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ABSTRACT

Purpose: The influence of prolonged aging on the precipitation process of the intermetallic phases, carbide
and boride in high-temperature Fe—Ni austenitic alloy has been studied. Taking advantage of the LSW theory,
at attempt was undertaken to provide a quantitative description of the y’ phase particles growth as a function of
temperature and aging time.

Design/methodology/approach: The samples were subjected to a solution heat treatment at 980°C/2h/water,
and then aged at 715, 750 and 780°C, with holding times 0.5-500 h. Structural investigations were conducted
using transmission electron microscopy (TEM) and X-ray diffraction.

Findings: Direct measurements on the electron micrographs allowed to calculate the structural parameters of
the v’ phase: mean diameter, volume fraction and mean distance between particles. In accordance with the LSW
theory, linear dependencies of changes in mean diameter as a function of t!/3 were elaborated and the activation
energy (E) of the y’ phase coagulation process was determined.

Practical implications: The obtained data of y’ phase particles growth as a function of temperature and
aging time can be used to evaluate the degree of Fe—Ni alloys structure degradation and the distributions of
temperatures during their operation at high temperatures.

Originality/value: The paper touches upon the problem of the development of modern quantitative
metallography methods with the use of thin foil technique and using theory LSW to describe a growth and
coagulation processes of particles y’ phase in high-temperature Fe—Ni alloy.
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1. Introduction elevated temperatures, processes of coagulation of y’ phase and
overaging take place in Fe—Ni alloys [6-9]. The process of vy’
phase particles growth can be described by means of the LSW
(Lifshitz—Slyozov—Wagner) coagulation theory [10,11].

In the present paper the influence of prolonged aging on the
course of precipitation and coagulation of y’ phase in the A-286
type high-temperature austenitic alloy was investigated. The basic
stereological parameters of the y’ phase particles have been
determined and the growth step of the y* phase has been analyzed
on the basis of the LSW theory.

Precipitation strengthened heat resistant Fe—Ni austenitic
alloys achieve their optimum properties after multi-stage heat
treatment consisting of solution treatment (or annealing) and
various methods of aging. During preliminary heat treatment, the
precipitation processes take place of y’[Niz(ALTi)] and
G [Ni4TisSi7] intermetallic phases, as well as the carbide M,;C¢
and boride M;B, [1-5]. During prolonged aging or utilization at
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2. VMlaterial and procedure

Rolled bars, 16 mm in diameter, of an austenitic Fe—Ni alloy
designated X5NiCrTi26-15 were studied. The chemical
composition of the material is given in Table 1.

The samples for testing cut off these rods were subjected to
solution heat treatment at 980°C for 2 h and water quenched, and
then aged at temperatures 715, 750 and 780°C at holding time
from 0.5 to 500 h.

The structural examinations were carried out using the thin
foil technique on a Jeol JEM-2000 FX transmission electron
microscope (TEM). The X-ray phase analysis of isolates was
performed on a Philips PW-1140 X-ray diffractometer.

A quantitative analysis of secondary y’ phase particles, which
phase precipitated in the alloy during ageing, was performed on
TEM images in bright field mode. Based on direct counting, basic
stereological parameters of the y’ phase were determined from

binary images, i.e.: the mean diameter (D ), the volume fraction
particles (Vy) and the mean distance between particles (1g).

The mean diameter ( D ) of the particles was evaluated with
help of the relation given by [13,14].
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where: 4 — the mean diameter of the circles in the projected plane

(nm), t — the foil thickness (nm), A, — the projection area, L, — the
perimeter density (1/nm).

The volume fraction (Vy) of y’ particles was calculated using
the formula provided by [14]:
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where: N; — the number of particles with diameter d;, 4 — the total
projection area (nm?).

The mean distance between particles (l3) was calculated by
means of an equation given by [16]:
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where: s-the standard deviation of the particle diameter
distribution.

The analysis of the y’ phase growth step was made on the
basis of the LSW theory for coagulation on volume diffusion
controll according to the relationship provided by [12].
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Table 1.
Chemical composition of the investigated Fe—Ni alloy

where: 4 and ds average diameter of precipitates at time t and
t = 0 respectively, o - the interfacial energy between precipitates
and matrix, D - the diffusion coefficient of the solute atom in the
matrix, C. - the concentration of solute atoms in the matrix in
equilibrium with a particle of an infinite size, V,, - the molar
volume of precipitation phase, R - the gas constant, T - the
absolute temperature, K’ — the growth rate constant.
In general the diffusion coefficient (D) is expressed as:

D =Dy - exp (-E/RT) Q)

where Dy — is the pre-exponential factor, E — is the activation
energy of diffusion.

Therefore, the K’ constant in Equation (4) takes on the
following form:

_ 646D, C. V. exp(—E / RT)
9RT (6)

where Dy — is the pre-exponential factor, E — is the activation
energy of diffusion.

On assumption that the values of o, C. and V,, are nearly
independent of temperature, the value of diffusion activation
energy (E) can be obtained from the slope of Arrhenius plot being
the linear relationship between In(TK) and T~".
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3. Experimental results

After solution heat treatment at 980°C/2h/water, the
investigated Fe—Ni alloy has the structure of twinned austenite
with an elevated density of dislocations and about 0.3 wt.% of
undissolved precipitates (Fig. 1).

Fig. 1. Structure of the alloy after solution heat treatment at
980°C/2h/w. Twinned austenite with increased dislocation density
and undissolved particle of TisC,S,

Content of an element (wt.%)

C Si Mn S P Cr Ni

Mo

A\ v Ti Al Co B N

0.050 0.55 1.25  0.016 0.026 14.3 24.5

1.34

0.10 0.41 1.88 0.16 0.08  0.007 0.0062
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Fig. 2. X-ray diffraction pattern of alloy izolate after solution heat treatment at 980°C/2h/water

The appearance of titanium compounds, i.e. carbide TiC,
nitride TiN, carbonitride Ti(C,N), carbosulfide Ti4C,S, and Laves
phase Ni2Si and boride MoB, was found in the extracted
precipitates (Fig. 2).

The application of single-stage aging after solutioning at 715,
750 and 780°C for 0.5-500 h initiates the precipitation processes
of intermetallic phases, carbide and boride (Figs. 3-8). At initial
stages of aging at a temperature 715°C a precipitation process of
fine flakes of G [Ni;¢TisSi;] phase at the grain boundaries
occurred (Fig. 3).

Fig. 3. Structure of the alloy after solution heat treatment and
aging at 715°C/8h. Fine flakes of G phase at a grain boundary and
coherent zones in the matrix

Early stages of the creation of coherent zones rich in Ti and
Al were observed within the austenite grains which, according to
[17], is connected with spinodal decomposition of the
supersaturated austenite. The main phase precipitating during
alloy aging was the y’ [Ni3(ALTi)] intermetallic phase, which
precipitated homogeneusly in the form of dispersive particles
coherent with the matrix (Fig. 4).
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Fig. 4. Structure of the alloy after solution heat treatment and
aging at 715°C/150h. Coherent spheroidal y’ phase precipitates in
the matrix

An increase of aging temperature up to 750°C intensifies
diffusion processes of the ¢y’ phase particles growth and
coagulation (Fig. 5). The structure of alloy shows also first effects
of overaging into form of transcrystalline Widmanstitten plates of
the n [Ni;Ti] phase (Fig. 6). The phase transition y’— n appeared
in the austenite areas and was accompanied by a dissolution of the
neighbouring y’ phase particles in the matrix.

At the highest aging temperature of 780°C, the alloy structure
demonstrated visible effects of overaging connected with the
coagulation of y’ phase particles (Fig. 7). The cellular n phase
nucleated at a vicinity of grain boundary of matrix by celluar
reaction and grew up in clusters (Fig. 8).
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Fig. 5. Structure of the alloy after solution heat treatment and Fig. 7. Structure of the alloy after soh’ltion heat treatment and aging at
aging at 750°C/300h. Diversified size of spheroidal y’ phase 780°C/500h. Coagulated spheroidal y” phase particles in the matrix
particles in the matrix

Fig. 8. Structure of the alloy after solution heat treatment and
aging at 780°C/500h.Celluar precipitates of the m phase in the
zone near grain boundary

X-ray examinations of the sample isolates after aging showed
the appearance of the same phases as those observed in the
supersaturated state, i.e. TiC, TiN, Ti(C,N), Ti,C,S,, Ni,Si and
MoB. Besides, in aged alloy often the following phases were
Fig. 6. Structure of the alloy after solution heat treatment and aging at discovered: y’[Ni3(Al,Ti)], G phase [Ni;TisSis], n phase [Ni;Ti],

750°C/100h. The transcrystalline plates of the 1) phase in the matrix B phase [NiTi], carbide M;C¢ and boride M3B, (Figs. 9-11).
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Fig. 9. X-ray diffraction pattern of alloy izolate after solution heat treatment and aging 715°C/150h
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Fig. 10. X-ray diffraction pattern of alloy izolate after solution heat treatment and aging 750°C/300h
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Fig. 11. X-ray diffraction pattern of alloy izolate after solution heat treatment and aging 780°C/500h

Table 2.
Stereological parameters of the y’ particles in the tested Fe—Ni alloy
. Time of aging (h Time of aging (h Time of aging (h
Sterelogid wrise wrsc wTsC
4 50 150 300 500 4 150 300 500 4 50 150 300 500
Ap (%) 2.1 6.0 16.5 9.8 10.9 32 177 11.5 133 15.6 5.6 5.3 11.5  10.0 95
d (nm) 7.4 10.5 257 187 199 9.2 189 243 286 366 127 243 472 53.6 70.7
D (nm) 7.5 114 17.1 215 230 106 206 288 343 451 13.1 251 525 623 859
Vy (%) 0.07 0.3 1.0 1.1 1.4 0.1 1.1 1.5 2.1 0.4 23 7.7 7.8 8.4

14 (nm) 195 144 106 127 121 217 115

128 155 164 153 103 89 103 124

The quantitative analysis of y’ phase particles precipitating in
the alloy during aging was carried out at for aging temperatures of
715, 750 and 780°C and holding times from 4 to 500 hrs. Table 2
provides the results of quantitative examinations obtained for
selected times of aging, i.e.: 4, 50, 150, 300 and 500 h. As can be
seen from the data provided, at aging temperature of 715°C and

holdings times from 4 to 500h, the mean diameter of particles ( D )
increased from 7.5 to 23 nm, whereas the particles’ volume fraction
changed in a small scope of 0.07 to 1.4%. At a higher aging
temperature of 750°C and the same holdings times, a growth of the

Research paper |

average diameter of particles from 10.6 to 45.1 nm was observed
together with a change in volume fraction from 0.1 to 2.1%.

At the highest aging temperature of 780°C and analogical
holding times, the average diameter of particles reached the highest
values in the scope of 13.1-85.9 nm, also with the highest volume
fraction in the range between 0.4 and 8.4%. Exemplary histograms
of the particle distributions for selected aging times from 4 to 500 h
at temperature 715-780°C are presented in Figs. 12-15. With
increasing aging time and temperature, a shift of the maximum
toward the classes of larger diameter is noted. This confirms an
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increasing mean diameter ( D ) of ¢y’ particles along with the
prolongation of aging time and raiseing of aging temperature.

The growth process of y* phase particles in the examined Fe—Ni
alloy was analyzed using the LSW theory according to Equation (4)
given by [12]. The relationship between the mean diameter of

precipitates ( D ) and the cube root of the aging time is presented in
Fig. 16. For the analyzed aging temperatures, the obtained
relationships are linear, which proves the fact that coagulation of y’
phase particles proceeds in accordance with the LSW theory and is
controlled by volume diffusion. The slopes of curves increase with
the increase of aging temperatures, which may be justified with a
higher coagulation rate for y’ phase particles.

The activation energy of the y’ phase coagulation process in
the examined Fe-Ni alloy was determined from the Arrhenius
straight line slope (Fig. 17). The value obtained (E = 299 kJ/mole)
is close to the value of activation energy (283 kJ/mole)
determined for the A-286 alloy by [12].
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Fig. 12. Size distribution of the y’ particles in the alloy after
solution heat treatment and aging 715°C/4h
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Fig. 13. Size distribution of the y’ particles in the alloy after
solution heat treatment and aging 715°C/50h
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Fig. 14. Size distribution of the y’ particles in the alloy after
solution heat treatment and aging 750°C/150h
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Fig. 15. Size distribution of the y’ particles in the alloy after
solution heat treatment and aging 780°C/500h
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Fig. 16. Relationship between the mean diameter of y’ phase
particles and the cube root of aging time at temperatures of 715,
750 and 780°C
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Fig. 17. Arrhenius plots for determination of the activation energy
for growth of ¢’ phase precipitates in the examined
Fe—Ni alloy and in the A-286 alloy [12]

4.Summary

The performed inspections and analysis of results had
disclosed an important influence of prolonged aging in elevated
temperatures on the substructure of high-temperature Fe—Ni
austenitic alloy of A-286 type.

The investigated Fe—Ni alloy after solution heat treatment at
980°C/2h/water is characterized by a structure of twinned
austenite with a small amount (ca. 0.3 wt.%) of undissolved
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precipitates of titanium compounds, i.e. carbide TiC, nitride TiN,
carbonitride Ti(C,N), carbosulfide Ti,C,S,, Laves’ phase Ni,Si
and boride MoB.

The application of a single-stage aging, after solution heat
treatment, at temperatures of 715, 750 and 780°C, with holding
times from 0.5 to 500 h, causes precipitation processes of y’, 1, B
and G intermetallic phases in the investigated alloy, as well as the
carbide M»;C¢ and boride M;B,.

The main phase precipitating during alloy aging was the y’
intermetallic phase. During the precipitation of the y* phase one
may distinguish three characteristic stages, i.e. coherent zones,
coherent spheroidal particles (10-35 nm) and coagulated
spheroidal particles (40-85 nm). The obtained histograms of the
size distribution of the y’ phase shows a shift of the maximum
toward the classes of larger diameter with increasing aging time
and temperature. The volume fraction of y’ phase particles was
dependent on the temperature and aging time and changed within
the scope of ca. 0.1% to 8.4%.

It was found that the mean diameter of y’ phase precipitates
increases as a function of the cube root of aging time, which is
consistent with the predictions based on the LSW theory for the
coagulation controlled by volume diffusion. The determined value
of activation energy for the process of y’ phase coagulation in the
examined alloy was 299 kJ/mole. This value was very close to the
activation energy for diffusion of solute elements in y-Fe which
are considered to contribute to the growth of y* phase.

The n phase had two types of precipitate shapes, i.e.
Widmanstétten plates and celluar precipitates. Widmanstatten-like
n phase nucleated in the matrix grain, whereas celluar n phase
nucleated at the vicinity of austenite grain boundary.
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