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This work is focused on the failure analysis of a HP40 steel tube used in steam reformer units, which 
was operated at about 850 °C for 100000 h. The failure analysis was conducted experimentally and 
numerically using the Thermo-Calc software. The main results indicated that the failed tube presented 
slightly different contents of Ni and Cr from the nominal ones, which originated the absence of the 
interdendritic eutectic microconstituent, composed of austenite and M7C3 carbides. This fact was also 
corroborated by Thermo-Calc results. This absence of eutectic facilitates the crack propagation on the 
dendritic zones and then the trangranular brittle fracture propagation through the austenite dendritic zones.
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1. Introduction
The steam reformer unit is a fundamental equipment 

in many processes of the petroleum refinery plants. This 
unit is composed of a wide variety of vertically oriented 
tubes1. A  mixture of methane and steam usually pass 
through the oxide catalyst in the steam reformer to obtain a 
mixture of hydrogen, carbon monoxide, carbon dioxide and 
water. The combination of high temperature, carbon oxide 
atmosphere and moderate tensile stresses causes that the 
damage in these components occurs mainly by the presence 
of creep, microstructural degradation and metal dusting1. 
These components operate at temperatures of approximately 
850 °C and internal pressures between 1 and 3.5 MPa, and 
its service life is expected to be about 100,000 h2-6. This 
type of components is usually fabricated with heat resistant 
austenitic stainless steel, like the HP40 steel (25Cr-35Ni steel), 
which has excellent creep strength, and good resistance to 
carburization and oxidation1-6.

The HP40 steel is used in the as-cast condition, and 
its high content of Cr and Ni promotes a microstructure 
composed of a net of primary eutectic precipitates 
(γ + M7C3) located in the dendritic boundaries of an fcc γ 
austenitic phase3-8. These Cr-rich M7C3 carbides are known 
as primary carbides and they perform an important role on 
the prevention of sliding of the austenite grain boundaries 
at high temperatures8-12 Besides, Nb-rich MC carbides can 
be formed during the solidification process, which also 
contributes to improve its mechanical strength. The secondary 
fine precipitation of Cr-rich carbides, M23C6 with cubic 
morphology , restrict the movement of the dislocations, 
making of this alloy an excellent option to these operating 
conditions13-15. The volume fraction of this precipitation has 
been reported14 to increase with carbon content of steel. 

This precipitation also contributes to increase the wear 
resistance of these alloys8-15.

An optimum control of the chemical composition of the 
as-cast alloy is important to reach the required mechanical 
properties of tubes used in the steam reformer. Thus, a 
slight deviation in the chemical composition may alter the 
microstructure promoting a deterioration in its mechanical 
properties, which could lead to unexpected failures during 
its service operation.

Recently, Thermo-Calc (TC) software has been applied 
to analyze16,17 the stability of phases in both equilibrium 
and non-equilibrium conditions for multicomponent alloys. 
Furthermore, TC-PRISMA16 has permitted to analyze the 
growth kinetics of different precipitates either, during 
continuous cooling or isothermal aging. These calculated 
results are a good alternative to study the microstructural 
evolution of the multicomponent alloys used for the fabrication 
of industrial components.

Therefore, the aim of this work is to analyze experimentally 
and numerically the effect of chemical composition on the 
microstructure evolution and its corresponding mechanical 
performance for two different sections, one of them extracted 
from a failed HP40 steel tube, with slight difference in the 
chemical composition from the nominal one.

2. Materials and Experimental Details

2.1 Sampling and sectioning
Figure 1 shows a section of the failed GX45NiCrNbTi steel 

tube with a nominal diameter and thickness of 21.7 cm (5 in) 
and 0.9144 cm (0.360 in), respectively. This tube operated at 
about 850 °C for 100000 h. The tube shows a welded reduction 
in one of the ends. The failure consists of a fracture, with 
length of 96.52 cm (38 in) and a fish‑mouth like aperture *e-mail: vlopezhi@prodigy.net.mx
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of 25.4 cm (10 in), propagated in the longitudinal direction. 
A secondary circumferential fracture can be observed in 
the weld joint of the tube reduction, as shown in Figure 1.

The tube was sectioned in two segments, as shown in 
Figure 2. These were designated as follows: A1 the fractured 
element of about 36 cm length next to edge of the flaw, as 
shown in Figure 2a, and A2 the element , exposed to the highest 

temperature, without any presence of crack propagation with 
a length of approximately 10 cm, as shown in Figure 2b.

2.2 Experimental details
The chemical composition of A1 and A2 specimens is 

shown in Table 1, and it was determined by atomic absorption 
spectroscopy (AAS). The nominal chemical composition 

Figure 1. Perspective view of the section of tube failed.

Figure 2. Location of as-received (a) A1 and (b) A2 specimens.
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corresponding to the ASTM A297 standard18 is also shown 
for comparison reason. That is, it can be noted that the 
chemical composition of A1 specimen presents lower content 
of Ni and higher content of Cr in comparison to those of the 
nominal composition. In contrast, the chemical composition 
for A2  specimen is in the composition range expected 
for this type of steel, according to the ASTM standard18. 
The microstructural analysis of A1 and A2 specimens was 
performed to compare the initial microstructural of the 
longitudinal, transversal and the external surfaces for both 
A1 and A2 specimens. All specimens were metallographically 
prepared, and then etched with Kalling reagent (290 ml 

ethanol, 100 ml HCl and 5g CuCl2) to be observed with 
a light microscope. To regenerate the original as-cast 
microstructure, both A1 and A2 specimens were remelted 
three times in order to homogenize the chemical composition 
using a Mini-Arc furnace MAM-1 Edmund Bühler GmbH 
under an argon atmosphere. All specimens were analyzed 
with scanning electron microscope (SEM) equipped with 
Energy dispersive X-ray spectroscopy, EDX, to determine 
the distribution of chemical elements in the A1 and A2 
specimens. Some specimens were also examined by X-ray 
diffraction (XRD) using monochromated Cu Kα radiation. 
Brinell hardness and Vickers hardness tests were pursued 
for all specimens using loads of 3000 kgf and 200 gf loads, 
respectively, for 10 s, according to the standard procedure 
described in the E10 and E92 ASTM standards19,20.

2.3 Numerical methodology
Thermo-Calc analysis was pursued using the version 

2019a and the TCFe7.tdb data base21. The non-equilibrium 
phases were studied using the Scheil module of this software, 
which is based on the Guiliver-Scheil equations17, which are 
used to study the non-equilibrium solidification process of 
alloys. The input data were the chemical composition and 
temperature.

3. Results and Discussion

3.1 Microstructure characterization of the 
as‑received component

The light microscope microstructures for the transversal 
surface of the as-received A1 and A2 specimens are 
shown in Figures 3a and b, respectively. Both A1 and A2 
specimens present a dendritic structure composed of 
austenite dendrites and interdendritic regions, which shows 
the presence of small pores or microvoids. It is interesting 
to notice that some of them are interconnected in the case 
of A1 specimen. The crack propagation of A1 specimen 
takes place along the interdendritic zones. Additionally, 
similar characteristics were also observed for longitudinal 
and external surfaces of both specimens. Figures 4a and b 
show the SEM micrographs corresponding to the A1 
specimen in the as-polished condition and after chemical 
etching, respectively, at two different magnification levels. 
Figure 4a confirms that that the crack propagation occurred 
intergranularly through the interdendritic zones. Besides, 
Figure  4b suggests that the crack propagation proceeds 
through the matrix and precipitated carbide phases, which 
will be described in the next paragraph.

SEM micrographs of the longitudinal surface for 
the as‑received A1 and A2 specimens are shown in 
Figures 5a and b, respectively. In the case of as-received 
A1 specimens, it can be clearly noted the presence of dark 
and bright precipitates dispersed in the austenite matrix. 
The EDX analysis indicated that the bright and the dark 
ones correspond to Nb-rich MC carbide precipitates and 
Cr-rich M23C6 carbide precipitates, respectively. A similar 
microstructure is present in the as‑received A2 specimen; 
however, the Cr-rich M7C3 carbide phase shows a eutectic 
morphology with the austenite phase.

Table 1. ASTM standard A297 nominal chemical composition of 
the HP40 steel, compared to those of the A1 and A2 specimens.

Element ASTM A297 A1 A2
C wt. % 0.35-0.75 0.45 0.45

Mn wt. % max.1.5 0.8 0.73
Si wt. % max. 2.0 1.32 1.11
Nb wt. % 1.25 1.24 1.27
Ti wt. % 0.3 0.16 0.13
Cr wt. % 24-28 29.97 27.89
Ni wt. % 33-37 31.37 33.18

Figure 3. Microstructure of the longitudinal surface for the as‑received 
(a) A1 and (b) A2 specimens.
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3.2 Thermo-Calc analysis and microstructures
The Thermo-Calc calculated plot of the amount of all 

equilibrium phases as a function of temperature is shown in 
Figures 6a and b for the A1 and A2 specimens, respectively. 
In the case of A1 specimen, the first solid phase to be formed 
is the austenite and then the (Nb,Ti)C and M23C6 carbides are 
solidified. This diagram also suggests that the precipitation 
of (Nb,Ti)C and M23C6 carbides from the austenite matrix 
may occur by isothermal exposing to temperatures lower 
than 1250 °C. Even more, the formation of ferrite may take 
place at temperatures lower than 910 °C. On the other hand, 
the solidification of austenite preceded to that of (Nb,Ti)C 
for the A2 specimen. To continue, the following eutectic 
reaction L → γ + M7C3 occurs at about 1280 °C. This plot 
also indicates that the precipitation of (Nb,Ti)C could take 
place from the austenite phase at temperatures lower than 
1250°C. In addition to, the precipitation of M23C6 occurs 
at temperatures lower than about 1205 °C, as a result of 
dissolution of the M7C3 carbide. The α ferrite phase can be 
also formed at temperatures lower than approximately 730 °C 
with lower volume fraction than that of the A1 specimen.

Figures 7a and b show the Thermo-Calc calculated plot of 
temperature versus mole fraction of solid for non-equilibrium 
conditions of A1 and A2 specimens, respectively, based on 
the Scheil-Guiliver equations17. In the case of both A1 and A2 
specimens, it is confirmed that the solidification sequence 
for non-equilibrium condition is similar to that previously 
described in Figures 6a and b. That is, there is no eutectic 
microconstituent, γ + M7C3, for the solidification of A1 
specimen. The volume fraction of M23C6 of this specimen 
is higher than that of the other one. The precipitation of 
M23C6 can take place during non‑equilibrium solidification 
of A2 specimen. Besides, it can be noted that the δ ferrite 
phase is formed during non‑equilibrium solidification 
of both specimens. The volume fraction of this phase is 
higher for the A1 specimen. A measure of the amount of 
microsegregation of the as-cast alloy is the separation 
distance between the equilibrium and non-equilibrium 
curves of Figure 7. Thus, the A2 specimen has a higher 
microsegregation, which could cause that the interdendritic 
liquid reaches the eutectic composition promoting the 
formation of eutectic microconstituent, γ + M7C3, in 
comparison to the A1 specimen.

Figure 5. SEM micrographs of the as-received (a) A1 specimen 
and (b) A2 specimen.

Figure 4. SEM micrographs of the A1 specimen in (a) polished 
and (b) etched conditions.



5Failure Analysis of HP40 Steel Tubes utilized in Steam Reformer Units of Petroleum Refinery Plants

Figure 6. Thermo-Calc calculated plot of amount of all equilibrium 
phases versus temperature for (a) A1 specimen and (b) A2 specimen.

Figure 7. Thermo-Calc calculated plot of non-equilibrium temperature 
versus mole fraction of solid temperature for (a) A1 specimen and 
(b) A2 specimen.

In order to compare the experimental results 
with the previously calculated Thermo-Calc results, 
Figures 8 and 9a and b show the SEM micrograph and its 
corresponding EDX elemental-mapping for the remelted 
A1 and A2 specimens, respectively. These micrographs 
confirm that the remelted A1 specimen presents no eutectic 
constituent, Fe γ + M7C3. Besides, it can be noted the 
presence of Cr-rich dark and Nb-rich bright precipitates 
dispersed in the austenite dendrites. Furthermore, Figure 10a 
shows the XRD pattern corresponding to the remelted A1 
specimen. Three phases are clearly identified to correspond 
to the X-ray diffraction peaks, and they are the austenite 
matrix and two types of carbides, M23C6 and (Nb,Ti)C 
or MC carbide type. The Cr-rich M23C6 carbides show a 

plate morphology, while the morphology of (Nb,Ti)C is 
irregular. In contrast, the SEM micrograph of the remelted 
A2 specimen indicates the presence of austenite dendrites 
and interdendritic MC carbide, as shown in Figure 9b. 
Besides, the eutectic microconstituent, γ + M7C3, is clearly 
observed and composed of the austenite and M7C3 phases. 
These phases are clearly detected in the XRD pattern 
of the remelted A1 specimen, as shown in Figure 10b. 
The EDX analysis of M7C3 carbides also indicated a 
Cr-rich carbide for this specimen. Both the calculated 
and experimental results of the present work are in good 
agreement with the phase reported for this type of steels 
in the literature7-15,22-25.
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Figure 8. (a) SEM image and the corresponding EDX-SEM elemental mapping images of (b) Cr, (c) Mn, (d) Nb and (e) Ni for the 
remelted A1specimen.

Figure 9. (a) SEM image and the corresponding EDX-SEM elemental mapping images of (b) Cr, (c) Mn, (d) Nb and (e) Ni for the 
remelted A2 specimen.

Table 2. BHN of the as-received A1 and A2 specimens.

Specimen Minimum BHN Maximun BHN Average BHN Microhardness VHN
A1 204.0 250.0 227.0 197
A2 202.0 207.0 204.5 175

3.3 Hardness of specimens
Table 2 shows the Brinell hardness number BHN for 

the as-received A1 and A2 specimens. It can be noted that 
the average hardness of as-received A1 specimen is slightly 

higher than that of the as-received A2 specimen. This 
difference seems to be attributable to the higher volume 
fraction of M23C6 for the former specimen, as-shown in 
Figure 4a. Another reason for this higher hardness could be 
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Figure 10. XRD patterns of the the remelted (a) A1 specimen and 
(b) A2 specimen.

Figure 11. SEM fractographs of the as-received A1 specimen 
(a) low magnification an (b) high magnification with EDX spectrum.

the highest volume fraction of δ ferrite for the as-received 
A1 specimen, which was detected experimentally by the 
magnetic behavior of this specimen. Nevertheless, the 
bcc structure of ferrite has a lower toughness than that 
corresponding to the fcc structure of austenite, which 
may be also responsible for the deterioration in tube 
performance. Table 2 also shows the Vickers microhardness 
corresponding to the matrix phase and it can be noted 
that the A1 specimen has higher hardness, in good 
agreement with the previously shown results. The hardness 
corresponding to the carbides was higher, 325-550 VHN, 
but the data scatter was high because the microhardness 
determination could also include a contribution from the 
austenite matrix. The hardness values are consistent with 
those reported in the literature25.

3.4 Failure mechanism
Table 3 summarizes the main results of previous sections 

in order to explain the failure mechanism. These results 
indicate that the higher Cr and lower Ni content of this 
tube section for as-received A1 specimen in comparison 
to the nominal ones, as shown in Table1, promotes the 
no formation of the eutectic constituent composed of the 
austenite and M7C3 carbide decreasing its opposition to 
the dislocation movement and thus, the interdendritic 
zones were favorable to the crack propagation. Then, 

as a result of the creep condition the microvoids are 
formed and they become interconnected, which favors 
the crack propagation in the interdendritic regions, the 
austenite dendritic zones presented the transgranular 
brittle fracture mode. This fact is consistent with the 
SEM fractographs of the as‑received A1 specimen, as 
shown in Figures  11a  and  b. This shows clearly the 
crack propagation in the interdendritic zones, as well 
as the transgranular brittle fracture in the austenite. 
Additionally, the EDX spectrum of the yellow squared 
area in Figure 11b indicates that the detected chemical 
elements correspond mainly to the steel. The presence of 
oxygen is attributed to the oxide formation. Figures 12a‑h 
show the EDX elemental mapping close to a crack 
for the A1 specimen. The formation of chromium and 
manganese oxides can be clearly observed in the crack, 
while there is a depletion of the other elements in the 
crack. Besides, there is no preferential distribution of 
elements in the steel. No detection of sulfur or chlorine 
was found in the crack.

It is important to mention that the micropores, 
observed in micrographs of Figure 3, may be originated 
by the void formation during the creep of these tubes at 
high temperatures and they could be responsible of the 
crack nucleation26.
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The presence of ferrite in the A1 specimen may have also 
contributed to the failure mechanism because of its lower 
toughness in comparison to that of the austenite. This was 
not clearly located in the A1 specimen.

In general, it can be stated that the failure mechanism 
can be attributed to the different chemical composition of 
the failed zone, related to the nominal one, which may be 
originated during the casting process of steel tubes.

4. Conclusions
A failure analysis of a HP40 steel tube, used in steam 

reformer units, was conducted experimentally and numerically 
with Thermo-Calc and the conclusions are:

i)	 The local difference in Cr and Ni contents of the 
tube promoted the absence of the interdendritic 
eutectic microconstituent, which facilitated the 
crack propagation.

ii)	 This difference also caused the increase in δ ferrite, 
which seems to harden this tube region.

iii)	 The crack propagation started in the interdendritic 
zones and propagates transgranularly in the austenitic 
region.

5. Acknowledgements
The authors acknowledge the financial support from 

SIP-IPN and Conacyt.

Figure 12. (a) SEM image and the corresponding EDX-SEM elemental mapping images of a crack for the A1specimen (b) Cr, (c) O, 
(d) Si, (e) C (f) Fe, (g) Ni and (h) Mn.
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