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In the past fifty years  thermal  power engineering inthe USSR has changed great ly  both quantitatively 
and qualitatively. We have made remarkable  progress ,  manifest  in the substantial increase  in working 
t empera tu res  and p res su res ,  the use of more  complex thermal  cycles,  continuous improvement  in the 
designs of s team boilers and turbines,  a sharp  increase  in their power, and, finally, the development 
of single units with a capaci ty of 300, 500, and 800 MW and gas turbines up to 100 MW. 

The basis of our p rogress  in thermal  power engineering has been the scientific r e s e a r c h  in the 
a rea  of heat res is tance ,  the successful  resolut ion of problems in r e s e a r c h  on hea t - res i s tan t  mater ia ls ,  
and the development of technological p rocesses  of manufacturing and treat ing parts of power equipment 
and their  introduction for commerc ia l  use. 

The efforts of many scientis ts  in all branches of science in collaboration with engineering and 
technical personnel  in our plants have provided thermal  power engineering with hea t - res i s t ing  steels 
and alloys for operation up to 585~ and 255 gauge a tmospheres  in s team plants, using low carbon, low- 
alloy Cr -Mo-V steels  of the pearl i t ic  class,  steels with 12% Cr of the mar tens i t i c - fe r r i t i c  class,  and 
austenitic s teels .  For  gas turbines we have developed austenitic steels and alloys based on nickel which 
have long working lives at t empera tu res  up to 800~ making it possible to foresee s team and gas tu r -  
bines with still higher operating pa ramete r s .  

The provision of rel iabil i ty and increased working life of parts  and units of power plants is the 
central  problem in power engineering. The greates t  danger is the failure of parts  or units in operation, 
par t icular ly  in single units, the shutdown of which leads to immense  losses .  For  this reason the study 
of the origin and development of f rac ture  is one of our most  important tasks.  Unfortunately, our studies 
a re  still far  from complete.  

Kinetics of the P roces s  of Frac ture .  At our institute (the work of I. L. Mirkin, Yu. A. Rybakova, 
A. A. Yudin, M. A. ]~ndzelin) we have investigated the kinetics of the formation and development of 
centers  of f rac ture  in creep tes ts  of mater ia ls ,  using copper as a model, and s ingle-phase and mult i -  
phase nickel alloys, including the commerc ia l  alloy KhN70VMYuT. The samples were tested in tension, 
at low s t resses ,  at t empera tu res  near  operating tempera tures  for  4,000-16,000h. The f rac tures  were 
mainly perpendicular  to the s tretching direct ion in the grain boundaries.  We observed the formation of 
mic ropores ,  la ter  passing into in tergranular  boundaries (Fig. 1). A special  etching method made it 
possible to avoid etching the pores and to determine their  number and actual size.  Usually one observes 
f i rs t  single pores and then lines of pores .  In alloys with fine precipi tates of hardening phases in the 
gra in  boundaries the development and merging of pores is inhibited and the pores slowly flow around 
the par t ic les  of the hardening phase, not f ractur ing them. Great  numbers of measurements  have shown 
that the sizes of the pores a re  quite s imi lar ,  ordinar i ly  being 0.5-5 #, and always less than 10 #; in 
80% of all the pores in one sample the size differs by no more  than a factor  of three (Fig. 2). When the 

The Institute of Metallurgy of the Academy of Sciences of the USSR and the section on physical 
chemistry and technology of inorganic materials held a jubilee scientific meeting April 4-6, devoted to 
the 50th Anniversary of the Great October Socialist Revolution, in which prominent metal scientists 
of the USSR reviewed the heat resistance of metals and alloys. One of these reports is published here 
- Editor. The present article is based on data obtained by the authors together with Yu. A. Rybakova, 
A. A. Yudin, E. F. Dubrovskaya, L. S. Marinenko, Z. N. Petropavlovskaya, S. A. II'inykh, and 
M. I. Solonouts. TsNIITMASH. Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, 
No. 8, pp. 8-19, August, 1967. 
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stress is increased three to five times the size of the pores remains almost un- 

changed, but with increasing time and, particularly, temperature the size in- 

creases sharply. 

Analysis of the results made it possible to formulate a general rule of the 

process of fracture. The pores, visible in the microscope, form in the very 

early stages of creep (less than 0.i of the time before complete fracture and less 

than 0.I of the total elongation before fracture). The size and, particularly, the 

number increase throughout the entire process of fracture, the hydrostatic density 

of the sample decreasing continuously (Fig. 3). The size of the micropores in- 
creases during testing by the rule d m~ = k~ "1/8, i e , the volume of pores is Fig. i. Micropores " pore �9 �9 

in grain boundaries a linear function of time. 

ofKhN70VMYuT al- This rule remains the same in tests up to 16,000 h (Fig. 4a). Such a time 
loy under a stress function was also established for coalescence and agglomeration, but of the op- 

of 6 kg/mm 2 at posite sign, which shows that the growth of micropores is connected with diffusion 
850~ Time be- processes. The curve of the distribution of pore sizes with time does not shift 
fore fracture 4200 h. very far in the direction of larger sizes. Thus, as the testing time increases from 

• 2000. 980 to 10,200 h, i.e., I0 times, at 750~ the modal pore size increases from 1 to 
2.5# (Fig. 4b). 

The results obtained from varying the stress are particularly interesting. To produce pores at 

the same temperature and time but at different stresses, conical samples with a small taper were used. 
Examination of different microsections showed that an increase of the stress has a very slight effect on 

the pore size but sharply increases the number of pores by the quadratic law Npore = ao "2 or L = i/vrn 
= i/kff, where L is the distance between pores (Fig. 5). 

When the chemical composition is varied, and particularly in the presence of dispersed hardening 

inclusions, the formation rate of pores decreases sharply and the number of pores is substantially 

lower.  In 1000h at 700~ with ~ = 6 k g / m m  2 about 144 pores  per mm 2 a re  formed in the s ingle-phase 
alloy; in the alloy with an addition of about 15% hardening phase only 36 pores  per mm 2 are  formed in 
the same time period. In other  words, to crea te  the same number of pores  requires  double the s t ress  
under the same conditions in the given case.  This explains the mechanism of the hardening influence of 
the d ispersed phase. 

% 

~"l -I ] ~  6~ 
eolesa~A \1 I I I 1  

_~ 0 m a 

~=2o I I heoo.el 
/ol A~ I I 

1o IV" I  ~ II 

O,4 o.8f Z ~ 6 8 ~  
P o r e  s i z e  

e% 

_ 

co 8 = .  

~xo/J 
I00 

98 
"~ " ' "  'x-o- .-.._ _<~ 

9G 5 
5 10 /5 20 25 30 3~ ~0 h 

Testing time 

Fig. 2 Fig. 3 

6O6 

200 

0 

Z 

Fig. 2. Size distribution curves  of mic ropores  in copper  af ter  testing 4 h at 
different t empera tures  and s t r e s s e s .  

Fig. 3. Variat ion of number of mic ropores  and density of copper samples  
with testing t ime at 450~ under tensile s t r e s s  of 3.9 kg /mm 2. 1, 2) Creep 
curve; 3) number of mic ropores  per  mm2; 4) calculated density; 5) hydro-  
static density. 
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Fig. 4. Variat ion of mic ropore  size inthe KhN70VMYuT alloy 
with test ing t ime at 750~ under a tensile s t r e ss  of 15kg /mm 2 
(a) and distribution of pore s izes (b). 
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Fig. 5 Variation of number of micropores with stress at 700~ in i000 h. 
I) Single-phase solid solution (Ni + 14% Cr + 2% AI); 2) two-phase al- 
loy (Ni + 16% Cr + 3.4% AI). 

Fig. 6. Variation of number of pores with <rx/Obrea k. 

It is very  significant that the t ransi t ion to rapid, avalanche f rac ture  of the sample begins at the 
t ime when the pore "density" in the grain  boundar ie s* l /L  (where L is the distance between pores)  
reaches  a definite and constant value for the entire group of nickel al loys.  It is str iking that this cr i t ical  
pore density is the same under different testing conditions although the rate  at which it is reached varies  
substantially with changes in the testing conditions and the s t ruc ture  of the alloy. For  example (see 
Fig. 5), in s ingle-phase and two-phase alloys avalanche f rac ture  occurs  and the same cr i t ical  pore den- 
si ty is reached at respect ive  s t r e s ses  of 6 and 14kg /mm 2, o ther  conditions being equal, The constant 
cr i t ical  pore density (Nmax) in different alloys for  different testing conditions (Table 1) is shown in 
Fig. 6, where the number of pores is plotted against  the ratio of the applied s t ress  to the breaking s t ress  
under the same conditions, crx/Crbrea k. The experimental  points lie in a narrow bandfor  nickel alloys 
and copper at different t empera tures  and testing t imes up to 4,000 h. 

It is obvious that the f rac ture  pat tern is s imi la r  in other hea t - res i s t ing  alloys, although the para -  
mete rs  determining the ra te  of development of f rac ture  have not been studied in detail. Research  has 
been done on the kinetics of mic ro f r ac tu re  in pearl i t ic  steels in the beginning stage, which a re  the 
leading steels both here and abroad (more than 90% of all boilers  and turbines) .  

* The proportion of the dimension of all centers  of f rac ture  to the total dimension of the gra in  boundaries 
(far f rom the surface of the f rac ture)  is a smal l  fract ion and does not exceed 10%. 
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TABLE 1 

Number in 
Fig. 6 

ITest tern- 
Metal [perature.C 

450 

390 
Copper 450 

Ni-~-2% AI@140 Cr 

N i -~- 20/0 AI @ 280/0 C r 

Time before 
fracture, h 

43 

~ 
kg/mm 2 

3.2' 

4 6.3 

4 5.0 

500 4 3.0 

1000 

550 

700 

700 

6.5 

16.0 

7 700 1O00 11.5 

8 Ni -~ 16o)o Cr ~ 3,4% AI 700 I000 12.5 

9 KhN~ 0VMYuT steel 850 4200 6.0 

Pear l i t ic  Steels. For  prolonged operation at high tempera tures  over  30 alloy s teels  of the pear l i -  
t ic* c l a s s a r e  used, and over  50 stainless steels,  h igh- tempera ture  and hea t - res i s t ing  austenitic steels,  
and nickel alloys. 

Cr -Mo-V steels  are  the most  widely used of pearl i t ic  steels,  and if we analyze their composit ions 
we find that all possible combinations of alloying elements are  used, especial ly with r ega rd to  the r e -  
quirements  for technological proper t ies .  Therefore ,  fur ther  development of more  refined steels is 
hardly expedient by a sys temat ic  investigation of composit ions plotted by ar i thmetic  p rogress ion  of con- 
centrat ions.  

A ser ies  of investigations has been made at TsNIITMASh in recent  years  (I. L. Mirkin, L. P. 
Trusov,  L. S. Marinenko, E. F. Dubrovskaya, and V. A. U p o r o v a ) o n  the following points: 

1. Increas ing and retaining for a prolonged period the heat res is tance  and subs t ruc ture  of the basic 
solid solution. 

2. Creating more  c rys ta l lochemica l ly  stable and more  slowly coalescing precipi ta t ion-hardening 
phases ensuring a smal le r  mean free path of dislocations,  this r e fe r r ing  to the carbide phase (and, p ro -  
spectively,  to intermetal l ic  phases) .  Apart  f rom the composit ion of the steel, the heat t rea tment  is of 
great  importance in creating such a s t ruc ture .  

3. Strengthening grain boundaries by microal loying.  

The requirements  of high technological proper t ies  at all s tages of manufacturing r e s t r i c t  the 
overal l  alloying of the steel, reducing the investigation to a s ea rch  for efficient proport ions of the 
basic alloying elements - chromium, molybdenum, vanadium - effectively distributed between the 
phases.  An increase  of the molybdenum concentrat ion increases  the heat res i s tance  of the steel but 
only on condition that most  of it occurs  in fe r r i te  and is retained there  (not passing into the carbide 
phase) for a prolonged period of t ime. For  this purpose it is neces sa ry  that the major  portion of the 
carbon in the steel  be combined with other alloying elements into stable carbides  (Table 2). 

Thus, by doubling the vanadium concentrat ion in 15KhlMIF steel  we increased  the amount of 
molybdenum in the fe r r i te  and sharply increased  the amount of vanadium in the carbide phase, the basic 
type of carbide becoming VC, which coalesces  slowly. 

In testing for 10,000 h at 585~ the long- te rm strength increased 150%. After test ing 3,000 h at 
635~ which is equivalent to 30,000h at the working tempera ture  of 585~ phase analysis  showed the 
following: In the steel with 0.35% V, and V/C = 2.7, about two-thirds of the molybdenum in the steel 
passes  into the carbide phase. At a concentrat ion of 0.24%V, with V/C = 1.6, the fe r r i t e  is still  more  
impoverished in molybdenum. It is remarkable  that with an increase  of the vanadium concentrat ion to 
0.58%, with V/C = 4, nine-tenths of the molybdenum is found in the fe r r i t e  and this concentrat ion is 

* We shall not deal with the problems of alloying and t ransformat ions  of austenit ic and nickel al loys.  
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TABLE 2. Carbide Analysis and Long-Term Strength of Pearl i t ic  
Steel with Different Amounts of Vanadium 

A 0.14 
[3 0.16 

Composition, % 

Cr Mo V 

1.20 0.92 0.30 
1.22 1.06 0.57 

V 

2.1 
3.6 

Carbide analysis 
%Mo %Y 

. . . . .  ; o -  
60 17 1% 

B a s i c  e a r  - 

-- --bide (x 2 

ray anal- 
ysi@ 

Long-term 
strength, 
kg/mm 2, 
at 685~ 
10,000 h 

12 
18 

0.5 

~o.* f 
o 

100 1000 3o80h 
Testing time 

Fig. 7. Changes in chemical  
composit ion of carbide phase 
in long- te rm tests  of 
15KhlM1F steel at 635~ 
1) 0.35%V, V/C = 2.7; 
2) 0.58% V, V/C = 4. 

retained in the fer r i te  throughout the entire testing t ime (Fig. 7). * It 
is interest ing that in passing to a working tempera ture  of 565~ such 
stabili ty of the phase composition should, in theory, be retained for 
a period of more  than 500,000h. 

In steel  of more  complex composition (0.19% C, 2.1% Cr, 1.3% 
Mo, 0.14% Nb, 0.8% Si) with increased  concentrations of chromium 
and molybdenum the rule remains  essent ial ly  the same, the dis t r ibu-  
tion of molybdenum between the fer r i te  and carbide phases becoming 
still more  favorable.  A relationship between the vanadium concentra-  
tion and the t ime before f rac ture  was also found, and it was established 
that the optimum vanadium concentrat ion is about 0.5% (Fig. 8). In 
this case the long- te rm strength at 580~ for 105h is substantially in- 
c reased  (Fig. 9). 

Fineness of Carbides in Pearl i t ic  Steels. The fineness of the 
carbide phase and its influence on the heat res i s tance  of the steel is 
control led by the heat t reatment .  At constant austenitizing t empera -  

tures and tempering conditions the main factor  becomes the rate of cooling f rom the austenitizing t emper -  
ature, which in our experiments  was varied by a factor  of 1000 (from annealing to quenching). Regard-  
less of the high temper ing tempera tu re  (750~ 5h) the fineness of the carbides varied essent ial ly  as a 
function of the preceding cooling rate .  The number of carbide part icles  is also inversely  proportional 
to the mean free path of dislocations (Fig. 10, curve 3) and var ies  in a complicated manner .  There is 
a sharp peak at a cooling rate of 500~ 20KhlM2FL steel.  It is remarkable  that the curve of the 
t ime before rupture (curve 1, Fig. 10) in long- te rm strength tests  a lmost  exactly follows the path of the 

variat ion of the carbide par t ic le  size (curve 3, Fig.10). 
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Fig. 8. Time before f r ac -  
ture of steel  samples (2.1% 
Cr, 1.6% Mo, different 
vanadium concentrat ions ) 
at 580~ or= 1 7 k g / m m  2. 

* Even if nine-tenths of the molybdenum is retained inthe 
fe r r i t e  throughout the testing time, this does not necessar i ly  
mean that the concentrat ion is constant. The concentrat ion 
of molybdenum (and any other element) depends not only 
on that port ion of the molybdenum occurr ing in the c a r -  
bides but also that in the solid solution and also on the 
quantitative proport ion of the phases (Editor 's  note). 
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Fig. 9. Influence of vanadium 
concentration on long-term 
s t rength of pearl i t ic  steel at  
580oc, 10 5 h. 
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The para l le l i sm of the curves was noted in the entire se r ies  of tests  at s t r e s s e s  of 13-20 k g / m m  2. The 
grea tes t  durabili ty cor responds  to the la rges t  number of carbide par t ic les  and changes severa l  t imes 
with a change in the par t ic le  size.  This indicates that the carbide par t ic le  size is the principal s t r u c -  
tural  factor .  

It should be noted that with sharply differing cooling ra tes  the distr ibution and condition of the 
fe r r i te  also var ies .  However, this does not disturb the paral le l ism between the part icle size and the 
durability. The decisive importance of the distance between the d ispersed  par t ic les  of the hardening 
phase could be seen in a number of proper t ies  of different c lasses  of hea t - res i s t ing  alloys.  Studies of 
austenitic steels in which the Laves phase precipi tates during aging showed a substantial  increase  of 
the yield s t r e s s  and other proper t ies  as a function of the number of precipi tated par t ic les  (the work of 
I. L. Mirkin and M. I. Fantaeva) .  This connection was also established for the relaxation rate and 
the creep rate  of complex fer r i t ic  chromium steels  alloyed with tungsten and molybdenum, in which a 
d ispersed intermetal l ic  phase of the Laves type (Fe2W) is precipi tated during aging not f rom the austen-  
ite but f rom the fer r i te .  Because of the variat ion of the distance between the hardening part icles  r e -  
suiting from various aging conditions the mean f ree  path of dislocations changes; the rate  of creep and 
relaxation at 580~ var ies  by a factor  of five to ten (the work of Z. N. Petropavlovskaya and S. A. 
II ' inykh).  

Thus, it was demonst ra ted  that the distribution density of hardening par t ic les  is one of the chief 
factors  determining the hea t - res i s t ing  proper t ies  in the three basic types of alloys - pearlit ie,  fer r i t ic ,  
and austenit ic.  It is s t r iking that af ter  prolonged aging equllvalent to an operat ing t ime of more  than 
500,000h at 565~ the carbide par t ic le  size decreases  substantially.  The size of the carbide part icles  
in pearli t ie s teel  20KhlMFL a lmost  doubles, which reduces  the durabili ty a lmost  three t imes (curve 2, 
Fig. 10). However, the form of the heat res i s tance  curve is s imi la r  even af ter  such long aging of the 
steel  and the peak still corresponds  to the same rate  of initial cooling (in quenching). 

These resul ts  demonst ra te  conclusively that the s t ruc tura l  differences result ing f rom heat t r ea t -  
ment and their  effect on the heat res i s tance  a re  not attenuated even after  many years  of operation. This 
contradicts  the widespread opinion that af ter  long periods at high t empera tu res  the differences in the 
initial s t ruc ture  of the steel a re  not significant and lead to the same proper t ies .  

Since the s t ruc tura l  differences s t rongly  influence the heat res i s tance  propert ies  during prolonged 
operation, we propose a substantial ly different method of increas ing the thermal  stabil i ty of the structure.  
It involves the prevention of any mar tens i te  or bainite in the steel  af ter  quenching or  their  decomposit ion 
products af ter  temper ing by the use of appropria te  alloying (chromium, molybdenum, vanadium) to 
crea te  a steel  not requir ing quenching or  rapid cooling but acquiring a s t ruc ture  of alloyed fer r i te  with 
dispersed stable carbides  during slow cooling (300~ Such a steel, of course,  will have a lower 
yield s t r e ss  and hardness,  but on the other hand will have a substantial ly higher thermal  stabil i ty in 
operation and better  technological  proper t ies  than steel  with an initial s t ruc ture  of temper  bainite. 

As a resul t  of our r e s e a r c h  a steel  was crea ted  with a lower molybdenum concentrat ion and 
higher vanadium concentrat ion which has a fe r r i t ic  s t ruc ture  with d ispersed carbides (diameter  about 
600A) and a creep s t rength at 585~ which is 25% higher than that of the same steel  af ter  normalizat ion.  

Mieroalloying. Analysis shows that horophilic elements capable of enriching the gra in  boundaries 
a re  effective in ex t remely  smal l  amounts.  It can be calculated that 0.002-0.003% is sufficient for a 
continuous ~wall" of the element 10 atomic layers  thick along all the gra in  boundaries for an average  
grain  size (grade 5 ). However, in view of the fact that the element will collect within the grains as 
well as in the grain  boundaries,  this amount should be higher. On the other hand, to create  a boundary 
layer  not of the pure element but of a chemical  compound (e. g . ,  FeB)o r  solid solution the concentrat ion 
can be lowered, That is why 0.005% ]3 often proves to be ex t remely  effective. Thus, for pear l i t ic  steel 
of complex composition the addition of 0.005% ]3 produces a manifold increase  of the t ime before f racture  
while doubling the long- te rm plast ici ty (Table 3, Fig. 11). 

It is interest ing that the addition of boron and niobium together  doubles the long- t e rm plast ici ty in 
tension. A s imi la r  effect of microal loying is quite c lear  in the case of austenit ic al loys.  For  example, 
the long- te rm strength of the complex-al loyed austenitic cast  alloy KhI6N25V5TYu2 at 700~ for 10,000 h 
increases  gradual ly  f rom 14 to 21kg /m m ~ when up to 0.1% t3 is added (Fig. 11). Straight tests  for 14,000 h 
confirmed this resul t .  At higher boron concentrat ions the long- te r ra  s t rength increases  hardly at all. 
Similar resul ts  were obtained for  the same alloy after  forging. 
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Fig. 10. Variat ion of time before f rac ture  of 20KhlM2FL steel and c a r -  
bide part icle  size with cooling rate  af ter  austenitizing at I020~ 
Tested at 565~ r = 1 3 k g / m m  2. 1) After heat t reatment;  2) af ter  aging 
300h at 630~ (equivalent to 700,000h at 565~ 3) particle size, 1/h 
(X is average  distance between carbide par t ic les) .  

Fig. 11. Variat ion of long- te rm strength (104 h) of austenitic steel 
Kh16N25V5TYu2R with the boron concentration. 1) Tested at 700~ 
cast  steel; 2) tested at 725~ forged steel.  

TABLE 3. 
per t ies  of Pear l i t ic  Steel* at 560~ ~ = 16 k g / m m  2 

Influence of Nb, B, and Nb + B on Heat-Resis tant  P r o -  

Composition, % 
Time before frac- 

ture, h 

177 
1080 
1703 
1583 

59 
84 

10.4 
206 

Nb B 

0A 4 
0~4 0 005 0. OO5 

9.2 
11.4 
23.0 
42.7 

* basic composition: 0.16% c, 0.6% V, 1.9% Cr, 1.5% Ni, 1.4% Mo. 

The importance of the boundary layer  of a horophilic element and the direct  connection with the 
grain  Size of hea t - res i s t ing  alloys is par t icu lar ly  c lear  in the case where the basic s t ructura l  compo-  
nents are  not completely t ransformed,  i . e . ,  in austenitic steels and nickel alloys.  

Influence of Grain Size on Creep Rate of 1KhlSN12T Steel. At a relat ively low tempera ture  (550~ 
the s teady creep ra te  (Fig. 12) increases  noticeably with the grain  size.  In logari thmic coordinates this 
dependence is a lmost  l inear,  but it takes on a different charac te r  at a higher testing temperature ,  and 
at 650~ the creep rate  increases  by a lmost  two orders  with decreasing grain size.  The creep rate 
increases  sharply with a gra in  size of 0.05 mm (grade 8 ). 

The substantial importance of the grain  s ize  is also clear  in nickel-base alloys.  Grains of gigantic 
size a re  often created in the commerc ia l  alloy KhN70VMYuT (]~I765), Macrograins  0.05-10ram were 
produced in this al loy by changing the heating conditions af ter  cold working. The sho r t - t e rm  and fatigue 
charac te r i s t i cs  were studied and it was found that gigantic grains have a negative effect on the heat r e -  
s is tance and other proper t ies ,  Similar resul ts  were obtained also for other alloys, for example 
Kh15N65V10M5TYu (~I893).* The best general  proper t ies  a re  obtained with grains 0 .05mm in diameter;  
s izes down to 0.25ram are  permiss ib le .  

* For this and other  alloys,  drop forging and heat t reatment  eliminates the differences in grain  size 
and increases  the heat res i s tance .  (Edi tor ' s  note).  
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Fig. 12. Variation of creep 
rate  of austenitie steel 
Kh18N12T with grain  s ize  
at ~r = 10kg /mm 2 in range 
of 1000-3000 h. 

Results of 100,000-h Tests .  The minimum guaranteed period 
of operat ion of s ta t ionary power equipment exceeds 10 yea rs ,  Thus, 
it is of in te res t  to determine by direct  tes ts  the actual changes in 
the s t ruc ture  and propert ies  of hea t - res i s t ing  steels and the actual 
magnitude of the dis tor t ion and the t ime before fai lure at working 
t empera tu res .  Such a unique investigation, in spite of the technical 
complicat ions and high costs,  has been completed at TsNIITMASh 
The length of the experiments exceeded 95,000 h. The investigation 
was conducted with a ser ies  of 14 samples  of two austenitie steels 
at 580~ 

It was found that, in spite of the compara t ive ly  low tempera ture  
for austenitic s teels  (580~ phase and s t ruc tura l  t ransformat ions  
occur red  continuously and were not completed for some tens of 
thousands of hours.  

The f i rs t  of severa l  unexpected resul ts  was that the average  
austenite grain size doubled in 50,000 h at 580~ although in the 
usual tests  for  1-3 h the recrys ta l l i za t ion  threshold is determined 
to be 850~ There is a good theoret ical  explanation for this d i s -  
crepancy,  since by the exponential law of recrys ta l l i za t ion  allowing 
for the activation energy of the process  the increase  of the t ime by 
a factor  of 104 is equivalent to such a sharp reduction of the r e c r y s t a l -  
lization threshold.  

Phase and Structural Changes. Substantial changes also occur in the carbide phase. In spite of 
the fact that the tests were made with metals previously stabilized, the amount of carbide phase in- 
creases greatly in 20,000 h at 580~ and, even though slowly, the phase composition also changes up to 
80,000h (Fig. 13). At the same time, the composition of the solid solution also changes, the lattice 
constant decreasing continuously. This indicates how slowly equilibrium is established in such alloys 
at the working temperature. 

Along with the changes in the composition there are continuous changes in the structure because 
of the coalescence of carbides of the M23C 6 type and alloyed tungsten and molybdenum. The average 
particle size after 95,000 h at 580~ is 3.10-w (Fig. 14). The calculated average linear growth rate 
of the particles is i0 -s cm/h - an increment of one atomic layer in the carbide particle requires i00 h 
at the given temperature. Apparently this characterizes the very high degree of stability observed in 
the steel and is explained solely by the low diffusion rate of tungsten and molybdenum in austenite at 
580~ Furthermore, the extreme complexity of the lattice of the M23C 6 carbide in comparison with 
the simple austenite lattice determines the high surface tension at the interface and the high energy of 
formation of two-dimensional nuclei; this also slows clown the growth rate of the particles. 
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Fig. 13. Variat ion of the composit ion of the carbide phase in 1Kh14N14V2M 
steel  at 585~ with testing t ime.  

Fig. 14. Carbide par t ic les  in 1Khl4N14V2M steel af ter  95,000 h at 585~ 
x 30,000. 
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Fig. 15. Distribution of 
microhardness  of, 
1Kh14N14V2M steel  af -  
t e r  testing at 580~ 
under a tensile s t r e s s  
of 1 4 k g / m m  2. Time 
before fracture ,  87,780 h. 
1) Near f rac ture  surface  
( layer less than 100# 
thick); 2) far  f rom f r a c -  
ture  surface (over 10ram). 

TABLE 4. Microhardness  of 1Kh14- 
N14V2M Steel during Testing at 
580~ (About 50 Measurements)  

T i m e ,  h 

0 
10 700 
31 000 
50 000 
78500 

H 

grains ~, grain boundaries 

206 
254 
254 
230 
194 

210 
286 
291 
196 
t72 

The resul ts  obtained confirm the effectiveness of 
multicomponent alloying of hea t - res i s t ing  alloys even 
for  comparat ively  low operating tempera tures .  

_Relationship of the Strength of the Boundary and 
Body of the Grain. As is well known, the t rend of r e -  
s ea rch  has been toward strengthening the grain  boundaries, 
since failure in prolonged operation occurs  typically in 
the grain  boundaries.  An investigation of the m i c r o -  
hardness of grains and grain boundaries (Table 4) showed 
that before the tests  these values were a lmost  equal. 
In the f i rs t  10,000h at 580~ there was a substantial in- 
c rease  of the hardness of the grains and grain boundaries 
due to the additional precipitat ion of carbides,  which we 

mentioned ear l ie r .  The mic rohardness  remains  high up to 30,000 h, the microhardness  of the boundaries 
being noticeably higher because of the high diffusion rate and intense precipitation of d ispersed carbides 
in the boundaries.  F rom 30,000 to 80,000 h the hardness of the grains and grain boundaries decreases  
continuously. Because of the high diffusion rate in the grain boundaries, overaging begins ear l ie r  in 
the boundaries,  in which the hardness falls below that of the grains in 50,000h. Thus, f rom 10,000 to 
30,000 hat  580~ the grain  boundaries are  s t ronger  than the grains .  

Creep, Loosening, and Frac tu re  of Metals in 100,000-h Tests .  A study of the samples which 
failed af ter  prolonged operat ion at 580~ (~ 90,000 h) at 14kg /mm 2 also gave valuable results  (Fig. 15). 
Statistical t rea tment  of a great  number of microhardness  measurements  in the vicinity of the f rac ture  
produced a sharp distr ibution curve with a modal value of HV 263; in the immediate vicinity of the 
f rac ture  surface ( layer of about 100# ) the hardness distribution curve is twice as wide and the modal 
value is HV 186, which indicates that in prolonged operation the metal  is loosened i r regu la r ly  in the 
process  of f rac ture .  The drop of the ~microhardness"  of numerous par t ic les  below HV 100 can be ex- 
plained only by the presence  of pores .  

Of grea t  importance is the accura te  prediction of the c reep  and f rac ture  of s teels .  Because of the 
lack of a r igorous analytical  theory  of this process ,  data f rom direct  long- te rm experiments  a re  e s -  
pecially valuable and make it possible to check and refine any hypothesis or method of calculation. The 
p r imary  creep  curves  up to 90,000-95,000 h in Fig. 16 show the complex forms of the curves for one 
alloy, which apparent ly a re  due to the substantial  phase and s t ruc tura l  changes. 

Multistage curves  were  obtained ra the r  than the c lass ic  th ree - s tage  c reep  curve.  On the creep 
curve for  a s t r e s s  of 1 4 k g / m m  2 one notes at least  six success ive  stages of acce lera ted  and decelerated 
creep not including the final avalanche stage leading to f rac ture .  In the s t r ic t  sense of the word there 
is no s teady-s ta te  creep but ra ther  three different approximations of it. At a s t r e ss  of 7 k g / m m  2 (close 
to the actual working s t r e s s  for the main s team pipe of one plant) it can be considered that the f i rs t  
stage lasts 40,000 h; af ter  that the c reep  rate remains  near ly  constant. 

The pre l iminary  est imate of the creep rate made on the basis o f  long- te rm strength tests  up to 
10,000h was that the c reep  rate of the steel  would be near  1-10-5%/h at a s t r e ss  of 7 k g / m m  2, whereas 
it was actually one whole order  lower af ter  40,000h. The total distort ion af ter  105h at a s t r e ss  of 
7 k g / m m  2 was 0.4%, which was also somewhat lower than the est imate.  Thus, because of the additional 

574 



L5 

1.0 

0.5 
~ k g / m r  2 

~5000 50000 75000 h 

Fig. 16. Primary creep cur- 

ves of IKhI4NI4V21VI steel at 
580~ Testing time over 
90,000 h. 

phase changes and the retardation of processes which were not taken 
into account in shorter tests the actual performance of austenitic 
steel under stress for a period of i0 years proved to be considerably 
better than predicted. 

Strength of Welded Joints. Samples of austenitic steel 
KhI4NI4V2M (EI257), were tested under a stress of 14 kg/mm 2 at 
580~ i.e., double the actual working stress. Of the four samples, 
two failed after 85,000 and 88,000 h and two have not failed up to the 
present time (over 95,000h). Under the same conditions all samples 
of welded joints failed after 55,000-72,000 h. From the heat-resis- 
tance diagram it can be calculated that the breaking stress for the 
welded joints is about 90% of that for the base metal. Since the tests 
were conducted at 14 kg/mm 2, while the actual operating stress amounts 
to 7-9kg/mm 2, the results do not give rise to any apprehensions con- 
cerning the useful operating life of welded joints. 
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