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The corrosion behavior of a ferritic unstabilized stainless steel 1.4016 during decomposition of aqueous urea
solution at high temperature has been investigated. Corrosion was obtained from 100 h of cyclic heating
(from room temperature up to 600 �C) and injection of aqueous urea solution on the steel plate in a
laboratory-scale test bench. The evaluation procedure covered the metallographic analysis of corroded steel
samples by high-resolution scanning electron microscopy (HR-SEM) and transmission electron microscopy
(TEM). Uniform corrosion underneath deposits was found as one of the drivers for degradation of the steel.
Damage happened by high-temperature depassivation of stainless steel due to the excess of the aggressive
medium. Besides uniform corrosion, a nitridation layer underneath surface oxides together with chromium
carbonitride particles precipitated through the whole depth of the sample was identified resulting in
intergranular attack.
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1. Introduction

Ferritic stainless steels are known to have good corrosion
and high-temperature oxidation resistances, as preferentially
oxidized chromium results in formation of a Cr-rich oxide
layer, which is responsible for the retarding of the oxidation
reaction (Ref 1-3). Ferritic steels also possess a low thermal
expansion coefficient, what is beneficial for hot applications
(Ref 4, 5). Such type of steels can be stabilized and not
stabilized depending on the application demands, and the
difference between them is the addition of Nb, V, Ti and other
alloying elements. For example, Nb is used to achieve a thermal
fatigue resistance, as it helps to form a Laves phase between the
oxide layer and the matrix preventing the diffusion of cations to

the oxide layer and inhibiting the oxygen to get into the steel
(Ref 2, 3). 1.4016 is a low carbon, 16% chromium, not
stabilized stainless steel, which has a good corrosion and
oxidation resistance, formability, ductility and mechanical
properties (Ref 6).

Corrosion of stainless steels at high temperature in urea is
rarely investigated. This type of corrosion may occur in urea or
cyanuric acid production, fertilizer industry or selective cat-
alytic reduction (SCR) technology (Ref 7, 8), where the steel is
corroded not only by aggressive chemical environment, but
also by high thermal fatigue. Several mechanisms for urea
corrosion are described in the literature. Among them are cyclic
oxidation caused by thermal cycling (Ref 7), external corrosion
by road salts (Ref 9, 10), nitriding and carburization reagents.
There melamine, cyanuric acid, ammonia, nitrogen or graphite-
like phase of C3N4 (g-C3N4) chemically react with metal oxides
to form nitride or carbide particles (Ref 11-13). Most frequently
the degradation of steel is described by fracture and attacks
along grain boundaries attributed to chromium depletion and
carbonitride precipitates (Ref 7, 8, 13-16). However, precipi-
tates at grain boundaries have been found not only rarely (Ref
4, 5, 8).

Recently, we have investigated a complex mechanism of
high-temperature urea corrosion of ferritic steel 1.4509 (Ref
17). For this purpose, we have analyzed all products of urea
decomposition reactions at high temperature and correlate them
with temperature and pH value, at which they could lead to
corrosion of the steel. As a result of 100 h of cyclic heating and
injection of aqueous urea solution on steel sample, the material
showed large uniform corrosion underneath of deposits and
attacks along grain boundaries. However, neither precipitation
nor chromium depletion along grain boundary was found.

In the current study, we continue to investigate the corrosion
phenomenon of ferritic stainless steel by hot urea solution. It
includes the metallographic analysis of the corroded steel
sample by SEM (scanning electron microscope), HR-SEM
(high-resolution SEM) and TEM (transmission electron micro-
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scope). The presence of precipitates on grain boundaries is
investigated to verify the origin of intergranular corrosion by
nitridation or/and carburization.

2. Materials and Methods

2.1 Materials

As sample material, stainless ferritic non-stabilized grade
1.4016 has been selected. The material has a purely ferritic
microstructure with a fine grain size between 10 and 30 lm.
The chemical composition of the steel is 0.055% C, 0.28% Si,
0.513% Mn, 16.44% Cr, 0.03% P and 0.004% S. An aqueous
urea solution for the corrosion experiment consisted of 32.5%
urea and 67.5% deionized water.

2.2 Corrosion Experiment

The corrosion experiment was performed in the closed
chamber where the steel specimen is exposed to 100 h of cyclic
heating (from room temperature up to 600 �C) and injection of
aqueous urea solution, and the photograph and schematic
illustration are shown in Fig. 1(a) and (b). The temperature
cycle and other parameters of the corrosion experiment are
described in detail in a previous work (Ref 17).

2.3 Characterization Methods

The analysis of the corroded specimen cross section was
done using field-emission gun scanning electron microscopy
(FE-SEM/GeminiSEM 450, Carl Zeiss SMT, Oberkochen,
Germany) coupled with window less energy-dispersive X-ray
detector (EDX/Ultim Extreme, Oxford Instruments NanoAnal-
ysis, Bucks, UK). The energy-dispersive spectroscopic (EDS)
point analysis was done with the interaction volume of 0.3 lm.
As soon as the 100 h corrosion experiment was completed
(Fig. 2a), the specimen in the chamber was cleaned from
deposits (Fig. 2b) and two parts of the steel specimen were
disconnected (Fig. 2c). The FE-SEM analysis was done on a
polished cross section, which was cut out of baseplate. The
location of cutting of the cross section is shown by the dashed

line and direction of examination by arrows A and B in
Fig. 2(c). The structure of the precipitates was examined by
transmission electron microscopy (TEM/FEI Tecnai F20, FEG,
200 kV operation voltage, USA) coupled with EDX (EDAX
Apollo XLTW SSD detector, AMETEK Inc., USA), and the
corresponding sample was prepared by help of focused ion
beam instrument (FIB/Thermo Fisher Scientific Scios 2
DualBeam, USA). Prior to energy-dispersive X-ray measure-
ment, the system has been calibrated with a 316 stainless steel
standard containing 17.2% Cr, 11.3% Ni and 2.1% Mo. It can
be seen in the results that all quantitative EDS analyses of the
investigated steel matrix give reliable concentrations of alloy-
ing elements.

3. Results

After 100 h of cyclic heating and injection of aqueous urea
solution on the steel 1.4016, the material shows a differently
colored, oxidized surface (Fig. 2a, b and c). The material loss is
localized near the crevice where two steel design parts were in
contact (Fig. 2c). There are also areas along the boundary
(where two steel design parts were in contact, marked by green
dotted line) with no material loss found, probably due to a more
narrow crevice between them (Fig. 2c).

3.1 Metallographic Analysis of Corroded Area A

3.1.1 SEM Analysis. Examining the cross section of the
corroded area A (microscopic image in Fig. 3(a), for macro-
scopic image look at yellow dashed line in Fig. 2c), one can
observe parts that are slightly corroded and parts that are more
attacked. The total wall thickness of the investigated steel sheet
was 1.6 mm before testing and in the slightly corroded area
after the experiment no reduction of wall thickness was
detected with a caliper (caliper accuracy ± 10 lm). In the
center of the SEM image (Fig. 3a) can be seen the strongly
attacked area, with an indication of attack along grain
boundaries as well as uniformly. Here, the material loss is
650 ± 50 lm and most of the grains tend to fall off. To the left

Fig. 1 (a) Photograph of test bench and (b) schematic illustration of the test track in the laboratory of University of Applied Sciences in
Augsburg. Elements in test bench photograph: 1—camera mount, 2—test track, 3—injectors, 4—insulated test track part, 5—heating elements,
6—compressed air storage, 7—strong blower, 8—electric control cabinet, 9—real-time interface. Figure a and b is reproduced with permission
from Arndt Tassilo 2019
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and right from the strongly attacked area, a moderately attacked
region is visible when looking under higher magnification. (The
place of interest is highlighted by white frame in Fig. 3a, and
magnified in Fig. 3b.) This region of interest indicates multi-
layers on the surface (Fig. 3b). The element mapping of
multilayers between surface and matrix is shown in Fig. 3c.
Additionally, the concentration profile of the involved elements
of the same location is shown in Fig. 4. The EDS analysis
revealed the presence of 3 different layers. Starting from the
outside, the depth profile shows FeOx with a bit of Cr2O3 at the

surface (layer 1), under which a chromium-rich oxide (Cr2O3)
layer can be seen (layer 2). The inner chromium oxide layer
also appears to contain some FeO. At the oxide/metal interface,
a high level of nitrogen was found (layer 3). When looking at
the whole width of the sample, it is noticeable that the nitrogen
layer is not constant and sometimes drops. In small quantities,
nitrogen was found in the oxide layers. The results of chemical
analysis by element mapping are in full agreement with the
concentration profiles of the involved elements. Neither a sign
of nitrogen nor any precipitation of chromium-rich phases at

Fig. 2 Macroscopic image of corroded sample after 100 h experiment, 1.4016 grade. (a) Two steel design parts are in contact, not cleaned from
urea-related deposits, (b) two steel design parts are in contact, cleaned from urea-related deposits, and (c) one separated steel design part with
corroded areas shown by yellow arrows A and B along the yellow dashed line. Both corroded areas were subjected to metallographic analysis
(Color figure online)

Fig. 3 FE-SEM image of the corroded sample in area A after 100 h experiment. (3a) BS detector, (3b) SE detector, (3c) EDS image by
element distribution mapping shows three layers: 1—FeOx with a bit of Cr2O3; 2—Cr2O3; 3—nitrogen and 4—matrix
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the grain boundaries was observed by SEM–EDS. The total
thickness of three O- and N-rich layers is 10 lm. The outer
FeO-rich layer has a thickness of 5 lm, and the inner Cr2O3

and the N-rich layer has a thickness between 2 and 3 lm each.
By help of SEM–EDS technique severe material loss, grain

boundary attack and nitriding were identified. However, no any
particles at the grain boundaries (as a prerequisite of intergran-
ular corrosion) were detected, what could be a sign of low
resolution of SEM–EDS technique. Thus, investigation on the
same corroded area A was continued with high-resolution HR-
SEM technique. In the place of material loss (Fig. 5a and b is a
higher magnification of region of interest highlighted by white
frame in Fig. 5a), it is visible that starting from the surface the
grains are surrounded by corrosion products and till a certain
depth level, all grains are attacked (Fig. 5c). HR-SEM analysis
revealed circle-shaped precipitates with roughly 40 nm size
visible by BS detector as black spots (Fig. 5d and e). SE
detector showed that there are no holes (Fig. 5f). These
precipitates were identified by EDS technique as 3% N, 18% Cr
and 18% C what could say for Cr2N/CrCN. The precipitates
along the grain boundaries were found at all depth levels of the
sample (up to 1500 lm depth). For comparison reasons, the
analysis of the matrix revealed neither nitrogen nor a depletion
of chromium. A more detailed TEM analysis on the nature of
precipitates was done.

3.1.2 TEM Analysis. Based on the HR-SEM results, a
more detailed analysis on the nature of precipitates was
performed by transmission electron microscopy (TEM). For

this purpose, focused ion beam (FIB) instrument has been used
to prepare a thin specimen from the same corroded area A
(Fig. 6).

FIB lift-out specimen was prepared in a cross section
geometry to produce a lamella perpendicular to the polished
surface of the bulk sample. After selecting the region of interest
for specimen extraction, Pt layers were deposited in order to
protect and frame the region of interest (Fig. 6a). Afterward,
‘‘C’’-shaped channels were milled around the Pt protected area
(Fig. 6b). A ‘‘bridge’’ was left at one of the short edges of the
specimen to support the specimen until it is cut free from the
bulk sample. Finally, the specimen was lifted out of bulk
sample by a micromanipulator needle and transferred to the FIB
TEM grid holder at 90� angle between the surfaces of the
specimen and the grid (Fig. 6c and d). The final FIB thinning of
lamella was performed in two thicknesses: Thinner part is
generally preferable for TEM analysis, and thicker part is
preferable for EDS analysis (Fig. 6e and f).

STEM HAADF analysis revealed precipitates on the grain
boundary, some of them have a symmetric spherical shape with
20 nm diameter, and another one shows an oval shape with
170 nm length (Fig. 7b and c). By Z-contrast, it is visible that
the heavy elements (Fe 26) are more light-colored, and the
lighter elements (Cr 24, Mn 25) are darker-colored. According
to EDS analysis, these precipitates are rich in Cr and slightly in
N when comparing with matrix (Fig. 7d). The results of
chemical analysis by element mapping are in full agreement
with the qualitative concentration profile of the involved
elements (Fig. 8a and b). Although nitrogen and, for instance,

Fig. 4 Element concentration profile of the corroded sample in area A after 100 h experiment shows three layers: 1—FeOx with a bit of Cr2O3,
2—Cr2O3, 3—nitrogen, and 4—matrix
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carbon were more difficult to detect by EDS analysis with the
described EDAX detector (see chapter 2.3), the analysis was
possible even quantitatively, and the results of calculation
clearly showed the presence of these two elements in the
particle (Fig. 8c) when comparing with matrix (Fig. 8d). Even
when quantitative EDS analysis of light elements such as
carbon and oxygen is not reliable, the analysis of Fig. 8c and d
shows substantial differences in carbon content on the same
specimen. This is a strong argument that the precipitate in
Fig. 8a contains carbon. The absolute value given in Fig. 8c is
not too important.

Electron diffraction was performed on a TEM specimen of
the same corroded area A. The obtained diffraction patterns
from crystal orientations revealed the ferrite matrix and Cr2N
precipitates on the grain boundary (Fig. 9). When considering
the high carbon content of the precipitates in Fig. 8c, the
precipitates are not pure nitrides, but carbonitrides with the
structure CrCN. The selected area for diffraction pattern of the
dark-field TEM image is shown in Fig. 9a (red circle), the
diffraction pattern in Fig. 9b and the calculated pattern of
crystalline Cr2N in zone axis [1, -1, 0] in Fig. 9c, which is in
good agreement to the masked spots in Fig. 9b.

Fig. 5 FE-SEM image of the corroded sample in area A after 100 h experiment with a focus on corrosion products and precipitates on grain
boundaries (a, c, d, e (BS detector) and b, f (SE detector): different magnifications)
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3.2 Metallographic Analysis of Corroded Area B

Next to the corroded area A is located another characteristi-
cally corroded area B (Fig. 2c—macroscopic image,
Fig. 10a—microscopic image). The cross section morphology
of corroded area B exhibits also a moderately attacked region
together with the strongly attacked one. In Fig. 10a, three regions
of interest were selected for observation under higher magnifi-
cation. (They are marked by the white frame, and each white
arrow points out at a corresponding magnified image.) In
Fig. 10f, the moderately attacked area displays the surface
multilayer. Figure 10d and e shows the section, close to the
severematerial loss, with partial scaling of the surfacemultilayer,

where the grains are surrounded by corrosion products and are
subjected to intergranular attack. In the deeper attacked area in
Fig. 10b and c, one can easily see grains dropping.

4. Discussion

In this research work, a metallographic analysis of corrosive
attack obtained after cyclic heating and injection of aqueous
urea solution on the steel plate was performed. The sample was
subjected to 100 cycles (1 cycle lasted one hour) in total. In our
previous research work (Ref 17), the same experiment was

Fig. 6 FIB preparation of the lamella from the corroded sample in area A for TEM analysis. (a) Pt layer deposition, (b) ‘‘C’’ channel milling,
(c, d) transfer of specimen to grid holder, (e, f) final thinning of lamella
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performed with a different material grade. In that work
(Ref 17), the material grade 1.4509 was studied together with
obtained deposits consisting mainly of cyanuric acid and
ammelide products. In addition to partially and completely
exposed grains identified in the previous work, the corrosive
attack in the current study exhibits a much higher material loss,
clear visible attack along grain boundaries and chromium
carbonitride precipitates. The weaker corrosion resistance of
grade 1.4016, in comparison with grade 1.4509, could be
explained by the chemical composition of the material. Material
grade 1.4509 contains Nb, Ti and in a very small amount Mo,
while molybdenum is known to increase the resistance of the
material to acid dissolution, and that it forms a part of the oxide
protective surface layer, stabilization elements Ti and Nb may
catch the diffusing nitrogen and form NbN and TiN before
chromium nitride is formed. The material grade 1.4016 does
not contain any of the stabilization elements and in addition has
a higher content of carbon and thus corrodes more severely. It
also forms carbonitride grain boundary precipitates.

Already known from the previous study (Ref 17), the metal
sample tends to corrode locally where urea-related products are
likely to accumulate. During the long-term cyclic heating, the

aqueous urea solution undergoes several chemical decomposi-
tion reactions which are responsible for the dissolution of the
passive layer and the base metal. The dissolved cyanuric acid
deposit (pH = 3.8) and/or gaseous isocyanic acid (pH = 3.7)
may continuously decrease the pH value in the area of deposit
accumulation, while the liquid phase of biuret and high
humidity may support electrolyte formation necessary for
uniform corrosion. Thus, wet acidic condition plays the major
role in the corrosion mechanism of the described experiment.

Besides uniform corrosion, a nitriding phenomenon along
grain boundaries was observed. Considering that urea decom-
position products are rich in nitrogen, the diffusing nitrogen,
generated nanoparticles and chromium depletion close to grain
boundaries under high test temperature appears to be the second
detrimental contribution to the corrosion mechanism. Precipi-
tates that are rich in chromium (e.g., Cr2N/CrCN) can be
generated in ferritic stainless steels at substantially lower
temperatures when compared to austenitic stainless steels. While
in the austenite the highest rate of precipitation happens at
approximately 800 �C, this temperature is 200 �C lower for the
ferrite (at 600 �C) (Ref 18). Also, precipitation time in the ferrite
is three orders of magnitude lower when compared to the

Fig. 7 STEM image of the grain boundary with precipitates and EDX image by element distribution mapping (corroded sample in area A after
100 h experiment, 1.4016 grade). (a) Lamella in TEM, (b) STEM HAADF image, (c, d) EDS map
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Fig. 8 (a) EDS image of the grain boundary with precipitates, (b) qualitative element concentration profile of one of the particles (marked by
red arrow in 8a), (c) EDS measurement and quantification of elements in the area of particle (marked by yellow square in 8a), (d) EDS
measurement and quantification of elements in the matrix (marked by green square in 8a)

Fig. 9 TEM dark-field image and electron diffraction of grain boundary precipitates in material 1.4016. (a) TEM dark-field image of
chromium-rich precipitates with selected area aperture (red circle), (b) corresponding diffraction pattern of selected area from figure b, (c)
calculated diffraction pattern of Cr2N in zone axis [1, �1, 0] compared to diffraction pattern in figure b
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austenite. This is due to the higher diffusion coefficients of
interstitial elements C and N in the ferrite. While austenite has a
fcc microstructure, ferrite with its bcc microstructure allows
higher diffusion rates for these elements. Thus, 1.4016 ferritic
stainless steel sample due to the absence of stabilizing elements in
its chemical composition resulted in precipitation of Cr2N/CrCN
and consequently in sensitization to intergranular corrosion. The
formation of Cr2N/CrCN will result in a local enrichment of
chromium. Consequently, a depletion in chromium in the direct
neighborhood of the precipitates will take place. This lower
chromium content will result in preferential grain boundary
attack. The regular attack associated with some cracking as a
result of cyclic heating and cooling has also to be considered.

5. Conclusions

The corroded sample obtained after 100 h of cyclic heating
and injection of aqueous urea solution revealed two types of
corrosion.

First of all, grade 1.4016 showed similar to 1.4509 uniform
corrosion underneath deposits. The mechanism of such a form
of corrosion could be explained by high-temperature depassi-
vation of stainless steel due to the excess of the aggressive
medium.

Secondly and in contradiction to stabilized material 1.4509,
a nitridation layer underneath surface oxides together with
chromium carbonitride particles spread through the whole
depth of the sample was identified resulting in intergranular
attack. The intergranular precipitates appeared to be most
detrimental contribution in the current study.
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