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3D analysis of creep voids in hydrogen reformer tubes
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Abstract

An ex-service hydrogen reformer tube composed of Fe–0.45% C–25% Cr–35% Ni–1.0% Si–1.5% Nb–1.0% Mn (approximate wt.%) was
examined via serial sectioning and 3D reconstruction to characterize creep voids in terms of their size, location, and surrounding precipitates. In
addition, electron backscatter diffraction (EBSD) technique was used to investigate any crystallographic influence on the location of these voids.
Observations in 3D show that void distribution is not uniform in terms of size, shape, and location. Most of the voids are oblong and occur at
grain edges and corners. In addition, all observed voids were in contact with the Cr-rich M23C6 precipitates. EBSD results showed that 80% of the
M23C6 precipitates surrounding these voids have an irrational crystallographic orientation relationship (OR) with the austenite matrix, contrary to
the expectation that grain boundary precipitates nearly always obtain rational OR with respect to one adjacent grain.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

In petrochemical plants, the production of hydrogen from nat-
ral gas is carried out in hydrogen reformers where the following
eactions occur in the presence of a nickel catalyst:

H4 + H2O → CO + 3H2

O + H2O → CO2 + H2

ydrogen reformers consist of hundreds of vertically oriented
atalyst-filled tubes operating at a temperature of more than
00◦C and an internal pressure of approximately 2 MPa. These

ubes have an internal diameter and wall thickness of about
25 and 10 mm, respectively, and are typically expected to sus-

ain service for 100,000 h (11.4 years) with diametral strain not
xceeding 3%. These service requirements result in high tem-
erature deformation in a regime of relatively low stresses (less

han 20 MPa), and low creep rates (8× 10−11 s−1) where the
eported creep mechanisms are diffusional creep, Harper-Dorn
H-D) creep, and grain boundary sliding[1,2].

Centrifugally cast austenitic stainless steel alloys containing

additions of Cr and Ni are well known for improving corros
resistance and strength at elevated temperatures, while th
amount of C inhibitsσ-phase formation[3]. Creep strengthe
ing is achieved via the formation of Cr-rich M23C6 carbides in
the reformer tube microstructure. Primary carbides, which
a grain boundary network during casting, are suspected to
an important role in restraining grain boundary sliding[4]. The
secondary carbides, which appear as fine intragranular p
itates during service, are believed to hinder dislocation mo
[4]. With increasing service time, the primary and secon
Cr-rich M23C6 carbide particles have a tendency to coarsen
which in turn reduces creep strength[5]. Additions of Nb and
Ti lead to “fragmentation” and refinement of the grain bou
ary carbide network, as well as creating a finer and more s
dispersion of intergranular carbides, which would all resu
added creep resistance[6–8].

It is well known from previous work on austenitic stainl
steels[9–14] that M23C6 nucleation site has an influence
the crystallography of these precipitates. For instance, M23C6
precipitation in the grain interior results in the best lattice m
(cube-cube OR), while grain boundary carbides obtain a
igh amounts of carbon (0.4 wt.%), chromium (25 wt.%) and
ickel (20–35 wt.%) were developed for these purposes. The
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rational OR with at least one adjacent austenite grain[10]. This
is significant because material behaviour appeared to be linked
to crystallographic relationship between the precipitate and the
adjacent matrix. Corrosion studies on austenitic stainless steels
by Kinzel [15] indicated that corrosion was more pronounced
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Table 1
Main alloying elements (in wt.%) present in the reformer tube sample

C 0.49
Cr 23.5
Ni 32.1
Si 1.07
Nb 1.14
Ti 0.13
Mn 0.91
W 0.46
Fe + others Bal

Remainder is Fe and other minor alloying elements.

on M23C6 interfaces having a low registry with the austenite
matrix. More recent work on austenitic stainless steels under
creep-fatigue conditions show that higher coherency of grain
boundary M23C6 carbides result in better resistance to cavity
nucleation[16].

Three-dimensional analysis of microstructures is often very
useful in understanding true microstructural features of materials
[17,18]. Earlier attempts in 3D analysis usually involved a serial
sectioning technique and motion pictures[19] or some form of
physical reconstruction method[20] to provide a representation
of the features in 3D. With the advent of superior image process-
ing and visualization software and the corresponding computer
hardware, 3D analysis of microstructures have been success-
fully employed in understanding microstructural characteristics
in materials such as alloy steels[21] and particle reinforced metal
matrix composites[22].

In the present work, an ex-service hydrogen reformer tube
was examined via serial sectioning and computer-aided 3D
reconstruction. The serial sectioning and 3D reconstruction tech
niques revealed the shapes, sizes, locations, and adjacent p
cipitates of the creep voids in 3D, information that cannot be
obtained from two-dimensional micrographs alone. Addition-
ally, crystallographic orientations of the phases adjacent to cree
voids were obtained by electron backscatter diffraction (EBSD)
to determine any crystallographic trends in creep void locations
It is anticipated that 3D data obtained from this and additional
w els
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For optical microscopy (OM) examinations, the samples
were etched in glyceregia (10 ml glycerol + 15 ml HCl + 5 ml
HNO3) prior to observation using a Leica DM-IRM Micro-
scope with Zeiss Axiocam digital camera. For scanning elec-
tron microscopy (SEM), energy dispersive spectroscopy (EDS),
and electron backscatter diffraction (EBSD), the samples were
examined after an extended polish in colloidal silica. The equip-
ment employed for SEM, EDS and EBSD examinations are
JEOL JSM-6100 scanning electron microscope, Oxford eXL
energy dispersive analyzer with a Be window, and HKL Tech-
nology EBSD system. An accelerating voltage of 20 kV was
utilized for these observations.

X-ray diffraction (XRD) was also used to confirm the pre-
cipitates present in the material. A small sample of the tube
was immersed in glyceregia for up to 8 h (successive immer-
sions of two hours per fresh solution) to dissolve the austenite
matrix. The remaining precipitate was powdered and scanned
in a Philips PW1729 XRD system at 50 kV and 40 mA Cu K�
radiation. Identification of peaks was performed by matching
simulated patterns of various compounds generated from Pear-
son’s Handbook[25].

Transmission electron microscopy (TEM) was used to char-
acterize fine intragranular precipitates present in the material.
TEM samples were initially thinned in a solution of 35%n-
butyl alcohol, 6% perchloric acid, and 59% methanol at−30◦C,
40 V, and 25 mA using an E.A. Fischione twin-jet electropolish-
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. Experimental details

The ex-service hydrogen reformer tube obtained for this w
as been in service at approximately 940◦C and 2 MPa interna
ressure for 60,000 h (6.8 years). Chemical composition fo

ube is listed inTable 1. A sample from the reformer tube w
ounted in Buehler Epomet epoxy, and underwent grinding
olishing steps of 240 and 400 grit silicon carbide papers, 9
�m diamond paste, culminating with a final polish of 0.06�m
olloidal silica. A “control” sample was also prepared from
s-cast tube made from the same alloy as the ex-service
his sample was aged at 1030◦C for 500 h in air, and will b
sed to compare the crystallography of the precipitates. Fo
rence, the Larson-Miller parameter for the control samp
3.4 compared to a value of 33.6 for the ex-service sample
-
re-

p

.

e.

-

ng setup followed by ion milling using a Gatan Precision
olishing System. TEM examination was performed usin
itachi H600 transmission electron microscope at 100 kV.
In general, the serial sectioning technique employed he

imilar to previous work[21]. Serial sectioning was perform
nly on the ex-service tube, which was done by succe
olishing of the sample using 1�m diamond compound an
.06�m colloidal silica suspension. Prior to the serial sect

ng process, reference fiducial marks were placed on the sa
sing a Leco microhardness tester in order to identify are

nterest and also to align the image stacks for later 3D recons
ion. Furthermore, size reduction of the fiducial marks indic
he amount of material removed with each section. Before
arks were completely polished off, new marks were mad

hat continuity was preserved for the next polishing steps. S
ections were done at 0.5�m steps for sixty five layers (32�m).
rior to imaging, the sample was lightly etched in glycere
total of four areas of the sample were selected for study

00�m× 300�m areas and two 160�m× 120�m areas wer
maged at original magnifications of 200× and 500×, respec
ively. Due to the relatively large size of the grains invol
in excess of 150�m), it was ascertained that only the t
00�m× 300�m areas were suitable for 3D reconstruction
nalysis.

After layers 45, 55 and 65, all four areas of interests in
ample were subjected to EBSD scans to generate an
ll orientation map. Following the EBSD mapping, the vo
nd their immediate surroundings were imaged using fore

er Z-contrast (FZ) and forescatter orientation (FO) detec
n addition to the usual secondary electron (SE) image.
orescatter Z-contrast detector revealed atomic number co
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of the different phases present while the forescatter orientation
contrast detector exposed grains or subgrains within the matrix
and precipitates.

EBSD patterns (or EBSPs) were then recorded in spot mode
for specific locations of the matrix and precipitates surround-
ing the creep voids. For each carbide grain in contact with a
creep void, EBSPs were obtained from the carbide as well as
the austenite grains on both sides of the grain boundary. In
instances where the carbide grain contains subgrains, EBSPs
were obtained from each subgrain if its size is larger than the
size of the electron beam. The occurrence of these subgrains
within larger carbide colonies would certainly influence the OR
data obtained if the electron beam size is larger than the subgrain
size. EBSD scans were also carried out on the “control” sample.
Since the control sample did not contain any creep voids, grain
boundary precipitates were selected at random and EBSPs were
obtained for these precipitates and the adjacent austenite matri-
ces. HKL Technology’s Flamenco software was used to analyse
the EBSPs, which then automatically calculated a 3× 3 orienta-
tion matrix for each EBSP. The misorientation M between any
two phases (A andB) can then be obtained from the matrix oper-
ation:

[A][B] − 1 = [M]

where [A] and [B] are orientation matrices of locations within
p stem.
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Fig. 1. Microstructure of ex-service reformer tube; (a) optical microscope image
of sample etched in glyceregia; (b) backscatter electron (BSE) image identifying
three precipitate types M23C6, NbC, and TiC.

section image and an image stack containing only voids were
created. The same treatment was performed to highlight different
precipitates present and then each of these features was stored in
their respective image stack. From the individual image stacks,
information such as void volume or carbide volume fraction can
be determined by counting voxels (volume picture elements),
which were then converted into units of volume. For 3D recon-
struction, a computer program was written using RSI’s IDL 6.0
[27] to read the image stacks, and interpolate between image lay-
ers to produce a three-dimensional representation of the volume.
This 3D representation can be rotated about any axis and ani-
mated for further study. By loading the specific image stacks,
microstructural features can be revealed or hidden as needed.
Specific colors were attributed to various microstructural fea-
tures for enhanced visualization.

3. Results and discussion

Fig. 1a shows the general appearance of the microstructure
of the ex-service tube, whileFig. 1b is a backscatter electron
(BSE) image of the tube with the various types of precipitates
labelled. Identification of coarse precipitates was performed by
a combination of EDS, EBSD and XRD, as described previ-
ously. Identification of fine precipitates was achieved via TEM
and SAD. There were three types of precipitates present in the
m

hases A and B with respect to an arbitrary reference axis sy
ssuming that:

M] =




m11 m12 m13

m21 m22 m23

m31 m32 m33




he orientation relationship (OR) between location A and
hen:

[m11 m21 m31]A//

[m12 m22 m23]A//

[m31 m32 m33]A//

[1 0 0]B
[0 1 0]B
[0 0 1]B

he misorientation angleθ and axis [u v w] between A and B
an also be calculated from misorientation matrix [M] by
ollowing equations:

= cos−1
(

m11 + m22 + m33 − 1

2

)

u v w] = [m23 − m32 m31 − m13 m12 − m21]

icrographs of serial sections were first aligned based o
ducial marks. For this purpose, the public-domain NIH Ima
.3 [26] software was employed. This software has avail
oftware “plug-ins” specific for aligning image stacks fr
erial sections as well as the ability to generate crude 3D r
ions and animations for quick checking of the sectioned vo
o reveal creep voids and their surroundings. After image a
ent, specific features in individual serial section images

dentified and a separate image stack was created for the se
mages containing similar features. For instance, all creep
ere highlighted (with other areas blacked out) in each s
 l aterial:



A.A. Wahab, M.V. Kral / Materials Science and Engineering A 412 (2005) 222–229 225

Fig. 2. 3D reconstruction of a 403�m× 204�m× 32�m volume; (a) recon-
struction with austenite shown in black, voids in yellow, and precipitates
shown in shades of grey; (b) reconstruction of 138 voids; (c) reconstruction a
130�m× 179�m× 32�m sub-volume showing voids (yellow), M23C6 (blue),
NbC (red) and TiC (green).

• Cr-rich M23C6—appeared both intragranularly as fine precip-
itates and along the grain boundaries as coarse intergranul
precipitates;

• NbC—found along the grain boundaries;
• TiC—predominantly occurred intragranularly.

Characterization of the “control” sample revealed that the
same three precipitate types were also present.

Fig. 2displays the isometric views of 3D reconstructions of
one of the sectioned volume. InFig. 2a, a total of 138 creep

voids are reconstructed and highlighted in yellow and are super-
imposed on the 3D volume.Fig. 2b and c show only the voids
and grain-boundary precipitates, respectively. The first obser-
vation made from these 3D reconstructions is that the creep
voids are not uniformly distributed in the sample volume in
terms of size, shape, and location. This observation highlights
the importance of 3D techniques to reveal the true microstruc-
ture of materials. For this study, the 3D analysis outputs were
void size, shape, location, and contact precipitate(s). Void sizes
are represented by the equivalent sphere diameters of the void
volumes. This was done to give a linear dimension value (i.e.
�m), which conveniently represents the void size. For instance,
it would be easier to visualize a 10�m diameter void than the
same void with a volume of 524�m3. Void shape was classified
into three types—spherical, peanut, and ellipsoidal, as shown
in Fig. 3. Spherical voids are approximately equiaxed, peanut-
shape voids appear to be a coalescence of two or more spherical
voids, and ellipsoidal voids are elongated-shaped voids without
a distinct waist as seen in peanut-shaped voids. Void locations
are shown schematically inFig. 4and categorized as follows:

• boundary—void located at boundary plane between two
austenite grains;

• edge—void located at intersecting edge of three austenite
grains;

• (or

3D
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Fig. 3. Classification of creep void shapes; (a) spherical voids; (b) peanut-sh ) e
void.
ar

corner—void located at the intersecting corner of four
more) austenite grains.

“Contact precipitates” were determined by viewing the
econstruction to determine which precipitates are in co
ith the voids.
A total of 290 voids were reconstructed from two ser

ectioned volumes, and their various characteristics obs
rom the 3D reconstruction are summarized inFig. 5. Fig. 5a
hows the overall void distribution represented by the equiv
oid diameter. Total void volume for each diameter classi
ion is indicated on the left axis while the number of voids
ach class is indicated on the right axis. This graph simply p
ut that although there are a higher number of voids with d
ters less than 4�m, the total volume occupied by these vo

s small compared to the total volume occupied by voids
re larger than 12�m diameter.Fig. 5b shows a further brea
own of the void distribution in terms of their location with

he grain structure. The larger voids appear predominantly a

aped void which appear to be a joining together of two or more voids; (cllipsoidal
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Fig. 4. Schematic representations of void location classification; (a) void located on the boundary plane between two grains; (b) void situated at theintersecting edge
of three grains; (c) void located at the intersecting corner of four grains.

grain edges and corners (intersection of three and four grains,
respectively), while smaller voids are located primarily along
boundaries (between two grains) and edges. There were a few
instances of voids appearing intragranularly (within austenite
grains) where they appear adjacent to Cr-rich M23C6 precipi-
tates. These void locations are categorized as “Intragranular”
on Fig. 5b, and due to the low frequency of occurrence, their
appearance on the graph is hardly visible.

Fig. 5c displays the correlation between void location and
void shape. Peanut-shaped voids account for most of the
total void volume, perhaps unsurprisingly, since this void type

appears to be a coalescence of two or more voids. Ellipsoidal
voids occupy the least amount of space, but it can be argued
that these voids might also be a coalescence of two voids. In
terms of numbers, there were more voids occurring at bound-
aries between two grains, however, the total volume of the voids
at this location is less than as tenth of the volume taken up by
voids at grain edges and corners. A possible explanation would
be that creep voids are most likely to nucleate first at grain edges
and corners where there would be more vacancies due to lattice
mismatch between carbide and austenite. Moreover, the occur-
rence of large voids at these locations are consistent with the

F
v
c

ig. 5. Characteristics of creep void obtained from 3D reconstruction of reforme
olumes; (a) overall distribution of total void volume and number for various siz
orrelation between void location and void shape; (d) voids and contact precip
r tube material. Total number of voids analyzed is 290 obtained from two reconstructed
es of voids; (b) distribution in (a) is further categorized in terms of void location; (c)
itates listed as fraction of total void volume and void count.
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current belief that void nucleation and growth transpires due to
grain boundary sliding along geometrical irregularities at grain
boundaries where stress concentration is high[28]. This would
lead to more severe creep damage at grain edges and corners.

Fig. 5d displays the link between the precipitates in con-
tact with the voids and their occurrences in terms number of

voids and fraction of total void volume. Results show that a
higher number of voids were in contact with only M23C6 precip-
itate but a higher fraction of total void volume came in contact
with both M23C6 and NbC precipitates. The most significant
observation made fromFig. 5d is that all the voids inspected
came in contact with M23C6 somewhere along their perime-

F
s
g

ig. 6. (a) SE image of a creep void and surrounding area; (b) FZ image iden
pecifying the locations where EBSPs were obtained; (d) EBSP of austenite (lo
rains (locations 3, 4, 5); (i) EBSP of TiC (location 6); (j) EBSP of NbC (locatio
tifying various phases present; (c) FO image identifying the different grains and also
cation 1); (e) EBSP of another austenite grain (location 2) (f–h) EBSPs of three M23C6

n 7).
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ter. No voids were observed solely in contact with NbC and/or
TiC precipitates. Correlation between creep void locations and
M23C6 precipitates have been previously mentioned[28,29].
From the present inspection of a single ex-service tube, it cannot
be conclusively said that these voids nucleated only at M23C6
precipitates. However, it should be noted that for the material
volume inspected, there was twice the amount of M23C6 com-
pared to NbC (approximately 7% versus 3%, by volume), and
thus the absence of voids solely adjacent to NbC precipitates is
conspicuous. Another comment to follow these observations is
that there were no other types of inclusions or impurities found
to be associated with the voids. One work on bainitic CrMoV
steel has indicated that creep voids nucleate exclusively on grain
boundary sulfides[30]. It has also been proposed that creep voids
nucleate only on “nonadherent grain boundary inclusions”[28].

An example of the phase identification procedure is shown
in Fig. 6. Fig. 6a–c are examples of SE, FZ, and FO images of
a creep void and its vicinity. The locations where EBSPs were
obtained are identified inFig. 6c. Examples of typical EBSP’s
are shown inFig. 6d–j. A combination of EDS and EBSD was
used to identify the various precipitates observed.

Fig. 7a shows the OR between M23C6 precipitates adjacent
to creep voids and each adjacent austenite matrix grain in the
form of a [1 0 0] stereographic triangle. A total of 442 points was
plotted. Data represented by filled squares are M23C6 precipi-
tates with a near cube-cube OR (high registry) with an adjacent

austenite grain while data represented by open squares are for
M23C6 precipitates with a random OR. Typically an angular
difference between grains of 10–15◦ is taken as low angle grain
boundary, where dislocation arrays are able to compensate for
the interface mismatch[31]. For this work, near cube-cube OR
is based on a misorientation angle of 10◦ or less.Fig. 7b shows
the distribution of misorientation angles for M23C6 precipitates
and austenite grains in the vicinity of the creep voids. The distri-
bution showed that approximately twenty percent of the M23C6
precipitates adjacent to voids show a near cube-cube OR.

Previous work by King and Bell[32] stated that grain bound-
ary precipitates should obtain rational OR with one of the adja-
cent grains. Additionally, works by Lewis and Hattersley[9]
and Beckitt and Clark[11] on M23C6 precipitates in austenitic
stainless steels have also indicated that grain boundary M23C6
precipitates should display a cube-cube OR with at least one
of the adjacent austenite grains. Furthermore, long term age-
ing such as the service condition experienced by the ex-service
reformer tube would typically result in coalescing of the grain
boundary carbides towards a near cube-cube OR so that the
total surface energy is lowered[9]. This would imply that the
occurrence of cube-cube OR between M23C6 precipitates and
the adjacent austenite grains should be 50%. Interestingly, this
hypothesis was demonstrated by the “control” sample, which
underwent high temperature ageing. The OR data for the control
sample (total of 272 points) showed a less random appearance,

F
a
o
m

ig. 7. Comparison of orientation relationships and misorientation angles be
ustenite grains in ex-service tube sample, closed squares indicate M23C6 precipitat
f OR data shown in (a), black histogram bar correspond to near cube-cub
isorientation angle distribution of OR data shown in (c).
tween ex-service material and laboratory-aged sample; (a) OR betweenM23C6 and
es with near cube-cube OR with austenite; (b) misorientation angle distribution
e data; (c) OR between M23C6 and austenite grains in laboratory-aged sample; (d)
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as indicated inFig. 7c, while the misorientation angle distribu-
tion in Fig. 7d established that cube-cube OR between M23C6
precipitates and austenite occurred forty seven percent of the
time. It is important to recall that the Larson-Miller parame-
ters for both the ex-service sample and the “control” sample are
similar (33.6 and 33.4, respectively). Based on these observa-
tions, it is believed that the twenty percent occurrence of M23C6
with cube-cube OR near creep voids occurs because the pre-
ferred sites for creep voids are low registry boundaries between
M23C6 precipitates and austenite.

4. Conclusions

Creep voids in an ex-service hydrogen reformer tube have
been studied via serial sectioning and 3D reconstruction. Creep
voids are not uniformly distributed through the volume in terms
of their size, shape, and location. The largest voids were formed
by coalescence of two or more voids resulting in a peanut shape.
Almost all of the voids appeared near grain boundary carbides
and the larger of these voids were located at grain edges and cor-
ners. All voids made contact with M23C6 precipitates, whereas
no voids were observed in sole contact with TiC or NbC precipi-
tates. EBSD observation of the M23C6 precipitates surrounding
these voids showed that most of the voids are adjacent to precip-
itates with a random OR with the surrounding austenite matrix.
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