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ABSTRACT: High Resolution Transmission Electron Microscopy (HRTEM) and molecular simulation tech-
niques were applied to analyze phase formation in the post-discharge microwave nitriding process of a 4140
steel. The results showed the formation of e-Fe, ;N and y-Fe,N. The morphology of the y-Fe,N phase was
composed by cubic nanoparticles that grows in the <0 0 1> axis direction. Otherwise, the e-Fe, ;N crystal is
associated to hexagonal faces in the [0 0 1] direction which grows forming angles of 120°. The comparison
between experimental and analytical results allowed a better understanding of the phases formed during this
nitriding process.
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RESUMEN: Andalisis mediante microscopia electronica de transmision de alta resolucion y simulacion molecular de la
Jformacion de las fases e-Fe, ;N yy'-Fe,N enun acero 4140 nitrurado. Se utilizaron técnicas de Microscopia Electronica
de Transmision de Alta Resolucion (MET AR) y de simulacion molecular para analizar la formacion de fases en
el proceso de nitruracion por descargas de microondas de un acero 4140. Los resultados mostraron la formacion
de las fases e-Fe, ;N y 7-Fe,N. Se observd que la fase y-Fe,N esta compuesta por nanoparticulas ctibicas que
crecen en la direccion <0 0 1>. Por otra parte, la fase e-Fe, ;N esta asociada con caras hexagonales en la direccion
[0 0 1], las cuales crecen formando angulos de 120° entre si. La comparacion entre los resultados experimentales y
analiticos permitieron una mejor comprension de las fases formadas durante este proceso de nitruracion.
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1. INTRODUCTION

Structural steel and components used in severe
environments must have excellent fatigue and wear
resistance. Consequently, their surfaces should be
modified to provide high hardness values to resist

wear, while the inner cores still need to have high
toughness strength. The positive effects of surface
treatments, like nitriding, on the fatigue and wear
properties, have been known for several decades, as
shown by Xi et al. (2008). During this treatment a
nitride layer is formed, composed by e-Fe, ;N and
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v'-Fe,N which are responsible to enhance mechani-
cals properties. In this sense, the nitrided layers have
been studied by several characterization techniques.
Medina-Flores et al. (2004) used scanning electron
microscopy (SEM), energy dispersive spectrometry
(EDS), x-ray diffraction (XRD) and high resolu-
tion transmission electron microscopy (HRTEM).
Shoaib et al. (2008) characterized surface proper-
ties by using XRD and Vickers microhardness.
Salas et al. (1996) used SEM and optical microscopy,
also analyzing cross sections; while Corengia et al.
(2005) used electron probe microanalysis (EPMA)
and atomic force microscopy (AFM) for the study
of topographical evolution and roughness of the
nitrided layer. These studies emphasize character-
istics such as composition, structure, morphology
and chemical properties. On the other hand, molec-
ular simulation techniques have gained strength
amongst the scientific community during the last
two decades, for molecular or crystal systems, by
classical and quantum mechanism approximations.
Computational materials science has been used as a
virtual laboratory for the analysis of the nitriding
process. Ratajski and Suszko (2008) developed a
model of the nitriding process, simulating the growth
kinetics in the nitrided layers, as well as the calcula-
tion of nitrogen profiles in the diffusion layer. Ju
et al. (2003) proposed a numerical model when con-
sidering quantitative effects of diffused carbon and
nitrogen gradients and kinetics of phase transforma-
tion, successfully predicting the profiles of nitrogen as
well as residual stresses and distortions after nitriding.

Other studies were focused on electronic struc-
ture, charge distribution and atomic configuration,
analyzing the mechanism behind the unusual behav-
ior of nidride compounds and the valence alteration
or nitrogen-induced charge polarization and trans-
portation, which takes the responsibility for the
high corrosion and wear resistant of nitrides, like
the work of Zheng and Sun (2006). Pietrzyk et al.
(1996) used finite element analysis for the study of
kinetics during nidriding process. Guechichi and
Castex (2006), predicted the fatigue limit for cycli-
cal loading of surface treated materials, including
nitriding. In this sense, it is important a compari-
son between theoretical and experimental data,
emphasizing in the importance of computations in
materials science, an important tool for an easier
interpretation and identification of small details of
the materials (Al Omar and Prado, 2010).

One of the most used techniques for nitrid-
ing layer and nanoparticles characterization is
HRTEM. The interpretation of the images obtained
using this technique helps to determine the struc-
ture and composition of local crystalline nanopar-
ticles arrangements, as the work of Yacaman et al.
(1999), who characterized nanoparticles embedded
in different matrices using HRTEM. Ascencio et al.
(1998) found that the combination of HRTEM

experimental and theoretical analysis is very useful
for obtaining the full characterization of nanopar-
ticles. For the nitriding process a conjugated study
like the above mentioned could be very interesting
for a better understanding of the process. In this
work, we report the results obtained by X-Ray dif-
fraction, HRTEM analysis, molecular and HRTEM
simulation for a 4140 steel, nitrided by the post-
discharge microwave method. Experimental and
theoretical data were compared in order to have a
well-supported interpretation of the experimental
results, mainly for the growth of the nitrides formed
during the nitriding treatment.

2. MATERIALS AND METHODS
2.1. Experimental

Rectangular specimens (10x20X20 mm) were cut
from an AISI SAE 4140 steel bar with a composi-
tion (in wt.%) of 0.412 C, 0.665 Mn, 0.23 Si, 0.015 P,
0.014 S, 1.15 Cr, 0.15 Mo and 0.50 Ni. The specimen
surface to be exposed was polished and thoroughly
cleaned in an acetone ultrasonic bath before nitrid-
ing. After preparation, the specimens were intro-
duced into a tubular resistance furnace in an Ar-H,
post-discharge flow, and heated to 810 K and 850 Pa.
Once the nitriding temperature was reached, the gas
mixture was switched to 40 sccm of N,, 4 sccm of
Ar and 100 sccm of H, during 15 minutes. Then the
samples were slowly cooled in the reactor under an
Ar atmosphere. In order to compare the simulated
models with actual experimental results, the nitrided
samples were analyzed using a Siemens D5000 X-ray
diffractometer equipped with graphite monochro-
matized high intensity CuKA (A=0.154178 nm). The
Bragg angle 20 ranges from 20° to 100° at a scanning
rate of 0.06 °C s~'. HRTEM images were captured
using a TEM FEG FEI TECNAI F20 at Scherzer
conditions (well established by Williams and Carter,
1996) with an acceleration voltage of 200 kV, a spher-
ical aberration of Cs=1 mm and a point resolution
of =1.6 A. Thin foils for HRTEM investigations were
prepared by sectioning off the nitriding layer with
a low speed saw. The samples were then mechani-
cally polished, followed by ion milling. The final
ion-milling step was performed at grazing incidence
to avoid preferential sputtering of one nitride specie
over the others. The HRTEM images were digi-
talized using a SensysColor low noise CCD. The fast
fourier transform (FFT) of the digital images was
obtained by applying frequency filters to reduce the
noise and to enhance their structures.

2.2. Computer simulation
The crystals models were built based on the data

of Table 1, where the crystalline lattice, space group,
cell dimension, angles and fundamental positions
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TABLE 1. Unit cell data used for the quantum calculations (Jack, 1951)

Crystal Crystal lattice Space group Cell vectors Cell angles Fundamental positions
€-Fe, ;N HCP P6 a=b=2.695 A o=p=90° Fe (02/3 1/4)
c=4.362 A Y=120° Fe (1/3 1/3 1/4)
Fe (2/3 0 1/4)
Fe (1/3 0 3/4)

Fe (0 1/3 3/4)
Fe (2/3 2/3 3/4)
N (1/32/3 1/2)
N (2/31/30)

Y-Fe,N FCC Fd-3 a=3.795 A o=90° Fe (000)
Fe (140 %)
Fe (Y5 %4 0)
Fe (0 %4 %)
N (% Y4 14)
are summarized for each unit cell. Focusing on a full (@)

characterization of the e-Fe, ;N and y’-Fe,N nitrides,
crystal diffraction, morphology and HRTEM image
models were calculated using the Cerius 2 software.
Conditions were simulated at 200 kV, TEM voltage
used in the experimental analysis. The images were
calculated for a 5x5X5 unit cell model in the [0 0 1]
orientation.

o-Fe (110)

Intensity [%]

3. RESULTS AND DISCUSSION

The specimen composition and microstructure

become very important parameters due to their sig-
nificant contribution to the macroscopic properties.
The phases of the untreated and nitrided samples
and their crystallographic orientations were iden-
tified by XRD measurements. Figure 1a shows an
X-ray diffraction pattern of the untreated sample. ()
It can be observed that all the peaks correspond to L T A B A
the a-Fe crystal; while in Fig. 1b, which corresponds
to the nitride sample, two main phases where recog-
nized: e-Fe, ;N and y’-Fe,N. No other phases peaks
were detected.

Figure 2 shows the simulated X-ray diffractograms
for: (a) o-Fe phase, (b) Y-Fe,N and (c) e-Fe, ;N nitrides
respectively. All patterns show the main peaks of the
corresponding phases which aim to compare directly
to the obtained experimental data. In the simulated
diffractograms the crystal is considered pure because
of the absence of noise produced for the surrounding
material. This fact allows obtaining a clear quantity
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In order to understand the growth of the nitrides 26

three of the main analytical data parameters were .
FIGURE 1. X-ray diffractograms of: the untreated
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FIGURE 2. Simulated X-ray diffractograms for:
(a) o-Fe, (b) y-Fe,N and (c) e-Fe, ;N.

nitrides. Figure 3a presents the crystal model for the
e-Fe, ;N nitride in the [0 0 1] orientation. It is pos-
sible to observe an hexagonal lattice over the a-b cell
planes where six N atoms are around of a Fe central
atom forming hexagons. Figure 3b shows the crys-
talline morphology. Hexagonal faces in the <0 0 1>
axis direction determine the e€-Fe, ;N crystal habit.
It is possible to observe that the e-Fe, ;N nitride
will produce flat faces with angles of 120° and 90°

between them. Figure 3¢ shows the experimental
HRTEM image for the e-Fe,;N phase obtained
during the nitriding treatment. A nanoparticle with
hexagonal shape morphology can be observed,
which directly match to the theoretical calculations.
The FFT of the e-Fe, ;N nitride with the (001) plane
indexed is showed in the Fig. 3d. The Figure 3e
shows the Inverse FFT (IFFT) filtered image in
which can be observed that the nanoparticle is
formed for hexagons matching with the theoreti-
cally calculated results. Figure 3f shows the simu-
lated model along the [0 0 1] axes which match with
experimental image of the Fig. 3c.

Figure 4a presents the crystal model for y-Fe,N
nitrides in the [0 0 1] orientation where is it possible
to observe a regular distribution of Fe and N atoms
in two dimensions. The corresponding morphology
of the y-Fe,N nitride is observed in Fig. 4b, where
the y-Fe,N is clearly characterized by a cubic fiber
shape with square faces that grows in the <0 0 1>
axis direction. It is clear that the growing shape pro-
duces fibers and flat surfaces with angles of 90° and
45° between their planes. Figure 4c shows the experi-
mental HRTEM image with a well-defined contrast,
characteristic of the y’-Fe,N phase. It is possible to
observe that the nitride grows following a fiber-like
morphology. Figure 4d presents the FFT of this
phase, which is related to the electron diffraction
pattern. It can determined that the image also cor-
responds to an orientation near to the [0 0 1] axis,
with a FCC structure. The cubic patterns expected
from this axis and structure are observed in Fig. 4c,
matching with the filtered image and simulated
model: Fig. 4¢ and 4f, respectively. Figure 4e presents
the filtered image, indicating a distance between par-
allel atomic planes of 0.268 nm and 0.189 nm. It is
possible to observe lines at 90° to each other with
similar distances between them, which correspond
directly to the theoretically data calculated for this
phase. Figure 4f shows the simulated model along
the [0 0 1] axes which match with the experimental
image of the Fig. 4e.

4. CONCLUSIONS

- From the analysis presented in this work, we
have proved the possibility to compare experi-
mental results versus analytical results, which
will allow a better understanding of e-Fe, ;N
and y-Fe,N formation during nitriding. A
direct observation and a full digital process
based on frequency filtering and simulation
tools is shown for obtaining distinguishable
parameters of two different phases of crystals
with near-lattice parameters.

- Digital and HRTEM simulation methods
allowed distinguishing the different structures,
using local information with small differences
in contrast and lattice spacing, which implies
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FIGURE 3. (a) Crystals models for the e-Fe, ;N nitride in [0 0 1] orientation, (b) calculated morphology for e-Fe, ;N nitride in [0 0 1]
orientation, (c) experimental HRTEM image of e-Fe, ;N nitride showing a nanoparticle with hexagonal morphology, (d) FFT image
in the (0 0 1) plane, (e) the processed image showing an hexagonal arrangement and (f) simulated image along the [0 0 1] axes.
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FIGURE 4. (a) Crystal model for the y’-Fe,N nitride in [0 0 1] orientation, (b) calculated morphology for y-Fe,N in [0 0 1]
orientation, (c) experimental HRTEM image of y’-Fe,N nanoparticle with fiber morphology, (d) FFT image in the [0 0 1] axes,
(e) processed image showing a FCC arrangement with different atomic planes and (f) simulated image along the [0 0 1] axes.
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a complicated problem that is not possible to
be solved by means of the X-ray diffractogram
patterns.

- Analytical, molecular and simulation meth-
ods provide the basis for further analysis in the
nitriding materials involved in this work, which
open a wide range of possibilities for a better
understanding of the materials manipulation
and the focusing effort to the materials design-
ers for predicting the kind of growing and mor-
phology during the nitriding treatment. Besides,
experimental and theoretical contrast clearly
math, corroborating the exactitude of the used
models.

- These results can help to provide a full and eas-
ier characterization by means of a direct com-
parison between experimental and theoretical
images with different orientations.
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