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Abstract: The HP40NDb alloy, commonly used in the petrochemical industry as a heat-
resistant material, undergoes significant microstructural changes at high temperatures.
This study examined samples from the HP40Nb radiant tube used in a reformer furnace,
exposed to 950, 1050, and 1150 °C for 2 and 8 h. Metallographic analysis, including optical
microscopy, SEM, EDS, and XRPD, revealed that the as-cast alloy has an austenitic dendritic
matrix with primary eutectic-like carbides (M3Cs and MC types). Prolonged exposure to
high temperatures transformed the primary carbides into coarse M3Cs forms, losing their
lamellar shape. The number of secondary carbides decreased with increasing temperature,
and at 1150 °C for 480 min, secondary Crp3Cq carbides nearly decomposed, and Nb carbides
dissolved into the austenitic matrix.

Keywords: cast heat-resistant alloy; microstructure; carbide; precipitates

1. Introduction

Centrifugally cast heat-resistant alloys of the HP (ASTM A297/ASTM A297-21a [1])
series are used for applications in the manufacture of high-temperature components in
petrochemical systems, such as steam reformer tubes, radiation tubes, and ethylene cracking
furnace tubes [2-5]. An HP alloy series, well known for its ASTM designation—where
“H” signifies heat resistance and “P” denotes its nickel content—is primarily composed of
Fe-25Cr-35Ni-0.4C (by weight) and is widely used in petrochemical furnace applications.
Thanks to the unique mechanical properties under service at high temperatures, these
alloys have good resistance to corrosion, high oxidation, carburization, and good creep
resistance [6-10]. The reformer furnace tubes made of the HP40 (ASTM A608 [11]) alloy
are designed for a nominal life of up to 100,000 h. However, the lifespan of these materials
is influenced by various mechanisms, including creep, carburization, oxidation, thermal
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shock, and accidental overheating that occur due to the combined effects of the high service
temperatures, mechanical loads, and the duration of service [12,13].

In recent years, there has been growing interest in the application of the centrifugally
cast HP40NDb alloy, which has been developed by adding a small amount of niobium to
the HP40 alloy [14]. It should be mentioned that the addition of niobium to the HP alloy
hinders the precipitation of chromium carbides and improves its mechanical properties,
increasing creep strength and creep ductility, as well as carburization resistance [12].

In the as-cast state, the microstructure of HP40NDb alloys features an austenitic matrix
interspersed with intergranular and inter-dendritic eutectic-like primary Cr-rich carbides
of the M»3Cq type and Nb-rich carbides of the MC type. The microstructure of centrifugally
cast HP40 reformer tubes is significantly affected by high-temperature service, leading to
creep damage and the accumulation of microcracks [15]. This damage is often characterized
by the presence of carbides at grain boundaries [16], coarsening of the grain boundaries
due to carbide precipitation, and degradation of the mechanical properties [17,18]. These
studies collectively underscore the importance of microstructural characterization in un-
derstanding the behavior of centrifugally cast steel furnace tubes, particularly in response
to short or long high-temperature exposure. Thus, the formation of different carbide
morphologies during processing and the expected structures in HP40NDb alloys during
aging heat treatment can be understood through a combination of metallography, X-ray
diffraction, and electron beam backscattered diffraction techniques [19]. Skindaras et al. [20]
further explored the microstructure and mechanical properties of cast alloys with high
chromium and nickel content after long-term high-temperature exposure, highlighting
the emergence of carbides and other precipitates. The morphology and structure of the
carbides in high-alloy steels, including HP40Nb alloys, are influenced by the aging time
and secondary carbide precipitation [21]. Specifically, the eutectic carbide morphology
in HP alloys changes to more complex shapes with longer aging times, and the presence
of secondary carbides can lead to the coalescence of eutectic carbides [22]. The aging of
HP40ND alloys at 1000 °C under air results in the replacement of M;Cj3 carbides with Mp3Cg
carbides, and the formation of a sub-surface zone depleted in chromium [23]. The inter-
dendritic niobium-titanium-rich carbides in HP-NbTi alloys can have blocky or nodular
morphologies [24]. The transformation of M;C3 to M»3Cy and subsequent secondary car-
bide precipitation in austenitic matrices is a complex process influenced by various factors.
The stability of the Mp3Cg phase is crucial, with its dissolution affecting the kinetics of the
ferrite-to-austenite transformation [25]. The formation of M»3C¢ from M,Cj3 is influenced
by temperature and time, with the former being a key factor in the transformation [26]. The
presence of niobium and titanium in austenitic stainless steels can further complicate the
process, with the formation of Z phase and the stability of the MX phase being important
considerations [27]. The transformation of M;C3 to M»3Cy and the subsequent secondary
carbide precipitation are thus influenced by a range of factors, including temperature, time,
and the presence of other elements in the steel.

The microstructural development of HP40 alloy micro-alloyed with Nb after over-
heating at a high-temperature hold is, as stated before, a complex process influenced by
various factors. These studies collectively suggest that the microstructural development
of an HP40 alloy with Nb is a dynamic process and further research is needed to fully
understand its behavior after short-term overheating. Moreover, findings that the content
of inter-dendritic carbides is a key factor in its creep performance add to the importance of
a better understanding of short-term exposure [23].

Thermal instability results in accelerated microstructural aging, which unequivocally
contributes to the premature and unexpected failure of tubes due to bending or cracking [28].
It is essential to recognize that there is a significant gap in our understanding of the fitness



Metals 2025, 15, 486

30f21

for service of tubes that endure a temperature surge without displaying any cracking or
visible damage. To ensure the safe and reliable operation of tube materials throughout their
lifespan, it is essential to thoroughly verify their mechanical and metallurgical properties.
This careful examination acts as a safeguard, confirming that the materials possess the
necessary strength and durability to withstand the demands of their application [29].
The evolution processes of carbides and other intermetallic compounds during creep
exposure result in a reduction in ductility. This diminished ductility may lead to cracking
due to thermal stresses occurring during shut-down and start-up operations, as well as
during welding repairs [30]. Enhancing the material’s performance significantly extends
their lifespan, thereby reducing both capital costs and environmental impact for each
unit of Hy produced [31].

Therefore, the aim of this study was to explore the effect of short-term overheating
temperatures on the microstructure and creep behavior of an HP40Nb alloy. This was
achieved by discussing the microstructural evolution of HP40NDb alloys during aging, with
a focus on the formation of different carbides and transition zones.

The combination of presented techniques has provided new insight into how different
carbide types and morphologies form during overheating, and further highlighted the
significance of microstructure control and monitoring in utilization of the reformer tubes in
extreme conditions.

2. Materials and Methods
2.1. Material

The material investigated in this study was machined out of the centrifugally cast
HP40NDb alloy radiant tube used in process of ethylene cracking [2,3]. The chemical
composition of the tube material consists of 0.44% C, 1.11% Mn, 1.81% Si, 34.04% Nj,
26.99% Cr, and 0.63% Nb (mass %). The exact locations where the sections were cut on
the reformer columns used for ethylene cracking in the respective industrial plant are not
known precisely. Specimens for metallographic and mechanical tests were cut from a tube
segment 350 mm long, with an outer diameter of 76.2 mm, an inner diameter of 63.5 mm,
and a wall thickness of 6.35 mm, using a saw with minimal heating.

The specimens were short-term exposed at high temperatures of 950, 1050, and 1150 °C
for 2 and 8 h in an electric furnace under an air atmosphere and subsequently cooled in air.
The temperature was controlled by the thermocouple Pt-Pt13%Rh placed just above the
samples. At least five samples were tested for each heat treatment condition.

Microstructural observations were performed on the tube samples before and after heat
treatment. The morphology and chemical composition of various phases and precipitates
were observed and characterized by means of metallography techniques: light microscopy
(LM) and scanning electron microscopy (SEM) with secondary (SE) and backscattered
electron (BSE) imaging, energy-dispersive X-ray spectroscopy (EDS), and X-ray powder
diffraction (XRPD). Metallographic specimens were prepared following standard tech-
niques, including grinding with SiC papers ranging from 180 to 2400 grit; polishing using
diamond suspensions with particle sizes of 6, 3, 1, and 1/4 um; and etching with a solution
composed of 15 mL HCI, 10 mL glycerol, and 5 mL HNOs.

2.2. Methods

The chemical composition of the service reformer tube was analyzed through the
standard analytical spectrometry method, using the Type I Spark 8860 Optical Energy
Spectrometer (OES) (Thermo Scientific, Waltham, MA, USA).

Metallographic specimens were prepared by the standard metallographic preparation
technique: grinding (with SiC papers, grit size from 180 to 2400), polishing (diamond
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suspensions with 6, 3, 1, and 1/4 pm particle size), and etching with a solution of 15 mL
HCI, 10 mL glycerol, and 5 mL HNOj [3].

The microstructure was examined using light microscopy (LM) on an Orthoplan
microscope (Leitz, Oberkochen, Germany) and on a scanning electron microscope (JSM
6460 LV, JEOL, Tokyo, Japan) operating at 20 kV, and working primarily in back-scatter
electron (BSE) and secondary electron (SE) imaging modes. The observed phases were
analyzed using an energy dispersive X-ray analyzer system (EDS) INCA (Oxford Instru-
ments, Abingdon, UK) in conjunction with a scanning electron microscope. It is widely
recognized that EDS offers semi-quantitative chemical data and may overestimate carbon
(C) content at low concentrations. However, when the carbon content in the alloy is higher,
like in the case of point analysis of carbides, the margin of error is smaller. Furthermore,
the size (width/depth) of carbides is larger than the interaction volume, which is around
1-2 microns for standard EDS, thus reducing any significant artefacts of the background
dissolved elements. Consequently, EDS results were carefully analyzed in this study
and were further supplemented by XRPD analysis to provide a more comprehensive and
accurate characterization.

The Vickers hardness HV10 (ISO 6507 [32]) was determined with a test load of 98.07 N
(10 kg) and a dwell time of 15 s. The testing machine was an HPO 250 (WPM, Markkleeberg,
Germany). During these tests, seven measurements were taken, and the highest and lowest
values were excluded to achieve a more accurate estimate of the true average.

The X-ray phase analysis (X-ray powder diffraction—XRPD) was performed on pow-
dered samples with the help of a Smartlab powder diffractometer (Rigaku, Tokyo, Japan).
Radiation from the copper anticathode CuK 1, was used. The operating voltage on the
tube was U = 40 kV, and the current was I = 30 mA. The electrolytic method of anodic
extraction, successfully tested in the extraction of carbides and intermetallic phases from the
matrix of different superalloys [33], was applied in this case. The electrolyte was a mixture
of 94 vol% ethanol and 6 vol% HCI. The current during dissolution was 120 mA (the
current density was about 0.2 A/ cmz) between the sample and titanium wire, which was
also submerged in the electrolyte and served as a cathode. The sample of parallelepiped
dimensions 15 x 12.5 x 6.35 mm, previously polished, was embedded in a bath of the
appropriate solution and constituted the anode.

The collected fine powder after extraction was examined via Bragg—Brentano geometry
(incident parallel slit, Soller slit 2.5°; incident slit, 0.5°; length limiting slit, 10 mm; receiving
Slit #1, 20 mm,; filter, CuK p; Teceiving parallel slit, Soller slit 2.5°; receiving Slit #2, 20 mm;
detector, D/teX Ultra 250 in XRF reduction mode) and in a transparent sample holder
under the following experimental conditions: a range of diffraction angles of 5-130° 20
with a step of 0.01° and a recording speed of 6° /minute. Diffraction data were processed
using the software package PDXL2 (version 2.8.30, Rigaku, Tokyo, Japan). The positions of
the diffraction maxima (26), as well as the corresponding intensities (counts), are shown
graphically. On the basis of the obtained values, by comparing them with literature data
and powder diffraction file (PDF) standards, the present (only) crystalline phases whose
content in the sample was greater than approximately 1% were identified.

3. Results
3.1. As-Cast Microstructure

The microstructure of the as-cast alloy has a dendrite morphology with an austenitic
matrix and a network of skeleton-shaped eutectic primary carbides located at the grain
boundaries and between dendrites (Figure 1a). At higher magnification, according to the
BSE intensity contrast, the presence of two types of second-phase particles of different
morphology may be seen at the grain boundaries (Figure 1b). As can be seen in Figure 1b,
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one is a niobium-rich phase (white phase) having laminar-type (or skeleton form) features,
whereas the other is a chromium-rich phase (dark gray phase) having fine particle-like
features [18].

ik

'\ AXSBE  SBrm

L 20pm 1 Electron Image 1

Figure 1. Microstructure of the HP40ND alloy as cast. (a) SEM (BSE) microscopy at low magnification
(500x); (b) SEM-EDS (BSE) image at high magnification (2000x).

Figure 2 shows an SEM (BSE) micrograph of the HP40NDb alloy in the as-cast condition.
As seen in Figure 2, the microstructure consists of an austenitic matrix and a network of
primary carbides with two types present: MC carbides (M = Nb, Ti), mainly NbC in white,
and M7C3 carbides (M = Cr, Ni, Fe) in dark gray.

: 20pm ! Electron Image 1

Figure 2. SEM-EDS (BSE) image of phases present in the as-cast HP40NDb alloy.

The chemical composition of the phases present in the HP40ND alloy, as observed in
Figure 2, is shown in Table 1.

Table 1. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 2.

Spectrum C Si Ti Cr Mn Fe Ni Nb
Spectrum 1 37.04 54.19 7.05 1.73
Spectrum 2 43.00 0.98 0.60 10.09 9.47 8.45 27.41
Spectrum 3 43.60 3.84 5.62 3.45 271 40.78
Spectrum 4 17.04 2.52 44.41 1940 16.64
Spectrum 5 14.68 2.99 22.29 097 3075  28.32

All results are in atomic%.

Two distinct phases were identified: a niobium-rich phase, corresponding to the
bright particles in Figure 2 (Spectra 2 and 3), and a chromium-rich phase, corresponding
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to the dark particles (Spectra 1 and 4). Furthermore, it has been noted that the two
varieties of carbides exhibit different morphological characteristics. Carbides in the inter-
dendritic boundaries appear as lamellar or skeleton forms. The M;C;3 types show the
morphological characteristics of a eutectic composite, while the MC types have a more
regular morphology [33]. The niobium-rich carbides are more stable at high temperatures
compared with the secondary chromium carbides [14].

3.2. XRPD Analysis

In the as-cast tube sample, the following two major crystal phases are identified: y-Fe,
whose diffraction pattern corresponds to the standard PDF # 01-081-8770, and Cry3Cg,
whose diffraction pattern corresponds to the standard PDF # 03-065-3132. However, two
minor crystal phases in the amount of a few percent could be noticed: Cr;C3, whose
diffraction pattern corresponds to the standard PDF # 01-071-3789, and Nb3Ni,Si, whose
diffraction pattern corresponds to the standard PDF # 01-072-2171 (PDF-2 Release 2016
RDB), Figure 3. The results of the submitted chemical analysis indicate the possibility
of multiple atomic replacements in the abovementioned crystal structures. The stated
formulas of the crystal phases should be considered as approximate chemical formulas,
i.e., Mp3Cs instead of Cry3Cy, where M = Cr, Fe, Ni, Nb. This is in agreement with the
unit cell parameters being significantly different from the standard values for y-Fe and
CI‘23C6 (Table 2).

I 500 Meas. data:0203 —
g 400
o 300
3 200
2 109 e s
Iron, 01-081-8770
— = =)
L ] o
N =z N
| 1
T
40 60 80 100

2-theta (deg)

Figure 3. The X-ray powder pattern of the as-cast sample is shown in red. In the lower part
of the graphic, vertical lines show the positions and intensities of the standard reflections of the
abovementioned crystal phases (taken from the PDF database) and the numbers of the corresponding
cards. In the first row, the positions and intensities of y-Fe reflections are shown in blue; in the second
row, the positions and intensities of M3Cg reflections are shown in pink.

Table 2. Unit cell parameters of significantly present crystalline phases in the as-cast sample.

Phase/Unit Cell F v-Fe MoaC Cry3Cg
Parameter y-re PDF # 01-081-8770 23%-6 PDF # 03-065-3132
a(A) 3.58597(4) 3.5950 10.72747(15) 10.659

In the 950 °C/2 h sample, the following crystalline phases were identified: Cr1g 93pe4.07Cé,
whose diffraction pattern corresponds to the PDF standard #01-078-1501; NbC, corresponding
to the PDF standard #01-074-1222; Cr,O3, corresponding to the PDF standard #01-073-4336;
and Nb3Cr4Sis, corresponding to the PDF standard #01-089-2262 (PDF-2 Release 2016 RDB),
as shown in Figure 4.
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Figure 4. The XRPD pattern of the 950 °C/2 h sample is shown in red. In the lower part of the graphic,
vertical lines show the positions and intensities of the standard reflections of the abovementioned
crystal phases (taken from the PDF database) and the numbers of the corresponding cards.

The results of the chemical analysis provided indicate the possibility of multiple atomic
substitutions within these crystalline structures. The formulas given for the crystalline
phases should be considered approximate chemical formulas; for example, M3C¢ instead
of Crp3Cg for the carbide phase. This is in agreement with the unit cell parameters being
significantly different from the standard values for NbC and M3Cg (Table 3).

Table 3. Unit cell parameters of significantly present crystalline phases in the 950 °C/2 h sample.

Phase/Unit Cell
Parameter

a(A) 4.4062(1) 10.62020(1)

NbC M,3Ce

Figure 5 displays the XRPD pattern obtained from the reformer tube sample after
being overheated at 950 °C for 8 h. In the reformer tube sample, the following crystal
phases are identified: Crig 93Fey ¢7Cq, whose diffraction pattern corresponds to the standard
PDF#, and 01-078-1501 NbC, whose diffraction pattern corresponds to the standard PDF#
01-074-1222 (PDEF-2 Release 2016 RDB) (Figure 5). The results of the submitted chemical
analysis indicate the possibility of multiple atomic replacements in the abovementioned
crystal structures.

800 Meas. data:0260

600

400

Intensity (counts)

200

Isovite, ferrian, syn, 01-078-1501

S 5.< =
S N <+ « o = e
=} o SHSID, ~ © 5 <
* < © S 3

—#32

40 60 80 100
2heta (deg)
Figure 5. The XRPD pattern of the 950 °C/8 h sample is shown in orange. In the lower part
of the graphic, vertical lines show the positions and intensities of the standard reflections of the
abovementioned crystal phases (taken from the PDF database) and the numbers of the corresponding
cards. In the first row, the positions and intensities of Cr;g93Fe4 07C¢ reflections are shown in blue; in
the second row, the positions and intensities of NbC reflections are shown in pink.
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The given formulas of crystalline phases should be considered as approximate chemi-
cal formulas; for example, for the carbide M3Cq instead of Cry3Cs.

The unit cell parameters a (A) of the notable crystalline phases present in the investi-
gated 950 °C/8 h samples are displayed in Table 4.

Figure 6 shows the XRPD pattern of the reformer tube sample after overheating at
1050 °C for 2 h. The identified crystal phases include Crigg3Fe 407Cg, with a diffraction
pattern matching the standard PDF#01-078-1501, and Nbg ¢Ti; 1Cy, corresponding to the
standard PDF#03-065-7915.

500 Meas. data:0232 ——

400

300

Intensity (counts)

:

200

100

Isovite, ferrian, syn, 01-078-1501

—~ ~ =, =
o — o< S —~ —~
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=) T = T2 o~ © © <
i e < e =i @
. I L
40 60 80 100

2-theta (deg)

Figure 6. The X-ray powder pattern of the 1050 °C/2 h sample is shown in red. In the lower part
of the graphic, vertical lines show the positions and intensities of the standard reflections of the
abovementioned crystal phases (taken from the PDF database) and the numbers of the corresponding
cards. In the first row, the positions and intensities of Cr;gg93Fe4 07C¢ reflections are shown in blue; in
the second row, the positions and intensities of Nbg ¢Ti; 1 C; reflections are shown in pink.

The results of the submitted chemical analysis indicate the possibility of multiple
atomic replacements in the abovementioned crystal structures.

Figure 7 presents the XRPD pattern of the reformer tube sample after overheating at
1050 °C for 8 h. The identified crystal phases in the sample include Cryg93Fe4 07Cg, with a
diffraction pattern matching the standard PDF#01-078-1501, and Nbyg ¢Ti; 1C;, correspond-
ing to the standard PDF#03-065-7915.

Meas. data:0228 ——
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< e e © S~ ®©
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Figure 7. The X-ray powder diffraction pattern of the sample heat-treated at 1050 °C for 8 h is shown
in red. Standard reflection positions and intensities for the identified crystalline phases, obtained
from the PDF database, are indicated by vertical lines in the lower part of the figure along with their
corresponding card numbers. Reflections for Crig g3Fey ¢7Cq are displayed in blue (top row), while
those for Nbg 9Tij 1C; are shown in pink (bottom row).
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Table 4. Unit cell parameters of significantly present crystalline phases in the 950 °C/8 h sample.

Phase/Unit Cell Parameter M>5Ce
a(A) 10.618440(5)

The submitted chemical analysis results indicate the possibility of multiple atomic
replacements in the abovementioned crystal structures.

Figure 7 presents the XRPD pattern of the reformer tube sample after overheating at
1050 °C for 8 h. The identified crystal phases in the sample include Cryg 93Fe4 07Cg, with a
diffraction pattern matching the standard PDF#01-078-1501, and Nby ¢Ti; 1Cy, correspond-
ing to the standard PDF#03-065-7915.

The X-ray powder patterns of extracted powder of samples of the HP40ND alloy after
aging at 1150 °C for 2 and 8 h are shown in Figures 8 and 9, respectively.

2000 Meas. data:0255 ——

1500

1000

NI T

Intensity (counts)

A e Nk P .

= o~ P Isovite, ferrian, syn, 01-078-1501
. © P o< . ~_ .
o o < < &0 N © = I
o T - 30 o ©w <
* < < e S ®

|| L1 |

40 60 80 100

2-theta (deg)

Figure 8. The X-ray powder pattern of the 1150 °C/2 h sample is shown in red. In the lower part
of the graphic, vertical lines show the positions and intensities of the standard reflections of the
abovementioned crystal phases (taken from the PDF database) and the numbers of the corresponding
cards. In the first row, the positions and intensities of Cr;g93Fe4 07C¢ reflections are shown in blue; in
the second row, the positions and intensities of NbC reflections are shown in pink.

2000 Meas. data:0256 ——
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S < < N < <
o T = <+ o~ © 5 <
S < e e SE ©
| | [ F I
40 60 80 100
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Figure 9. The X-ray powder pattern of the 1150 °C/8 h sample is shown in blue. In the lower part
of the graphic, vertical lines show the positions and intensities of the standard reflections of the
abovementioned crystal phases (taken from the PDF database) and the numbers of the corresponding
cards. In the first row, the positions and intensities of Cr;gg93Fe4 07C¢ reflections are shown in blue; in
the second row, the positions and intensities of NbC reflections are shown in pink.
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In case of overheating for 2 h (1150 °C/2 h), the identified phases correspond to the
complex Crig g93Fey 07Cq carbide of the My3Cg-type (blue line) and to the NbC carbide (pink
line), while after exposure for 8 h (1150 °C/8 h), the same phases (Cr1g 93Fe4 07C¢ and NbC)
were also identified.

3.3. Microstructure After 2 h of Overheating Treatment

Figure 10 presents representative optical micrographs (LM) illustrating the microstruc-
ture of the sample after being overheated at 950 °C, 1050 °C, and 1150 °C for 2 h.

Figure 10. Light micrographs of the HP40ND alloy after being overheated at (a,b) 950 °C, (c,d) 1050 °C
and (e,f) 1150 °C for 2 h.

As illustrated in Figure 10a,b, the microstructure has experienced considerable changes
following overheating at a temperature of 950 °C for 2 h. Its microstructure comprises an
austenitic dendritic matrix with a discontinuous network of skeletal-like primary carbides
along the grain boundaries and secondary precipitates within the grains. Many secondary
carbides were precipitated in the austenitic matrix near the primary carbides and the
inter-dendritic region.

Figure 11 illustrates that the microstructure experienced significant changes after
overheating at 950 °C, while Table 5 presents the EDS analysis results of the phases in the
sample treated at 950 °C for 2 h, as observed in the SEM micrograph in Figure 11.
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Figure 11. SEM micrograph of the HP40ND alloy after being overheated at 950 °C/2 h.

Table 5. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 11.

Spectrum C Si Ti Cr Mn Fe Ni Nb A"
Spectrum1l  30.96 2.04 1693 1.00 25.62 23.46
Spectrum?2 3871 224 2075 0.86 1829 19.15
Spectrum 3 5854  1.08 13.85 074 13.13 12.66
Spectrum4  61.09 3249 055 433 133
Spectrum5  79.87 045 315 124 122 1382 0.26

All results in atomic%.

The microstructure consists of an austenitic matrix (Spectra 1, 2, and 3) and two types
of carbides: niobium-rich carbides (white phase, Spectrum 5) and chromium-rich carbides
(dark gray phase, Spectrum 4). On the basis of Figure 10a,b and Figure 11, as well as Table 5,
the dark carbides are identified as the M»3Cq type (M = Cr) and the light carbides as the
MC type (M = Nb), with traces of niobium-chromium-nickel silicide (Nb3Ni;Cr,Sis) and
chromium oxide (Cr,O3) also present.

Figure 10c,d show the microstructure of the sample after overheating at 1050 °C for 2 h.
The microstructure consists of an austenitic dendritic matrix and a discontinuous network
of primary skeletal-shaped carbides located along the dendrite boundaries. Table 6 provides
the EDS analysis results of the phases in the sample treated at 1050 °C for 2 h, as observed
in the SEM micrograph in Figure 12.

Table 6. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 12.

Spectrum C Si Ti Cr Mn Fe Ni Nb \'
Spectrum1 1758 3.15 1930 111 2998 2871 0.16
Spectrum2  25.06 2.40 2653 132 23.00 21.68
Spectrum 3 1821 2.81 2322 125 2801 26.51
Spectrum4  25.63 6091 123 863 325 0.36
Spectrum 5  56.24 048  6.02 175 261 3254 037

All results are in atomic%.

The microstructure consists of an austenitic matrix (Spec. 1) and two types of precipitates:
one rich in Nb (white phase, Spec. 6) and one rich in Cr (dark gray phase, Spec. 3, 4, and 5).

A large amount of secondary carbides has precipitated in the austenitic matrix
near the primary carbides and the zones around the dendrite boundaries. According
to Figures 10c,d, and 12 and Table 6, it can be observed that the primary chromium car-
bides completely transformed from M;Cj; to M3Cs. Secondary carbides are detected
within the austenitic matrix near the primary carbides. It is important to note that a small
quantity of acicular carbides M»3Cy (M = Cr, Ni, Fe) was formed in the austenite matrix.
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Additionally, the amount of precipitated secondary carbides increased with the increase in
the superheating temperatures up to 1050 °C.

& 30pm ! Electron Image 1

Figure 12. SEM micrograph of the HP40ND alloy after being overheated at 1050 °C/2 h.

Figure 10e,f show the microstructure of the sample after overheating at 1150 °C for 2 h.
Following this thermal treatment, the quantity of secondary carbides in the austenitic matrix
and around the primary carbides was significantly reduced. The microstructure consists
of an austenitic dendritic matrix and a discontinuous network of primary skeletal-shaped
carbides located along the dendrite boundaries. The primary carbides have coagulated and
merged. A significant amount of fine secondary carbides is present in the austenitic matrix
near the primary carbides, while carbide-free zones have appeared in the inter-dendritic
regions. Although the quantity of secondary carbides has decreased, their coarsening is
evident [34]. Table 7 provides the EDS analysis results of the phases in the sample treated at
1150 °C for 2 h, as observed in the SEM micrograph in Figure 13. As a result of overheating
at 1150 °C for 2 h, globular secondary carbides have formed in the inter-dendritic zones.
On the basis of Figures 12 and 13, it can be concluded that increasing the temperature from
1050 °C to 1150 °C did not affect the type of carbides present in the microstructure.

Table 7. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 13.

Spectrum C Si Ti Cr Mn Fe Ni Nb A%
Spectrum 1 18.18 3.24 19.63 1.27 2948  28.20
Spectrum 2 34.04 47.88 0.99 10.95 6.13
Spectrum 3 33.77 4795 106 1129 592
Spectrum 4 69.05 1.77 29 2.54 241 21.12 0.21
Spectrum 5 6.65 9.83 4.17 318 7533  0.58
Spectrum 6 1589 224 3073 123 2611 23.80

All results are in atomic%.

b 30pm ! Electron Image 1

Figure 13. SEM micrograph of the HP40ND alloy after being overheated at 1150 °C/2 h.
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3.4. Microstructure After 8 h of Overheating Treatment

Figure 14a—c illustrate the microstructure of the material obtained after overheating at
950 °C, 1050 °C, and 1150 °C for 8 h.

7. BEE | 1Brm

I B88  10.m

Figure 14. SEM micrographs of the HP40NDb alloy after being overheated at (a) 950 °C (SE), (b) 1050 °C
(BSE) and (c) 1150 °C (BSE) for 8 h.

Figure 14a shows the microstructure of the HP40NDb alloy after overheating at 950 °C
for 8 h. The microstructure consists of an austenitic dendritic matrix and a discontinuous
network of primary skeletal-shaped carbides located along the dendrite boundaries. A
large amount of secondary carbides has precipitated within the dendrites.

Figure 14b shows the microstructure of the HP40ND alloy after overheating at 1050 °C
for 8 h. A large amount of fine secondary carbides has precipitated near the primary
carbides located along the dendrite boundaries. Compared with the as-cast microstructure,
a finer grain structure is observed, with carbides dissolved along the austenitic grain
boundaries. Unlike the as-cast structure on the boundary of primary austenitic grains, a
large number of tiny carbides are present, which may be the result of the dissolution of
massive carbides on the boundary and carbide islands inside the grain, as indicated in
some data in the literature [4,34].

Figure 14c shows the microstructure of the HP40ND alloy after overheating at 1150 °C
for 8 h. A small amount of secondary carbides can be observed in the austenitic matrix. For
samples overheated for 8 h, the increase in overheating temperature led to the dissolution
of secondary carbides in the inter-dendritic region, followed by the dissolution of carbides
near the primary carbides along the dendrite boundaries. On the basis of Figures 15-17, it
can be observed that the primary chromium carbides (M;C3) transformed into M3Cg-type
carbides [35—41]. Secondary carbides were detected within the austenitic matrix near the
primary carbides (Figure 15).
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U 30pm ' Electron Image 1

Figure 15. SEM-EDS (BSE) micrograph of the HP40ND alloy after being overheated at 950 °C/8 h.

f 20pm 1 Electron Image 1

Figure 16. SEM-EDS (BSE) micrograph of the HP40ND alloy after being overheated at 1050 °C/8 h.

! 20pm ! Electron Image 1

Figure 17. SEM-EDS (BSE) micrograph of the HP40ND alloy after being overheated at 1150 °C/8 h.

It should be noted that the amount of My3Cs-type secondary carbides (M = Cr)
formed in the austenitic matrix increased with the increase in overheating temperature
to 1050 °C [42], followed by a decrease in the amount of secondary carbides. Secondary
carbides precipitate in the austenitic matrix up to a temperature of 1050 °C [19], after which,
they undergo partial dissolution (near the primary carbides) or complete dissolution within
the dendrites. This change can be observed in detail in SEM Figures 15-17 and in the
corresponding EDS Tables 8-10, respectively.
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Table 8. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 15.

Spectrum C Si Ti Cr Mn Fe Ni Nb A"
Spectrum1  20.07 2.60 21.62 097 2831 2645
Spectrum2 5095 1.28 1741 0.63 1581 13.92
Spectrum 3 35.14 5244 098 786 331
Spectrum4  35.60 2.60 19.28 090 20.88 20.74
Spectrum5 6532 195 029 2.5 111 496 2365 0.24
Spectrumé6 3742 441 015 1989 079 1465 1835 413 021

All results are in atomic%.

Table 9. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 16.

Spectrum C Si Ti Cr Mn Fe Ni Nb A"
Spectrum 1 1938 3.24 18.77 122 2912 2828
Spectrum?2 3371 2.33 1745 1.02 2315 2235
Spectrum 3 36.62 0.27 4577 095 988 6.31
Spectrum4 6505 034 025 510 029 515 456 19.02
Spectrum 5  45.79 2597 596 0.4 272 220 1617 078
Spectrum6 4656 058 1864 9.07 034 806 693 927 056

All results are in atomic%.

Table 10. Chemical composition of the phases present in the HP40NDb alloy, corresponding to Figure 17.

Spectrum C Si Ti Cr Mn Fe Ni Nb \"
Spectrum 1 2147 281 18.69 111 2813 27.79
Spectrum 2 3143 2.28 2046 094 2291 2198
Spectrum 3 36.64 48.06 0.90 9.76 4.63
Spectrum 4 70.21 2.31 2.65 1.58 1.26 0.26
Spectrum 5 54.73 1644  3.67 1.09 093 2251 0.63

All results are in atomic%.

Table 8 provides the EDS analysis results of the phases in the sample treated at 950 °C
for 8 h, as observed in the SEM micrograph in Figure 15.

The chemical composition (at%) of the phases present in the HP40Nb alloy after being
overheated at 1050 °C for 8 h, as observed in Figure 16, is given in Table 9.

Table 10 provides the EDX analysis results of the sample treated at 1150 °C for 8 h, as
observed in the SEM micrograph in Figure 17.

Table 11 presents the alloy hardness test results, including the average hardness for
each trial. The hardness measurements of the specimens, following overheating treatment
at 950, 1050, and 1150 °C, reveal an increase in hardness compared with the initially received
specimen. The hardness of the as-received alloy was 215 HV10. The hardness value reached
its maximum of 232 HV10 after 8 h at a temperature of 1050 °C. Extending the overheating
time from 2 h to 8 h at 1150 °C resulted in an increase in hardness from 207 to 232 HV10.

Table 11. The hardness values of the alloy HP40ND in its initial state and after overheating at 950,
1050, and 1150 °C for 2 and 8 h, respectively.

Heat Temperature, °C Hold Time, Hardness HV10 Average Star}dafrd
Hours 1 2 3 4 5 Deviation

As-cast - 28 199 222 230 197 215 16

2 210 205 206 206 206 207 2

950 8 224 224 230 226 228 226 3

2 207 203 198 206 206 204 4

1050 8 213 235 235 240 238 232 1

2 204 208 208 209 208 207 2

1150 8 233 230 230 233 232 232 2
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The hardness results are consistent with those reported by other authors [18].
Additionally, Table 11 indicates that the highest hardness values were recorded in
specimens subjected to overheating for 8 h.

4. Discussion

The microstructure of the as-received alloy consists of primary carbide networks dis-
persed within an austenitic matrix, as presented in Figure 1. The dendritic morphology is
indicative of a typical cast microstructure. Notably, no secondary carbide formation was
observed, as shown in Figure 2. SEM analysis further revealed that the primary carbide
networks can be distinguished into two distinct phases, which exhibit dark and bright con-
trast. As illustrated in Figure 1, the Cr-rich phases identified in the microstructure primarily
correspond to M»3C¢ and M;Cj3 carbides, while the Nb-rich precipitate is characterized
as NbC carbide. According to previous investigations [35,43,44], niobium preferentially
reacts with carbon during solidification at elevated temperatures, leading to the formation
of NbC, with the Nb-to-C atomic ratio playing a crucial role in driving its precipitation. In
the present study, the relatively low Nb-to-C ratio (0.2) was insufficient to fully incorporate
all available free carbon into NbC [35]. As a result, the remaining carbon in the matrix was
preferentially bound by chromium, promoting the formation of Cr-rich carbides at lower
solidification temperatures. Due to the high cooling rate, the complete transformation of
M7C3 into M23C6 was inhibited.

The overheating temperature is an important factor that affects the morphology of
carbides. On one hand, irregularly shaped carbides at the grain boundaries hinder the
sliding of grain boundaries, while intragranular carbides prevent dislocation movement
on the other hand. The precipitation of secondary carbides leads to a reduction in the
carbon atom content in the matrix and decreases the effect of solid solution strengthening.
During carbide precipitation, the ability of carbides to block dislocation slips is reduced.
The morphology of carbides is an important factor influencing the creep properties of the
HP40ND alloy [42,45,46].

In comparison with the microstructure in its initial state, the microstructure of the
HP40ND alloy after overheating at 950 °C for 2 h (Figure 10b) exhibits a markedly higher
concentration of carbide in the austenitic region adjacent to the secondary carbide and
within the austenitic matrix in the inter-dendritic region. Primary carbides with lamellar
and plate-like morphologies are observed along the dendrites, forming discontinuous
chains. Additionally, a significant amount of finely precipitated secondary carbides is
visible within the austenitic matrix and near the boundaries of the dendrites. On the basis
of the XRPD pattern presented in Figure 4, the Cr-rich carbide is identified as an M3Cg-type
carbide, whereas the Nb-rich phase is classified as an NbC phase.

At an overheating temperature of 1050 °C, in addition to secondary carbides, a quantity
of needle-like M»3Cq type carbides (where M = Cr, Ni, Fe) was formed within the austenite
matrix. The amount of secondary carbides increased as the overheating temperature rose
to 1050 °C.

The results of the microstructure analysis of the HP40NDb alloy after overheating at
1050 °C for 2 h are consistent with the findings of Sourmail [27], Fuyang et al. [41], and the
work of Martin C. H. Tse [31]. Fuyang et al. [41] also observed the transformation of M;Cs-
type carbides into M»3Cg due to the exposure of the HP40ND alloy to temperatures ranging
from 700 to 990 °C for 1 to 6000 h. This transformation is driven by the thermodynamic
instability of M;C3 at elevated temperatures, resulting in its dissolution and the subsequent
precipitation of the more stable M,3Cy phase. Furthermore, Tse’s research [31] offers
valuable insights into the metallurgical advancements in reformer tube alloys, which further
enhance the understanding of carbides” evolution under high-temperature conditions.
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Liu et al. [17] analyzed the changes in the microstructure and mechanical properties of
the HP40ND alloy during aging at 900 °C from 0 to 2016 h and observed the transformation
of MyCs-type carbides into My3Cg-type carbides.

Almeida et al. [42] studied the influence of niobium content on the microstructural
changes in the HP40NDb alloy after aging at 700, 900, and 1100 °C for 1000 h and also ob-
served the transformation of M;C;-type carbides into My3Cg-type carbides. Wang et al. [35]
investigated the effect of overheating the HP40ND alloy at temperatures ranging from
900 to 1250 °C for 100 h on its microstructure and observed the transformation of M;Cs-
type carbides into M3C¢-type carbides.

Zones without secondary carbides appeared in the inter-dendritic space (Figure 10c,d).
Near the primary carbides are many finely dispersed secondary carbides in the austenitic matrix.

The quantity of secondary carbides diminished, but their coarsening is evident [34].
Overheating at a temperature of 1150 °C for 2 h resulted in the formation of globular-shaped
secondary carbides that separated the regions between the dendrites.

Fuyang et al. [41] also observed the dissolution of secondary carbides with increasing
overheating temperature while studying the microstructural changes in the HP series
of alloys containing 0.6% C, 1.34% Nb, and Mo during aging at temperatures between
750 and 950 °C across intervals of 1 to 1800 h.

Liu [4] stated that the carbide shape present in the microstructure of the tested material
is highly sensitive to the overheating temperature. The overheating of the alloy accelerates
the dissolution of smaller carbide particles and the enlargement of larger ones through
coagulation, accompanied by morphological changes in carbides that ultimately result in
material failure. Coagulation requires a difference in the particle size of the carbide phase,
resulting in the solid austenite solution becoming undersaturated and affecting smaller
particles under these conditions.

As a result, the smaller particles dissolve, while carbon atoms and alloying elements
are transferred via diffusion and incorporated on the surface of the larger particles.

According to the XRPD pattern of the phases present, it can be concluded that the
phases present in the original material are the Cr-rich carbide M;C3 and the Nb carbide
NbC; after overheating, the phases present in the material are Cr-rich carbide M»3Cy and
the Nb-rich carbide NbC. The difference between the Cr-rich phase in the original material
and the superheated material is that the furnace tube is manufactured using a centrifugal
casting process. The cooling rate of the original material is relatively fast during the
manufacturing process. The metastable M;C3 carbide that crystallizes first does not have
time to be converted into M3C¢ carbide. After overheating, the metastable M;C;3 carbide
becomes stable. The state M;C3 carbide is completely transformed into the stable M3Cq
carbide [35]. The phase type, grain size, and degree of dispersion of secondary carbides in
the microstructure affect the mechanical properties of the material [20].

The difference between samples in the content of intragranular carbide and the degree
of grain boundary carbide coarsening increases with longer superheating times.

After exposure for 8 h at 1050 °C (high temperature), secondary chromium carbides
precipitate inside the grains (Figure 14b). The appearance of needles (carbides), indicating
carbides (dark gray) with gray edges, white carbides, and small gray carbides at the
base, can be noticed in Figure 14c. Fewer secondary carbides are present, and these have
solidified. The change in the carbide contents can be attributed to the dynamic equilibrium
between the dissolution and growth of carbides and the carbon diffusion.

As the temperature rises to 1150 °C for 8 h, the content of secondary carbides decreases
due to carbide dissolution. The appearance of carbide needles becomes noticeable; dark
gray carbides with gray edges are evident. Small, tiny white carbides are found at the base
(as seen in Figure 14c).
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Liu and Chen [17] also reported that the content of inter-dendritic carbides increases
with longer aging times at a constant temperature of 900 °C.

Extending the overheating time to 8 h at 1150 °C (Figure 14c) results in a reduction
in the quantity of secondary carbides and the formation of carbide-free zones within the
microstructure. The results indicate that with a prolonged soaking time, chromium carbide
decomposes, and the carbon combines with niobium, leading to an increase in niobium-rich
carbides. These findings are consistent with the study by Wang et al. [4], which found that
the carbide content decreased at a temperature of 1250 °C.

According to the microstructure results of the HP40NDb alloy samples after all over-
heating treatments (Figures 10 and 14) and the hardness measurement results (Table 11),
it can be concluded that the presence of a large number of secondary carbides in the
austenitic matrix contributes to the increased hardness of the alloy, as observed by other
authors [39,41].

Lanz et al. [39] investigated the effect of overheating temperatures ranging from
750 to 950 °C over various time intervals (1-1800 h) on a modified HP alloy containing
0.6% S and 1.34% Nb. They observed an increase in the alloy’s hardness after aging due
to the precipitation of needle-like secondary carbides. However, as the aging time and
temperature increased, the coarsening of these carbides led to a reduction in hardness.
Picasso et al. [33] studied a nickel-based alloy subjected to aging treatments at temperatures
between 750 and 900 °C for durations of 10004000 h. Their research indicated an increase
in hardness values due to aging compared with the as-cast state. However, when the aging
time exceeded 500 h, the hardness value began to decline.

The maximum hardness observed in the sample treated at 1150 °C for 8 h is attributed
to the dissolution of secondary chromium carbides and the diffusion of carbon into the
austenitic matrix.

5. Conclusions

The microstructural evolution of the HP40 alloy alloyed with Nb following short-
term overheating was investigated. The main conclusions are based on the experimental
results observed.

The as-cast microstructure of the HP40Nb alloy consists of an austenitic dendritic
matrix strengthened by a network of primary eutectic-like carbides rich in chromium and
niobium of the M»3Cy and MC types, respectively.

Microstructural analysis of the HP40 alloy micro-alloyed with Nb after short-term
overheating at 950 °C for 2 h revealed a significant presence of secondary carbides in the
austenite matrix and near the primary carbides.

Exposure to a temperature of 1050 °C for 2 h resulted in a significant quantity of
secondary carbides being dispersed and distributed within the austenitic matrix and
agglomerated along the grain boundaries. When the overheating time reached 8 h at a
temperature of 1050 °C, a finer grain structure was observed, with carbides dissolved along
the austenitic grain boundaries.

Increasing the temperature of overheating from 950 °C to 1150 °C resulted in a reduc-
tion in secondary carbides within the structure. Additionally, this increase in temperature
altered the morphology of the primary carbides, causing them to adopt a spherical shape.

At a higher overheating temperature of 1150 °C, soaking for 2 h yielded a significantly
reduced quantity of the secondary carbides within the austenitic matrix and in the sur-
roundings of the primary carbides. Extending the overheating time to 8 h further decreased
the number of secondary carbides.
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The increase in hardness values is due to the high content of secondary carbides in the
austenitic matrix. This increase is also influenced by the dissolution of secondary carbides
and the diffusion of carbon within the austenitic structure.

The microstructure studied via the given combination of techniques has provided new
insight into how different carbide types and morphologies form during overheating and
further highlighted the significance of microstructure control and monitoring in utilization
of reformer tubes in extreme conditions.

In general, this research is beneficial, as it provides insights into how short-term high-
temperature exposure affects HP40NDb alloys, particularly under real operating conditions.
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