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ABSTRACT

In this work, the evolution of MC-type Nb-rich primary carbides in a 35Ni-25Cr-Nb-type refractory alloy, commonly known as
HP40-Nb, and its transformation into Ni-Nb silicide known as G-phase (Ni1sNbsSi7), has been studied. For this purpose, the exper-
imental technique of scanning electron microscopy was used together with X-ray microanalysis to detect changes in the chemical
composition of niobium carbide over time and at a given aging temperature. The microstructure of the studied alloy, in its as-cast
condition, consists of an austenitic matrix strengthened by a network of primary eutectic-like carbides rich in chromium and niobi-
um of the M23Cs and MC types, respectively. During aging of the alloy at high temperatures, microstructural changes take place
such as the secondary precipitation of M23Cs type carbides and the transformation of the primary Nb-rich carbide towards the Ni-
Nb-rich silicide. It has been found that the transformation begins at the interface of the niobium carbides with the matrix, progress-

ing towards their interior with the development of aging.
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INTRODUCTION

For several decades, for reforming hydrocarbons derived from
ethylene pyrolysis, reforming furnaces are used. They contain
in their heat exchange surfaces, which are necessary for the
process, an arrangement of metal tubes that are generally
vertical and make up, together with other parts, the surfaces
where the reforming reactions take place. The reformer furnace
tubes are the most critical components, as they are exposed to
severe conditions in terms of high temperature and internal
pressure for long time during service, and have inner diameter
of 60-200 mm, wall thickness in the range 10-25 mm and
length of 10-15 m and with a designed nominal life of up to
100,000 h [1-5]. Since service conditions involve high temper-
atures and moderate pressures, the materials used for reformer
tube demand for higher creep and oxidation resistance. There-
fore, the centrifugal cast HP40-Nb alloy, namely
25Cr35Ni1Nb, has been developed by adding a small amount
of Niobium into HP40 alloy [5-10]. This austenitic alloy
contains in its composition large concentrations of chromium
(up to 35%) and nickel (up to 45%), which improves a high
resistance to oxidation and carburization [11-13]. One of the
main failures that appears in reformer tubes, is caused by the
creep phenomenon, which is known to be a combined effect of
a high level of temperature (in the order of 60% of melting
point) and pressure which causes mechanical stresses that
promote permanent deformations in the radial direction of the
tube. The morphology of the creep permanent deformation has
a direct relationship with the temperature distribution along the
wall thickness of the tubes. The combining effects of the high
service temperature, mechanical loads due to the internal
pressure and the time service, result in catastrophic failures.

This may occur due to the accumulation of creep that can
generate very serious defects, such as total perforation of the
tube wall, excessive ovalization, significant elongation that
causes interference with other parts of the furnace, etc. To
improve the mechanical resistance of these materials, it has
been decided to increase the carbon concentration to 0.4-0.6%.
Said modification promotes the strengthening of the alloy by
the precipitation technique on the edges or inside the grains of
the alloy, of the Cr-rich carbides of the M23Cs and M+C3 type
[11]. The addition of alloying elements such as Nb, Ti, etc.,
improves mechanical properties during service through the
precipitation of primary carbides of the MC type [14,15].

In the as-cast condition, the microstructure of HP40-Nb alloys
consists of an austenitic matrix with intergranular and inter-
dendritic eutectic-like primary Cr-rich carbides of the M23Cs
type and Nb-rich carbides of the MC type [6]. During aging,
intragranular secondary M23Cs carbides precipitate within the
matrix [16,17]. At operating temperatures, in Ni-Cr-Fe based
alloys MC-type carbides are thermally unstable, since they
would transform into a Ni-Nb silicide, known as G-phase [18—
20]. G-phase is known as a Ni-Nb-rich silicide that mainly
forms at grain boundaries. The general chemistry of G-phase is
proposed as NiisNbeSiz [3]. For HP40-Nb alloy, this transfor-
mation is reported to take place between 700 and 1000°C [4].
There is scarce information about this silicide, which is formed
at the interface between the matrix and NbC and continues
inward. This transformation causes an increase in the volume
of the unit cell and in the interfacial energy, creating compres-
sion stresses on the matrix and tensile stresses on the particles,
promoting the nucleation of microcracks, which reduce the
creep properties of the alloy [3,21,22]. In addition, the for-
mation of the G-phase causes a consumption of Ni and Si from
the matrix reducing solid solution hardening [1,11,23,24].
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However, it is known that Ti stabilizes NbC carbide and
prevents its transformation into G-phase [20,25,26]. The aim of
this study is to characterize the evolution of NbC to G-phase
transformation during aging at 850°C at different times by
scanning electron microscopy (SEM), and electron probe
microanalysis with energy-dispersive X-ray spectroscopy
(EDS).

MATERIAL AND METHODS

Specimens of as-cast 35Ni-25Cr-Nb alloy were obtained from
a ring extracted from a tube of 110 mm diameter and 11 mm
wall thickness and then cut transversely to achieve 12 mm
width samples. The chemical composition of the studied
material was measured by a SPECTROMAX spectrometer and
is indicated in Table 1.

Table 1 Chemical composition of HP40-Nb heat resistant alloy
Yowt.).
¢ Si Mn | Cr Ni Nb | W | Ti Fe

057 | 273 | 076 | 2374 | 37.6 | 126 | 019 | 0.08 | B4

Aging treatments were made using resistive furnaces in air
atmosphere at 850°C for 48 and 96 h, and then each aged
sample was cooled in air. It is important to note that the aged
samples do not take into account the effect of mechanical loads
or the fluids that circulate inside the tubes. Samples were
ground with silicon carbide papers from 240 to 2000 grit.
Polishing was done with 1 pm alumina paste. Polished speci-
mens were electrolytically etched with a 10% KOH aqueous
solution at 2 V for 14 s. SEM-EDS microanalysis measures
were made by a CARL ZEISS electronic microscope, model
Sigma, with energy dispersive spectroscope of OXFORD
INSTRUMENTS. Samples in the as-cast condition and aged
for 48 and 96 h at 850°C were analysed, measuring chemical
composition in five several sites into the matrix and the silicide
particles in the case of aged samples. Also, linescan of X-ray
was done along Nb-rich particles.

RESULTS AND DISCUSSION

As-cast condition

Several SEM-EDS measures were made in an as-cast condition
sample in different localizations into the matrix and MC-type
primary carbides, in which M corresponds to Nb and Ti atoms.
Fig. 1, shows a SEM micrograph in back-scattered electron
(BSE) mode of the alloy in the as-cast condition.

% :
Fig. 1 As-cast SEM (BSE) micrograph of HP40-Nb alloy
(1000X).

The mean concentration for each chemical element measured
into the matrix for the as-cast condition is presented in Table 2.

Table 2 EDS measurements into the matrix of an as-cast
sample (%at.).

Fe Ni Cr Nb Si
Spectrum 1 38.6 34.1 27.3 0.0 0.0
Spectrum 2 35.3 32.0 222 3.5 7.0
Spectrum 3 39.3 33.9 24.8 0.0 2.0
Spectrum 4 40.6 32.0 239 0.0 3.4
Spectrum 5 40.6 34.1 25.3 0.0 0.0
Mean 38.9 33.2 24.7 0.7 25
Standard deviation 2.2 11 1.9 1.6 2.9

The mean concentration for each chemical element measured
into MC-type carbides for the as-cast condition is presented in
Table 3.

Table 3 EDS measurements in MC-type primary carbides on
an as-cast sample (%at.).

C Ti Fe Ni Nb Si
Spectrum 1 447 | 16.4 0.9 1.6 34.1 2.3
Spectrum 2 458 | 16.1 0.7 17 35.7 0.0
Spectrum 3 429 | 14.2 12 1.4 39.4 0.9
Spectrum 4 441 | 153 0.8 1.2 375 11
Spectrum 5 413 | 139 11 1.3 42.3 0.1
Mean 438 | 152 0.9 1.4 37.8 0.9
3;3?;?;g 17 | 11| o2 | 02| 32 |os

As it can be seen, chemical composition corresponds to MC-
type carbides, being Ti and Nb equivalent in terms of stoichi-
ometry, adding their individual compositions. However, Fe, Si
and Ni were detected probably due to measurements were
made near the edges of the particles.

Aging at 850°C for 48 h

On the other hand, by aging heat treatments at high tempera-
tures, the Nb-rich carbides should modify their chemical
composition over time, as well as start with the secondary
precipitation in the matrix of M23Cg Cr-rich carbides. A SEM
(BSE) micrograph of a sample aged 48 h at 850°C can be seen
in Fig. 2.

Fig. 2 Microstructure of a sample aged at 850°C for 48 h
obtained in the backscattered electron mode, indicating the

linear measurement (2500X).
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In order to detect the NbC transformation, EDS measurements
of chemical composition into Nb-rich phases were made for an
aged sample for 48 h at 850°C. For this, their chemical compo-
sition was determined in a specific way and along a certain
line, as indicated in Fig. 2, to know the concentration profile of
each element of this phase. These results can be seen in Table
4 and Fig. 3. It is important to highlight that, similarly to what
was found for the as-cast condition, for these aging times at
850°C, a high concentration of silicon and nickel is observed at
the edges of the Nb-rich particles.

Table 4 EDS measurements in Nb-rich particles for a sample
aged 48 h at 850°C (%at.).

Si Ni | Nb | C
Spectrum 1 20.0 | 47.4 | 15.3 | 17.3
Spectrum 2 16.8 | 45.3 | 14.7 | 23.2
Spectrum 3 163 | 514|212 | 111
Spectrum 4 19.3 | 47.7 | 19.3 | 13.7
Spectrum 5 24.7 |1 46.0 | 134 | 16.0
Mean 19.4 | 475 | 16.8 | 16.3
Standard deviation 33 | 24 | 33 | 45

n
Fig. 3 Linear spectra measured by EDS on a Nb-rich particle
for a sample aged at 850°C for 48 h.

Aging at 850°C for 96 h

Similarly, an identical analysis was performed for a sample
aged at 850°C for 96 h, in order to detect possible changes in

the chemical composition of the phases studied. In this sense,
the microstructure of a sample under the mentioned conditions
can be seen in Fig. 4. In addition, chemical composition was
measured along a line by X-ray microanalysis (see Fig. 5). At
the same time, point spectra were also obtained in Nb-rich
particles. In Table 5, the results of the analysis for the sample
with 96 h of aging at 850°C and the comparison with the G-
phase composition can be observed.

Fig. 4 Microstructure of a sample aged at 850°C fr 96 h
obtained in the backscattered electron mode, indicating the
linear measurement (2500X).
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Fig. 5 Linear spectra measured by EDS on a Nb-rich particle
for a sample aged at 850°C for 96 h.

As it can be seen, the change in the chemical composition and,
therefore, the transformation of the Nb-rich carbide towards G-
phase (NisNbeSiv), is notorious since the mean concentration
value of each element is very close to that corresponding to G-
phase [3]. In addition, no carbon was found in any of the
determinations made on the sample for the aging condition
already described.
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Table 5 EDS measurements in Nb-rich particles for a sample
aged 96 h at 850°C (%at.).
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CONCLUSIONS

From the study of the transformation of the Nb-rich primary
carbides in the 35Ni-25Cr-Nb alloy, the following conclusions
are reached. As time increases, it can be seen how the trans-
formation of the primary niobium carbide progresses towards a
Ni-Nb-rich silicide. This transformation ejects C into the
matrix which promotes the nucleation of secondary Cr-rich
carbides in the vicinity of the silicide, given the large number
of carbon atoms without being combined with other atoms. In
turn, the transformation consumes Si and Ni, which are in solid
solution in the matrix. The concentration of Nb, Si and Ni, after
aging, is maximum in the central part of the particles, while it
decreases notably when approaching the interface of said
particle with the matrix.
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