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Mechanical and microstructural investigations
of nitrided Fe-Cr layers
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Nano-indentation measurements were carried out on nitrided Fe-Cr alloys (1 and 3 wt% Cr)
in order to determine local micro-mechanical properties. The method recently developed
on nitrided 32CrMoV 13 steel was applied to the Fe-Cr alloys. Evolution of micro-yield stress
through the nitrided layer was correlated to microstructural parameters (volume fraction of
CrN precipitates, diameter of precipitates, etc.) investigated and statistically analyzed by
transmission electron microscopy (TEM). The results show that the mechanical behavior of

the nitrided layer for both alloys studied can be described using the Orowan model of
precipitation strengthening. © 2004 Kluwer Academic Publishers

1. Introduction
Nitriding of iron and steel produces phases that enhance
the tribological and mechanical properties of these ma-
terials [1]. This treatment also induces a mechanical
profile through the nitrided layer whose the determina-
tion is a problem.

In order to determine micro-mechanical properties
of nitrided layers and in particular micro-yield stress
(MYS), which is more suitable than micro-hardness for
estimating the endurance limit in the case of mechanical
fatigue of high strength steels, it is necessary to perform
local measurements such as nano-indentation [2].

For this reason, several studies [3-5] were carried
out in order to develop computational methods to
derive quantitative mechanical properties from nano-
indentation data. Thus, Elghazal et al. [3] developed a
procedure based on finite element (FE) simulation of
the nano-indentation test from the determination of the
strain-hardening law o (e,) where ¢, is the plastic de-
formation. Subsequently, the method was improved by
Jacqetal. [4] in order to take account of residual stresses
generated within the layer during surface treatment.

On the other hand, full comprehension of mechanical
behavior of nitrided layers, in particular the existence
of a mechanical properties profile, requires microstruc-
tural investigations at different depths. In the case of
nitrided Fe-M (M = Cr, V, Ti, .. .) binary alloys con-
sidered as a model for complex microstructure steels,
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the precipitation of fine semi-coherent M-N nitrides is
responsible for mechanical properties improvement [6].
The main purpose of this work on nitrided Fe-Cr alloys
is to correlate the evolution of the MYS estimated by
nano-indentation to microstructural parameters of CrN
precipitates investigated by TEM.

2. Experimental

2.1. Materials

Pure Fe-Cr alloy (1 and 3 wt% Cr) samples were sup-
plied by Ecole des Mines de Saint-Etienne. Their chem-
ical composition is given in Table 1. Before nitriding,
specimens (30 x 10 x 1 mm?) were annealed at 923 K
for 3 h in silica sealed capsules. Nitriding was per-
formed in a gas mixture (NHj3, Np, N,O) at 823 K in
a BMI furnace (details of the treatment sequences are
given elsewhere [7]). The micro-hardness and the ni-
trogen concentration profiles thus obtained are shown
in Fig. 1.

2.2. Nano-indentation tests

Nano-indentation measurements were performed us-
ing a Nano-Instruments Model II nano-indenter. The
apparatus was equipped with a spherical-tipped inden-
ter with a radius of approximately 105 pm. In accor-
dance with the procedure set up by Elghazal ef al. [3],
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Figure 1 (a) Vickers micro-hardness (Hvg ) obtained after a 14 h nitriding at 823 K for both alloys studied through the 1 mm sample thickness
and (b) Nitrogen concentration profiles for the half thickness (CAMEBAX SX microprobe).

the nano-indentation test consisted of successive load-
ing/unloading cycles at increasing maximal load Fiax
(50, 150, 250, 450 and 650 mN), in order to character-
ize the overall plasticity within stressed region beneath
the contact. Loading/unloading cycles were performed
perpendicular to the nitrided surface, i.e., on cross-
sectional specimens (1 mm thick) which were mechan-
ically polished with a final stage of 1 um diamond.
After each indentation cycle, the difference in displace-
ment before loading and after unloading, also called the
residual displacement (§r) was measured. Cumulative
displacement for each maximal applied force was cal-
culated according to equations such as:

drpsomN) = 8r@somN) + 87s0mNy + 8rsomny (1)

For each alloy, 10 series of 4 indentations localized
at different depths below the surface (100, 200, 300 and
400 um) were performed. The dr = f(Fyax) response
was drawn using an average value of 10 measurements.

As mentioned in the Introduction, the main interest
for nitrided steels submitted to mechanical fatigue is
the estimation of the limit of endurance in relation with
MYS. This latter corresponds to the first irreversible
dislocations movement and is classically deduced
from the strain-hardening law o (&p). In rolling contact
fatigue applications, it has been shown that a MYS
with a proof strain of 0.002% results in a satisfactory
estimation of the endurance limit of high strength
steels [5].

Since the nano-indentation test does not give o (&)
response, the determination of MYS consisted in the

TABLE I Chemical composition (% wt) of both studied Fe-Cr alloys

Cr C S (6] N
Alloy 1 0.95 <0.0010 <0.0010 <0.0010 <0.0010
Alloy 2 2.98 <0.0010 <0.0010 <0.0010 <0.0010
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simulation of the nano-indentation test with a given
strain-hardening law, followed by the comparison to
experimental results with continuous improving of the
simulation parameters until reaching the best match be-
tween both approaches. A previous study [3] showed
that the stress-plastic strain hardening behavior of a ni-
trided chromium steel (32CrMoV13) containing 3 wt%
Cr was well suited to Swift’s law:

o = B(C +s&,)" 2)

where only the B parameter is variable with depth, the
two others C and n being fixed and close to 16 and
0.067, respectively. Furthermore, taking into account
residual stresses, Jacq et al. [4] established a power
law describing indirectly the variation of the residual
displacement (dr) as a function of the load:

dr = a[2t) — B(C + &)"1? 3)

where 7( represents the principal shear stress due to the
elastic contact between the indenter and the sample and
consequently it depends on the radius of the indenter as
well as the load, whereas o and 8 depend only on the
load. Therefore, for each load, the exploitation of the
nano-indentation tests consists of the determination of
the B value that fits the best the experimental results.
MYS is then directly calculated using relation (2) for a
0.002% proof strain.

The similarity of microstructures and micro-hardness
values of the 32CrMoV 13 steel and the studied alloys
[8] makes application of the same procedure suitable
for determination of micro-mechanical properties of the
latter.

2.3. Microstructural characterization
TEM sample preparation consisted of mechanical abra-
sion followed by chemical electropolishing (46.5%



butoxyethanol, 46.5% methanol, 7% perchloric acid)
using a Struers-Tenupol 5 apparatus. According to the
nano-indentation results, thin foils were sliced at dif-
ferent depths parallel to the nitrided surface (100, 300
and 400 pm).

TEM investigations were performed on a JEOL
2010F field emission gun microscope equipped with an
Oxford Instruments energy dispersive X-ray (EDX) an-
alyzer and an EELS Gatan Digi-PEELS 776 spectrom-
eter. For each depth, statistical analysis were performed
on several hundred of precipitates distributed through-
out the thin foils. However, in the case of the Fe-3 wt%
Cr alloys where the regions close to the surface are
mostly transformed by discontinuous (lamellar) pre-
cipitation of CrN (Fig. 2a), quantitative studies were
exclusively made on untransformed regions containing

only continuous (submicroscopic) precipitation of CrN.
For this alloy, indentation tests were performed solely
on these untransformed areas.

Furthermore, CrN nitrides have a disc shape and are
divided into three orthogonal families with the Baker-
Nutting orientation relationship with respect to the iron
matrix (Fig. 2b):

(100)cen//(100)ge; - [110]een//[001]ge (4

Hence, when observed along the (001)g. zone axis,
the two families perpendicular to the foil plane are
projected on their diameter and appear as rods whose
lengths can be assimilated to the precipitates diameters.
However, for a reliable quantitative study, we must take
into account of the cutting of some precipitates during
the thin foil preparation. For this reason, mean projected

Figure 2 (a) Cross-section SEM view of the nitrided surface in the Fe-3 wt% alloys. Superficial regions are transformed by CrN discontinuous
precipitation (dark zones). (b) [001]g. zone axis TEM micrograph showing submicroscopic CrN precipitates. The indexation of the diffraction pattern

is coherent with the Baker-Nutting relationship.
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length on TEM micrographs does not exactly represent
the true mean diameter of precipitates. Hence, in order
to consider this effect, the measured precipitates mean
diameter has been corrected using a geometric compu-
tational simulation on Mathcad software [9]. Compar-
ison between measured and corrected values indicates
that the omission of precipitates cutting effect leads to
an underestimation of the precipitates mean diameter
(Table II).

In view of all these considerations, main steps of the
quantification process were the following:

1. For each analyzed area, the precipitates number
(n) and their true mean diameter (D) are determined
using image processing software.

2. The mean thickness of precipitates (t,) is esti-
mated from HRTEM Fourier-filtered images (Fig. 3a
and b). HRTEM images were performed along the
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Figure 3 (a) HRTEM image along [002] zone axis of a submicroscopic CrN precipitates, (b) Image of (200) CrN planes. Image is formed by the
selection (Gaussien mask) of the 200 and —200 spots on the Fourier transform of image (a). (insert corresponds to the transverse contrast profile of

precipitate image).
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TABLE II Measured and corrected means diameters of precipitates

Depth (pem) Dineas.(nm) Deorr. (nm)
Fe-1 wt% Cr

100 114 12

300 15.2 16.2

400 18 19
Fe-3 wt% Cr

100 4.95 5

300 16 17

400 27.8 30.5

(001)ge zone-axis. On this azimuth, the revealed CrN
atomic planes are those of chromium which are
0.207 nm apart.

3. Local thickness of each analyzed area is estimated
by exploiting Low-Loss (plasmons) EELS spectra us-
ing the relation:

t = Mn(Iioi/Iy) (5)

where A is the mean inelastic free path of the incident
electron going trough the specimen. For iron, X is close
to 90 nm at 200 kV accelerating voltage. This value
has been determined using convergent beam electron
diffraction (CBED) method.

As all these parameters determined, the precipitate
number per volume unit (V) and their volume frac-

tion (f) are calculated directly using the following
relations:

N=n/V (6)

with V. = § - T is the volume of the analyzed area of
surface S and thickness T,

f=nVy/V )
with V;, the mean precipitates volume:

V, = D’nt,/4 (8)

3. Results and discussion
3.1. Estimation of the micro-yield stress
(MYS)

Fig. 4a and b show the dr = f(Fyax) response of succes-
sive indentations performed at different depths on cross
sections of Fe-1 wt% Cr and Fe-3 wt% Cr specimens,
respectively. For the low chromium-containing alloy,
one can note that the residual displacement increases
continuously as a function of the maximal load as
well as of depth which is compatible with the progres-
sive diminution of the nitrogen concentration (Fig. 1).
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Figure 4 Indenter residual displacement (dr) as a function of maximum load Fpx. (a) Fe-1 wt% alloy and (b) Fe-3 wt% alloy. Individual marks are
experimental data; continuous lines corresponds to power law fit dr = «[279p— B (C+ 20)"1# with C = 16 and n = 0.067.
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TABLE III Parameters of Equation 3 where dr is expressed in nm,
for different maximum applied loads

Maximum applied load (mN) 79 (MPa) a B

650 2320 1.39 x 10712 4.02

450 2060 357x 10712 392
250 1960 7.06 x 1071 3.87
150 1430 5.48 x 10711 3.95

50 988 1.13 x 10710 3.93

However, for the high chromium-containing alloy,
the dr evolution as a function of the maximal load
reproduces the sharp case-core observed on micro-
hardness profile. Indeed, it shows two different aspects
depending on the depth below the surface. First, in-
side superficial regions (depth <300 pum), no signifi-
cant increasing of dr with load was measured, which is
expected regarding the high hardness of these regions
(>800Hv( ). On the other hand, inside internal regions
(depth >300 pm) where the hardness is much lower
than at the surface, dr increases rapidly and exhibits a
quasi-linear evolution as a function of the maximal load.

For both alloys, all experimental results were well
fitted by the power law dr = «[219 — B(C + 20)")#
with a single value for the exponent n = 0.067 and the

parameter C = 16. Values of B and (7p, , B) param-
eters depending on depth and maximum applied load,
respectively, are indicated on Table III.

The misfit between experiment and simulation ob-
served in core regions (400 wm), especially in the case
of the Fe-3 wt% Cr alloy, is principally due to the fact
that in these low-hardened regions, n and C terms val-
ues are no entirely valid. Indeed, both values derived
from calculations performed rather for description of
the hardened zone behavior.

Fig. 5a and b shows the MYS profiles of both studied
alloys. It can be seen that the MYS varies practically
as the micro-hardness and the nitrogen concentration
although the MYS slightly decreases more rapidly than
micro-hardness in the case of the 1%wt Cr alloy.

The nano-indentation tests performed in this work
are concerned only with small plastic strains whose
maximum value increases with an increasing applied
load, reaching about 1.5% for the highest one.

Thus, the plastic strain range involved in these nano-
indentation tests is at least one order of magnitude be-
low those involved in classical hardness tests for which
plastic strains usually reach 10-50% [10].

This explains why the proposed method is a good way
to determine the yield stress for very small proof strains.
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Figure 5 Comparison between micro-yield stress, micro-hardness and nitrogen concentration profiles: (a) Fe-1 wt% Cr alloy and (b) Fe-3 wt% Cr

alloy.
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TABLE IV Results of statistical analysis of fine CrN precipitates

Fe-1 wt% Cr alloy Fe-3 wt% Cr alloy

Depth (j2m) 100 300 400 100 300 400
D (nm) 12 162 19 5 17 30.5
t, (nm) 0.6 0.6 0.8 02 1 0.5
N (10° pp/um?) 1.8 1.1 034 18 1.6 025
f (%) 122 091 077 07 36 09
1 (%) 1.64 49

3.2. Quantitative analysis of the CrN
precipitation

All quantification results are kept on table 4 where f’
represents the theoretical volume fraction of CrN pre-
cipitates corresponding to the complete precipitation
of chromium from solid solution. One can note that for
both alloys, an increasing of the precipitate mean di-
ameter with depth accompanied with the decreasing of
densities of precipitates per volume unit. However, it

is interesting to note the particular case concerning the
superficial zone in the Fe-3 wt% alloy where discon-
tinuous precipitation is predominant. In these regions,
even if the total fraction of CrN precipitates (discon-
tinuous and continuous precipitates) is more important
than in internal regions, the continuous precipitation
constitutes only a very small fraction which is about
0.7% but involves a very high density of very fine
(~5 nm) CrN precipitates.

3.3. Correlation with mechanical properties
Fig. 6a and b show a comparison between the evolution
of the MYS and microstructural parameters through the
nitrided layers for both Fe-Cr alloys. Thus, concern-
ing Fe-1 wt% Cr alloy, the MYS varies practically like
the volume fraction and inversely to the mean precipi-
tates diameter. However, in the case of Fe-3 wt% Cr al-
loy, such behavior was observed only in untransformed
zones (>200 pm). Indeed, inside discontinuous pre-
cipitation zone, despite the low fraction of continuous
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Figure 6 Comparison between micro-yield stress and microstructural parameters profiles: (a) Fe-1 wt% Cr alloy and (b) Fe-3 wt% Cr alloy.
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CrN precipitates, they produce a significant strength-
ening which is due to their high density per volume
unit which means a high number of pining points for
moving dislocations.

The relation between the MYS and microstructural
parameters can provide interesting information about
the operating mechanism. Indeed, depending on the
mechanism of the precipitates—dislocations interac-
tion, the yield stress may be expressed as a func-
tion of the microstructural parameters into two ways
[11]:

(i) Orowan mechanism (skirting mechanism)

Ffl/Z r f1/2
bRy(T'2 —2f12) T bR,/

(€))

00ro0

with f is the volume fraction of precipitates, I" the line
tension of dislocation, R, the precipitate radius and b
is the Burgers vector of mobile dislocation.

(i1) Shearing mechanism

12
y3/2Rp/ f1/2

Lr12 (10)

osp OO

where y is the supplementary interfacial energy be-
tween the matrix and the precipitate, created after cross-
ing precipitate by the moving dislocation.

Hence, in order to determine the operating mecha-
nism in the case of both studied alloys, we have only
to draw on logarithmic scales the variation of o as a
function of (f1/? % R;/z) and (f/2/R,), and to see in
what case the slope is close to 1.

From curves of Fig. 7a and b, it is clear that experi-
mental results are rather in best accord with the Orowan
mechanism. This is an expected result since the precip-
itates thickness and the strong Cr-N chemical bonding
make very difficult the shearing of precipitates by the
moving dislocations.
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Figure 7 Micro-yield stress profiles in logarithmic scale as a function of f1/2 R,
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4. Conclusion

Mechanical and microstructural properties of nitrided
Fe-Cr layers have been investigated. The micro-yield
stress (MYS) was estimated at different depths from the
nitrided surface using nano-indentation test. Computa-
tional models developed in order to derive mechanical
properties of 32CrMoV 13 from nano-indentation tests,
have been successfully applied to Fe-Cr alloys. The ob-
tained results confirmed the decrease of the MYS with
depth, in coherence with the decreasing of the nitrogen
concentration.

Furthermore, a statistical analysis of the CrN precip-
itation has been carried out in order to interpret the pro-
file of mechanical properties. Mean diameter, volume
fraction and density per volume unit of submicroscopic
nitrides were mesured at different depth in the nitrided
layer from TEM observations.

The correlation between the evolution of the MYS
and these microstructural parameters showed that the
MYS is related to volume fraction and mean diameter
of precipitates by the following relationship: MSY =
Cte (f1/2/ Rp). This behavior is rather compatible with
the Orowan mechanism of precipitates hardening.
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