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This work presents the characterization of the external oxide scale of a centrifugally cast HP

steel tube, modified with Nb and Ti, after 90,000 h of operation in a steam reforming furnace,

showing different aging states as a function of the column height and exposure temper-

ature. The objective was to relate the oxide microstructural morphology to its magnetic

response for three different microstructural aging states. The morphological and compo-

sitional characterization was performed by high resolution scanning electron microscopy,

energy dispersive spectrometer and X-ray diffraction. The magnetic response of the external

surface was analyzed by magnetic force microscopy and scanning magnetic susceptometer.

The  results showed the formation of a multilayer oxide scale with different compositions

along its thickness. In addition, a microstructural modification was identified in the scale-

matrix interface, due to the depletion of chromium. It was also observed that the magnetic

response is dependable both on the oxide scale thickness and the chromium carbides

depleted zone. Magnetic force microscopy was able to identify the origin of the magnetic

response resulted from the steel tube surface.
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Fig. 1 – Backscattered electron mode image of sample A3,
showing the typical morphology of the HP tube external

scope. Morphological characteristics of the external surface
j m a t e r r e s t e c h n 

.  Introduction

team reformer furnaces are used for large-scale production
f hydrogen. These furnaces operate under severe conditions
ue to the reactions involving hydrocarbons and steam that
roduce hydrogen and carbon dioxide [1,2]. These reactions
ake place inside the furnace tubes, which are assemble in
equenced columns interspersed with burners from the “top
red furnace” type. The columns range from 10 to 14 m in
eight with 10–20 mm in wall thickness and are formed by
elded segments of centrifugally cast heat resistant HP stain-

ess steel tubes modified with niobium and, in some cases,
icroalloyed with titanium [2–4]. The typical microstructure

f the alloy may provide high oxidation resistance and high
echanical performance, especially to creep [5]. The furnace

onfiguration leads to a temperature profile along the columns
eight, which varies between 600 ◦C and 1100 ◦C [2] and causes
icrostructure modifications with different states of aging

6,7].
Although reformer tubes are designed for a lifespan

reater than 100,000 h [1], they might suffer premature dam-
ge caused by oxidation, thermal shock, overheating and
specially creep [7,8]. Non-destructive magnetic inspection
echniques have been developed to be used in the field in order
o provide subsidies to estimate the remaining life of the tubes,
ot only by the detection of voids and cracks but also by the
erification of the microstructural aging state of the material
9,10]. It has been observed though, in several occasions, that
he magnetic response from the tested tubes has been greater
n the surfaces than in the bulk [9,11–13]. It has been found
hat this augmented response is, in fact, a result of the pres-
nce of an oxide scale with magnetic characteristics, formed
t high temperature processes.

This work aims to perform a microstructural and mag-
etic characterization on the external surface of samples,
xtracted from different column heights, in order to corre-
ate their characteristics to the temperature and the aging
tate of the material, taking into account the presence of
he oxide scale formed under an industrial environment.
he external surfaces were characterized by a high-resolution
canning electron microscope (SEM) on backscattering elec-
ron mode (BSE) and a chemical composition mapping by X-ray
nergy dispersive (EDS) was produced. The oxides phases were
efined by X-ray diffraction (XRD). A scanning magnetic sus-
eptometer was used to evaluate the magnetic response and
orrelate it with the aging state of the samples and a magnetic
orce microscope identified the origin of the magnetism from
he external surface.

The present work presents new findings on the mor-

hological and magnetic characteristics of oxide layers
ormed in HP steels used in steam reforming furnaces.
hese are important results for non-destructive (ND) integrity

Table 1 – Chemical composition of the modified HP alloy analyz

Tube Ni Cr C Nb 

A 35.00 25.50 0.54 1.13 
surface.

assessment inspections and for the remaining life calculation
of HP tubes. This effect must be considered when accounting
the magnetic response from this tubes in ND tests, preventing
therefore, common interpretation errors that can lead to huge
economical losses.

2.  Materials  and  methods

2.1.  Materials

Samples were extracted from a tube, that was removed from
service after 90,000 h of operation. Tube chemical composi-
tion is shown in Table 1. Three samples named A1, A2 and
A3 were extracted at different sections (heights) of the tube
(1.90 m,  2.70 m and 3.50 m,  respectively, in relation to the fur-
nace roof). Different tube sections imply that each sample was
exposed to a different operational temperature, result then in
different aging states, being classified as states II, IV and V,
for the samples A1, A2 and A3, respectively, according Le May
et al. [4].

2.2.  Microstructural  characterization

In order to preserve the integrity of the oxide layer, cross-
sectional tube sample were cut in a diamond abrasive disc and
embedded into a conductive Bakelite resin. The microstruc-
tural characterization of the external oxide scale was per-
formed using a high resolution Dual Beam scanning electron
microscope, coupled to the energy-dispersive X-ray spectro-
ed (wt.%).

Si Mn W Ti

1.60 1.30 0.039 0.083

were analyzed on the backscattered electron mode. The dis-
tribution and composition of the chemical elements on the
oxide layer were observed by EDS mapping. The thickness of
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the oxide scale and the chromium carbides depleted zone was
measured using an image  processing software. The different
oxide structures were identified using an X-ray diffractometer,
with cobalt radiation (K�  = 1.79 Å). The scanning was per-
formed from 10◦ to 100◦ with a scan speed of 0.03◦/min.

2.3.  Magnetic  characterization

Magnetic characterization of the external surface was per-
formed on a magnetic force microscope (MFM). MFM analysis
was performed on sample A3 at room temperature. The sam-
ple was extracted from the tube cross-section and submitted
to conventional metallographic preparation without etching.
A cobalt-coated silicon probe was used for MFM  which exhibits

a resonant frequency of 75 kHz. The MFM  tip is magnetized
using a neodymium magnet (0.46 T of remanent magneti-
zation) prior to the measurements [14]. The first scanning
acquired the topography of a scan line on intermittent contact

0.0 m

1.0

A1
2.0

A2

A3

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0 m

R
oo

f
R

eg
io

n 
in

 c
on

ta
ct

w
ith

 th
e 

fla
m

e

O

Cr

Fe

a 

Fig. 2 – (a) Tube scheme showing the position of samples A1, A2
mapping of sample A2, showing the typical chemical elements p
overlayered at the backscattering image.
. 2 0 1 8;7(4):578–583

mode. The tip was then lifted to 300 nm from the surface, and
the magnetic response of the scan line, caused by the mag-
netic interaction between the tip and phase, was obtained.
External surface magnetic field map  was measured by an
induced magnetic field, using a scanning DC-susceptometer.
Details of the technique are reported elsewhere [9]. The sam-
ples were embedded into acrylic resin, with dimensions of
22 × 22 × 1.8 mm.  To measure the induced magnetic field Bz,
a DC magnetic field of 400 mT was applied and the measure-
ment was made at 150 �m standoff.

3.  Results  and  discussion

3.1.  Oxide  scale  microstructural  characterization
The external surface of the samples showed a typical mor-
phology as depicted in Fig. 1, presenting only differences
on oxide scale and transformed region thickness, as shown

25 µm

Si

Ni

Mn

b

 and A3 removed from the reformer column. (b) EDS
resent on the oxide scale and their distribution,
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Fig. 3 – X-ray diffraction results, showing the oxides
presents in the external oxide scale of the samples A1, A2
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Fig. 4 – Phases distribution model for the external oxide
scale formed at modified HP steel tubes used in steam

is observed. Finally, in the outermost layer, where the oxy-
gen partial pressure is higher, NiFe2O4 and Fe3O4 spinel are
formed.
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nd A3.

elow. Primary and secondary chromium carbides of M23C6

ype (dark gray) were observed at the bulk. G phase, usu-
lly of composition Ni16Nb6Si7 (white), was observed in the
nterdendritic region of the austenitic matrix due to the NbC
ransformation. The bulk phases were identified elsewhere [5].

 chromium carbides depleted zone was observed in the sub-
urface of the oxide scale and named “transformed region”.

 continuous oxide scale with irregular thickness was also
bserved, with its morphology varying as a function of the
emperature. Fig. 2(a) indicates the positions where the sam-
les were extracted from the column. EDS mapping of sample
2, shown in Fig. 2(b), depicts the elements present in the
xide scale. Similar EDS maps were also obtained for samples
1 and A3, that presented the same elemental distribution. A
ilicon rich layer was well defined at the interface between the
xide and the matrix, followed by an intermediate layer rich
n chromium and manganese. The utermost layer of the oxide
resents iron and nickel.

Phase identification analysis by XRD for samples A1, A2
nd A3 are presented in Fig. 3. In the three analyzed sam-
les, the same phases were identified as SiO2, MnCr2O4, Cr2O3,
iFe2O4 and Fe3O4. The fundamentals of formation of the
xide scale cannot be discussed, because it is developed at
ndustrial environment. However, XRD and EDS combined
nalysis indicated that the external surface of the HP tube pre-
ented a scale formed of multiple oxide layers, as depicted
n the proposed model of Fig. 4. In this model, it can be
een that the scale presents, in fact, a sequence of layers
ith multiple oxides, followed by the subsurface area free of

23C6 carbides known as “transformed region”. Just above, a
ne irregular layer of SiO2 is found, which formation is most

ikely attributed to the Si affinity to oxygen, that allows this
xide to be formed on a low oxygen partial activity region
15]. A compact layer containing both Cr2O3 and MnCr2O4
as observed after the SiO2 layer. It was expected that at
his point, only a Cr2O3 would be present, but due to the
igh Mn  content in the alloy (1.3 wt.%) and its rapid known
iffusion through the Cr2O3 layer [16], a duplex oxide layer
reforming furnaces.
Fig. 6 – Scan line topography, showing the phases presents
on it and the ferromagnetic response of the transformed
region and the paramagnetic response of the carbide.
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The average thickness of the oxide layers and the trans-
formed regions of samples A1, A2 and A3 is shown in
Fig. 5. Both increase for samples exposed to higher tempera-
tures. Although the transformed region presents a significant
increase in its thickness for samples A2 and A3, this effect
is not observed for the oxide scales of these samples, as a
consequence of partial scale spallation of the outermost layer
with Fe3O4 and NiFe2O4 oxides [17]. The steam reforming fur-
naces undergo temperatures cycling over its operation [2],
which leads to cumulative damages in the oxide layers, mainly
because of the thermal stresses generated during the cool-
ing. This are the main causes for the occurrence of scales
spallation [17]. It was found that the outermost region of the
oxide scale, that is rich in Fe and Ni oxides, presented a typ-
ical porous appearance. It is known that the porosity of this
layer decreases its adhesion to the neighbor oxide layer, reduc-
ing its mechanical resistance [18]. This makes the outermost
layer of oxide susceptible to spalling resulting from physical
and mechanical processes.

3.2.  Magnetic  characterization  of  external  surface

The topography from the region scanned by MFM presented
great variations as depicted in Fig. 6. It was possible then to
highlight each sublayer of oxide presented with the aid of
the EDS mapping results and backscattering electron images.
The topography variation influences the MFM  results, com-
plicating the identification of magnetic response along the
oxide layer [19]. Thus, it was not possible to obtain the mag-
netic response of the outermost oxide layer containing the
Fe3O4 and NiFe2O4 spinel, due to their characteristic porosity.
However, it is known that these oxides have a ferromagnetic
behavior [20]. The chromium carbides depleted zone pre-
sented ferromagnetic behavior when magnetic domains were

evidenced. The detected carbide (Fig. 6) showed a paramag-
netic response, also observed by [14,21].

The magnetic characterization of the external surface of
the reformer tube showed that its magnetic response is due
e resin in which the samples were  embedded.

to the transformed layer and the outermost oxide layer con-
sisting of Fe3O4 and NiFe2O4. However, it is not possible to
affirm which is predominant. It is important to emphasize
that the magnetic response of the external surface of tube is
influenced by the integrity of the oxide layer, which is sus-
ceptible to partial spallation. Since the oxide scale and the
transformed region thickness tend to increase at regions of
the tube exposed to higher skin temperatures, it can be con-
cluded that the magnetic response of the external surface also
increases with temperature. This fact was verified by scanning
the tube cross-section applying a 400 mT  field perpendicu-
lar to it and measuring the magnetic response in the same
direction, Fig. 7. Sample A3 presented a maximum magnetic
field response of 50 mT. On other hand, the samples A2 and
A1 showed maximum responses of 37 mT  and 15 mT, respec-
tively. The bulk of sample presented a response one order of
magnitude lower.

4.  Conclusions

The proposed characterization for the external surface of
samples removed from an Nb–Ti-modified centrifugally cast
HP-Type stainless steel tube, that were exposed for 90,000 h
to different temperatures inside a reformer furnace, allowed
to relate its microstructural characteristics to its magnetic
response. The external oxide scale showed a typical distribu-
tion sequence of layers that contained a SiO2 at oxide-matrix
interface, followed by Cr2O3 + MnCr2O4, and NiFe2O4 + Fe3O4 at
the utermost scale region. Although spallation was observed
in many  regions along the tube, it was still possible to
relate the thickness of both oxide scale and transformed
region with the different temperature ranges along the col-
umn, i.e. with the different microstructural aging states. The
magnetic response of the external surface of the reform-

ing tube originates in the transformed layer where the
chromium carbides depletion has occurred and in the uter-
most oxide region (NiFe2O4 + Fe3O4) which has ferromagnetic
characteristics. The ferromagnetism of the external surface,



o l . 2 

i
r
t

C

T

A

T
F
t

r

j m a t e r r e s t e c h n 

ncreases with its thickness, resulting in a stronger magnetic
esponse for tube positions exposed to higher tempera-
ures.
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