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ALLOYS 

To formulate new constructional materials and study the properties of existing materials, it is essen- 
tial to know the relationship between their structure and strength. In establishing such a relationship, use 
can be made of data on the fine structure of fractures which constitute a direct result of a rupture process 
brought about by the structural characteristics of the material and its deformation conditions. 

To establish the connection between the microstructure and strength of W-Ni-Fe heavy alloys, in 
the present investigation a study was made of the structure of fractures obtained by submitting such alloys 
to tensile tests. Electron-microscopical fractography was the principal method of investigation employed. 
Using this technique, a study was made of the effects of cooling conditions and composition on the character 
of rupture of the alloys. 

The compositions of the test alloys and the experimental procedure were described in the earlier 
communication [I] where it was noted that the rate of cooling from the sintering temperature is responsible 
for the structural changes in the alloys which govern their properties in tensile tests. When tested in ten- 
sion, W-Ni-Fe alloy specimens quenched from the sintering temperature or slowly cooled (with the fur- 
nace) to 1200-1300~ behave in a brittle rnanner~ It has been shown by us [I] that under such cooling con- 
ditions only the early stage of aging - formation on the surface of the refractory grains of larnellas of the 
precipitated phase - can be completed. 

Study of fracture facets in these alloys after the above-mentioned heat treatments indicates that single 
crystals of the refractory constituent rupture by a cleavage mechanism. Photomicrographs exhibit so- 
called "river patterns" (Fig. I), Their appearance has been attributed to the fact that a cleavage crack, 
instead of being propagated over a single crystallographic plane, is broken up by crystalline-structure de- 
fects into separate portions, due to different levels of cleavage surfaces [2]. The formation of cleavage 
steps has been ascribed to various causes, the most common of which is the presence of screw dislocations 
piercing the cleavage plane [3]. For the propagation of a cleavage crack, energy of interface generation and 
kinetic energy are required. It is believed that some additional energy is expended on the formation of 
cleavage steps, in consequence of which the propagation of a cleavage crack is hindered [2]. Indeed, ex- 
amination of the fracture facets of W--Ni-Fe alloys indicates that the propagation of such a crack is usually 
restricted to single grains of the tungsten-base phase. 

The brittle cleavage fracture is then arrested and changes in the binder phase into a "tough fracture" 

or splitting along slip planes. This type of rupture is regarded as being intermediate between cleavage and 
tough rupture [4]. Splitting along sliP planes manifests itself in the form of relatively large, ah~qost plane 
surfaces, occasionally showing signs of slip bands (Fig. 2). 

Transerystalline fracture in the tungsten grains frequently exhibits a rnicrostructure similar to that 
illustrated in Fig. 3. Fractures of this type are evidently due to the formation of cellular structure at high 
degrees of deformation, which is characteristic of metals with a high stacking-fault energy [5]. 

Examination of microfraetograrns of various specimens after the initial stage of aging indicates that 
the lamellar particles of the precipitated phase are subjected to shear during plastic deformation (Fig. 4), 
the larnella deformation reproducing the fragmentation of the tungsten grain, which is due to its plastic-flow 
nonuniformity. Such a behavior of the precipitated phase is evidence of coherence between the precipitates 
and of the presence of an orientational and structural bond between these precipitates and the matrix lattice 
in this stage of aging. 
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Fig. 1 Fig. 2 

Fig. 3 Fig. 4 

Fig. 1. Format ion of " r iver  pat terns"  in t ranscrys ta l l ine  rup-  
ture  of tungsten grains .  • 4100. 

Fig. 2. Brit t le cleavage of r e f r ac to ry  constituent and "tough 
f rac ture"  of binder phase in W - N i - F e  alloy. • 4800. 

Fig. 3. "Cellular s t ruc ture"  in tungsten grains ,  x 16,000. 

Fig. 4. Deformation of precipi tated phase. • 12,000. 

Precipi ta te  comminution and par t ic le  coagulation in the course  of aging during slow cooling to 800- 
900~ introduce a marked change in the charac te r  of rupture.  Figure 5a i l lustrates  the simultaneous ap- 
pearance  of tough rupture and cleavage.  Figure 5b shows a charac te r i s t i c  case  of tough rupture of the 
binder alloy. The mic ro f r ac tog ram exhibits pits typical of a fibrous f rac ture ,  in the bottom of which it is 
frequently possible to see precipi tated par t ic les  or  their t races~ This helps to understand the mechanism 
of format ion of fibrous f rac tu res .  C rus sa rd  and coworkers  [4] consider  that m ic roc r acks  can form during 
deformation as a resul t  of the difference in the elast ic and plastic proper t ies  of the par t ic les  and the matr ix 
(separation of the par t ic les  f rom the matrix).  In the region of high volume s t r e s ses ,  a large number of such 
c racks  may form in front of a spreading f rac ture  or  the existing cracks  may grow, leading to the generation 
of microreg ions  visible in f r ac tograms  in the form of pits.  The distribution of precipi ta tes  in the course  of 
aging determines  the c rack-propagat ion  paths. 

During the aging of W - N i - F e  alloys, intense formation of the precipitated phase occurs  at the in ter -  
face between the phases.  The opening up of c racks  along the phase boundaries in tensile tests  makes it 
possible to observe  the consecutive stages of aging of these alloys [1]. The formation of a f rac ture  s imi lar  
to that shown in Fig. 6 may be explained by r e fe r r ing  to l i te ra ture  data on rupture p rocesses .  An over -a l l  
picture of rupture may be formed by considering its principal  s tages (after Cottrell  [6]), namely, 1) crack 
initiation and 2) c rack  growth and propagation. 

The initiation of a bri t t le  c rack  takes place as a resul t  of a gliding dislocation becoming t ransformed 
into a void (unit) dislocation [6]. The severa l  initiation mechanisms proposed [7] are  usually divided into 
three  groups. The f i r s t  group compr ises  models based on the concept of a pile-up of edge dislocations in 
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Fig. 5. S t ruc ture  of f r a c t u r e  facets  in aged alloy: a) combinat ion 
of b r i t t l e  c leavage  and "dimpled" f r ac tu re ;  b) f ibrous ,  "dimpled" 
f r ac tu re ,  x 8500. 

a slip band before  a f i rm obstac le  (boundaries of gTains with a l a rge  angle of disor ientat ion,  s t rong  inco-  
heren t  inclusions,  etc.) .  Ex te rna l ly -app l ied  s t r e s s  joins dis locat ions and a c rack  is fo rmed  under thei r  
m e r g e d  ha l f -p lanes  (Fig. 7a). The Mott-Stroh initiation mechan i sm also belongs to this group [8, 9]. The 
second group contains models  linking c rack  init iation with the fo rmat ion  of p i le -ups  in the course  of p r o p a -  
gation of p las t ic  deformat ion.  Dislocat ions moving at  the s a m e  t ime on two in te rsec t ing  slip planes m e r g e  
together  at the in te rsec t ion  line andbecome t r a n s f o r m e d  f i r s t  into void dis locat ions and then into a c r ack  
(Fig. 7b). Final ly,  the third group includes b a r r i e r - f r e e  models  in which c racks  fo rm as a resu l t  of the 
react ion  of c ry s t a l l i ne - l a t t i c e  defects  (dislocations,  vacancies)  in the absence  of f i rm  b a r r i e r s .  

At the p r e s e n t  t i m e ,  an examinat ion is being made in the l i t e ra tu re  of the appl icabi l i ty  of dislocation 
models  of br i t t le  rup ture  to the de terminat ion  of tough-rupture  conditions.  According to Mort [10], tough 
c racks  a r e  init iated as a r e su l t  of dis locat ions piling up before  an obs tac le ,  so that the m e c h a n i s m  of thei r  
fo rmat ion  is essen t ia l ly  analogous to that descr ib ing  the initiation of br i t t le  c r acks .  S t r e s se s  requi red  for  
the genera t ion  of a c rack  nucleus and de te rmined  in accordance  with the p i le-up model  have b e e n  compared  
with s t r e s s e s  co r respond ing  to exper imenta l ly  o b s e r v e d  values of p i le -ups  for the case  of ductile me ta l s  
and were  found to be in good a g r e e m e n t  with each other  [7]. This indicates that the models  of b r i t t l e - c r a c k  
init iation can be employed to analyze the genera t ion of tough c racks .  A c rack  genera ted  by one of the 
s chemes  desc r ibed  in the foregoing grows in width and extends into the m a t e r i a l ,  leading to its rup ture .  

Cot trel l  and Perch  [6] a lmos t  s imul taneous ly  reached  the conclusion that the rupture  p roces s  is con-  
t rol led by c rack  growth.  According to this hypothesis ,  t r ans fo rma t ion  of gliding dis locat ions into void d is -  
locat ions is e a s i e r  to accompl i sh  than c rack  growth. 

The question of the mechan i sm governing c r ack  propagat ion r e m a i n s  under discuss ion.  Several  au- 
thors  [11-13] concerned  with the br i t t le  rup ture  of meta l s  have cited dis locat ion reac t ions  respons ib le  for  
the drawing apa r t  of c leavage planes to such an extent that the resul t ing  c rack  attains a s ize  at  which it  can 
be propaga ted  by Gri f f i th ' s  mechan i sm under the action of the elast ic  energy being r e l e a s e d  [14]. Orowan 
cons iders  [15] that  the propagat ion  of a c r ack  within a gra in  need not n e c e s s a r i l y  depend on the p r i o r  ex-  
is tence of a c r a c k  of the c r i t i ca l  Griffi th s ize  or  on the generat ion of such a c rack  as a resu l t  of some d i s -  
location reac t ions .  The fine Cracks p r e s e n t  in each grain can grow by the mechanism of p las t ic  propagat ion 
until they r each  this c r i t i ca l  s ize .  However ,  even the mechan i sm of e las t ic  propagat ion,  involving c r ack  
d i sp lacement  in pa ra l l e l  c leavage planes,  cal ls  for  a la rge  number  of tough c leavages .  

In the case  of tough rup ture  [6], p las t ic  deformat ion  is essent ia l  not only as a p r e p a r a t o r y  s tage p r io r  
to rupture ,  but also as a component  pa r t  of the actual rupture  p r o c e s s .  The function of this deformat ion,  
however ,  is not to rupture  the m a t e r i a l  ahead of the growing crack ,  but to r emove  it f rom the rupture  zone 
by p las t ic  shaping (opening up of the c rack  through the emergence  onto its sur face  of dis locat ions a t t r ac ted  
by s t r e s s  concentrat ion) .  

On the bas is  of the foregoing considera t ions  of a genera l ,  theore t ica l  nature ,  it is poss ib le  to suggest  
a p robable  m e c h a n i s m  of rupture  of the al loys under considera t ion and, consequently,  to explain the ob-  
s e rved  changes in the c h a r a c t e r  of r u p t u r e  caused by var ia t ion  in alloy composi t ion and cooling conditions. 
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Fig. 7. Dislocat ions and c racks :  a) 
c r ack  resul t ing  f rom slip in two 

Fig. 6. Open c r acks  in aged bands ; b) c rack  genera ted  f rom pi le-up 
alloy,  x 12,700. of dis locat ions before  an obstacle  [6]. 

1. The s t ruc tu re  of these  al loys co r responds  to the ea r ly  s tages  of aging; in pa r t i cu l a r ,  lamel las  
coherent ly  bonded to the r e f r a c t o r y  const i tuent  were  found to fo rm on the in ter face  between the phases .  

The rup ture  p roce s s  of these al loys c lea r ly  commences  as a r e su l t  of the format ion  of a pi le-up,  for 
ins tance,  at  a d i s loca t ion- in te r sec t ion  line in the low-mel t ing-poin t  phase,  i .e. ,  the binder .  The c rack  gen-  
e ra ted  in this manne r  grows,  at f i r s t  by the mechan i sm of p las t ic  propagat ion and then, when the cr i t ica l  
Griffith s ize  is reached ,  under the action of the e las t ic  energy  being l ibera ted .  An alloy in this condition 
exhibits s y m p t o m s  of b r i t t l e  rup ture ,  which mani fes t  t hemse lves  in the fo rmat ion  of " r i v e r  pa t t e rns . "  The 
phase  produced in the ear ly  s tage of aging is broken  up by the growing crack .  

2. The subsequent  course  of the aging p roces s  changes the mechan i sm of rupture  of the al loys.  The 
c r ack  opens up as a r e su l t  of the piling up of dis locat ions at the in ter face  between the phases ,  which is 
studded with pa r t i c l e s  of the prec ip i ta ted  phase.  If a c r ack  nucleus is g r e a t e r  than the dis tance between 
these  pa r t i c l e s ,  it will round the tungsten gra ins  and pene t ra te  into the binder  phase .  Rupture occurs  with- 
in the low-mel t ing-poin t  component  of the alloy; the in te rphase  zone constant ly changes the di rect ion of 
t r ave l  of the c rack ,  thereby confining its propagat ion to the alloy binder~ The p r e s e n c e  of the prec ip i ta ted  
phase  at  the in te r face  between the s t ruc tu ra l  const i tuents  of the alloy p reven ts  t r a n s g r a n u l a r  rupture  of the 
r e f r a c t o r y  consti tuent.  An al loy cooled with the furnace  f rom the s in te r ing  t e m p e r a t u r e  to 800~ is ductile. 
A cha rac t e r i s t i c  fea ture  of i ts  rup ture  su r face  is the p re sence  of regions  of pure ly  f ibrous s t ruc tu re .  Thus, 
the ductility of an alloy may  be de termined,  a f te r  Gilman [13], as  its r e s i s t a n c e  to rupture  by c leavage.  
Cooling an alloy to lower t e m p e r a t u r e s  introduces no signif icant  changes into the s t ruc tu re  of its f r ac tu re  
and i ts  p r o p e r t i e s  ; this is evidently due to the fact  that the mobil i ty  of a toms at a t e m p e r a t u r e  below 800~ 
is not sufficient to affect  significantly the s ize and spacing of the p rec ip i t a t e s .  Consequently,  the cr i t ica l  
c r ack  size r e m a i n s  g r e a t e r  than the dis tance between the prec ip i ta ted  pa r t i c l e s .  This  fact  de te rmines  the 
opt imum,  f rom the viewpoint of mechanica l  p rope r t i e s ,  conditions of cooling f rom the s i n t e r i n g t e m p e r a t u r e ,  
namely,  cooling with the furnace  to 700-800~ (cooling ra te  10 deg C/min) ,  fol lowedby ejection into a cooler .  

Study of the f r ac tu re  su r face  of W - N i - F e  al loys as a function of alloy composi t ion also indicates that 
the c h a r a c t e r  of rupture  changes f rom br i t t le  to tough with inc reas ing  b inde r -phase  content of the a l loys .  
Varying the amount of this phase  de t e rmines  the extent to which aging p r o c e s s e s  can proceed.  Clear ly ,  it 
is this c i r c u m s t a n c e  that explains why there  is a dist inct  analogy between the effects  nf cooling conditions 
and alloy composi t ion  on the c h a r a c t e r  of rup ture  of these  a l loys .  For  instance,  an alloy with 3 wt. % nickel 
and iron (4.2 vol.  % of the low-mel t ing-poin t  constituent) in which the aging p roce s s  cannot take place  fully 
af ter  slow cooling f rom the s in ter ing  t e m p e r a t u r e  exhibits br i t t le ,  t r ansg ranu la r  rupture  when tes ted in 
tension. 

All that has  been said in this study leads to the conclusion that f rom the point of view of mechanica l  
p r o p e r t i e s  the op t imum alloy is one in which aging p r o c e s s e s  lead to the fo rmat ion  of a d i spersed ,  inco- 
heren t  phase .  The s t rength and ductility p r o p e r t i e s  of such an alloy a r e  governed by the p rec ip i ta t ion-  
hardened binder  alloy fo rmed  as a r e su l t  of aging. 

S U M M A R Y  

A study was made~ by e l e c t r o n - m i c r o s c o p e  f rac tography  of the effects  of composi t ion  and conditions 
of cooling f rom the s in ter ing  t e m p e r a t u r e  on the cha rac t e r  of rupture  of W - N i - F e  heavy al loys .  It has 
been es tabl i shed that the change in the mechan i sm of rupture  f r o m  br i t t le  to tough is due to s t ruc tu ra l  
changes in the alloy linked with the aging p r o c e s s .  

476 



LITERATURE CITED 

1. R.V. Minakova, A. N. Pilyankevich, O. K. Teodorovich, and I. N. Frantsevich, Poroshkovaya Met., 
No. 5 (1968). 

2. J.R. Low, in: Atomic Mechanism of Rupture [Russian translation], Metallurgizdat, Moscow (1963), 
p. 84. 

3. J . J .  Gilman, Trans. AIME, 203, 1252 (1955); Trans.  AIME, 212, 310 (1958). 
4. C. Crussard et al., J. Iron Steel Inst., 183, No. 2, 146 (1956). 
5. D. McLean, Mechanical Proper t ies  of Metals [Russian translation], Izd-vo "Metallurgiya," Moscow 

(1965). 
6. A .H.  Cottrell, in: Atomic Mechanism of Rupture [Russian translation], Metallurgizdat, Moscow 

(1963), p. 80. 
7. V.S.  Ivanova, L. K. Gordienko, et al., Role of Dislocations in the Strengthening and Strength Loss 

of Metals [in Russian], Izd-vo "Nauka," Moscow (1965). 
8. N . F .  Mort, in: Contemporary Metallurgy Topics [Russian translation], Vol. 1 (1957), p. 108. 
9. A.N.  Stroh, Adv. in Phys.,  6, 418 (1957). 

10. N . F .  Mort, Proc .  Roy. Soc., 220A, No. 1, 1140 (1953). 
11. A.N.  Stroh, in: Atomic Mechanism of Rupture [Russian translation], Metallurgizdat, Moscow (1963), 

p. 130, 
12. G .T .  Hahn, B. L. Averbach, et al., in: Atomic Mechanism of Rupture [Russian translation], Metal- 

lurgizdat, Moscow (1963), p. 109. 
13. J . J .  Gilman, in: Atomic Mechanism of Rupture [Russian translation], Metallurgizdat, Moscow (1963), 

p. 220. 
14. A.A.  Griffith, Phil. Trans.  Roy. Soc., London, A, 221, (1920-1921), p. ]63. 
15. E. Orowan, in: Atomic Mechanism of Rupture [Russian translation], Metallurgizdat, Moscow (1963), 

p. 170. 

477 


