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Abstract—More than 180 Russian and foreign nickel superalloys are analyzed to develop regression models
to find a relation between chemical composition and a number of the most important thermodynamic, struc-
tural, and strength parameters, which directly influence the high-temperature strength of the alloys. The high
accuracy of constructing the characteristics of distribution of alloying elements between the y and y' phases
under scarce experimental data conditions is ensured by the application of bunch map analysis of random
characteristics, which allowed the reliability of the calculated results to be significantly increased.
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SIMULATION PROCESS

Based on an analysis of the results of studying more
than 180 Russian and foreign nickel superalloys, we
develop regression models to determine a relation
between chemical composition and a number of
important thermodynamic, structural, and strength
parameters, which directly affect the high-tempera-
ture strength of the materials.

The high accuracy of constructing the most impor-
tant characteristics of alloying element distribution
between y and y' phases under scarce experimental
data conditions is provided by the application of
bunch map analysis to increase the reliability of results
substantially.

SIMULATION OF THE DEPENDENCES
OF THE THERMODYNAMIC, STRUCTURAL,
AND STRENGTH PARAMETERS OF NICKEL

SUPERALLOYS ON THE LEVEL
AND CHARACTER OF ALLOYING

The gas-turbine propulsion engineering is being
actively developed due to the creation of fifth-genera-
tion engines, which are characterized by a significant
increase in the specific thrust (military gas turbine
engines) and a decrease in the fuel rate (passenger
operations) at a simultaneous substantial increase in
the reliability and the service life.

Therefore, active investigations for creating new
materials and technologies are performed abroad
according to state programs [1—4].

Simultaneously, researches carry out studies to
replace second- and third-generation nickel superal-
loys by new single-crystal superalloys [5, 6].

The works performed in this field are significantly
complicated, since the regions of optimum multicom-
ponent alloying approach the regions of formation of
embrittling topologically close-packed compounds
and other dangerous phases. The allowable ranges of
alloying elements were also substantially narrowed
because of the necessity of ensuring high service char-
acteristics of alloys.

Since analytical estimates of the strength parame-
ters of promising compositions imply the calculation
of a number of thermodynamic and structural param-
eters of new alloys (which directly affect their opera-
bility), to create models that can be used to find a rela-
tion between alloying and these parameters is a chal-
lenging problem. The accuracy and reliability of these
models determine the success of the computer-
assisted systems that are developed to optimize the
compositions of promising (and existing) superalloys.

The importance of this problem is also caused by
the fact that the system of alloying of nickel superal-
loys, including new elements (rhenium, tantalum,
ruthenium) is complex. The volume of analytical gen-
eralization of dependences of the parameters
described above on alloying is insufficient.

The authors of [7, 8] were the first to find a relation
between the level and character of alloying and the
parameters that determine the structural and phase
stability and the strength of alloys. As a result, Kishkin,
Logunov, Glezer, and Morozov created a ZhS-32
alloy, which was widely used in fourth-generation
AL31F and RD33 engines and their later modifica-
tions. Due to its properties, the Russian ZhS-32 alloy
left behind foreign companies in creating alloys of the
same level.
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This alloy has a long-term strength <, =

2245 MPa and was created in 1980. The foreign alloys
having a higher high-temperature strength appeared in

1986—1987 (United States alloys CMSX-4 (o4 =

260 MPa) and PWA1484 (o0 = 259 MPa)) [5].

The first investigations carried out in this field
obtained results. This approach was then effectively used
to develop new nickel superalloys for gas turbine plants
[9, 10] and promising gas turbine engines [11—13].

Note an important specific feature of those works
trying to find a relation between alloying and various
alloy parameters. These studies allow one to take into
account the peculiarities of multicomponent alloying
regions and to significantly decrease the time and cost
consumed to design new alloys. As a rule, they make
up commercial classified information and are not pub-
lished (or party published) by manufacturers [14].

Thus, computer simulation of the relation between
composition and the alloy parameters is a necessary
stage to increase the efficiency of works performed to
improve nickel superalloys.

Simulation Directions

In this work, we simulate the following relations:
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where C; is the concentration of the ith component in
the alloy’ To.d.y‘—phase’ Tf.d.y‘—phase’ TSa TLa Teut’ and Vy‘—phase
are the temperatures of the onset and full dissolution
of the y' phase, the solidus temperature, the liquidus
temperature, the eutectic dissolution temperature,
and the volume fraction of the y' phase in the alloy,

respectively; 01880 is the long-term strength at 1000°C
for 100 h; and K; is the coefficient of the ith element
distribution between the y' and y phases, respectively.

It is interesting to create such models, since they
can be used to estimate the efficiency of hardening of
a y matrix by the y' phase, which depends on the vol-
ume fraction of this phase in an alloy (v;_phas), the ther-
mOdynaij Stability (T o.d.y'-phase> 71f.dﬂy'—phase’ TS: T, L T:eut)s
the compositions of the y and y' phases (calculated
using the dependence of V., the alloy composi-
tion, K}), and the subsequent estimation of the lattice

misfit and M(d),. The last critical parameter depends
on the total concentration of valence electrons in the
vy matrix, which determines the sensitivity of the alloy
to the formation of embrittling hcp precipitates.

As a result, these parameters influence the level,
(which is most important) the temperature depen-
dence of the strength characteristics of the y matrix
and the strengthening y' phase, the interphase harden-
ing, and the strength of the alloy.

DISTRIBUTION OF ALLOYING ELEMENTS
IN THE y AND y' PHASES
OF MODERN NICKEL SUPERALLOYS

To find the relation between the character and level
of alloying of modern nickel superalloys and the distri-
bution of alloying elements in the main hardening
phases plays an important role in analyzing the ther-
modynamic and structural parameters of this class of
materials and the mechanism of their hardening and in
developing computer methods of calculating the com-
positions of promising alloys.

The implementation of a number of the main
points of the theory of alloying of modern nickel
superalloys, mainly for gas turbine disks and blades, is
substantially related to the accuracy of calculating the
coefficient of distribution of alloying elements
between the y and y' phases. Therefore, works in this
field seem to be important.

Nevertheless, the studies dealing with this problem
are insufficient. In particular, the authors of [15, 16]
presented data on the distribution of alloying elements
between phases (K}, in at %) in alloys ZhS-36, ZhS-40,
CMSX, ZhS-32, and ZhS32M.

The accuracy of computer estimation of the lattice
parameters of the y and y' phases and parameter M( d )y
(New Phacomp method), which predicts the proba-
bility of formation of embrittling lamellae of topolog-
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Table 1. Distribution coefficients of alloying elements in the y and y' phases in nickel superalloys K; = C;,/C;, (at %), where

C; is the concentration of the ith element in the phase

Alloy Alloy Ki
no. Cr Co WY Mo Ti Al Nb Ta Re
1 | ZhS-6U 0.1 0.4 0.5 0.4 3.2 3.4 5.8 — —
2 | ZhS-6F 0.2 0.5 0.6 0.2 5.1 2.0 2.5 - -
3 | ZhS-32 0.2 0.4 0.9 0.3 - 2.7 1.1 1.7 0.08
4 | ZhS-36 0.3 0.4 0.6 0.5 6.8 5.0 3.0 - 0.08
5 | ZhS-40 0.12 - 0.68 0.28 - 8.24 - 4.9 -
6 | PWA1480 0.06 0.28 0.41 - 3.6 2.8 - 2.94 -
7 | CMSX-2 0.17 0.49 0.85 0.34 3.4 2.4 - 5.6 —
8 | CMSX-4 0.15 0.38 0.58 0.4 - 8.1 - 4.2 0.04
9 | A* 0.17 0.2 0.77 0.42 - 4.4 - 11.6 0.045
10 | B 0.16 0.195 0.66 0.58 - 5.04 - 11.4 0.07
11 | ZhS32M 0.15 0.42 1.158 0.3 - 3.8 3.7 6.2 0.05
12 | ZhS6K 0.15 0.4 0.7 0.2 3.8 2.4 - - -
13 | VZhL12U 0.13 0.36 0.75 0.22 4.04 7.8 - - —
14 | MARM200 | 0.23 0.5 1.09 — 2.75 2.28 — — -
15 | B1900 0.17 0.37 — 0.43 — 3.41 — — —
37 "
38 "
Kiay) 0.150 0.40 0.72 0.31 3.64 4.85 2.75 5.07 0.06

ically close-packed (tcp) phases from a y solid solution
depends on the knowledge of K.

Therefore, we analytically considered the results of
experimental studies of the compositions of the y and
y' phases in 38 high-temperature alloys [18], which
were presented in [15—17, 19]. Some of them are gen-
eralized in Table 1.

Table 1 gives the average values of K; obtained from
the generalization of all well-known 38 nickel superal-
loys.

The experimentally determined compositions of
the phases were determined by physicochemical anal-
ysis of nickel superalloys, where the hardening y' phase
precipitates almost fully and the phases are in equilib-
rium with each other after standard heat-treatment
conditions. It follows from these data that the values of
K; given in Table 1 are valid for the temperatures at
which the dissolution of the y' phase is absent, i.e., to
T, 4.y-phase (temperature of the onset of y' phase disso-
lution), since the volume contents of the phases and
their elemental compositions above this temperature
become different.

These results allow us to conclude that the average
values of K; insufficiently accurately characterize the
element distribution between the phases: the scatter of
the values of K; is 36.4% for five of the nine elements;
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it is 67.0% for Ti, Nb, and Ta; and the root-mean-
square deviation of the values of K for Al is 82%. Thus,
the accuracy of predicting the coefficients of element
distribution can only be increased by taking into
account the mutual effect of each element in an alloy.

Using detailed analysis of the data for 38 alloys and
statistical processing methods, we obtained mathe-
matical relationships to accurately calculate the distri-
bution coefficients of ten alloying elements (Cr, Co,
W, Mo, Ti, Al, Nb, Ta, Hf, Re). Equations (9)—(11)
represent examples of distribution coefficients for Cr,
Co, and W, respectively:

K¢, = 0.2702 — 0.0147C, + 0.0023C, + 0.0008Cyy
—0.0019C,, + 0.0005C,, + 0.0246Cy; + 0.0013Cy, (9)
+0.002Cx, + 0.0258Cy, + 0.0004C,

Kg, = 0.0119 — 0.0093C¢, + 0.0109C, + 0.0357Cy,
+0.0345Cy,, — 0.0197C,, + 0.0643Cy, (10)
+0.0109Cy, + 0.0108Cg, + 0.0159Cy,,

Ky = 1.152 - 0.0023C¢, — 0.0123C, + 0.0436Cy,
+0.0278Cy, — 0.0983C,, — 0.04Cy; — 0.0273Cy, (11)
+0.047Cp, + 0.0984Cy,.
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Table 2. Allowed region of alloying using K relations

LOGUNOV et al.

Mass fraction, %

Elements

Their root-mean-square deviations are 6.4, 8.1,
and 6.7%, respectively.

These calculations are characterized by the fact
that bunch map analysis of random characteristics was
used to increase the accuracy of constructing the rela-
tionships [20].

Because of scarce experimental data, Ky, was taken
to be constant (0.799) and K and Ky, were not deter-
mined due to their relatively low values in a certain
number of alloys. Their values were taken to be constant
and corresponding to the values given in [11], Ky =
5.25 and K, = 0.64. The values of C; are given in %.

The choice of these alloys from a standpoint of
constructing reliable dependences of K; on the level,
character, and degree of alloying is caused by the fol-
lowing factors: they cover a wide range of alloying of
alloys from the second to the fifth generation for the
main elements (2.3—20.5% Cr, 0—14% Co, 0.1—
12.5% W, 0—10% Mo, 0—4.5% Ti, 0.85—6.0% Al, 0—
1.8% Nb, 0—12% Ta, 0—13% Re). They include the
alloys where a number of elements is absent (as a
result, we can estimate their influence on the redistri-
bution of the remaining elements between phases
more exactly): alloy B* has no titanium and chro-
mium; alloys PWA1480 and MARM?200 have no
molybdenum; alloys ZhS-32 and ZhS-40 have no tita-
nium; alloys PWA1480 and ZhS6K have no niobium,;
and alloys ZhS-6U, ZhS-6F, ZhS-36, and ZhS-40
have no tantalum and/or rhenium. The list of alloys
includes the alloys that have a significant number of
the elements that have a significant number of the ele-
ments that most strongly affect the high-temperature
strength at high temperatures, namely, tungsten up to
12.5% (MARM?200), rhenium up to 13% (alloy B*),
and tantalum up to 12% (PWA1480).

Table 2 schematically presents the multicompo-
nent region of alloying of nickel superalloys for which
the obtained relationships, which are partly repre-
sented by Egs. (9)—(11), are valid.
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The estimation of the possibility of using the devel-
oped models for K}, the calculation of the atomic com-
position of the y' phase, and the subsequent estimation

of criterion M(d )y (New Phacomp method [21]) were
carried out for an N-18 alloy. From [22], for this alloy
we have M(d ), = 0.942 and the atomic fraction of the
Y phase is 56%.

The atomic composition of the y' phase was deter-
mined by the formula

1
CY — i(at) (9)
i(at) 5
Koy Vyary + (1= Vi)

where C,Y(at) is the atomic concentration of the ith ele-

ment in the y' phase, C?(lat) is the atomic concentration
of the ith element in the alloy, K, is the coefficient of
distribution of the ith element between the y' and
y phases (K, = C} /C] , where C; and C] are the con-
centrations of the ith element expressed in atomic per-
cent in the y" and y phases, respectively), and V., is
the atomic fraction of the y' phase in the alloy (V) =
P/ Paray s the ratio of the atomic weight of the

Y' phase to the atomic weight of the alloy). In our case,
we have V,,, = 0.56 (N-18 alloy).

The value of M(c_z’)y determined by Eq. (10) pre-
sented in [12],

M(d), = 0.717Cx; + 1.9Cy, + 1.142Cc, + 1.55Cy,,
+1.655Cy, + 2.224Cy, + 0.777Cc, + 2.117Cy,
+2.27C + 1.267Cg, + 1.006Cy,, + 3.02C;,

(10)

is 0.939. This value of close to that given in [22],
M(c_i)y = 0.942; here, Cy;, Cyy, ..., and Cypare the con-

No. 13



METHODOLOGICAL FUNDAMENTALS OF COMPUTER-ASSISTED DESIGNING

centrations of the corresponding elements in the
Y phase (at %).

The atomic fraction of the y' phase is calculated to
be 55.4%; that is, the discrepancy between the calcu-
lated and experimental values of v, is 1.0%.

CONCLUSIONS

We proposed a technique, which is based on the
mathematical models of K; that were obtained by
regression analysis of the coefficients of distribution of
elements between the y' and y phases in 38 nickel super-
alloys, to calculate the compositions of the main hard-
ening phases in nickel-based superalloys, which are
widely used in important parts in novel engineering.

This technique can be applied to a large number of
nickel superalloys, the alloying element concentra-
tions in which are in the limits presented in Table 2.

The preliminary results used to obtain sufficiently
accurate parameters were the first stage in solving the
problem of simulating composition—properties relations.
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