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Elastic properties of single crystal samples of 60N21 steel and of some the heat-resistant nickel-based
alloys differing by a volume fraction of strengthening y“-phase are investigated, including niobium-doped Ni;Al
alloy. Elastic wave velocities are measured and components of elastic moduli tensor are determined. Debye
temperature is calculated. Values of elastic anisotropy factor are determined.

Development of modern techniques needs creation of heat-resistant single crystal materials.
Among them the greatest prospects have steel monocrystals, and also alloys on nickel basis. Heat-
resistant nickel alloys are applied to blade manufacturing in stationary and aviation gas-turbine
engines. They work in conditions of heats and in excited environments [1,2]. For this group of alloys
the Ni;Al intermetallic compound is base in which there are temperature anomalies of deformation
characteristics, and also the effect of thermal hardening connected to them. It is known, that high
elastic anisotropy renders the most essential influence on temperature dependence of ultimate strength
[3]. Therefore a lot of experimental works has been devoted to measurement of elastic moduli of NizAl
single crystals in a wide temperature interval [3-6]. The ratio of the bulk modulus B to the Young
modulus £ can be considered as an authentic parameter of tendency of a material to fragile
destruction. Measurements of the modulus B and analysis of the elastic anisotropy factor 4 are carried
out in [5] with the purpose to find out the reason of abnormal temperature variation of strength.

Steel monocrystals also represent perspective object of research of elastic properties [7]. By
present time only individual works by definition of elasticity moduli of steel single crystals are
executed by ultrasonic methods [8,9]. At the same time studying of moduli and other physical
characteristics has the practical importance [7]. Single crystals 60H21 could be considered as
convenient modelling object. Their elastic properties were studied in [10,11], and the special attention
was given to kind of acoustic fields in various structural conditions. In the given work comparison
elastic and thermal characteristics of 60N21 steel is carried out.

Besides researches are lead on single crystal samples of Ni;(AI-Nb) alloy and of some heat-
resistant nickel alloys. In the first case samples were single-phase (y'-phase), in the second case they
were two-phase alloys (y solid solution on the basis of nickel and intermetallic y'-phase). The volume
fraction of intermetallic phase varied in the investigated alloys over a wide range. Measurements of
elastic wave velocities in several crystallographic directions are carried out. The components of
elasticity moduli tensor are designed on the velocity values. Further the shear modulus G and the bulk
modulus B have been determined, and the factor of anisotropy A4 is designed. The Debye temperature
that is the important parameter for estimation thermal properties of an alloy is calculated using known
values of moduli. The purpose of research was not only reception of numerical values of these
characteristics, but also comparison of these values to a fraction of strengthening y’'-phase.

At first let's consider characteristics of the samples used in the work. A steel single crystal
with composition: C (0,59 %); Ni (20,9 %); Mn (0,57 %); Si (0,3 %) is grown by Bridgemen method.
Length of the sample, that is a distance between two plane-parallel planes, a normal to which in limits
+2° coincided with a direction [110], is equal 0,788 sm.

The contents of y'-phase in the investigated nickel alloys varied from 5 volume percent for
alloy EI-437B up to 67 % for alloy ZhS-36. Alloy TsNK-8MP is assigned to corrosion-resistant. In an
alloy of VKNA-type, developed in VIAM, the volume fraction of intermetallic phase is increased up
to 95 %. In a single crystal sample of an alloy with composition 75 % Ni - 19 % Al -6 % Nb a
volume fraction of y’-phase achieves practically 100 %. The single crystals of EI-437 and Ni3(Al, Nb)
are grown by authors of the given work from melt by Bridgemen-Stockbarger method. Single crystals
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of alloys ZhS-36, TsNK-8MP and VKNA are received under production conditions on Open Society
"A.Ljulka-Saturn ", Moscow.

Deviation of normal to a sample plane from crystallographic axes <001>, <110> or <111> did
not exceed 1° — 3°. Thickness of samples made 4 - 10 mm. Ultrasonic measurements are executed by
an echo-method. Measurements were made on shear waves with frequency of 5 MHz and on
longitudinal waves with frequency of 5 and 15 MHz. The error of velocity measurement makes no
more than 0,5 %. Two samples of each material have been investigated for alloys on a nickel basis. In
one sample the propagation direction has been chosen along an axis <100>, in the another along an
axis <110> or <I11>. Measurements on shear waves at the propagation direction <110> are carried
out for two eigenmodes. Polarization directions of these eigenmodes are u // [100] and u // [110].

Results of measurements are shown in Table 1. The values of velocities measured in km/s are
collected in the Table 1. The propagation direction is specified by a wave vector Q.

Table 1. Elastic wave velocities

Alloy Longitudinal waves Shear waves
q//[100] | q//[110] | q//[111] | q//[100] q//[110] q//
u//[100]  |u//to] | [111]
60N21 5,59 3,73 2,09
EI-437B 5,45 6,50 3,84 2,93
TsNK-8MP 5,46 6,28 4,03 3,97 2,37
casted
TsNK-8MP 5,48 6,30 3,94 4,03 2,35
annealed
ZhS-36 5,36 6,18 3,88 3,78 2,29
VKNA 5,08 6,04 3,75 3,78 2,21
Ni;(Nb, Al) 5,56 6,42 4,08 4,04 2,34

On values of velocities it is possible to calculate components of elastic moduli tensor of single
crystals [12]. For a propagation direction [100] connection of moduli with velocities of waves is
expressed by formulas

2 2
PSL[100] = Ci15 PST[100] = C445 (1a)

where p is the density, s;100; and s77100) the phase velocities of longitudinal (L) and shear (7)) waves
with a propagation direction [100]. For a propagation direction [111] the similar formulas look as
follows

PSL[111]2 =1/3(ci; + 2¢12 + 4cyy); [357[111]2 =1/3(ci1 + c4q - 2¢12), (1b)

where for velocities of waves similar designations are entered at propagation direction [111]. In a
direction [110] two eigenmodes propagate and the formulas connecting moduli and velocities of
waves may be written as

2 _ . 2 _ 2 _
PSrrii0) = 1/2(C11 + et 2e4); PSTir10] = C445 PST2[110] = V(e -cr2), (10)

where the shear wave with polarization along [100] is designated by index 7/, and the wave with

polarization along [110] by index 72. For calculation of the module c,, the following formulas were
used

ci= p (s 110 - ST1[110 - S2r110 2) (2a)

= p (Szrt00]” T Sti00)” 357[1112) (2b)

The results received for moduli are listed in Table 2. In the same place on the references for
comparison the values of the elastic moduli components for the intermetallic compound Ni;Al are
shown.
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Table 2. Elastic module, density and Debye temperature

Alloy Elastic module, GN/m’ Density, kg/m’ Debye
Cn Cp Cy temperature, K

60N21 172 102 110 7,9 428
EI-437B 234 149 116 7,87 465
TsNk-8MP casted 252 140 137 8,46 471
TsNk-8MP annealed 254 152 131 8,46 472
ZhS-36 249 152 130 8,65 447
VKNA 215 145 117 8,35 382
Niz(Nb, Al) 240 141 129 7,75 467
Ni;Al 223 [3] 148 [3] 125 [3] 7,56 462 [5]

The Debye temperature Tp is entered as limiting frequency in an oscillation spectrum of a
solid. The Debye temperature can be defined from the elastic module values [13] using a method
offered by Leibfried. Within the framework of this method calculation 7} is conducted following to

the formula
1/3 1/2
TDZh( 3N) Cl1 —Cy4 7 (3)
k\4nV p

where 4 is the Planck's constant, k£ the Boltzman constant, N/V - number of atoms in unit of volume,
and quantity J could be calculated depending on parameters

c A c, +c
C: 44 :E, K: 12 44 )
Cip —Cyy Cip —Cuy

“)

Results of calculation of Debye temperature are presented in table 2. The attention that fact pays to
itself, that the Debye temperature for VKNA single crystal is appreciably less then for other materials.

X 480 Fig.1. Correlation between the factor
N - \-\_ of elastic anisotropy and Debye
e 460 temperature in heat - resistant alloys
w . on a nickel basis
9 440 .\ . : :
= It is essential, that parameter C in the
o formula (4) is proportional to the
> 420 factor of anisotropy A for a cubic
g crystal. Therefore, using method
o 400 designed by Leibfried, it is possible to
2 try to check up presence of correlation
E between elastic anisotropy and
380 . thermal characteristics of a material.

2.4 ' 2,6 ' 2.8 ' 3.0 ' 3.2 ' 3.4 About an opportunity of such
correlation in heat - resistant alloys it
was spoken in [3]. Results of
calculation of the factor of anisotropy
A are shown in table 3. On Fig.1 alloys are located in ascending order the factor of anisotropy from
cast TZNK-8MP with the least factor 4 = 2,42 up to alloy VKNA with very great value 4 = 3,34. On
an ordinate axis in Fig.1 the values of Debye temperature are plotted. Distinct correlation is evident:
with increase of anisotropy of a crystal the Debye temperature goes down. The value of the anisotropy
factor A4, certain by us for alloy BKHA, coincides with the value for Ni;Al from [3]: A=3,34. From
elastic moduli received the tensor components resulted in table 3, have been designed the bulk module
B and the shear module G. For calculation relations are used

daxkTOp aHmM3OoTpONUM A
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B:CII+2012 G:GV+GR

3

3 2 : (7
G, —Cu=Cnt3u o e —cp)eu
’ TR dey +3(ey —Cpy

5

where an "isotropic" modulus G is introduced as average between modulus Gy (that is the bottom
border of an estimation of modulus G) and modulus Gy (the top border of an estimation of modulus
G). Results of calculations are shown in table 3.

Table 3. Elastic moduli B and G and anisotropy factor of alloys

Alloy Anisotropy | Modulus | Modulus | Modulus | Modulus G, | Relation B/G
factor B, GN/m’ | Gy, Gg, GN/m?
GN/m’ GN/m’

EI-437B 2,73 1,77 0,87 0,69 0,78 2,28
TzNK-8MP 2,42 1,77 1,05 0,87 0,96 1,85
casted

ZhS-36 2,68 1,84 0,97 0,78 0,88 2,10
VKNA 3,34 1,68 0,84 0,60 0,74 2,27
Niz(Nb, Al) 2,61 1,74 0,97 0,79 0,88 1,98

In summary we shall note, that in this work velocities of elastic waves have been measured in
a 60N21 steel single crystal and its elasticity tensor has been restored. The factor of anisotropy which
appeared one of the biggest for cubic crystals of transition metals is determined. The Debye
temperature values are determined. Acoustic research of elastic properties of some heat - resistant
nickel alloys (EI-437B, TzZNK8-MP, ZhS-36, VKNA) is carried out. Components of elastic moduli
tensor are obtained. Values of the factor of anisotropy are determined and Debye temperature values
are obtained by Leibfried method. There is a distinct correlation between the factor of anisotropy of a
crystal and Debye temperature.

REFERENCES

1. R.E.Shalin, I.L.Svetlov, E.B.Kachanov et al. Single crystals of nickel heat-resistant alloys. - Moscow: Mashinostroenie.- 1997.-
336 p. (in Russian)

2. N.S.Stoloff. Physical and mechanical metallurgy of Ni;Al and its alloys.// Internation. Mater. Rev.- 1989.-V.34 - N 4.- P.153-184.

3. M.H.Yoo. High-temperature ordered intermetallic alloys, ed. N.S. Stoloff et. al. // MRS Symposia Proc. N 81 (Materials

Res.Soc., Pittsburgh).- 1987.  P.207.

R.W.Dicson, J.B.Wachtman. Elastic constants of single crystal NizAl from 10° to 850°C. // J.Appl. Phys.- 1969.- V. 40.- N5.-

P.2276-2279.

K.Ono, R.Stern. Elastic constants of NizAl between 80° and 600°K. // Trans. Met. Soc. AIME.- 1969. V.245.- N2.- P.171-172.

F.X.Kayser, C.Stassis. The elastic constants of NizAl at 0 and 23.5°C. // Phys. Status Solidi.- 1981.- V.64.- P.335-342.

D.P.Rodionov, V.M.Schatlivtsev. Steel single crystals. — Ekaterinburg: UrO RAS ed.- 1996. — 274 p. (in Russian)

H.M.Ledbetter. Predicted single-crystal elastic constants of stainless steel 316 // Brit. J. of NDT.- 1981.- V.23.- N6.- P.286-287.

Methods of acoustical testing of metals. Ed. N.P.Aljeshin.- Moscow: Mashinostroenie.- 1989.- 318 p. (in Russian)

0. A.B.Rinkevich, A.M.Burkhanov, D.P.Rodionov, Yu.V.Khlebnikova, B.Koehler. Acoustic fields in a steel single crystal in
austenitic and martensitic states / Phys.Met. and Metallography. 2001- V.92.- Ne3.- P.240-250.

11. A.M.Burkhanov, A.B.Rinkevich, D.P.Rodionov, Elasticity moduli and the Debye temperature of single crystal steel 60H21 //

Phys.Met. and Metallography. 2002.- V.93.- Ne6.- P.563-566.
12. R.Truell, Ch.Elbaum, B.Chick. Ultrasonic methods in solid state physics. — N.Y.: Academic Press, 1969.- 307 p.
13. Physical acoustics, ed. W.P.Mason, V.III, part B. Lattice dynamics.- N.Y.: Academic Press, 1965.- 391 p.

&

=0 XN

71



	Institute of Metal Physics Ural Division of RAS
	60N21
	EI-437B


	Table 2. Elastic module, density and Debye temperature
	R E F E R E N C E S


