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A study of nitride-phase formation in alloys nitrided by glow discharge plasma nitriding was performed
by high-resolution electron microscopy. The iron and steel samples were nitrided above and below the eu-
tectoid transformation point (590 °C). After nitriding, the samples vere annealed for several treatment
times at 400 °C. The microstructure and identification of the iron nitrided phases formed by nitriding
and annealing were investigated by x-ray diffraction (XRD), optical microscopy (OM) and mainly high
resolution electron microscopy (HREM) in a JEOL-4000EX high resolution microscope at 400 kV. The
results of the characterization show a surface compact nitride layer, which is transformed intog +y
during cooling. The tempering process affects the surface hardness of the samples. After an initial in-
crease relative to the untreated sample, the microhardness diminishes after long treatment times. This
behavior is correlated with thea" phase appearance, growth, and transformation.

|Keywords HREM, iron nitrides, plasma nitriding The samples were nitrided for 3 h for iron and 4 h for the
1010 steel at 400 Pa operational pressure with 224118,N
mixtures.

1. Introduction The iron and steel samples were cylindrical in shape, 1 cmin

diam, and 1 cm in height. Chemical analysis of the samples
yielded the following compositions: ARMCO iron, <800 ppm
Mn, <200 ppm C, <200 ppm P, and <150 ppm S; SAE-AISI
1010 steel with 0.11 wt% C, 0.36 wt% Mn, 0.02 wt% P, and
0.016 wt% S. The annealing treatments were done at 400 °C
from O to 128 h for iron and from 0 to 16 h for steel.
Cross-sectional transmission electronmicroscopy (XTEM)
samples were prepared by mechanical polishing of the speci-

Formation of compact nitride layers on the surface of steel
pieces significantly enhances the tribological properties of the
pieces and improves their resistance to corrosion (Ref 1). Nitro-
gen desaturation in the ferritic matrix during cooling leads to
the formation of iron nitrides. Precipitation of nitrides in the
ferritic matrix contributes to the enhancement of the mechani-

cal properties; distribution of precipitates in the ferritic matrix mens, followed by ion milling. The final ion-milling step was

actively blocks the dislocation movement. L - > -
performed at grazing incidence to avoid preferential sputtering

Thermal treatments applied after the nitrogen solubilization f o - he oth |
in the ferrite produces precipitates. The type of precipitates that®' 2N¢ n|tr|d_e species over the others. Some samples were pre-
' ared by grinding with the tripod method to transparency. The

are obtalr!ed after plasmg nitriding and thermal treatm_ents Wasfnicrostructure and phase composition of the formed layers
characterized, and the microstructural changes associated with

the nitrides during tempering in pure iron and in a carbon steelsrc ¢ investigated using x-ray diffraction (XRD), conventional
9 pering in p ) . TEM in a JEOL 1210 TEM, and HREM in a JEOL-4000EX
(AISI 1010) are presented using optical microscopy (OM),

transmission electron microscopy (TEM), and high resolution high resolution electron microscope at 400 kV.
electron microscopy (HREM).

3. Results and Discussion

2. Experimental Methods 3.1 Iron Samples
Nitriding of the iron and steel samples was performed inthe | Figure 1 shows optical micrographs of the cross sections of
experimental chamber described in Ref 2. The weakly ionizedi'on Pieces. Figure 1(a) shows the precipitation'dFe,dN,,
plasma is created by means of a diode electrical discharge opreferentially near to the ferritic grain boundary in the ferritic
double alternating field. The current density varied from 5 to 30 Matrix. The nitrides are obtained after cooling of the sample in-
A/m2 The treatment temperature for iron was 670 °C, close Side the reactor. The partial transformation of the austenite
to, but above, the eutectoid transformation temperature and'@Yer during the cooling process is also shown. Figure 1(b) cor-

for steel close to 570 °C (below the eutectoid temperature).'€SPONds to a sample annealed for 32 h. In contrast with Fig.
1(a) the formation ofy'-FeN,;, needles is apparent. The

- - austenite layer transformation is also shown.
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fied and processed image of the zone within the white square irshows several types of defects: dislocations and planar defects,
Fig. 2(a) is shown. The white dots correspond to the iron peri-that is, antiphase boundaries or twins within it. The particle is
odicity in the 2 by 2 by 2 cell of the ferritic matrix. Figure 2(c) observed to be coherent with the matrix. Concomitant with the
shows a multilayer simulation of a <001> oriented, 10 nm thick a” transformation, a change of hardness in the diffusion zone is
a" particle formed by considering the g8, cell. This cellhas  observed as a function of the annealing time (Ref 3, 5).

a fully ordered nitrogen atom arrangement in a slightly dis- In Fig. 3(a), a HREM image corresponding to the topmost
torted body-centered cubic atom array veith 0.572 nm and layers of the iron sample is shown. In this image,sthe y’

= 0.629 nm (Ref 3, 4). The simulation shows that the white dotstransformation can be observed in the nitride (Ref. 6, 7). Figure
correspond to iron atom positions in the body-centered tetrago-3(b) corresponds to a magnification of the transformation zone
nala” structures. The distance between dots corresportdis to of 3(a). The image simulation shown in Fig. 3(c) shows that the
(100) ina”. This arrangement of iron atoms comprises 2 by 2 white fringes correspond to iron in the hexagonal close-packed
by 2 unit cells of the ferrite lattice. The small precipitate cell of thee nitride.
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Fig. 1 Optical micrographs of cross sections of nitrided iron. (a) Sample after cooling, showing compact layers at the topzdiffeision
anda” precipitation. (b) Sample after annealing of several hqupsecipitation is shown as long needles.

ll-q."..

a. | | : I_ l'l#

Fig. 2 (a) HREM image of a" precipitate. (b) Magnified and processed image of the marked area in (a). (c) Calculated image for a 10 nm
thick, =50 nm defocus, 400 keV image of <001> orientefe; g\ particle. The calculated and experimental images match closely.
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3.2 Steel Samples
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Fig. 3 (a) HREM image of topmost layers in iron, showing a
platelet. (b) Magnified and processed image showing thg'
transformation zone. (c) Simulated images iof <2110> orienta-
tion andy' in <011> orientation. Note the excellent match with the
experimental image.
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Inthe iron, during the aging treatment, the majority'oére
. ' ' transformed in the ferritic matrix. Figure 5(a) shows a HREM
Figure 4 shows the image of a cross section of the 1010 steeimage of au"-Fe;(N,C), precipitate. The size of this precipi-

aged at a temperature of 400 °C for 0.5 h. In the surface of theate is similar to that shown in Fig. 2(a), that is, approximately
sample &-Fe, N nitride layer is shown. In the nitrogen diffu-

sion zone in the ferrite, needle precipitation of nitrides is
shown.

20 nm. Figure 5(b) corresponds to an enlargement of the pre-
vious image. The associated optical diffractogram corresponds
to that ofa” nitride. Remarkably, the particle shown exhibits
(as in iron) twin boundaries, reminiscent of those observed by
HREM in evaporated gold icosahedral multiply-twinned parti-
cles (Ref 8, 9). These particles form with a disclination down
the center. Itis possible thatin iron or steel, their growth is such
to accommodate stress within the matrix. Also noted, the pre-
cipitate is coherent with the matrix.

The a"-Fe ¢C,N), precipitates grow with the annealing
treatment from an average of 15 to 45 nm for 0.5 h treatment
times before decomposing for longer treatment times.

In Fig. 6(a), a HREM image of the topmost layers in an-
nealed 1010 steel is shown. In contrast with Fig. 3(a), corre-
sponding to iron, thg'~ € in the same precipitate was not
observed. Figure 6(b) is an enlargement of Fig. 6(a). The ob-
tained diffractogram correspondsytonitride in the <111> ori-
entation.

Nitride formation in the ferritic zone is determined by the
stable or metastable thermodynamical equilibrium as repre-
sented in the phase diagrams. For iron nitriding, nitride forma-
tion is determined by the Fe-N system phase diagram. For steel
nitriding, ternary Fe-C-N determines the type of nitrides that
are formed.
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Fig. 4 Optical micrograph of a cross section of nitrided 1010
steel sample after annealing for 0.5 h. Needle precipitation is
shown.
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Fig. 5 (a) HREM image o&" precipitate. (b) Enlargement of
twin boundary in (a), inset diffractogram.
Fig. 6 (a) HREM ofy’ precipitate after 4 h of annealing time.
(b) Enlargement of top left corner of the precipitate, inset, dif-
fractogram

Fig. 7 (a) HREM image of the topmost layers in cooled sample. (b) Magnified processed image of region marked 1 in (a) matahes with th
€ phase. (c) Magnified processed image of region marked 2 in (a) corresponydsiefective precipitate.

Journal of Materials Engineering and Performance Volume 7(3) Juné&l13Bm



Finally in Fig. 7(a), regions of coexistenceyéfande in the
ferritic matrix of 1010 steel are shown. Figure 7(b) shows an
phase zone; the precipitates are clearly identified iasthe
<0001> orientation. Figure 7(c) shows a highly defegtéd

precipitate in the zone marked as 2 in Fig. 7(b). The shape and

size of the precipitates depend strongly on the chemical equi- ™ )
6. M. Palacios et alSurf. Coat. TechnolVol 76, 1995, p 377

librium in the interfaces and of the structure of each phase.
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