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HBSTRACT

rracture toughness of high-strength corrosion-resistant steels
nas been considered as the function of the duration and
temperature of service neatings at 623-783 K. The analysis of
vyarious embrittlement mechanisns has been conducted, the
methads ror the estimation of kinetic parameters of the joint
martensitic matrix decomposition processes have been proposed
and realized on the personal computer. Temperature-time curves
or the equal embrittlement values haye been plotted for
O1X1ZNBM2D2T steel by way of computations.
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The development of the modern branches of engineering required
the development of technoln ically efficient high-strength
steels. operating  under ai climatic conditions in the
temperature range from 203 to 773 K. These steels should be
2asily welded 1in the thermally strengthened state ang provide
rie weldment strength., close tn that of the base nmetal
strength. The bDasis for the deveiopment of such materials are
poorly aged low-carbon corrosion-resistant martensitic steels
‘Ya.M.Potak, 1972). This ciass steels are used, mainly, at the
“emperatures nof, higher than 5373 K. a5 the increase of the
service temperature  resuits in nhe solid solution
decomposition and the decrease of the toughness and corrosion
resistance. The nature, kinetics and interaction of the

processes, obserued ~in  the Lemperature range of 573-773 K
‘recovery, precipitation DI cementite, chromium carbides and
ntermevailic phases, delaminaticn Dy chromium, stable

austenite formation, define, to a great extent. the service
reriability of these steels. The regularities of the
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nartensitic matrix decomposition processes and their effect on
strengthening ang embrittlement have been studied on test
melts with the structure of carbon-free martensite (based an
Fe-Cr-Ni systenmg with the additional alloying of some melts by
2% Mo, 2% Cu and 0,2 %z Ti) and also on a number of
commercial steels with the use ot a complex of mechanical and
physical analysis methods,

Two initial states have been considered - the quenched one,
corresponding to the state of the weld and the near weld zone,
and the gquenched one with  the subsequent temper,
characteristic of the thermally strengthened base metal. fis a
rule, the temper for this class steels is carried out at high
enougn temperatures of J73-323 K, ensuring practically the
completion of the recovery processes and the major part of
carbonitride and intermetallic phases precipitation. In this
case strengthening and embrittlement on subsequent long—te?m
heatings at lower temperatures is, mainly, due to the solid
solution delamination by chromium. In  contormity with the
Fe-Cr phase diagram (R.g.Elliot, 1370) the processes of Cr

- phase formation, containing to 80 % Cr, are observed at the
temperatures lower than 807 K., and the data on_chromium
solubility in iron at the temperaturesﬂ of 3573 -803 K are
rather contradicting. The results of studying the chromiunm
solubility limit in the martensitic matrix on the basis of Fe-
Cr-Ni system are practically absent.

[n this paper the study of chromium precipitation kinetics
from the solid solution was, mainly , conducted by  the
resistometric method, which 1is rather sensitive to chromiunm
content in the solid solution. It was ~ tound for  the
high-tempered condition of chromium-nickel martensite. that
the value of the specific electrical resistance is Increased
by 2,2%10 Ohm*m with the increase of chromium content by { %,
which allous to perform the gqualitative estimation for the
process of the phases (zones) precipitation, enriched in
chromium. In the studied melts with the low content of
interstitial atoms (< 0,01 % Wt the formation ~of
carbonitrides is practically eliminated. It is shown in the
paper, that the intensity and the maximum value of decrease at
heatings after the initial temper are increaseq with the
increase of Cr content in the steel. It was found by the
authors, that rather long-ternm exposures ( ~ 2000 hours) at
673 K 'the wvalues @ for all the melts with different Cr
content become close,’> which can indicate the decompgs&t!on
completion and the achievement of the chromium equilibrium
concentration in the solid solution. The increase of heating
temperature reduces the maximum value DI“aecrease.p‘ .
corresponding to the equilibrium state achigvement. ~which
characterizes the increase of chromium Saiublilty With the
temperature rise. The delamination by chromium is not observed
at the heating temperatures above 303 K. After the enbrittling

neatings the secondary heating at the temperature above §03 K
results in the complete recovery of properties for al] studied
melts, which shows the complete solution of the phases (zones)
rich in chromiun, being precipitated at lower temperatures.,
The analysis of the obtained dependences for the maximum
decrease (or increase) of value at different heatin

conditions for the melts containing 8-13 % Cr, npakes i

possible to estmate the position of chromium solutbility limit
in the carbon-free iron-chromium-nickel martensite. The
talculations show that the chromium concentration is ?7,5: 8,5;
10,0 and 11,5 % ut at 623, 673, 723 and 773 K respectively.

The authors have performed the mathematical processing of the
kinetic curves for ? variation in accordance with equation
tJ.Christian, 1978) 7

E = 1- exp (KT ), (1)
where K and n are constants; & and T are the extent and

duration of the transformation, respectively, The
transformation extent was calculated from the relationship
& = L\P /aPmax . ( 2 )

where 40 and A Enax are the current and maximum valueg Uf.P
variatian at hea ing,.

In particular, it was obtained for the process of chromium
precipitation from the solid solution, that at 623 K ;K=
0,14: n = 0,26: at 73 K @ K = 0,34: p - 0,25 at the
activation energy @ = 0,58 kcal/mol, which is close to the
activation energy of chromium volupe diffusion,

The precipitation of the phases (zones) rich in chroniunm
results in the material strengthening and embrittlement. The
unambigous correlation Is observed betuween the changes of
electroconductiuity (i.e. the  transformation extent) and
hardness HRC . With the chromium “remova] " from the solid
solution and the phases (zones) formation the hardness is
increased. The precipitation of 1 7 (p increases the hardness
aproximately by 3,5 H The solution of the phases rich in
chromium at high tempering temperatures results in  the
hardness decrease, respectively., Maximum strengthening on
heating can be calculated according to the formula-

[a HRC, Imax = 3,5 ([Cr] - (Crlp ), €3

are initial and equilibrium (for the
glven heating temperature) chromium concentration in the solid
luti respectively. The decomposition of iron-chromium-
nickel martensite, besides strengthening, results in the steel
embrittlement . However, if strengthening is defined, mainly,
by the matrix state, the number ang dispersion of the phases,
precipitated along the grain body, embrittlement is defined
both by the grain body and the grain boundary state, Due to
this fact the correct relation betueen the decomposition of
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Lhe martensitic matrix. strengthening and embrittiement can oe
obtained with the absence of the grain Dpoundary state
variation. In the paper the embrittiement was estimated by the
variation of the cold brittleness temperature, Tc.b

U

c.b.
determined as the temperature at which the fracture work of
the specimens with the fatigue crack KCT is decreased by two
times. The long-term exposures at 573-623 K for all the
studied compositions and at 573-773 K for the nmeits alloyed
with 2 % Mo don't resuit in the change of the grain boundaries
state and lead to the increase of Te.b. in accordance with the
relationship:

Ao Tc.b. = 14 « alRC; = 45 x« alr, ¢4

where  HRC and Cr are the wvalues of the increase in
nardness and chromium quantity. precipitated from the solid
solution. For the steels, containing no Mo, long-term heatings
at the temperatures above 6523 K result in the change of the
grain boundaries, the etching ability of which is sharply
increased. In this case the increase of Tc.b. wvalue is much
nigher, than it was defined by the relationship 4, the
discrepancy being the higher, the higher is carbon and
nitrogen content in the steel. Thus, alloying of
corrosion-resistant high-strength steels, used at elevated
temperatures, with molybdenum is obligatory, and chromium
content should be minimum, providing the required corrosion
resistancea of the steel.

Carbon-free steels, based on Fe-Cr-Ni -Mo system  can ensure
the strength level not more than 1000 MPa, which is not
sufficient in some cases. The strength level increase is
possible when alloying the base system with the elements.
causing precipitation strengthening, such as Cu, A1, Ti, a.o.
However, in this case the embrittlement intensity arter the
service heatings is increased, especially on the weld metal
and the near weld zone of the ueldments. not subjected to post
-welding heat treatment. Hence, the prediction af the
temperature-time serviceability zone far maraging
corrosion-resistant steels 1is possible only when analyzing
each decomposition mechanism separately and piotting the
mathematical models, describing the process kinetics and its
effect on strengthening and embrittlement. In the temperature
range of 5§573-773 K different processes are superimposed on
each other and it is rather difficult to separate them. The
selection of the test melts alloying, the conditions of the
initial heat treatment and studying methods allows in some
cases to separate the kinetics of the individual process. As
mentioned above, the temper at the high enough temperature,
close to A¢; , allows to analyze chromium precipitation
processes out of the solid solution after long-term heatings
by the resistometric and hardness methods. The analysis of
copper and titanium precipitation out of the salid solution in
the alloys, alloyed with these elements is possible for the
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iiloys with low Cr content (less than 10 %) at the
remperatures nigher than its solubility limit (673 K). At
these temperatures the recovery processes occur quickly enough
and stop at the early stages of precipitation strengthening.
The selection of ageing and delaminatian processes by chromium
can  be carried out (on condition of their independence from
gach other) by differential kinetic curves plotting for the
alloys, containing and not containing elements, causing
precipitation strengthening.

However in most cases it was found to be impossible to
separate the different transformations, particularly in
complex-alloyed steels, where decomposition and solubility
limits may not coincide with the ones obtained for simple test
ailoys. The mathematical methods of effects separation were
developed and realized with the help of personal computers faor
these cases. It was accepted in the proposed model, that the
considered processes occur independently from each other and
the equation i is performed for each process. Besides, the
transtormation degree 1is believed to be proportional to the
measured value change. Based on the experimental kinetic
dependence of aX alloy particular property change (for
example, specific electric resistance or hardness) being the
total response for the phase and structure transformations in
the alloy, the parameters Ki and n; of equation { for i -
process are calculated by nonlinear approximation methods. The
caiculation is carried out on the base of the relationship;

’

< < s 3 .7 . - ~ . r e : ¢, , 3

ok = 2aki = 2aZXmax; « (l-exp (-Ki T 31, (5 )
where aZXmax; - the maximun change of the considered property
wnen completing 1 - process. A Xmax;  value for  every

process can be obtained from the experiments with the test
meits or calculated simultaneousiy with Ki and n/ parameters,
LT the mechanism of the i- process isn’t changed in some
temperature zone, so n; value doesn’t depend on temperature
and the following relationship is true for Ki:

Ki = Kol x exp [-n; % Qi/RTI, € 6
wnere K - universal gas constant.
41 - activation energy of the i- process.
Kol - preexponential ractor.
Hs a rule, the value of activation energy for decomposion
orresponds to the activation energy of the chemical

processes c
@lement diffusion or crystailine lattice fault and can be
accepted either r1rom the literature data or calculated on the
Jase of the kinetic dependences for the considered process
t0=CQnst) At sSome temperatures on the base of the relationship
I0r Lg Lime at Lhoe transformation degree & = const:
Vs R - .
f; = Ly x exp U 4 4 RT o, 7
515



wnere T, doesn 0 I ‘ T
o doesn’t depend on the Lemperature. The values of

and Ki  parameters for the delamination

and the strengthening phases preci
with copper ang titanium <(Table

pi

tation

1), were

in steels, all

combination or experimental and calculating methods,

Table 1. Kinetic parameters gf

process,
Precipitations TK
:::: T
R
I — 23
austenite T3

Sinultaneously, B,  coefficients,
brittleness temperature increase

hese coefficients uwers derived from the

martensite decomposi

obtained by

ng

pbrocesses by chromiunm

oyed
the

tion

corres
at

n b
o 0,26 T
1,2 30
0,62 680
1,1 -
ponging to

cold

ik ; g Z ut  element
precipitation gut gf the solid solution are given in tabl

ecomposition de

for a number of tegt melts’and commercial steels. For exan
z?om the r@lationsnip 4 for chromium precipitation process
of the solid solution it is inferred that Ben = 49 The t
temperature aTs can

increase of the cold brittleness
calculated from the relationship:

e 1.

analysis of the cold

gree
ple,
out
otal
be

als = SaT; = 5B, % ((;- ca;) [t-exp(-K; « T, (5

where C; - the concentration of the i- element in the ste

ﬁ4gu— solubility limit gf the i- element at the

re,

As mentioned _abaove, the considered
he precipitatian bracesses out of the solid solution result
Id hrittleness temperature

In the strengthening and the

increase, However, austenite format

tryogenic temperatures is possi
the temperature range of 723-773

between martensite crystals increase th

co

bl

respectively decrease the cold brittleness

measurement of the austenite guantit

by the magnitometric method and austenite

vas studied for Fe-{2Cpr-gNi-2 X
Kinetic parameters for this proces
and 7 K are given in Table {

brittleness temperature change a

0

bage

el,

heating tempe-

phases (zones )

fon stable at cooling
e at long-tern
K. Austenite

temperature.

5 at the temperatures of
The dependence of the cald
on Lne austenite content

Ta

Lo

heatings in
te interlayers
e steel toughness and

The

¥ A (vol %) was performed
formatinn
systenm.

kinetics
Equation 1

723

iz nonlinear and at A < 30 % is defined by the expression:

aTa = 0.238% - 128 IR
The derived relationships allow to predict the
temperature-time range of serviceability for the differently
alloye steels. The similar region is given in Fig. 1 for
O1X1cNBM2D2T (with 0,2 2z Ti) complex-alloyed steel, in which
the austenite in the initial state is absent.
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The UNS-16 (06X!15N5MUFB) modification ,Af thermal-resistant
steel with the ultimate strength of foB = 1200 MPa and

2 = 1000 MPa uas developed on® the base . of the
above-pointed conceptions for the operation at the
Lemperatures of 203-773 K. Compared to the initial steel,
chromium content was decreased from 15 tg {3 %, which allowed
not only to decrease the delamination intensity by chromium at
the service neating, but also to increase nickel content,
remaining in the martensitic class. This factor gave the
possibility to suppress the ferrite formation entirely and
Lo _ensure the optimum quantity of the residual austenite
¢15-20 %), which allowed to increase the toughness with the
satisfactory thermal resistance properties. Besides, it should
pe noted, that higher values of cracking resistance and
corrosion cracking resistance is peculiar to the novel
UNC-16Ya (O6X13N7?MUFB) steel both for the base metal and
weldments, not subjected to heat treatment after welding. The
comparison of UNS-16 and its UNS-16 Ya modification properties
arter the service heating at 723 K for 250 hours are given in
Table <. The starting heat treatment of both steels included
Lhe quenching from 1273 K and the tempenyat 793 K, 2 hours.
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Table 2. The properties of UNS-16 and UNS-16Ya thermal
resistant steels

No Steel Heating Base metal Weldments properties
condition properties (heat treatment+welding)
Melting Corrosion crac-
zone  king resistance
in salt-spray
chamber 57Nall
at 308 K

A =

MPa « a2 I /n2 MPa
f.UNS-16 a0 s TN
223 K.250 b 60 a0 o.08 300
'5?‘6&531655'""3'"”"'"556"'I§5""“’I‘E"‘"""““'1666“"
223 K.250 0 91 120 o4 T 600
CONCLUSION

The basic processes, causing the embrittlement of low-carbon
high-strength  corrosion-resistant steels after long-term
heatings at 623-773 K are the delamination by chromium and
intermetallic phases precipitation. The maximum effects of the
cold brittleness temperature increase at the exposures in the
order of one thousand hours are observed at the temperatures
of 673-723 K. The formation of residual austenite and cromium
solubility increase at the temperatures of 723-773 K result in
the embrittlement intensity decrease. On the base of the
developed principles the steel, capable of operation faor 250
hours at the temperatures to 773 K has been produced.
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