat ing a t  high t empera tu res .  

The technique of applying diffusion coatings and the technique of solder ing and facing must  ensure  f avor -  
able dislocation a r r a y s  in the diffusion zone, consis t ing of subboundaries  with a normal  orientat ion with respec t  
to the outer su r face  [1]. The  subs t ruc tu ra l  boundar ies  a r e  places  of act ive  precipi ta t ion of in termeta i l ic  c o m -  
pounds,  the components  of which decora te  dislocations.  When s epa ra t e  dislocation loops and subboundaries  
a r e  localized at the su r face  of the diffusion zone, forming dense c lus t e r s  of in termeta l l ic  compounds,  the 
ma t e r i a l  becomes  br i t t le  and the s trength decreases ;  with even distribution in a wel l -developed favorable  sub-  
s t r u c t u r e  in the diffusion zone the strength even inc reases .  

The favorable  a r r a n g e m e n t  of subs t ruc tura l  boundar ies  oriented normal  to the su r face  and fairly exten-  
s ive can be c r ea t ed  by a combination of p re l imina ry  plast ic  deformation of the su r face  layers  of the mate r ia l  
and t e m p e r a t u r e - t i m e  conditions. 

By utilizing favorable  dislocation a r r a y s  one can obtain cons iderable  additional strengthening by diffusion 
c o a t i n g -  as much as 25%. Fo r  example ,  tne r e s i s t ance  of bor ide  coatings inc reases  due to s t rengthening of 
the sublayer .  A high distoeation density can be obtaincd even in the zone of c o a r s e - g r a i n e d  fe r r i t c .  

Heating of s tee l  in p ro tec t ive  a t m o s p h e r e s  containing hydrogen leads to hydrogen embr i t t l ement  during 
heat  t rea tment .  For  example ,  when s tee l  25KhGT is heated in an a t m o s p h e r e  containing 40% hydrogen af ter  
austenit izing and rap id  cooling (quenching + temper ing)  the notch toughness drops f rom 21 to 15 k g f - m / c m  2 

and the reduction in sect ion f rom 17 to c, 9,c. Heating in a hydrogen- f r ee  a t m o s p h e r e  (nitrogen) inc reases  the 
notch toughness as compa red with heating in an a t m o s p h e r e  containing 20}} hydrogen. Raising the hydrogen 
concentrat ion to 40~ lowers the notch toughness st i l l  more .  Exceeding a concentrat ion of 30% H 2 in the a t m o -  
sphere  is dangerous.  Numerous  s ta t i s t ica l  data for standard s t ruc tu ra l  and low- and medium-a l loy  s tee ls  
indicate that changing f rom the widely used endothermal  a tmosphe re s  containing 40% H 2 to exothermal  gas 
PSO-45,  which contains 20q} H 2 and has  equal p ro tec t ive  p rope r t i e s ,  reduces  hydrogen embr i t t lement .  It p r o -  
duces a sys temat ic  improvement  in the mechanical  p rope r t i e s  (especially the ductility and notch toughness) 
by an a v e r a g e  of 15%. Exothermal  gas gene ra to r s  a r e  now being developed. 

The examples  given indicate that the operat ional  rel iabil i ty of a l loys depends s imultaneously on the 
s trength c h a r a c t e r i s t i c s  and defects resul t ing f rom the c h a r a c t e r i s t i c s  of the manufactur ing and hea t - t r e a tmen t  
p r o c e s s e s ,  i .e . ,  their  technological  s trength.  

N o n d e s t r u c t i v e  T e s t i n g  

In connection with the p rob lems  of the technological and s t ruc tu ra l  s t rength ,  it is necessa ry  to develop 
methods of analyzing the damage that occurs  during heat  t r ea tment  and subsequent  operat ion of h e a t - t r e a t e d  
machine pa r t s .  

Several  methods of nondestruct ive tes t ing,  such as magnetic  and ul t rasonic defectoscopy,  a r e  used in 
analyzing par t s  before  heat  t r ea tment  in furnaces .  Let us cons ider  h e r e  the possibi l i ty of analyzing the phys ico-  
mechanical  c h a r a c t e r i s t i c s  sens i t ive  to disruptions of continuity and s t r e s s  concen t ra to rs :  internal  fr ict ion,  the 
modulus of e las t ic i ty ,  density, exoelectronic  and acoustic emission,  l'¢epeating the tes ts  a f t e r  heat  t r ea tment ,  
one can de termine  the p r e s e n c e  of inadmiss ib le  discontinuities in the s t ruc tu re  and sc rap  these par t s .  Studies 
of changes in these cha r ac t e r i s t i c s  in the p roces s  of operat ion of f inished pa r t s  in relat ion to deformation,  
t ime,  t e m p e r a t u r e ,  and s t r e s s  make it poss ib le  to plot the development of damage and determine the type and 
s ize  of defects.  It is often of in te res t  to conduct s i m i l a r  studies on samples  of the mate r i a l  where  the loading 
conditions match the operat ing conditions of the par t .  

Internal  Fr ic t ion.  Damping of vibrat ions  in pa r t s  of complex shape is m e a s u r e d  in special  test ing m a -  
chines under resonance  conditions. These  machines  s imul taneously  r eco rd  the ra te  of propagat ion of sound 
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waves,  which makes it possible to calculate the modulus of elasticity. The internal friction can be determined 
much more  prec ise ly  by an apparatus of different design, described in [1]. 

In analyzing internal fr ict ion curves  one must  take into account that the discontinuity of the mater ia l  that 
occurs  during heat t rea tment  (various pores  and cracks)  gives charac te r i s t i c  changes of the internal friction. 
The decrement  result ing from absorption of energy assoc ia ted  with the periodic increase  and decrease  of the 
sur face  area of the discontinuity in the var iable  elastic field, without accounting for the s t ress  concentrat ion,  
is 

~= ~7(1--~)n'¢ e~E,., (1) 
E cn 

w h e r e  } is a coe f f i c i en t ;  r and n a r e  the ave rage  rad ius  and n u m b e r  of  pores ;  ~0 is the a m p l i t u d e  va lue of de-  
formation; p is Po i s son ' s  ratio; T is the sur face  tension; b is the relat ive change of plastic deformation per  unit 
s t r ess .  

The indication of damage due to the discontinuity is the amplitude dependence of the decrement ,  c lose  
to exponential. 

Modulus of Elasticity. The modulus is a measure  of the binding force in the solid solution. Exact mea -  
surements  a re  made by the dynamic method with use of bending and longitudinal vibrations. If the binding force 
does not change, then the modulus var ies  with the discontinuity of the mater ia l  and the volume, i .e. ,  the number 
of broken bonds is determined. 

The modulus of elasticity 

M ,jr2 (2) E =  0 3, 
4742 

where  0 is the charac te r i s t i c  temperature ;  M is the molecular  weight; p is density. 

Consequently,  E ~ 0 and defects affecting O also affect E. Increas ing  the concentrat ion of vacancies leads 
to a reduction of 8 and E. The modulus of elasticity decreases  considerably more  with increas ing number and 
s ize  of the discontinuities. Calculations made in collaboration with G. F. Lepin showed that 

E = Ete-VP ' 'v (3) 

where E t is the true modulus of elasticity of the undamaged material; Vp is the volume encompassed by the 
effect of discontinuities; V is the volume of the sample. 

If it is assumed that cracks or other discontinuities are evenly distributed through the bulk of the ma- 
terial, thenVp/V = F p / F ,  where Fp is the average area of the cross section encompassed by the effect of 
cracks and other discontinuities. Then we have 

E = Et  e-FplF.  (4) 

The results  obtained indicate that by measur ing the modulus of elasticity one can determine the volume 
percentage  of the mater ia l  affected by discontinuities. However,  with an identical total volume of discontinui- 
ties the size of the discontinuities has a decisive effect on the modulus of elasticity. 

If previously evenly distributed vacancies  wtth concentrat ion C coalesce  in a very  thin discontinuity oriented 
normal  to the tensile s t ress  and having an average  dimension d in this direction, then 

- c ,~ '  ( 5 )  Ect= E t e 

where  a is the lattice constant. 

Substituting in formula (1) the value of E determined from (3) or (4), one can find a common approach 
to determine the damage by the two methods described. 

Density. The density of the mater ia l  
m 

2 -  v -  Vcr' (6) 

where  m and V are  the mass  andvo lume  of the sample; VCr is the volume of the discontinuity. Since VCr << V, 
then 

R:, \, 
p=~ .  I -  v / ; '  (7) 
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where  P0 is the density of the original  ma te r i a l .  

It  is in te res t ing  to c o m p a r e  m e a s u r e m e n t s  of the density with m e a s u r e m e n t s  of the modulus of e las t ic i ty ,  
s ince the f i r s t  method makes  it poss ib le  to de te rmine  the volume of the m a t e r i a l  unloaded by discontinuities 
Vp and the second the volume of the discontinuities themselves .  T h e s e  two values make it poss ib le  to d e t e r -  
mine  the extent of damage  a f t e r  heat  t r ea tmen t  and a f t e r  operat ion.  T h e s e  studies indicate that the dimensions 
of discontinuit ies m e a s u r e d  meta l lographica l ly  a r e  in good a g r e e m e n t  with those de te rmined  by measur ing  the 
density and the modulus of elast ici ty.  

E m i s s i o n  M e t h o d s  

Exoelectronic and acoust ic  emis s ion  a r e  widely used at  the p r e s e n t  t ime  [2]. These  methods a r e  of con-  
s ide rab le  in te res t  for  analyzing the defects in machine pa r t s  a f t e r  heat  t r ea tmen t  and subsequent  operation.  
Exoelectronic  emiss ion  makes  it poss ib le  to ana lyze  the su r face  and thin su r f ace  layers  of damaged p a r t s ,  
s ince  the deformed volumes a r e  subjected to e lec t ron bombardmen t ,  thus making it poss ib le  to predic t  the 
cou r se  of c r a c k s  rumaing to the su r face  and located near  the sur face .  Acoust ic  emiss ion ,  cons is t ing  of sound 
waves  emit ted  during nucleation and propagat ion  of c r a c k s ,  makes  it poss ib le  to de te rmine  the location of 
c r acks  in the volume of the piece  [2]. 

P r o p e r  se lec t ion of the heat  t r ea tmen t  ensuring high technological  s t rength of c r i t i ca l  machine pa r t s  r e -  
qu i res  a la rge  number  of tes ts .  The  methods of nondest ruct ive  tes t ing cons ide red  h e r e  make it poss ib le  to 
se lec t  the opt imal  technology providing the highest  technological  and s t ruc tu ra l  s t rength.  
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The  resu l t s  of r e s e a r c h  on the physics  of rapid  e l ec t ro the rma l  hardening genera l i zed  in a monograph [1] 
have been put to p rac t i ca l  use to develop methods of rapid  heat  t r ea tmen t  of s t ee l s ,  pe rmi t t ing  a radical  o v e r -  
haul of one branch  of the meta l lu rg ica l  industry - the production of s teel  w i r e  and cable.  

The  s tandard heat  t r ea tmen t  for  s tee l  w i r e  - patenting - makes  it imposs ib le  to i nc rea se  the speed of the 
heat  t r ea tmen t  due to the c h a r a c t e r i s t i c s  of phase  t r ans fo rma t ions  under i so the rmal  conditions and prohibi ts  
the use of alloy s tee l s ,  thus l imiting inc reases  in labor product ivi ty and compl ica t ing the production of seve ra l  
types of specia l  wire .  

The  methods of heat  t rea t ing  w i r e  developed at  the Inst i tute  of Metal Phys i c s ,  Academy of Sciences of the 
Ukrainian SSR (IMF AN UkrSSR) [2-5] a r e  ba sed  on e lec t rocontact  heating of the moving wire .  A schemat ic  
d iagram of rapid  e l ec t ro the rma l  t r ea tmen t  with quenching and rapid t emper ing  (RETT) (curve 1) and rapid  
electropatent ing (REP) (curve 2) is shown in Fig. 1. These  t r ea tmen t s  differ  only in the conditions of cooling 
the aus t en i t i zedwi re .  RETT cons is t s  essent ia l ly  of heating the moving wi re  to a t e m p e r a t u r e  above Ac3, 
quenching to mar t ens i t e ,  and rapid  e lee t ro temper ing .  Because  of the specif ic  c h a r a c t e r i s t i c s  of the c rys t a l  
s t ruc tu re  of mar t ens i t e ,  the format ion  of m a r t e n s i t e  decomposi t ion products  during rapid heating occurs  with 
retention of a distinct orientat ion of cement i te  along planes (112) or  (100) of fe r r i t e .  Fo r  this reason ,  rapid  
heating of the quenched s teel  to 500-550°C leads to format ion  of an o rde red  s t ruc tu re  of fine l amel la r  sorb i te  
that r e s e m b l e s  the s t ruc tu re  of patented s teel  in outward appearance  [2]. However ,  the dispers i ty  of the 
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