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ABSTRACT: Metallographic and chemical analyses were done in order to determine the influence of
microstructure defects on the hardness of 42CrMo4 steel plasma nitrided in industrial conditions. By means
of light microscopy carried out after Picral reagent etching it was revealed the steel sample microstructure
presenting defects as segregation bands, probably formed during the elaboration stage of the steel. The
Electron Probe MicroAnalysis (EPMA) technique was used for nitrogen and iron concentrations
measurements, while HV, ; hardness tests were done for the steel properties determination. Tests were made
as vertical profiles and as individual measurements in the nitrided layer and in zones presenting defects,
respectively.
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< INTRODUCTION

Although the behavior of quenched and tempered structural steels treated through plasma
nitriding is much discussed in the literature, one may notice that the nitrided layer analysis concerns
mainly the resistance to fatigue [1-3], to corrosion [4] or to wear [5]. Also, the microstructural analysis
of the nitrided layer is turned on its thickness and nature of the constituent phases obtained by varying
the treatment conditions (proportion and nature of the nitriding gases, treatment duration and
temperature) [6]. However, there are not well delineated the studies on the defects existing in bulk
material (i.e. segregation bands resulted in the solidification stage of the steel ingot) and their
influence on the structure and mechanical properties of the nitrided structural steels.

It is known that all elements accompanying iron in low alloyed steels (chromium, manganese,
sulfur, phosphorus) participates more or less to dendritic segregation during solidification, this
phenomenon being more intense as the steel is rich in carbon. These elements influence the steel
structure by forming longitudinal heterogeneities (named “segregation bands” or “microstructural
banding”). In references [7, 8] are presented detailed reviews concerning the origins of the chemical
segregation, its effects on the solidification structure and its influence on the properties of carbon and
alloy steels. Also, reference [9] contains a literature overview on the microsegregation models which
describe the alloys solidification phenomenon. The characteristic features of microstructural banding
may be observed better by light microscopy after etching with Picral metallographic reagent [10, 11].
After etching, the steel structure appears as adjacent light and dark bands which are oriented in the
rolling or forging direction. The non-uniform distribution of some of the alloying elements in the steel
structure depends mostly on the austenite grain size and on the cooling rate during solidification [12].
The aim of this article is to study the influence of the banded structure on the mechanical properties
of 42CrMo4 steel, plasma nitrided in industrial conditions. In order to evaluate the banded structure we
have etched the steel sample with 4% Picral reagent and observed it by light microscopy. In completion
with hardness measurements, EPMA chemical analysis and imaging are used.
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¢  EXPERIMENTAL AND ANALYSIS DETAILS. SAMPLE PREPARATION

In this study we have used a cylindrical piece (~25 mm diameter and ~10 mm thickness) of
42CrMo4 steel grade whose chemical composition (in wt%) was identified by spark spectroscopy as:
0.43%C, 0.33%Si, 0.78%Mn, 1.02%Cr, 0.17%Mo, 0.1%Cu, 0.11%Ni, 0.02%P and 0.02%S.

In order to obtain the martensitic structure needed for nitriding, the piece was subjected to a
heat treatment consisting in: austenitization at 850 “C during 30 min. then water quenching and
tempering at 650 °C for 30 min. with further slow cooling in air. Next, the piece was degreased with
tricloretilene and introduced in a Nitron-10 industrial furnace for a conventional plasma nitriding
treatment. The working parameters were: pressure of 10 mbar, applied voltage of 750 V, temperature
of 530 "C and maintenance duration of 10 h. The nitriding atmosphere was obtained by ammonia
thermal dissociation in 75%H, and 25%N,, this mixture being introduced in the furnace with a debit of
about 20 l/h. At the end of the treatment, the piece was furnace cooled.

Further, the nitrided piece was cut along a diameter into two samples, so all the analyses could
be made in the cross-section. After mounting in resin, the two samples were subjected to a
metallographic preparation consisted in grinding with SiC papers (having different granulations from
120 to 2500), followed by polishing with diamond (3 pm size) and finally by fine polishing with an
alumina suspension (0.05 pym size).

One sample (sample A) was used for microstructure observations and hardness measurements,
while the other one (sample B) was used for the EPMA analysis. Sample A was etched with the Picral
reagent, prepared with 4% picric acid in etilic alcohol and a few drops of benzalkonium chloride.
Immersion was made at room temperature for 30 s, followed by ethanol rinsing and drying with hot air.
As observed by light microscopy, etching with this metallographic reagent revealed very well the
microstructure by differential color etching: the carbides and the metallurgical segregations were
darkened, while the iron nitrides remained white.

«» DETAILS OF THE ANALYSIS TECHNIQUES

Microstructure observations were done with an Olympus BX60M light microscope.

The hardness was determined with a Mitutoyo Vickers instrument using a ~3 N force (HVq.3).
Results were obtained as a vertical profile with depth and as individual point measurements in the
zones where it was observed the presence of defects (segregation bands).

The chemical analysis was made with a Cameca SX100 electron probe microanalyser (EPMA)
employing five wavelength-dispersive spectrometers. Before being analyzed the sample was plated
with a graphite layer under vacuum. The experiments were done with the following parameters of the
incident electron beam: intensity of 15 nA and accelerating voltage of 10 kV. As standard samples for
Fe and N concentration determinations it was used pure iron and BN, respectively.

Also, the EPMA technique permits, besides the chemical analysis, the imaging of the sample
surface, so one may better interpret the experimental results. In an EPMA image the brightness (or
contrast) of an area is proportional to the backscattered electrons intensity (of the incident beam)
depending on the atomic number of the elements present in the sample. So, atoms having high atomic
number backscatter the incident electrons strongly and give a bright area in the EPMA image, while
atoms with low atomic number give a dark one [13]. Thus, in metallurgical research, using the EPMA
technique to study the segregation phenomenon in steels is probably the most important application
[13].

o

“» RESULTS AND DISCUSSIONS. METALLOGRAPHIC EXAMINATION

The light micrographs obtained in the cross-section of the steel sample plasma nitrided at 530°C
during 10 h are shown in Fig.1.a-d. For the metallographic etching it was used 4% Picral reagent. At low
magnification (Fig.1.a) one may observe very well the banded structure. The bands that were etched
darkly indicate a zone rich in alloying elements as Mn and Cr [14]. The distance between two
successive segregation bands was estimated at about 50 pm.

Also, etching with Picral reagent permitted identification of the diffusion zone which is formed
by two regions: one, situated immediately under the surface, which was darkened and another one
which was colored in lighter shades, being positioned under the first one (Fig.1.a). The thickness of the
diffusion zone is estimated at about 0.3 mm.

The compound layer (“white layer”) formed on the surface of the steel sample during nitriding
may be observed at higher magnification in Fig.1.b. This layer has a thickness of ~3.8 pm.

In the diffusion zone the nitride precipitations appear as white dots at the grain boundaries
(some are marked by the arrows in Fig.1.c). Also, in steel bulk one may recognize the tempered
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martensite features (Fig.1.d). Immediately after the microstructure observations, the sample was used
for the hardness measurements and observed once more by light microscopy.
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Figure 1. Cross-section micrographs of the nitrided steel sample after 4% Picral etching:
low (a) and high magnification, near surface (b), in the diffusion zone (c) and in bulk (d).
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< HARDNESS MEASUREMENTS

A vertical hardness profile was measured in the cross-section of the nitrided sample on a length
of about 1 mm. The distance between prints was kept approximately constant at 0.1 mm. A light
micrograph of the analyzed zone is presented in Fig.2.a, and the variation of the hardness with depth
(corresponding to the profile from Fig.2.a), is presented in Fig.2.b.
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Figure 2. Light micrograph of the hardness prints distribution - 4% Picral etching (a)
and the variation of the obtained values with depth (b).

As a general view, the HVy3; measured values taken in depth indicate a continuous decrease,
which is characteristic to a nitrided structure. The uniformity of the values suggests that in vertical
direction the segregations have not a great influence on the hardness probably because the
experiments were done in a zone between two segregation bands (the diagonal of the prints being
estimated at about 30 um).
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By nitriding the steel sample surface hardness has increased by ~1.8 times with respect to the
bulk, up to ~550 HV (Fig.2.b). From Fig.2.b one may estimate the diffusion zone thickness at about
0.32 mm, value close to that identified by the light microscopy observations (see Fig.1.a). Next, up to
1 mm in depth, the hardness values are maintained in a constant range around 300 HV (the bulk
hardness). In the diffusion zone, the hardness is increased due to nitrogen incorporation which may be
found as dissolved in the solid solution and as nitride precipitations [15]. It is known that only 0.1 wt%
of nitrogen dissolved in the steel ferritic matrix during nitriding gives an important increase of
hardness [15].

Moreover, to complete this study we have done nine punctual hardness measurements in the
zones with (prints 3 up to 7) and without segregations (prints 1, 2, 8 and 9) in the bulk of the steel
sample. Micrographs of the prints are shown in Fig.3.a-c, while in Tab.1 are given the print diagonals
and the corresponding HV, ; values.

b)
Table 1. Hardness experimental values
Print Print diagonals HVo.3
1 1.715-1.72 302
2 1.735 - 1.76 293
3 1.68 -1.675 316
4 1.67 -1.69 315
5 1.69 -1.71 308
6 1.66 -1.68 319
7 1.655 - 1.67 320
8 1.735 - 1.74 295
9 1.725 - 1.71 301

Figure 3. Light micrographs of the hardness
prints in the zones presenting defects. 4%
Picral etching

c)
It is obvious a correlation between the presence of segregations and the hardness values. So, in
the zones presenting defects (prints 3 up to 7), the average hardness is 315.6 HV, 3, while in the others
zones (prints 1, 2, 8 and 9), the average value of the hardness is 297.7 HV, 3.

< EPMA RESULTS

In Fig.4. are given: an EPMA image showing the path of incident electron beam in the analyzed
area (indicated by the arrow in Fig.4.a) and the obtained atomic concentrations with depth (Fig.4.b).
The nitrogen and iron concentration profiles in depth were determined from the surface of the sample
through the compound layer and the transition zone to the diffusion layer, on a length of ~15 um. As
estimated from the EPMA image (Fig.4.a), in the analyzed zone the compound layer has a thickness of
about 4.8 um, but on the average this layer has a thickness close to 3.6 um.

At the steel sample surface, in the compound layer, the presence of about 20% nitrogen and 80%
iron suggest the presence of the y'-Fe,N nitride (Fig.4.b). In depth, up to ~5 um, these proportions are
changing toward lesser nitrogen but much iron content. The iron surplus is detected probably from the
steel sample structure, this indicating a discontinuity (mixture) in the compound layer.

Also, as shown in the EPMA image presented Fig.5 and taken in the diffusion layer, the nitrided
steel sample structure appears inhomogeneous (with zones of different contrast). So, by the
brightness, the analyzed area may be divided into two zones, a bright and a dark one (Zone A and B,
respectively in Fig.5), bounded by a white dot line.
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Figure 4. EPMA image showing the path of incident electron beam in the compound and
diffusion layers (a) and the obtained atomic concentrations with depth (b).
Further, we have measured the nitrogen and iron concentrations (in at.%) in different points in
the analyzed zone, the results being presented in Tab.2. The three experimental points (from 1 to 3)
where market on the EPMA image during the measurements by the apparatus (Fig.5). The first
experimental point (1) is situated at about 15 pm from surface and the position of the other points (2
and 3) was arbitrary chosen by the contrast of the zone. Thus, experiments 1 and 3 were done in the
bright zone, while experiment 2, in the dark one.

Table 2. Atomic concentrations determined in
different points in the diffusion layer

Point | N (at.%) | Fe (at.%) Zone
1 2.0795 97.9205 A - bright
2 0.8707 99.1293 B - dark
3 1.7101 98.2899 A - bright

4 | 02799 | 99.7201 | Pright, at-50 um
from surface

5 0 100 bright, at ~350 ym
from surface

*Not marked in Fig. 5.

Figure 5. EPMA image showing three
7 i experimental points taken in the diffusion
AT T r——————— layer
If the sample structure heterogeneity would be due to the nitriding treatment, in Zone A one
would aspect a nitrogen poor zone, while in Zone B, a nitrogen rich zone. Analyzing the experimental
values from Tab.2 one may conclude that this assumption is not sustained because of the lesser
nitrogen content obtained in experiment 2 versus experiments 1 and 3. So, the steel sample structure
heterogeneity was formed before nitriding, probably during its solidification stage and the limit
between Zone A and B may be probably assigned to a segregation band limit.

In Zone A, the nitrogen content maybe detected from the nitride precipitates, whose presence
was already identified in the diffusion layer by the light microscopy (Fig.1.c). In Zone B the contrast is
probably due to the presence of elements such as chromium, manganese, sulfur and phosphorus which
have a smaller atomic number than iron and which segregate at the grain boundaries during the
solidification period of the steel [14-16]. Also, in the bright zones situated more in depth (experiments

4 and 5- Tab.2), the nitrogen content decrease up to 0 because here the nitriding treatment effects
are not visible.

o,

< CONCLUSIONS

A 42CrMo4 steel sample plasma nitrided in industrial conditions was used to study the correlation
between the microstructure defects and the mechanical properties. The microstructural defects (i.e.
segregations bands resulted in the solidification stage of the steel) were revealed by light microscopy
after 4% Picral reagent etching. The distance between two successive segregation bands was estimated
at about 50 pm.

Also, the hardness measurements (HV,3) and the EPMA chemical analysis performed both in the
nitrided layer and in the zones with defects, showed the following:

« The hardness profile, taken with depth from the steel sample surface, correspond to a nitrided
structure and the uniformity of the values suggests that in vertical direction the segregations have
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not a great influence probably because the experiments were done between two segregation
bands;

% The difference between the average hardness values measured in the zones with and without
segregations is of only ~18 HV, 3 points;

« The nitrogen and iron concentration profiles indicate the presence of the y'-Fes;N nitride on the
surface of the steel sample;

< The chemical analysis made in zones of the diffusion layer which appeared bright or dark in the
EPMA backscattered electrons image showed an inhomogeneous structure due to the presence of
segregations.
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