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Fig. 1. M i c r o s t r u c t n r e  of a l loys with different  
amounts of i ron a f t e r  quenching f rom 1150~ 
(2h) (x500) .  a) 0% F e ; b )  5.5% Fe; c) 10% Fe; 
d) 15.5% Fe. 

A sys temat i c  study of the effect  of alloying e lements  on the p rope r t i e s  of Ni - C r - N b  al loys [1, 2] led 
to the development  of new alloys with high heat  r e s i s t ance  and good weldabil i ty.  

Here ,  we give the r e su l t s  f rom an invest igat ion of the s t ruc tu re  and p rope r t i e s  of alloy KhN60MBVYu 
(14.5% Cr, 8% Mo, 5.5% W, 5% Nb, 1.1% Al, 0.04% C, the r e s t  Ni) and the ef fec t  of rep lac ing  pa r t  of the 
nickel  with iron ( f rom3.5  to 20.5%). 

The alloys were  mel ted  in a 30-kg l abo ra to ry  induction furnace.  The ingots, weighing 7 kg, were  
forged into ba r s  with a sect ion of 15 x 15 m m  at 1160-1000~ Increas ing  the i ron concentrat ion to 10% 
had li t t le effect  on the workabi l i ty  of the meta l  in hot working. With 15% Fe or m o r e  the workabi l i ty  de-  
c r ea sed  and the yield of sui table meta l  was smal l .  

In the meta l lograph ic  examinat ion of the alloy with 3.5% Fe we noted an in te rmeta l l i c  phase of the 
MTW G type; its s ize  and quantity inc reased  gradual ly  with the i ron concentrat ion (Fig. 1). In con t ras t  to the 

carbide  phase, the in te rmeta l l i e  compound MTW 6 was 
not s tained a dark  color when etched in M u r a k a m i ' s  
reagent .  In the alloy with 15.5% Fe the MTW ~ phase 
was of fa i r ly  la rge  s ize  and was observed  rad iograph-  
ically.  Located main ly  in the gra in  boundar ies  
(Fig. ld), i t  prevents  gra in  growth, and the re fo re  one 
notes a tendency to gra in  ref ining with increas ing  con- 
eent ra t ions  of iron. When the alloy with 15.5% Fe 
is quenched f rom 1150~ (2 tl) the grain  s ize  of the 
solid solution is g rade  10 on the GOST 5639-65 scale .  

The effect  of iron on the mechanica l  p rope r t i e s  
of the alloy at room and elevated t e m p e r a t u r e s  was 
de te rmined  af ter  quenching f rom 1150~ and aging at 
750~ for 15 h (Fig. 2). As the iron content is inc reased  
up to 5.5% the ul t imate and yield s t rengths  at 20~ a re  
a lmos t  unchanged, and then they inc rease  sharply,  
reaching  a peak at 8% Fe, and then r e m a i n  at the s ame  
level  up to 15.5% Fe. The specif ic  elongation and i m -  
pact  s t rength  dec r ea se  continuously with increas ing  
iron concentra t ions  f rom 3.5 to 15.5% at 20~ At 
750"C the alloy with 10~o Fe has the bes t  combination 

TABLE 1 

Alloy 

KhN60MBVYu ............ 
KhN50MBV'Yu ............ 
KhN67VMTYu (EP 202) ..... 

Weight increase(g/m 2-h)in test of 
(h): 

100 1000 

0.09 0.034 
0.19 0.041 

0.27 0.072 

TsNIIChERMET. Trans la t ed  f rom Metal lovedenie  i T e r m i c h e s k a y a  Obrabotka Metaltov, No. 3, 
pp. 20-24, March,  1969. 
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Fig. 2. Mechanical  p rope r t i e s  of 
al[oys with different  amounts of 
iron. a) Tested at 20~ b) at 750~ 

Fig. 3. Mic ros t ruc tu re  of al loys KhNh0MBVYu 
(a, c) and KhN60MBVYu (b, d) a f te r  heat t r e a t -  
ment  at 1150~ with cooling in a i r  (a, b) and in 
the furnace (c, d) (x 500). 

of proper t i e s :  cr b = 90 k g / m m  2, cr0. 2 =75 k g / m m  2, 5 =30%,  
a n = 7 k g - m / c m  2. Subsequently, we invest igated two al loys:  
KhN60MBVYu and KhN50MBVYu (with 10% Fe). 

As quenched f rom 1150~ the KhNh0MBVYu alloy 
differs  f rom the alloy without iron by the p resence  of the 
phase MTW 6 (Fig. 3a, b), higher hardness  (20-25 HB units), 
and l a r g e r  lat t ice p a r a m e t e r s  of the solid solution (5-6 
kX), which is due to the dis tor t ion of the solid solution 
resul t ing f rom par t ia l  substi tut ion of nickel a toms (r = 
t .24/~) with i ron a toms (r =1.27 ~ ) .  During slow cool-  
ing of alloy KhNh0MBVYu f rom 1150~ (in the furnace) 
the MyWr phase coa l e sces  (Fig. 3c) and a d i spe r sed  hard-  
ening phase dis t inguishable only in the e lec t ron  m i c r o -  
scope is prec ip i ta ted  in the boundaries  and within the 
gra ins .  The la t t ice  constant  of the solid solution in this 
case  d e c r e a s e s  f rom 3.602 to 3.598 k X  (the prec is ion  
of the m e a s u r e m e n t s  was ~- 0.0005 kX). After  slow cool-  
ing of the KhN60MBVYu alloy the gra in  boundaries  a re  
ba re ly  dist inguishable (Fig. 3d). The la t t ice  constant  of 
the solid solution is the s ame  (3.596 kX) af ter  cooling in 
a i r  or in the furnace.  The i nc rea se  of the hardness  
(Fig. 4) during fa i r ly  slow cooling to lower t e m p e r a t u r e s  
f rom 1150~ and then quenching in wa te r  to fix the high- 
t e m p e r a t u r e  s t ruc tu re  indicated that the precipi ta t ion of 
the hardening phase began at 975~ in the KhN60MBVYu 
alloy and at 1000~ in the KhNh0MBVYu alloy. 

Structural  t r ans fo rmat ions  in alloys a re  o rd inar i ly  
accompanied  by changes in the physical  p rope r t i e s .  The 
change in the e lec t r i ca l  r e s i s t i v i t y  of the water-quenched 
alloy KhNh0MBVYu during continuous heating at an 
ave rage  ra t e  of 100 deg /h  (Fig, ha) indicates the p rec ip i -  
tation of hardening phase at t e m p e r a t u r e s  of 650-950~ 
The precipi ta t ion of the d i spe r sed  phase  induces an in- 
c r e a s e  of hardness  at 650-850~ (Fig. 5b) and contract ion 
of the sample .  On the d i l a tomet r ic  curves  (Fig. 5c) made 
during heating of quenched samples  one finds two mini -  
mums ,  the f i r s t  at 520-620~ which is evidently due to 
the K state,  and the second at 650-750~ which is due 
to the precipi ta t ion of hardening phases .  The effect  is 
m o s t  pronounced on the  curve  for the wate r -quenched  
sample  (1). After  cooling in a i r  the contract ion during 
heating is cons iderably  s m a l l e r  (2), s ince a ce r ta in  a-  
mount of hardening phase was prec ip i ta ted  during the 
previous  cooling. After  aging at 750~ the effect  is ve ry  
smal l  (3). 

An investigation of precipi ta t ion hardening at 700-900~ showed (Fig. 6) that the hardness  i nc rea se s  
monotonical ly  with the aging t ime at 700 and 750~ At 800, 850, and 900~ the hardness  i n c r e a s e s  sharp ly  
during a cer ta in  period; the higher the t empera tu re ,  the e a r l i e r  this i nc rea se  occurs .  The hardness  of the 
KhN60MBVYu alloy is below that of theKhNh0MBVYu alloy both as quenched and af ter  aging. The hardness  
curves  of the alloys af ter  aging at 800-900~ indicate a two-s tage  aging p rocess ,  which was conf i rmed by 
m i e r o s t r u c t u r a l  and x - r a y  s t ruc tu ra l  ana lyses .  

The inc rease  of the hardness  in the f i r s t  minutes  of aging at 700-800~ is due to precipi ta t ion of a 
d i spe r sed  hardening phase dist inguishable only in the e lec t ron  mic roscope .  L imi ted  a r e a  e l ec t ron -d i f f r ac -  
tion pa t te rns  we re  made*  to de te rmine  the c rys t a l  s t ruc tu re  of the precipi ta t ing phase  f rom the pa r t i c les  in 

* Under the direction of A. V. Smirnova. 
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the repl ica .  In both alloys the d i spe r sed  phase has a fee lat t ice with a ~ 3.59 A. This phase,  which is a 
me ta s t ab le  modif icat ion of Ni3Nb , d i s so lves  in i t se l f  the e lements  enter ing into the composi t ion of the alloy. 

The sha rp  i nc rea se  in ha rdness  during aging at  800-900~ is due to the t r ans fo rma t ion  of this phase 
into the stable modif icat ion with an or thorhombie  la t t ice .  The substant ia l  i nc rea se  in ha rdness  on p rec ip i -  
tation of cons iderable  amounts of s table  phase was observed  ea r l i e r  for  N i - T i  al loys [3], where  the phase 
init ial ly prec ip i ta ted  also had a fee la t t ice .  The equi l ibr ium phase is in the fo rm of plates .  After  initial 
prec ip i ta t ion  p r i m a r i l y  in the gra in  boundar ies  (Fig. 7, a, c), the l ame l l a r  phase  prec ip i ta tes  throughout 
the gra ins ,  forming a complex network r e s e m b l i n g  a Widmansta t ten  s t ruc tu re  (Fig. 7d). The [amel la r  
phase  is fo rmed  m o r e  rap id ly  in KhNh0MBVYu than in KhN60M]3VYu. For  example ,  a f ter  aging 50 h at 
850~ a network of the l am e l l a r  phase (Ni3Nb) is v is ible  in alloy KhNh0MBVYu, while the phase occupies a 
cons iderably  s m a l l e r  volume of the gra ins  in KhN60MBVYu (Fig. 7b). 
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Fig. 4. Variat ion of hardness  of 
al loys KhN60M]3VYu (1) and 
KhN50MBVYu (2) with slow cool-  
ing from llhO~ (in the furnace) 
to different quenching tempera- 
tures. 

Apart from the hardening phases, the alloys contain a cubic 
carbide M~C that has no part in the hardening of the alloys during 
aging. According to limited area x-ray spectra[ analysis, the chemical 
formula of the carbide is of the type (Ni, Cr, Fe) 3 (Mo, W, Nb, AI)3C. 
It should be noted that it was impossible to distinguish the M~C carbide 
and the MTW 6 phase by the color metallography method; they were de- 
tected by x-ray structural analysis of electrolytic residues. 

The structural characteristics of the KhN6OMBVYu and KhN50- 
~MBVYu alloys determine their mechanical properties and the type of 
heat treatment. 

After quenching from 1200~ and aging at 750~ for 15 h both 
alloys have almost the same properties: cr b =ii0 kg/mm2; (r0o 2 =70 
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Fig. 5. Variat ion of res i s t iv i ty(a) ,  
ha rdness  (b), and length of the s a m -  
pie {c) of alloy KhNh0MBVYu dur-  
ing continuous heating af ter  heat  
t r ea tment :  1) 1150~ 2 h, water;  
2) 1150*C, 2 h, air; 3) 1150~ 2 h 
+ 750~ 15 h. 
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Fig. 6. Variat ion of hardness  with 
aging t ime.  The aging t e m p e r a t u r e s  
a re  given on the curves  ) KhNh0- 
MBVYu; - - - )  KhN60MBVYu. 
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kg/mm2; 6 =35-40%; a n = 10-15 k g - m / c m  ~. Changes in quenching t e m p e r a t u r e  have ti t t le affect  on the m e -  
chanical  p roper t i e s  of KhN60MBVYu, but a considerable  influence on the p rope r t i e s  of KhN50MBVYu. Re -  
ducing the quenching t e m p e r a t u r e  f rom 1200 to l l00~ mad aging at 750~ inc rea se s  the ul t imate  and yield 
s t rengths  by 20 k g / m m  2, and the elongation drops  f rom 32 to 20%. 

The mechanica l  p rope r t i e s  of the al loys at room t e m p e r a t u r e  and at 600-1000~ were  de te rmined  
af ter  quenching f rom 1100~ and aging at 750~ for 15 h. The p rope r t i e s  were  de te rmined  at I050-1250~ 
af ter  quenching (without aging), s ince heating in this t e m p e r a t u r e  range  would r emove  the effect  of aging. 

The s t rength and plas t ic i ty  of the al loys a re  high (Fig. 8). The higher s t rength  of the alloy containing 
iron is due to the in te rmeta l l i c  phase  MTW 6. 

The KhN60MBVYu alloy has a dis t inct  min imum on the specif ic  elongation curve at 650-800~ which 
is cha rac t e r i s t i c  of mos t  prec ip i ta t ion-hardening  al loys.  The elongation of alloy KhN50MBVYu inc rea se s  
continuously with the t e m p e r a t u r e  up to 1000~ The reduced p las t ic i ty  of me ta l s  at e levated  t e m p e r a t u r e s  
is usually assoc ia ted  with the development  of in te rg ranu la r  deformat ion  and c racks  in the gra in  boundar ies .  
Most  theor ies  link in te rg ranu la r  damage  with sl ip and the means  by which it  occurs  [4, 5]. Studies have 
shown [6] that the substant ial  reduct ion in the plas t ic i ty  of the heat  r e s i s t a n t  alloy KhN80TBYu at working 

Fig. 7. Mie ros t rue tu re  of al loys KhN60MBVYu (a, b) 
and KhN50MBVYu (e, d) a f t e r  quenching f r o m  1150~ 
and aging at 850~ for  15 h (a, e) and 50 h (b, d) 
(x 5 0 0 ) .  
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Fig. 8. Mechanical  p roper t i e s  of al loys KhN60MBVYu (a) 
and KhN50MBVYu (b) at e levated t e m p e r a t u r e s .  
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Fig. 9. Long-term strength of 
KhN50MBVYu (I) andKhN60MB- 
VYu (2). The testing tempera- 
tures are given on the curves. 

temperatures is due to the maximum development of intergranular 
slip. This is probably the reason for the minimum plasticity ob- 
served on the specific elongation curve for the KhN60MBVYu alloy, 
while the intergranular slip in the KhN50MBVYu alloy is consider- 
ably less. The reason for this must be sought in the structural condi- 
tion of the grain boundaries, which differs in the two alloys. In the 
KhN60MBVYu alloy the grain boundaries are thin and rarely contain 
carbides, and a considerable portion of the boundaries is free of in- 
clusions. The grain boundaries of the KhN60MBVYu alloy have a 
network of MTW ~ precipitates after quenching from II00~ These 
precipitates can serve as a substantial barrier to slip of the grains 
with respect to each other, thus increasing the strength of the bound- 
aries, which leads to redistribution of the strain from the boundaries 
to the grain bodies. The process of failure is preceded by consider- 

able plastic deformation of the grain bodies. In addition, the solid solution is impoverished in such ele- 
ments as molybdenum and tungsten during formation of MTW6, which promotes additional solution of niobium 
in the solid solution and a reduction of the amount of hardening phase Ni3Nb , with a consequent increase of 
plasticity. 

The impact toughness of the KhN60MBVYu alloy is higher at all temperatures tested. The impact 
toughness of the KhNSOMBVYu alloy at 20-800~ is relatively low (~ 5 kg-m/cm2), although the level is the 
same as that of most nickel heat-resisting alloys hardened with titanium and aluminum. 

The plasticity of the alloys is high at I000-I150~ which permits hot working. 

The long-term strength of the two alloys is the same (Fig. 9), i.e., the addition of 10% Fe does not 
reduce the long-term strength in tests up to 300 h. 

Heat resistance tests of the alloys in air at 1000~ showed that they are oxidized less than alloy Kh- 
N67VMTYu, which is hardened with titanium and aluminum (see Table I). 

CONCLUSIONS 

1. Heat-resisting alloys KhN60MBVYu and KhN50MBBYu, hardened by precipitation of Ni3Nb , have 
high mechanical properties at room and operating temperatures. 

2. The addition of 10% Fe promotes the formation of M~W~, grain refining of the solid solution, and 
accelerates the transformation of the metastable Ni3Nb phase with a fec lattice into the equilibrium modifi- 
cation with an orthorhombic lattice. 

3. The MTW 6 phase in the grain boundaries of the KhN50M}~VYu alloy provides high plasticity at 
maximum hardening temperatures. 
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3. 
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