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Abstract
The dendritic-type microstructure of the 35Ni-25Cr-Nb alloy, in the as-cast condition, consists of an austenitic matrix and

two types of eutectic primary carbides; Nb-rich MC type and Cr-rich M23C6 type both present in interdendritic edges and

grain boundaries. During aging at 1073 K for different times, M23C6-type secondary carbides precipitate in the matrix

while MC-type carbides would transform into a Ni-Nb silicide, known as G-phase (Ni16Nb6Si7). The microstructure of this

alloy was characterized by scanning electron microscopy with X-ray mapping, backscattered and secondary electron

images, electron backscatter diffraction, and dilatometry, in order to detect the G-phase and analyze the conditions under

which it is present. This undesirable silicide could reduce creep strength since Nb-rich carbide to G-phase transformation

improves nucleation of microcracks in the interface between matrix and the silicide. Silicon and nickel were found on the

edges of primary Nb-rich carbides in the as-cast condition. This could be indicating that the transformation of this carbide

into Ni-Nb silicide is in an incipient stage and it probably occurs from the outside to the inside of the Nb carbide.

Keywords Dilatometry � EBSD � Heat-resistant alloys � G-phase

Introduction

Centrifugal casting heat-resistant alloys of HP series are

widely used for pressure vessels, piping, fittings, valves,

and other equipments in refineries and petrochemical

plants. High resistance to carburization and oxidation of up

to 1323 K makes these materials ideal for applications in

manufacturing tubes, flanges, cones, harps, headers and

coils in furnaces, transfer lines, heaters, and other appli-

ances, for direct reduction in iron ore plants, petrochemi-

cal, chemical, and commercial heat treating industries.

These materials must satisfy certain conditions such as

high mechanical properties, corrosion resistance, and sta-

bility of mechanical properties under service at tempera-

tures below 1323 K [1–8]. For this purpose, elements such

as niobium, titanium, vanadium, and zirconium are com-

monly added to improve creep resistance, due to their

tendency to form stable precipitates under service condi-

tions. Also, silicon and manganese are added to increase

resistance to different degrading atmospheres.

In the as-cast condition, the microstructure of HP-Nb

alloys consists of an austenitic matrix with intergranular

and interdendritic eutectic-like primary chromium-rich

carbides M23C6 type and niobium-rich carbides MC type.

During aging, intragranular secondary M23C6 carbides

precipitate within the matrix. At operating temperatures,

MC-type carbides are thermally unstable, since they would

transform into a Ni-Nb silicide, known as G-phase (Ni16-
Nb6Si7) [9–11]. For HP-Nb alloy, this transformation is

reported to take place between 973 and 1173 K [3, 12, 13].

There is scarce information about this silicide, which is
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formed at the interface between the matrix and the niobium

carbides and continues inward. This transformation causes

an increase in the volume of the unit cell and in the

interfacial energy, creating compression stresses on the

matrix and tensile stresses on the particles. This fact pro-

motes the nucleation of microcracks, which reduce the

creep properties of the alloy [13–17]. In addition, the for-

mation of the G-phase causes a consumption of Ni and Si

from the matrix reducing solid solution hardening [15].

The aim of this study is to characterize the microstruc-

tural evolution of an HP-Nb alloy during aging at 1073 K

at different times from observations by scanning electron

microscopy (SEM), and electron probe microanalysis with

energy-dispersive X-ray spectroscopy (EDS). Moreover, it

is intended to analyze the conditions under which the

transformation of niobium carbides into G-phase takes

place, using isothermal dilatometry tests carried out on as-

cast samples at 1073, 1098, 1123, and 1148 K.

Experimental Procedure

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

a 12 mm width.

The chemical composition of the studied material is

indicated in Table 1.

Aging treatments were made at 1073 K for different

times using resistive furnaces in air atmosphere, and then

each aged sample was cooled in air. Samples were ground

with silicon carbide papers from 240 to 2000 grit. Polishing

was done with 1 lm alumina paste. Polished specimens

were electrolytically etched with a 10% KOH aqueous

solution at 2 V for 14 s SEM and EBSD measurements

were carried out in a scanning electron microscope with a

Schottky electron gun. The electron backscatter detector

has a camera with 1344 9 1024 pixels and a 40 mm 9

35 mm front phosphor screen. An SDD X-ray detector is

also attached to the SEM with an 80 mm2 front area and a

nominal resolution of 127 eV for Mn-Ka line (5.893 keV).

Dilatometry measurements were carried out using a

vertical design dilatometer fitted with a high-temperature

furnace (300\T\ 1773 K). The isothermal runs were

performed at 1073, 1098, 1123, and 1148 K under argon

gas flow of 40 ml min-1. For this purpose, cylindrical

specimens of 5 mm diameter and 15 mm length of the as-

cast material were used. Experimental data were corrected

using Al2O3 as standard.

Area fraction measurements of precipitates were per-

formed using the software ImageJ 1.41 over images

obtained by optical microscopy at 1000X.

Results and Discussion

Microstructural Characterization of As-Cast
Material

SEM images were obtained in the backscattered electron

mode (BSE) as well as X-ray mapping of elements in the

area shown in Fig. 1. Investigation by SEM with

backscattered electrons (BSE) detector showed the pres-

ence of a network of precipitates of two types in grain

boundaries and interdendritic boundaries which can be

distinguished by brightness contrast as dark and bright

phases. The difference in the contrast between these phases

is due to the fact that niobium has greater atomic weight

than chromium [10, 13, 18]. As it can be seen, X-ray

mapping shows that dark phases are rich in C and Cr, while

bright phases are rich in Ni, Nb, Si, and C. It is interesting

to note the presence of a high concentration of Si into

bright phases, but not of the dark phases, nor evenly dis-

tributed in the matrix is observed, as some authors have

found [15, 19]. From the results exposed above, it is pos-

sible to confirm that the dark phase is a carbide rich in Cr,

while the bright phase is a compound rich in Ni, Nb, and

Si. Furthermore, the intergranular and interdendritic pre-

cipitates are Cr-rich carbides. However, the techniques we

have used do not allow us to determine with certainty the

chemical composition of the phases present in the as-cast

microstructure. For this purpose, EDS analysis was carried

out in different areas of the sample in order to identify the

chemical composition of both phases, and the results are

shown in Table 2. It was found that Cr-rich carbides pre-

sent a chemical composition that could correspond to both

M7C3 and M23C6 type (M = Fe, Ni, Cr). On the other hand,

several measurements were carried out in bright phases.

However, it is not possible to identify with certainty the

stoichiometry of this type of compound.

Some authors [6, 7, 18–25], analyzing a similar alloy of

the HP family, have pointed out that the as-cast

microstructure is composed of an austenitic matrix and a

network of primary carbides of the M7C3 type (M = Cr, Ni,

Fe) and MC type (M = Nb, Ti). During aging at high tem-

peratures, the compound Cr-rich carbides of the M7C3 type

transform into the M23C6 type and in some cases, it has been

observed that the MC-type carbide has transformed into a

silicide with stoichiometry Ni16Nb6Si7, known as G-phase.

Another group of authors [5, 26] have found an as-cast

Table 1 Chemical composition of HP-Nb alloy (wt.%)

C Si Mn Cr Ni Nb W Ti Fe

0.57 2.73 0.76 23.7 37.6 1.26 0.19 0.07 Bal.
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microstructure composed of an austenitic matrix and a

network of primary carbides of two types, M23C6 (M = Cr,

Ni, Fe) and MC (M = Nb, Ti). Finally, a third group of

authors [27] have determined that the microstructure as cast

is constituted by an austenitic matrix and a network of pri-

mary carbides of three types: M7C3 and M23C6 (M = Cr, Ni,

Fe), and MC (M = Nb, Ti). In all cases, the compound

observed together with the Cr-rich primary carbides in the

primary network is the MC-type carbide.

Taking into account what was explained above, and to

get more precision in the determination of chemical com-

position, electron probe microanalysis with EDS was car-

ried out in different areas of a bright phase in the as-cast

condition (see Fig. 2). Thus, chemical semiquantitative

composition was determined on each area, which is pre-

sented in Table 3.

Fig. 1 SEM images of as-cast

material in the BSE mode with

X-ray mapping

Fig. 2 SEM images in the BSE mode of a bright phase in the as-cast

condition

Table 2 Semi-quantitative composition of phases in as-cast condition

(at.%)

C Ti Si Cr Fe Ni Nb

A 15.7 0.5 3.4 19.3 32.5 27.0 1.6

B 19.3 … 6.9 14.8 25.7 29.7 3.5

C 35.9 … 1.9 20.6 23.1 18.5 …
D … … 3.4 23.9 40.6 32.1 …

Table 3 EPMA EDS indicating high C, Nb and Ti concentration

(at.%)

C Ti Si Mn V Cr Fe Ni Zr Nb

A 23.0 18.5 1.0 … 0.8 4.4 2.1 3.1 9.5 37.6

B 44.7 13.5 … … 0.6 2.9 1.2 2.7 4.6 29.7

C 23.6 0.3 17.3 0.2 … 3.7 5.8 36.6 … 12.1
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It can be seen that the determined concentrations are in

good agreement with X-ray mapping results, i.e., bright

phases show high concentration of C and Nb near the core

of the particle. Additionally, a determination by micro-

analysis performed close to the edge of the phase (C, in

Table 3) revealed a high concentration of Si and Ni, which

coincides with that observed in the element mapping

above. These results are in agreement with those reported

by other authors [14, 15, 19].

Similarly, a microanalysis was performed by EDS on

different areas of the sample over dark particles located in

an interdendritic edge (only one measurement is shown), as

shown in Fig. 3.

Semiquantitative chemical composition measurements

in different dark precipitates in different areas of the

sample are shown in Table 4, indicating that those phases

are rich in C and Cr.

In order to ensure the identification of those compounds

in the as-cast condition, electron backscatter diffraction

(EBSD) technique was used. In Fig. 4, the Kikuchi bands

that characterize the phases are presented. Those indicated

in yellow correspond to the Cr23C6 carbide, those marked

in blue belong to the austenitic matrix, and finally, the pink

bands correspond to the NbC carbide.

In contrast to other authors [6, 7, 18–25], the presence of

the M7C3 primary carbide in the as-cast condition has not

been detected in either its hexagonal or its orthorhombic

crystal structures.

Therefore, we can confirm that the microstructure in the

as-cast condition of the HP-Nb alloy analyzed in this work

is composed of an austenitic matrix with a network of Nb-

rich primary eutectic carbides surrounded by Si and Ni and

Cr-rich carbides of M23C6 type.

Dilatometry Measurements

Figure 5a shows an isothermal dilatometric curve on which

the change in sample length relative to its original length

and its first derivate are plotted as a function of time.

In zone B, the contraction rate is the lowest since the

derivate reaches a minimum. Finally, the contraction rate

first rises and then starts to decrease slowly above 750 min

(zone C). This behavior can be explained taking into

account the as-cast microstructure of the alloy. The den-

dritic-type microstructure is intrinsically unstable due to

the high cooling rate of the solidification process of these

alloys. During solidification, microsegregation of elements

such as Ni, Fe, Cr, Si, Mn, and Nb will occur [28]. Under

aging conditions at the indicated temperatures, diffusion of

elements will occur without changing the dendritic struc-

ture. This phenomenon promotes matrix relaxation and

could result in a contraction of the sample. For other alloys

of dendritic-type microstructure, such as Co-base cast

alloys, similar behavior was reported under isothermal

dilatometric runs [29]. This behavior can be observed all

along the duration of the dilatometric test. However, in

superposition with these phenomena, it is possible to note

that the curve shows a slope change, in zone B. This

change in the contraction rate could be the consequence of

a phase transformation in the sample. As it was mentioned

above for similar alloys, MC-type carbides under aging at

high temperatures transform into a Ni-Nb-rich silicide,

known as G-phase of composition Ni16Nb6Si7. Some

authors [19, 30] indicate that this Ni-Nb silicide could be

g-phase of composition Nb3Ni2Si.

Taking into account that a high concentration of Si and

Ni was found around the Nb-rich precipitates, but not in the

matrix, the transformation into Ni-Nb-rich silicide would

not be gradual, since the time needed for the diffusion of

the Si and Ni atoms to form the precipitate decreases with

respect to when the atoms must travel through the matrix

toward the precipitate. This would result in a higher

transformation rate.

The G-phase unit cell has a lattice parameter of 1.12 nm

[31], while NbC has a lattice parameter of 0.44 nm, that is,

Fig. 3 SEM images in the BSE mode of dark phases in the as-cast

condition

Table 4 EPMA EDS indicating

high C, and Cr concentration

(at.%)

C Cr Fe Ni

A 25.3 66.7 5.1 2.8

B 24.9 66.9 4.9 3.2

C 24.8 66.7 5.2 3.1

D 24.8 65.3 6.1 3.7

E 25.0 66.4 5.2 3.2

F 24.7 66.9 5.7 2.5

G 24.7 66.3 6.0 2.9

Media 24.9 66.5 5.5 3.1
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2.5 times lower. Thus, the NbC unit cell volume is 16.5

times lower than the G-phase unit cell. This fact, in addi-

tion to the contraction of the sample, should indicate a

decrease in the contraction rate as shown in Fig. 5 (zone

B); in spite of the low volume fraction, the decrease in the

contraction rate observed in the dilatometry curve (zone

B), suggests that the new phase becomes unstable at this

temperature and for these times and dissolves.

In Fig. 6, the relative expansion as a function of time is

shown at a constant temperature of 1098 K. As it can be

seen, similarly to the previous case, the sample undergoes a

significant contraction at the beginning of the isothermal

stage of the test. It is interesting to note that, unlike the

previous case (see Fig. 5), a decrease in the contraction rate

at the beginning is not observed. This seems to be an

indication that at this temperature, the transformation of the

NbC into the G-phase would not occur. It is observed that

during the complete dilatometric test, the relative length

change decreases gradually until 5000 min, when it

approaches a constant value.

In Fig. 7, the relative expansion as a function of time is

shown at a constant temperature of 1123 K. As it can be

seen, and analogously to the previous case, the sample

undergoes a contraction at the beginning of the isothermal

stage of the test (between 0 and 250 min, approximately).

Such a behavior is associated with the microsegregation

phenomenon, which is faster than in the previous cases

because the temperature is higher. In this case, after this

initial period, the sample undergoes a sustained expansion

between 500 and 3000 min. After this time, the expansion

rate increases until practically stabilized. This sustained

expansion of the material could be indicating that the

transformation of the Nb carbide into the G-phase may be

stable at this temperature.

In Table 5, several area fraction measurements on sam-

ples aged at 1073 and 1123 K for different times are shown.

It was found that the amount of secondary Cr-rich precipi-

tates increases with respect to the as-cast condition, which

would not affect the behavior observed previously in the

dilatometry curves at 1073 and 1123 K (see Figs. 5 and 7),

since both of them have an opposite behavior to each other.

Fig. 4 Kikuchi bands of the phases in the as-cast condition alloy: (a) Cr23C6 carbide, (b) austenitic matrix, and (c) NbC carbide

Fig. 5 Isothermal dilatometric run at 1073 K: (a) relative length

change vs. time and (b) first derivate of relative length change vs.

time

Fig. 6 Isothermal dilatometric run at 1098 K that shows relative

length change vs. time
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In Fig. 8, the relative expansion as a function of time is

shown for a constant temperature of 1148 K. As in the

previous case, the sample undergoes a contraction at the

beginning of the isothermal stage, due to the microsegre-

gation phenomenon. Because of the higher temperature of

the test, the initial behavior is much faster in the present

case. A sustained and practically constant expansion is

observed over time. This behavior is similar to the previous

cases in which the transformation of the Nb carbide into the

G-phase is stable at this temperature.

Conclusions

From the characterization of the microstructural evolution

of the 25Cr-35Ni alloy, it is possible to reach the following

conclusions:

1. The microstructure of an HP-Nb alloy in its as-cast

condition consists of an austenitic matrix with primary

eutectic Nb-rich carbides of MC-type and Cr-rich

carbides of M23C6-type network in grain boundaries

and interdendritic edges.

2. The contraction observed in the sample at the first

stage of the isothermal dilatometric runs at high

temperatures could be an indication that the

microstructure undergoes chemical homogenization.

This phenomenon would contribute to counteract the

effect of the microsegregation of chemical elements in

the matrix and in the interdendritic edges.

3. The transformation of Nb carbide into the Ni-Nb

silicide induces a significant volume change in the unit

cell. This effect is manifested during the isothermal

dilatometry tests at the temperatures at which the

sample shows an expansion.

4. The increase in the area fraction of secondary Cr-rich

carbides does not cause an isothermal expansion or

contraction of the sample on the dilatometry tests. The

area fraction increases during aging both at 1073 and at

1123 K, but the sample contracts and expands isother-

mally, respectively.
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