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Dependence of Crystallographic Orientation
on Pitting Corrosion Behavior of Ni-Fe-Cr Alloy 028

LINA ZHANG, JERZY A. SZPUNAR, JIANXIN DONG, OLANREWAJU A. OJO,
and XU WANG

The influence of crystallographic orientation on the pitting corrosion behavior of Ni-Fe-Cr alloy
028 was studied using a combination of X-ray diffraction (XRD), electron backscatter
diffraction (EBSD), potentiodynamic polarization technique, and atomic force microscopy
(AFM). The results show that there is anisotropy of pitting corrosion that strongly depends on
crystallographic orientation of the surface plane. The distribution of pit density in a standard
stereographic triangle indicates that the crystallographic planes close to {100} are more prone to
pitting corrosion compared to planes {110} and {111}. The surface energy calculation of (001)
and (111) shows that the plane with a high atomic packing density has a low surface energy with
concomitant strong resistance to pitting corrosion. A correlation function between
crystallographic orientation and pitting corrosion susceptibility suggests a method that not
only predicts the pitting resistance of known textured materials, but also could help to improve
corrosion resistance by controlling material texture.

https://doi.org/10.1007/s11663-018-1227-6
� The Minerals, Metals & Materials Society and ASM International 2018

I. INTRODUCTION

NICKEL-IRON-CHROMIUM (Ni-Fe-Cr) alloys
are widely used in various industries and engineering
sectors due to a combination of good mechanical prop-
erties and high corrosion resistance.[1–3] Ni-Fe-Cr alloy
028 (alloy 028) is a candidate particularly worth men-
tioning. The alloy 028 contains high amounts of nickel,
copper, andmolybdenum, which improve its resistance to
corrosion attack in reducing mediums, and the high
content of chromium makes the alloy more resistant to
oxidizing species.Moreover, the alloy 028 is less expensive
due to a higher amount of iron compared with other
similar corrosion-resistant alloys. Currently, the alloy 028
is manufactured as evaporator tubes applied in phospho-
ric acid production; production tubing and casing used in
deep and sour gas wells; heat exchangers employed in
nuclear power plants, seawater-carrying piping; and
seawater-cooled heat exchangers.[4–8] A number of inves-
tigations concerning corrosion performance in chloride

ion mediums and under high-temperature environments
containing different partial pressures of CO2 andH2S had
been reported.[8–10]

Generally, alloy 028 tubulars are produced by a series
of deformation processes, which are used to achieve
certain requirements in mechanical properties and
product dimensions. It is known that materials may
form a preferred grain orientation (texture) during
mechanical deformation processes. Previous research
demonstrated that the crystallographic orientation can
control dissolution, corrosion, and oxidation of mate-
rials.[11,12] However, there are few reports regarding the
effect of crystallographic orientation on corrosion per-
formance of the alloy. It is significant and imperative to
investigate the influence of crystallographic orientation
on corrosion resistance of the alloy 028.
The purpose of the present work is to evaluate the

influence of crystallographic orientation on the pitting
corrosion behavior of Ni-Fe-Cr alloy 028. X-ray diffrac-
tion (Bruker AXS diffraction system) and electro back
scattering diffraction (EBSD) were applied to determine
texture and crystallographic orientation distribution of
the alloy 028. A potentiodynamic polarization technique
was employed to examine pitting corrosion performance
of the alloy in 0.5 M neutral sodium chloride solution.
The morphology of the corroded surface was observed
by using a scanning electron microscope (SEM) and
atomic force microscopy (AFM). Based on statistical
analysis, a correlation between crystallographic orien-
tation and pitting corrosion behavior of the alloy 028
was developed.
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II. MATERIALS AND METHODS

The samples (20 9 20 9 5 mm3) were cut from a
commercial hot extruded pipe of alloy 028. Chemical
composition of the tested material is listed in Table I.
Prior to the experiment, samples were polished to obtain
a mirror-like and strain-free surface. The polished
specimens were cleaned in distilled water and were put
in an acetone ultrasonic bath for 10 minutes, then dried
at 30 �C.

The crystallographic texture was measured by Bruker
AXS diffraction system with area detector and Cr Ka
radiation. The orientation distribution functions
(ODFs) were calculated using TexTools programs. The
detailed crystallographic orientation distribution (orien-
tation imaging microscopy map) of a randomly chosen
location was determined by using the SU 6600 Hitachi
field emission scanning electron microscope (SEM)
equipped with an Oxford Instruments NordlysNano
EBSD detector. The AZTEC 2.0 data acquisition

Table I. Chemical Composition of Alloy 028 (Atomic Percent)

C Si Mn Cr Mo Cu Ni Fe

0.066 0.34 0.72 28.38 2.27 0.88 30.01 bal.

Fig. 1—The crystallographic textures on the surface of alloy 028: (a) Orientation distribution function (ODF), (b) inverse pole figure (IPF) map,
direction normal to the sample surface.
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software was applied for indexing diffraction patterns to
identify crystallographic orientations of the grains.
Further analysis of EBSD data was carried out by
employing the Oxford Instruments Channel 5 post
processing software.

Electrochemical corrosion tests were performed under
0.5 M neutral sodium chloride (NaCl) solution. A
graphite plate and standard calomel electrode (SCE)
were used as counter and reference electrodes, respec-
tively. Gamary Interface1000 Potentiostat system was
employed for data acquisition. Prior to the electrochem-
ical polarization experiment, an open circuit potential
measurement was carried out for 60 minutes to achieve
a stable corrosion potential. The polarization curves
were obtained at a scan rate of 1 mV/s. All experiments
were conducted at room temperature.

The SEM and atomic force microscopy (AFM) were
employed to examine the corroded surface. The Nano-
scope v6.13 Software was used to visualize 2D and 3D
AFM images. The roughness profile of the surface was
characterized by the mean roughness value Ra. Sec-
tion analysis was used to measure the depth of pits. A
correlation function between grain orientation and
pitting corrosion sensibility was developed by employing
the MatLab software.

III. RESULTS AND DISCUSSION

Figure 1 illustrates an orientation distribution func-
tion (ODF) and the normal direction inverse pole
figure (IPF) of alloy 028, obtained by X-ray diffraction
(XRD) measurement and TexTools calculation. It is
demonstrated that the specimen exhibits a weak texture
which indicates the distribution of crystallographic

orientations is nearly random. The orientation imaging
microscopy map (OIM) of the sample was examined by
using EBSD, as shown in Figure 2, which determines the
grain orientation distributions of a randomly selected
area.
In order to investigate the influence of crystallo-

graphic orientation on pitting corrosion performance of
the alloy 028, the specimen was polarized in 0.5 M
neutral NaCl solution at room temperature. The poten-
tiodynamic polarization test was carried out at a
stabilized open circuit potential (OCP). Previous studies
found that Cl� ion, a relatively small ion, has a strong
ability to adhere to the surface and to penetrate into the
alloy substrate, thereby influencing the formation of
passive films.[13,14] On the other hand, Cl- ion may
attach to some defects of the protective film and make
contact with the metal matrix; in such cases, the rate of
localized corrosion is accelerated which causes pitting or
crevice corrosion.[15–18] Figure 3 depicts the polarization
curve and the transpassivation occurring when the
potential is above 1.05 V.
The corroded surface was examined by SEM, which

exhibits nonuniform dissolution and corrosion. There are
more pits which appear on some grains with certain
orientations compared to other orientations. Figure 4
shows the randomly selected area of the specimen
after polarization experiment provided as an example.
Figure 4(a) illustrates the OIM map of this area, and the
pit distribution on grains with different orientations is
given in Figure 4(b). It is clear that the grains 2 and 3 that
orientated close to {001} are more sensitive to pitting
corrosion with round shape pits being observed on grains
with this orientation. Several pits appear on grain 1 with a
crystallographic orientation close to {101}, while grains 5
and 6 with an orientation close to {111} have the best

Fig. 2—EBSD orientation map: (a) Orientation imaging microscopy map (OIM) at a random location, (b) Legend for OIM.
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corrosion resistance with no pits present on these grains.
Hence, the results suggest that the pitting corrosion
behavior of the alloy 028 is significantly dependent on
the crystallographic orientation.

For better understanding the pitting behavior of the
specimen, AFM was applied to observe morphology of
the corroded area. Figure 5 depicts the 3D surface
topography of grains suffering pitting corrosion. Grain
1 is close to {101}, grain 2 is close to {001}, and grain 5
is near to {111}. The surface roughness value increases
in the order of grain, 5< 1< 2. The depth of the pits
(dark spots) gathered in grain 2 is shown in Figures 5(c)
through (f). As the results demonstrate, the corroded
surface roughness depends on the crystallographic
orientation as well.

To investigate the influence of crystallographic orien-
tation on pitting corrosion performance of the alloy 028,

statistical analysis of pit number was done on the area
with identified crystallographic orientation (whole
EBSD scan area 750 9 750 lm). The pit density (Dpi)
of any orientation i was calculated as follows:

Dpi ¼
Np

Ng
; ½1�

where Np is the pit number of grains with certain ori-
entation i, and Ng is the grain number of that orienta-
tion i.
A figure illustrating the pit frequency in a standard

stereographic orientation triangle is given in Figure 6.
Figure 6(a) shows the normal direction IPF of this area,
which exhibits a random distribution of crystallographic
orientation. The distribution pit density is depicted in
Figure 6(b). The quantitative results indicate that an
anisotropic pit distribution significantly depends on
crystallographic orientation. Noticeably, the highest
frequency of pits occurs on grains with an orientation
close to {001}, which suggests this crystallographic plane
is very sensitive to pitting corrosion attack. A few pits
are present on planes near to {101} and {111}.
The pitting corrosion, as a local form of corrosion,

strongly relates with the local surface reactivity.[19] The
most fundamental electronic properties of a metallic
surface can be characterized by the surface free energy
and work function, which are beneficial to understand a
wide range of surface phenomena of alloys.[20] Pitkänen
and his co-workers provided a method to calculate the
surface energy of Fe1�c�nCrcNin random alloys using
the Ab initio calculation.[21] The surface energy of two
low index planes of {001} and {111} are calculated by
the following Eqs. [2] and [3]:

c 001ð Þ ¼ 1:042c� 0:228nþ 2:926 J=m2
� �

½2�
Fig. 3—Potentiodynamic polarization curve of alloy 028 in 0.5 M
neutral NaCl solution at room temperature.

Fig. 4—A randomly selected area on the surface of alloy 028: (a) OIM map, (b) SEM image for the same area after pitting corrosion in 0.5 M
neutral NaCl solution at room temperature.
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c 111ð Þ ¼ 1:279c� 0:143nþ 2:588 J=m2
� �

; ½3�

where the element concentration range is 0.12 £ c
£ 0.32 and 0.04 £ n £0.32 (in atomic fraction).

Therefore, based on the aforementioned formulae, we
calculate the surface energy of these specific planes for
alloy 028 (c = 0.2838 and n = 0.3001). The results show
that c(001) = 3.1533 J/m2 and c(111) = 2.9081 J/m2.
Compared to the crystal plane (001), the crystal plane
(111) has a lower surface energy and better resistance to
pitting corrosion. The surface energy shows an inverse
relationship with the density of atomic packing,[12] which
means that atoms on the low surface energy planes have
a high density in atomic packing. It is well known that
for face-centered cubic (FCC) structural systems, the
{111} and {101} planes are more closely packed, and the
atoms on these planes have larger binding energies,

compared to less closely packed plane, such as
{001}.[22,23] Thus, the closely packed planes are more
resistant to dissolution, and the activation energy of
dissolution is increased with the increase in atomic
packing density. Gaillard and his colleagues reported a
relationship between the crystallographic orientation and
work function of FCC polycrystalline materials.[24] The
results illustrate that each crystallographic orientation
has a specific surface potential; more specifically, the
denser face {111} has a higher work function value,
followed by the {110} and {100} which have medium and
low work function values, respectively.[24] It has been
demonstrated that for polycrystalline Mg, the basal
plane (high-density packing plane {0001}) with low
surface energy presents a more positive corrosion poten-
tial, which means it is more resistant to corrosion than
other planes.[25]

Fig. 5—AFM topography of grains of alloy 028 after pitting corrosion in 0.5 M neutral NaCl solution at room temperature: (a) OIM map, (b)
3D surface topography, (c) through (f) section analysis of pit depth.
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Since the pitting corrosion behavior depends on
crystallographic orientation, establishing a correlation
between the crystallographic orientation and pitting
corrosion susceptibility is beneficial in predicting pitting
corrosion performance. For this purpose, the pit density
of different oriented grains is normalized using the
following Eq. [4]

Dn ¼
Dpi

Dpmax
; ½4�

where Dpi represents the pit density of any orientation
i, Dpmax is the maximum pit density, and the range of
Dn is 0 £ Dn £ 1.
The normalized pit density of any specific crystallo-

graphic orientation can be used to evaluate the pitting
corrosion susceptibility for this specific orientation. For
the FCC structural systems, the spherical polar coordi-
nates (0 deg £ a £ 53 deg, 0 deg £ b deg £ 45 deg) can
be used to describe the orientation of crystallographic
plane (hkl). The normalized pit density Dn obtained

Table II. The Values of the Constants

Constant K0 K1 K2 K3 K4 K5 K6

Value 0.2436 0.0309 0.0016 2.285 9 10�5 0.0146 0.00108 1.77 9 10�5

Fig. 6—Standard stereographic triangle with various crystallographic planes: (a) distribution of grain orientation, (b) distribution of pits density.

Fig. 7—Graphical representation of distribution of pitting corrosion susceptibility (the coordinates are the spherical polar coordinates, 0
deg £ a £ 53 deg, 0 deg £ b £ 45 deg).
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from experimental orientation-pitting data is described
as a function of the spherical polar coordinates (a, b)
given by the following Eqs. [5] through [7]

Dn a; bð Þ ¼ K0 þ af1 að Þ þ bf2ðaÞ ½5�

with

f1 að Þ ¼ K1 þ K2aþ K3a
2 ½6�

f2 að Þ ¼ K4 þ K5aþ K6a
2 ½7�

The constant values K1 to K6 are listed in Table II. A
novel model is developed to predict pitting corrosion
susceptibility of different crystallographic orientation
by using the MatLab software. Figure 7 illustrates a
comparison between the predicted results obtain from
the developed model and experimental results. The
deviation between the predicted value of pitting corro-
sion susceptibility and experimental data for randomly
selected crystallographic planes is given in Figure 8,
which suggests the predicted values generally agree
with the experimental data. Therefore, this method
could be used not only to evaluate pitting corrosion
resistance of a certain crystallographic orientation
plane, also to predict the pitting corrosion susceptibil-
ity of the given textured material.

IV. CONCLUSIONS

The influence of crystallographic orientation on
pitting corrosion performance of Ni-Fe-Cr alloy 028
was studied by the XRD, EBSD, AFM and potentio-
dynamic polarization techniques. The results suggest
that the most sensitive surface to pitting corrosion are
planes oriented close to {001}, while planes {111} and
{101} with high atomic density have higher pitting

corrosion resistance. The pit frequency distribution
triangle based on the IPF characterizes the dependence
of pitting corrosion behavior of an alloy on crystallo-
graphic orientation. A novel model is developed to
predict the susceptibility of pitting corrosion perfor-
mance for a given textured alloy.
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Fig. 8—The deviation between the predicted pitting corrosion
susceptibility and experimental data for randomly selected
crystallographic planes.
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