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Abstract

The residual stresses (RS) induced in the substrate by case hardening treatment (HT) play
a significant role in the behaviour of power train engineering components. In this paper, the
results of RS investigation by neutron diffraction (ND) in 20NiCrMo2 steel car gear-shafts are
presented. The RS were measured in correspondence of the critical region (notch) which is
sensitive to fatigue-stress and/or crack, namely before/after a hardening treatment and after
the successive finishing process. The achieved results can supply useful information on the
effects of the various manufacturing processes on the RS status, better to evaluate the extent
of distortion before and after the hardening treatment and to give a substantial support in the
life assessment of the considered components. Furthermore, these results can yield parameters
exploitable in monitoring of the hardening treatment characteristics, thereby confirming the
relevance of thermal stresses induced by the same hardening treatment.
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1. Introduction

Gear design is presently developing more and
more and materials’ choice is fundamental to op-
timize mechanical features with the aim to prolong
the service life and downstream processing costs. Im-
proved fatigue resistance (reducing failure phenom-
ena brought about e.g. by bending and sub-surface
fatigue and macro-pitting) can be directly associated
with the design and manufacture control of materi-
als, especially addition of alloying elements (Cr, Mn,
Mo, Ni and others) to improve hardenability [1]. The
ever-increasing performance and quality requirements
call also for an enhanced quality of the heat treatment
(HT) procedure, for instance by selecting complement-
ary HTs with optimized process parameters.

Gear-shafts are normally submitted to the highest
dynamic stresses in power train engineering. In order
to obtain the specified strength properties [2], they
are usually heat treated in atmospheric gas carbur-
izing furnaces when using oil or nitrogen quenching.

Just carburizing treatments are of major importance
to develop fatigue and wear characteristics of steels.
The relative case depth, which considers the compon-
ents’ size as well as the depth of carburized case, is
one of the most important parameters determining fa-
tigue performance [3]. New case hardening technolo-
gies, such as vacuum carburizing associated with high
pressure gas quenching have been also developed in
the recent years [4].

Case-hardenability (i.e., the material’s ability to
form more or less deep martensitic structure after
hardening) is capable to give to the treated ma-
terial adequate micro-structure and hardness in the
high carbon surface. Performance life of carburized
gear components usually depends on surface micro-
and nano-structure, strength gradient, residual stress
(RS), carbon content and steel cleanness [5]. The car-
burizing procedure can influence on the surface of
the component grain size alteration and deformation.
Moreover, local fluctuations of the chemical composi-
tion can promote dissimilar phase transformations in
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the related vicinity, with consequent structure vari-
ations and inhomogeneous distortion. Hardenability
can be considered in this context as an integrating
parameter explaining the effect of the alloying ele-
ments and their distribution homogeneity in the struc-
ture on distortion [6]. Moreover, material properties
after the HT process are influenced by various factors,
which cannot be controlled by the HT process itself.
Complex RS due to soft machining of the gears or
inhomogeneities in the ingot material may produce
negative treatment properties regarding microstruc-
ture and/or distortion [4, 7]. This can lead to low
process-capability factors regardless of a high qual-
ity HT. Therefore, it is important to know the RS
status, mainly in correspondence of key zones of the
gear-shaft which are predominantly sensitive to fa-
tigue stress and/or crack. RS, together with hardness
distribution, micro- and nano-structure, surface fin-
ish and geometry, represent the main factors that in-
fluence fatigue strength. Compressive RS usually res-
ist those applied (generally tensile) that cause fatigue
failure [1]. Since the RS distribution affecting the fa-
tigue cracks nucleation is a key factor able to control
the gear performance, it is clear that the RS-gradients
should be accurately determined.

Some RS assessments related to case hardening
steels via conventional methods including hole drilling
and X-ray diffraction (XRD) have been carried out
in the past. Compact specimens made of 20NiCrMo2
steel were analysed, e.g., by using the incremental
hole-drilling method, in order to investigate the effects
of the RS field resulting from shot peening and the in-
dentation technique in relation to fatigue crack closure
and crack growth behaviour [8]. The characterization
of RS in gas carburized SAE 8620 steel samples was
carried out, e.g., using XRD and the bending fatigue
performance was evaluated comparing high temper-
ature gas carburized steel with conventional temper-
ature gas carburization. The results showed that the
fatigue performance of the high temperature gas car-
burized specimens was rather poor compared to the
typically gas carburized specimens [9].

Neutron methods have recently become an increas-
ingly significant probe for materials across a wide
range of disciplines and among other ones they are be-
coming more and more helpful in the characterization
of materials and components of industrial interest, re-
vealing significant properties related to the investig-
ated objects [10-13]. Their peculiarity, with respect
to other investigation techniques, is the possibility of
giving full information about the micro- and nano-
physical structure of the material sub-surface in a non-
-destructive way. In the case of RS measurements the
main advantage of ND over other methods is that they
can provide required information in the range of the
depth from several tenths of millimetres up to several
centimetres. As the XRD technique, in fact, according
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Fig. 1. The 20NiCrMo2 steel car gear-shaft investigated by
neutron diffraction (a), a detail (b) and the geometry of
measurements (c).

to the atomic number of the investigated material al-
lows measuring surface RS only to a depth of several
tens of micrometres both non-destructive diffraction
methods can supplement each other when permitting
RS investigations from the extreme surface to deep
without any layer removal or hole drilling [14].

In the present experiment ND was used for de-
termination of RS level in the chosen part of a car
gear-shaft made of 20NiCrMo2 alloyed case hardening
steel.

2. Materials and methods
2.1. Samples description

Figure 1 shows the gear-shaft investigated and the
measurement details. The constitutive material is a
20NiCrMo2 steel (reference standard: UNI 7846; com-
parable standards: AISI/SAE 8620; AFNOR 20NCD2;
SIAU HD20). This is a structural steel with carbon
content less than 0.30 % intended for HT, consist-
ing in carbon enrichment of the part surface and sub-
sequent hardening to obtain high level surface hard-
ness, with excellent wear strength while the low car-
bon content of the core promotes high level tough-
ness of the underlying mass. Case hardening steels are
generally used to fabricate mechanical parts, such as
gears of any type, axles, cones, pinions, king pins,
bushes, ratchets, lead nuts, distribution and drive
shafts. A further use concerns high tensile applications
in the non-carburized status, but through hardened
and tempered. The 20NiCrMo2 grade is suitable for
small and medium parts of intricate shape, for which
oil quenching and low level distortion after treatment
are required. The chemical composition is shown in
Table 1, while typical mechanical properties, with ref-
erence to the material (as quenched and tempered at
200°C) and to the sections in the range 25-100 mm,
are the following: yield strength: 690-493 MPa; tensile
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Table 1. Chemical composition of the 20NiCrMo2 steel

Element C Si Mn S P Cr Ni Mo Fe

min. 0.17 0.15 0.60 0.35 0.40 0.15

max.  0.23 0.40 0.90 0.035 0.035 0.65 0.70 0.25 P2k

strength: 925-740 MPa; elongation: 17-20 %; hard-
ness: 275-220 HB.

The manufacturing procedure of this gear-shaft is
carried out through the following consecutive steps:
cut and extrusion of the original forged billet to ob-
tain a bar; isothermal annealing (~ 950 °C); machining
by chip removal; HT (~ 8 h in atmospheric gas carbur-
izing furnaces at ~ 900°C, using hot oil quenching at
~ 120°C; thickness ~ 0.7 mm); straightening process
made by using a ~ 20 ton electromechanical press;
external contour grinding (finishing). The main aims
of the adopted HT are: to create adequate strength
gradients to withstand the stress gradients and supply
a satisfactory safety level; to produce a fine martens-
itic microstructure; to increase hardness according to
penetration of the martensitic transformation in the
part section; to eliminate as more as possible surface
wear. The aim of the straightening process is to elim-
inate the buckling of the shaft axis produced by the
HT.

2.2. Neutron diffraction for residual stress
measurements

It is clear that in the case of ND measurements on
polycrystalline samples, neutrons are sensitive to the
crystalline structure and its changes. RS are not meas-
ured directly but they are determined from measure-
ment of residual strains, which are then converted to
stresses using appropriate moduli. The neutrons from
the sample gauge volume are diffracted by a family of
lattice planes (hkl) under the 26k scattering angle,
according to the Bragg law:

2dhkl sin thl = )\, (1)

where dpg; is the measured interplanar spacing, Opx;
is the Bragg angle — i.e., one-half the scattering angle
for a diffraction peak corresponding to the crystallo-
graphic Miller indices (h, k, l) — and X is the neutron
wavelength.

The differentiated Bragg equation gives a relative
lattice strain £py; in the form:
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Fig. 2. Scheme of the experimental sample arrangement
usually used for the through-the-thickness strain compon-
ent scanning (i.b. — incident beam; d.b. — diffracted beam).

The strain determination is based on measure-
ments of angular deviation A#; of the diffraction
profile position from the value related to the stress-
-free state. The analysis of tri-axial stress states, in
particular, requires accurate values of the unstressed
interplanar spacing. A strain free sample of the mater-
ial avoids systematic errors in the dy ,; — and hence in
the strain value — and various experimental and ana-
lytical methods exist for the determination of dy i,
which are discussed in [15].

The o, stress component can be obtained, con-
sequently, by knowing the diffraction elastic Young’s
modulus Fj; and the diffraction Poisson’s ratio vy
of the considered material and using the Hooke’s law
in the form:

o — Enki .
¥ (1 — Qthl)(]. + thl)
[(1 — thg) k4 thl( hkl 4 Ehkl)] (3)
where 5%2 is the z, y, zcomponent of the lattice

strain measured on the crystal lattice planes (hkl).
The shkl lattice strain components are determined in
the ND expenment Corresponding relations for other
y and z stress components are obtained by simple
permutations of z, y and z indexes. A through-the-
-thickness mapping of residual strains was then car-
ried out with reference to the experimental arrange-
ment shown in Fig. 2. The sample gauge volume was
defined by using two fixed slits in the incident and dif-
fracted beam, respectively. The specimen was moved
step by step in the z direction and the corresponding
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Fig. 3. Schematic layout of the double axis diffractometer

adopted for the stress investigation (a) and the detailed

geometry of the diffractometer focusing performance (b).

Q is the scattering vector perpendicular to the diffraction
lattice planes.

diffraction spectra are collected in each position. The
corresponding component of the strain tensor is adjus-
ted by a proper rotation of the specimen with respect
to the scattering vector Q.

3. Experimental procedures and results

The measurements were carried out on the neut-
ron diffractometer adapted for strain scanning, which
is installed at the medium power reactor LVR-15 in
Rez (Fig. 3). This dedicated diffractometer is particu-
larly suitable for macro/micro strain scanning of poly-
crystalline materials. It uses advantages coming from
focusing both in real and momentum space and yields
good resolution and luminosity, especially for samples
of small dimensions. The resolution properties of the
device are reached in a limited Q-range for which the
focusing conditions are optimized. In the strain scan-
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Fig. 4. Diffraction profiles (intensity of diffracted neutrons
vs. diffraction angle 20 determined by a channel number
of the position sensitive detector) related to the measure-
ments carried out on the cut samples before the HT (A),
after the HT (B) and after the finishing process (C).

ning by this instrument, the gauge volume is determ-
ined by two fixed Cd slits — (2-5) x (3-30) mm? — in
the incident, and diffracted beams and the measure-
ments are usually performed in the vicinity of the scat-
tering angle 26,k = 90°. For these values of 260y the
typical uncertainty in determining the strain is slightly
less than 107%. In our case the neutron wavelength
of A = 2.35 A was used, which for Fe(110) reflection
determines the scattering angle 26,19 = 70°. The fol-
lowing elastic and Poisson’s constants were employed:
E = 225.5 GPa; v = 0.28. Different sample spatial po-
sitions were investigated by using a gauge volume of
1x1x2mm?. In all cases do,hk1 necessary for strain
evaluation was determined by measurement on small
coupons cut in different depths from the surface.

In the stress investigations, two procedures were
used. In the first case three gear-shafts (as whole) were
examined. In the second case samples obtained by sec-
tioning of these shafts in correspondence to the critical
zones were investigated (Fig. 1c). With reference to
Fig. 1c, line 3 corresponds to the centre of the notch,
line 2 is 5 mm distant from line 3 and analogously line
1 from line 2 before/after HT and after the success-
ive finishing process. In the course of all measurements
one important phenomenon appeared. HT affected the
originally ferrite crystallographic structure, which was
then partly transformed in the martensite structure.
It can be seen from Fig. 4, which shows diffraction
profiles (intensity of diffracted neutrons vs. diffraction
angle 26 determined by a channel number of the pos-
ition sensitive detector), related to the measurements
carried out in the cut sample before the HT (A), after
the HT (B) and after the finishing process (C) in cor-
respondence of the line 1 (Fig. 1) at 5mm of depth
from the surface, with reference to the radial direc-
tion.
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Fig. 5. RS hoop component determined in correspondence of line 1 and 2 (whole gear-shaft), as differences between the
RS status before an after the case-hardening treatment.
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Fig. 6. RS hoop component determined in correspondence to lines 1 (a) and 2 (b) (whole gear-shaft), as differences between
the RS status after the finishing process and before the case-hardening treatment.

In the case of the investigations related to the
whole samples, two cycles of measurements were car-
ried out — one in the transmission (&, ), corresponding
to the hoop direction, the other in the reflection (e,)
configuration. In each cycle, the lines shown in Fig. 1
were scanned. The specimen was moved step by step
in the z (radial) direction and the corresponding dif-
fraction spectra were collected in each position. The
corresponding component of the strain tensor was ad-
justed by a proper rotation of the specimen with re-

spect to the scattering vector. The macroscopic stress
component o, parallel to the sample surface (i.e., the
hoop component) was calculated by subtracting o.
As o, was considered very small, the following simpli-
fied form resulted for o,:
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Fig. 7. RS components determined in correspondence of
line 1 (a), line 2 (b) and line 3 (c) after the case-hardening
treatment (cut sample).

In this case, no standard sample was necessary. By
using this procedure, we received stress results shown
in Figs. 5 and 6. With reference to Fig. 1c and to
the whole gear-shafts, Fig. 5 shows the RS hoop com-
ponents determined in correspondence of lines 1 and
2, respectively, as differences between the RS status
before and after the HT procedure. Figure 6 shows
differences between the RS status after the finishing
process and before the HT. It should be pointed out
that this procedure was used (and can be used) as
a way of determination of RS status on the samples
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Fig. 8. RS components determined in correspondence of

line 1 (a), line 2 (b) and line 3 (c), as differences between

the RS status after the finishing process and before the
case-hardening treatment (cut sample).

of rather complicated forms. Therefore, for the whole
gear-shaft, in reason of its geometry in the zone in-
terested by the analysis, the RS hoop component only
was determined.

On the other hand, through-the-thickness resid-
ual strain measurements along the three main dir-
ections (hoop, radial and axial) could be performed
for the cut samples obtained by sectioning of the con-
sidered shafts in correspondence of the mentioned crit-
ical zone. One of the goals of the measurements was
to find out the RS status in the sample after HT and
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after the finishing the process in relation to the status
before HT. Therefore, the status before HT served as
an initial standard providing the necessary paramet-
ers for evaluation of the RS status after HT and after
the finishing the process which are shown in Figs. 7
and 8.

4. Discussion

The RS related to the shaft (or its section) before
the HT, as mentioned, were considered nearly homo-
geneous. To highlight much more the effects of the
HT, the strain status before HT was taken as a refer-
ence to determine RS after the HT and after the suc-
cessive finishing process: these RS were calculated, in
fact, employing the difference between the strain con-
ditions preceding and successive HT. RS shown for
the shaft or its sections after HT represent, in fact,
their real values due to the effects of the same HT.
RS are mainly due to the HT and secondarily to the
thermal mismatch and temperature gradients effects.
Thus, with reference to Fig. 1b, it should be under-
lined that in the points P’ and P” RS axial and ra-
dial components are considered to be zero, but this is
not valid in the other zones, including those adjacent.
So, existing RS gradients are also responsible for the
measured differences between lines 1 and 2 (Fig. 1c).
At the surface, besides, the radial RS component is
always zero. Inspection of Fig. 5¢ (after HT, line 1)
reveals that the hoop RS component starts from val-
ues close to zero in correspondence to the first superfi-
cial layer of 1 mm, then becomes compressive reaching
about —200 MPa and then returns again to value close
to zero. On the other hand for line 2 (Fig. 5d) the hoop
RS start from about —100 MPa in correspondence to
the first superficial layer of 1 mm, then pass to a tensile
status (~ 200 MPa) at the depth of about 3 mm. As
can be seen from Fig. 6a, which refers to line 1, after
finishing the process, the hoop RS values alternate in
the vicinity of the value of —100 MPa. However, hoop
components of the RS related to line 2 (i.e., in prox-
imity of the diameter variation), starting from values
close to the zero in correspondence of the first super-
ficial layer of 1 mm, increase up to ~ 400 MPa at the
depth of 2 mm (Fig. 6b).

Figures 7 and 8 show the RS status in the cut
samples after HT as well as after finishing the pro-
cess (before HT). In the case of results presented in
Figs. 7c and 8c, the measurements started from the
value of 2.5 mm (abscissa), corresponding to the out-
side surface of the notch. The radial component has
values next to the zero, while the other two compon-
ents, starting from slight tensile values in correspond-
ence of the first superficial layer of 1 mm, move to
slight compressive values in higher depth. In refer-
ence to Figs. 7a or 7b, there is a similar behaviour of

the radial and hoop components alternating between
—100 MPa and 200 MPa or zero and 200 MPa, respect-
ively. However, there is not smooth behaviour of the
axial component, which alternates between —200 MPa
and 200 MPa. Similarly, the RS components related
to line 3 (Fig. 7c) alternate in the range —200 MPa
and 200 MPa and the hoop component alternates
between values next to the zero and a tensile status
of ~ 200 MPa. In the case of the cut sample after the
finishing process (Fig. 8), the RS component beha-
viours related to lines 1 and 2 appear similar, but with
a greater affinity between the three RS components.
The hoop component reaches the most extreme values
(from almost zero to ~ 350 MPa).

Inspection of Figs. 7 and 8 reveals that the experi-
mental errors of the obtained results are rather larger
than in the case of the results related to the samples
before the HT. It follows from the fact that the RS
components obtained after the HT or after the finish-
ing process were related to the RS components corres-
ponding to the status before HT. Moreover, after HT,
the diffraction profiles became wider with much smal-
ler peak profiler intensity (as shown in Fig. 4), due to
the presence of the martensitic phase.

5. Conclusions

The measurement feasibility and the industrial ap-
plicability of ND technique in the power train engin-
eering sector have been shown. The data obtained are
easily interpretable and supply indications that can
be considered as a reference in determining strains
and RS in gear-shafts and other mechanical compon-
ents of the same constitutive material as that ana-
lysed or made with similar materials. Measurement
can be carried out starting from the surface and the
subsurface until 56 mm of depth, in different situ-
ations. The achieved results are useful as: information
to the knowledge of the involved material, contribut-
ing to evaluate its characteristics and behaviour; in-
dications on the effects of HT and in the monitor-
ing of its characteristics when supplying a substantial
support in the life assessment of the component; con-
tribution to the enhancement of FEM calculations.
These results can be exploited to optimize the op-
erative conditions and/or modify the HT paramet-
ers, with the aim of achieving the most appropriate
RS gradients and thus in the perspective of develop-
ing advanced gear box technologies such dual clutch
or 6-speed automatic gearboxes. A complementary
micro- and nano-structural characterization by small-
-angle neutron scattering, finally, would allow monit-
oring key parameters such as size and concentration
of inhomogeneities (micro- and nano-defects such as
precipitates-carbides and voids), their volume fraction
and an interface area. The mentioned parameters can
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superimpose with the RS status and can make worse
the risk of cracks during the straightening of the shaft;
knowledge of these parameters can help the manufac-
turer in assessing the origin of the present RS, en-
hancing the quality of HT procedure and supporting
the life assessment of the component. Finally, it can
be stated that the applicability of ND technique to
engineering science offers significant information not
available by any other method. The near future can
offer substantial opportunity for new improvements in
the optimization of neutron instruments, techniques
and data treatments related to the strain scanning of
industrial materials.
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