
ORIGINAL RESEARCH ARTICLE

Neutronographic Residual Stress Analysis
for Materials With Depth Gradients of the Strain Free
Lattice Parameter d0 for the Example
of a Case-Hardened Steel 20MnCr5

S. PULVERMACHER, J. ŠAROUN, S. CABEZA, T. PIRLING,
J. REBELO KORNMEIER, J. EPP, M. HOFMANN, and J. GIBMEIER

In the present work, ring-shaped samples made from steel 20MnCr5 were low-pressure
carburized (LPC) and subsequently hardened by gas quenching (case-hardened). This results in
a near-surface gradient in chemical composition, microstructure- and hardness distribution, as
well as a three-dimensional residual stress (RS) distribution, which was investigated by neutron
diffraction. Near-surface RSs in the ferrite-/martensite- and austenite phase are additionally
determined by X-ray diffraction. It is shown that the chemical gradient has an influence on the
chosen d0 strategy and how such a reference sample should be extracted. If near-surface RS
values are to be determined by neutron diffraction, the pseudo-strain effect must be taken into
account. For this purpose, a suitable approach using the ‘‘open source’’ software SIMRES and
STRESSFIT is also presented. By combining neutron and X-ray diffraction data, a complete RS
distribution over the whole sample can be obtained.
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I. INTRODUCTION

THE properties of the outer surface layers are of
utmost importance for the functional capability and
lifetime of highly loaded structural and functional
components. Many failure processes, such as the initi-
ation of fatigue cracks, originate at the very surface. For
steel components this hardening is mainly realized by
means of hardening processes (i.e., References 1–4). For
hardenable steels, the most common approach is the
application of heat treatment processes aimed at forcing
the microstructural transformation to martensite via
rapid quenching from austenitizing temperature. The

maximum achievable hardness is determined in partic-
ular by the dissolved carbon content. In addition, this
also significantly determines the transformation kinetics
during quenching. If a high basic toughness of the
component is to be combined with a high hardness in
the near-surface layers, a common approach is to use a
case-hardening steel with a relatively low nominal
carbon content (typically in the range of 0.15 to
0.25 Ma pct) and to carry out a carburizing before
quenching. By this means, through the inward diffusion
of carbon into the near-surface volume and the subse-
quent quenching a hard layer is generated. However,
this case-hardening process always creates a chemical
gradient, i.e. the carbon content decreases with increas-
ing depth, and at the same time diffusion and effusion
processes can also affect the local distribution of other
chemical elements of the applied steel grade.[5,6]

Case-hardening always results in the generation of
characteristic residual stress (RS) depth distributions.
Generally, compressive RS are induced near the surface
within the hardened layer and balancing tensile RS are
created in the core. In most cases, these near-surface
compressive RS introduced by hardening and tempering
can impede crack initiation and propagation and are
therefore considered beneficial for engineering applica-
tions. The evaluation of process-induced RS is crucial
for the reliable assessment of the quality and service life
of a component.
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Various methods and techniques exist for analysing
RS depth distributions. In general, these can be divided
into mechanical, acoustic, magnetic and diffraction
methods. The most frequently used methods in science
and industrial practice are the mechanical methods,
especially the incremental hole drilling method[7] and the
group of the diffraction methods. However, all mechan-
ical methods have in common that they are at least
partially destructive as they are based on interfering the
RS equilibrium by inserting a mechanical separation cut
(as e.g., drilling, milling). In contrast, diffraction meth-
ods can be used to non-destructively analyse RS. Here,
the penetration depth of the radiation used is decisive.
Low-energy X-rays have a penetration depth of only a
few lm in most metals.[8,9] Therefore, a complete RS
depth distribution on a workpiece can only be deter-
mined in combination with a layer removal for instance
by means of electrochemical polishing and reapplication
of the method at the newly generated surface. This
finally also results in the destruction of the workpiece
and in particular, in redistributions of the RS states
between the layer removal steps, which must be cor-
rected accordingly, especially when large information
depths are required. The appropriate correction of these
effects needs pre-knowledge about the triaxial RS state,
which is often not available. This problem can be
avoided using high energy X-rays, typically provided by
synchrotron sources or using neutron radiation. In the
latter case, the penetration depth is in the range of
several centimetres in steels.[10,11] By this means, the
entire triaxial RS state in the bulk of industrial
workpieces can be determined non-destructively. When
RS depth distributions close to the surface are of
particular interest, through surface strain scanning
approaches have been proposed. These approaches have
the disadvantage that during scanning the nominal
gauge volume, which is defined by optics used in the
primary and secondary neutron beam paths (slit
systems, radial collimators, parabolic guides) of the
neutron diffraction set-up, through the surface, this
nominal gauge volume is only partially filled by
material. A nominal gauge volume only partially filled
with material will cause a so-called ‘‘surface
effect’’,[10,12,13] which generates shifts of the recorded
peak positions, which are not related to strain.[12]

These shifts can lie in a range that corresponds to
several hundred up to a few thousand microstrain. The
instrumental configuration, scattering geometry and
measuring strategy have most influence on this error.
At first, there is a geometric error. It appears when
position sensitive detectors are used. In this case, a
shift of the center of the scattering volume (sampled
gauge volume) is projected to the detector and appears
as a peak-shift. Its contribution to pseudo-strain is
several hundred microstrain and depends on the size of
the instrumental gauge volume and the detector dis-
tance. The second contribution to pseudo-strain is the
wavelength distribution in the primary beam. It is an
effect of focusing monochromators, generated to refo-
cus the diffracted beam, thus improving strain resolu-
tion, while using a maximum beam divergence in order
to gain intensity. Another minor effect is the

absorption in the sample material, which shifts the
center of gravity of the diffracting volume within the
sampled gauge volume.
For the present experiment on SALSA we used radial

focusing collimators as beam shaping optics, which
reduce the pseudo-strain significantly[14,15] while accept-
ing maximum beam divergence and providing a pre-
cisely defined gauge volume. In addition, we performed
vertical scans to minimize the associated error, because
the above-described surface effect appears in the scat-
tering plane only—which is horizontally on SALSA.
The correction of pseudo-strain is performed by a
reference measurement to determine instrumental
parameters, which are then used within a computer
model for pseudo-strain correction.
This must be taken into account when dealing with

RS depth distributions induced by the process of
case-hardening, which typically induces gradients in
the chemical composition and in the RS distributions in
the depth range of a few tenths of a millimetre up to
some millimetres depending on the process parameters
applied. To determine RS depth gradients by means of
neutron diffraction stress analysis lattice strains must be
determined in depths close to the surface using a relative
large nominal gauge volume, which is typically in the
range of 1 9 1 9 1 mm3 and even larger.
For correct RS evaluation, the occurring spurious

strains must be taken into account and either minimized
by a suitable measurement strategy or corrected by
suitable simulations of the diffraction experiment. For
single-phase and gradient-free materials, in previous
work, this correction was successfully performed using
the Monte Carlo simulation software ‘‘SIMRES’’[16–18]

and ‘‘STRESSFIT’’,[19,20] respectively. It was also shown
in Reference 21 that a correction with ‘‘SIMRES’’ is also
applicable in the presence of near-surface RS gradients
in coarse multiphase materials. To which extent this
approach can be applied to materials where a further
gradient in the local chemical composition occurs will be
part of the current work.
A further question that generally arises for the

application of neutronographic RS analysis for
case-hardened steels is on the appropriate provision
of the reference value d0, which is the interplanar
spacing for the unstressed crystal lattice. This reference
value is essential for proper calculation of lattice
strains. With regard to a suitable d0 strategy, there
are various approaches as to how an appropriate
reference value can be determined. Powder specimens,
free-cut reference samples or the measurement of
sample areas that can be assumed to be stress-free
have proven to be successful.[22] Alternatively, a
suitable constant value for the strain-free lattice
parameter can be calculated by assuming stress equi-
librium.[22,23] In the case of components that exhibit a
microstructural or chemical gradient, respectively, the
methods mentioned above, with the exception of the
free-cut reference samples, are not useful, since the
chemical gradient directly affects the value of the
strain- and stress-free lattice plane parameter d0, so it is
no longer constant over the whole sample, but depends
on the position.[24,25] The study on the correct d0
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assumption for a meaningful data treatment for
case-hardened material states is also the focus of the
present work.

In the present paper, these questions are addressed
systematically. In a first step, the existing (chemical)
gradients in a carburized and case-hardened ring like
geometry, as a model for a gear wheel, were determined
precisely. In a further step, the evolution of lattice plane
spacing in the three principal directions were determined
neutronographically. This lattice plane spacing distribu-
tion was evaluated taking into account several d0
approaches and converted into strain or stress distribu-
tions. In particular, the appropriate size of the d0
reference samples was considered. In addition, it will be
examined to what extent it is possible to predict a d0
distribution based on the initial state under considera-
tion of the chemical gradients. The near-surface RS
values are to be validated with comparison with X-ray
diffraction analyses. The question of a suitable d0
strategy is completed by a detailed consideration of
the sampling strategy of the d0 reference samples. Here,
the d0 approach with free-cut reference samples always
involves the question of the extent, to which this
sampling itself contributes to influencing the near-sur-
face material zone.

II. MATERIALS AND METHODS

A. Sample Shape and Material Characterization

To tackle these problems a case-hardening steel
20MnCr5 (material no. 1.7147) is chosen as model
material. Near-net-shape model samples were produced,
i.e., rings with an outer diameter of 33 mm and an inner
diameter of 15 mm and a height of 15 mm were
manufactured. The sample geometry with the underly-
ing coordinate system is shown in Figures 1(b) and (c),
respectively. The samples were carburized and hardened
by means of low-pressure carburizing (LPC) following
an industrial processing route. The targeted values were
the nominal carbon content at the surface of about 0.8
mass pct and a case-hardening depth (CHD) defined at
hardness 550 HV of about 1.5 mm. As LPC process
parameters, a carburizing temperature of 980 �C was
chosen in combination with eight carburizing pulses.
The quenching was performed with 3 bar of nitrogen
gas. The samples were then single-hardened at austen-
itizing temperature of 880 �C and quenched with a
15 bar nitrogen gas flow. The resulting microstructure is
shown in Figure 2. Spectroscopy measurements were
performed on one sample to determine the chemical
gradients. Glow discharge optical emission spectroscopy

Fig. 1—Experimental setup at SALSA@Ill[33] (a), sample geometry (b) and coordinate system (c). The right side (b and c) shows the sample
geometry including the coordinate system. OD indicates the measuring point at the outer surface, ID at the inner surface, respectively. MD
indicates the measuring direction. On the left side (a) the used setup at the SALSA experiment is shown with the radial collimators used in the
primary and on the secondary beam paths, respectively. In the front part of the partial image (a), the different reference samples can be seen,
which were also measured in hoop direction within the setup. OD, outer diameter; ID, inner diameter.
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(GDOES) and spark optical emission spectrometry
(SOES) have been applied to analyse the concentration
depth profile of manganese (GDOES) and carbon
(SOES), respectively.[26,27] It should be noted that a
depth profile was recorded only on the lateral mantle
surface and transferred to the inner and outer mantle
surface. In addition, retained austenite analyses were
performed on both the outer and inner mantle surfaces
using an X-ray diffractometer with Zr-filtered Mo Ka
radiation (wavelength 0.71 Å). A 1 9 1 mm2 collimator
was used as primary aperture, while a 2 mm slit aperture
was placed in the secondary beam path in front of a
point detector. The 2H scanning range was between 20
and 58 deg with a step size of 0.1 deg. The obtained data
were analyzed with the 6-line-method[28] to calculate the
phase fraction of the retained austenite phase. The
radiographic constants required for data evaluation
(e.g., R-factors) were taken from Reference 28. A
stepwise electrochemical material removal was carried
out for determination of the retained austenite depth
distribution.

In addition, micro-hardness measurements were per-
formed on a metallographically prepared cross-section
sample. These measurements were performed using
instrumented hardness testing according to ISO
14577[29–32] with a indentation testing system type
Fischerscope H100 from Fischer (Sindelfingen, Ger-
many) using a test load of 100 mN and a Vickers
pyramid as indenter.

B. Residual Stress Analysis

Neutronographic RS analyses[33] were performed at
the neutron diffraction instrument SALSA[35] at the
European Research Reactor of the Institute Laue-Lan-
gevin (ILL) in Grenoble/France. The general setup is
shown in Figure 1(a). The used wavelength was 1.704 Å.
In the ferrite phase, the {211} lattice planes were
investigated. No neutronographic measurements were
performed in the austenite phase, since higher amount of

retained austenite are localized to a very shallow
information depth of only a few hundred micrometres,
which is not easily assessable for neutron diffraction
stress analysis. In the case of near-surface measure-
ments, through surface strain scans are often applied,
where the stationary nominal gauge volume may not be
completely filled with sampled material. As a result,
actual neutron sampling distribution is non-uniform
within the gauge volume, which may lead to systematic
errors of strain measurements, commonly called pseu-
do-strains. The stepwise sample movement for realizing
this through surface scanning can be either vertical
height (i.e., normal to the diffraction plane and the
scattering vector) or horizontal (i.e., in a direction
parallel to the diffraction plane). In the case of vertical
movement, this is often termed the z-mode. The depth
profile of the lattice plane spacings was determined for
the hoop direction (transmission configuration), as well
as the axial direction (reflection configuration) in
z-mode, which is illustrated in Figures 3(a) and (b).
The main advantage of the z-mode is the central
symmetry of sampling in the diffraction plane, which
makes the pseudo-strain effects negligible. Only the
difference between the positions of the sampling centre
of gravity and the nominal gauge centre in z-direction
has to be considered in data analysis. If, on the other
hand, the nominal gauge volume is filled from the side
(horizontal sample motion, Figure 3(c), the pseudo-
strains become significant due to the shift of the
sampling centre of gravity and uneven wavelength
distribution. The latter is described in literature as the
‘‘wavelength effect’’.[10] In addition, a ‘‘positional dis-
crimination effect’’ can occur in this configuration, since
the position of the detectors is aligned with the nominal
centre of the gauge volume.[10] In this work, the
undesirable pseudo-strains were numerically corrected
using the simulation software SIMRES[16–18] and
STRESSFIT.[19,20] The ray-tracing simulation of the
instrument in given experimental geometry by SIMRES
provided the nominal sampling distribution (a cloud of

Fig. 2—Micrographs of the cross-section of the ring-shaped case-hardened 20MnCr5 sample. The nominal CHD value was 1.5 mm. A section of
the inner and outer surface of the sample is shown. The metallographically prepared sample was etched according to Klemm-I[34].

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 54A, SEPTEMBER 2023—3451



possible scattering events). This event cloud was then
used to perform the pseudo-strain correction in
STRESSFIT, which performs a convolution of the
nominal sampling distribution with the sample geome-
try. The neutronographic measurements were performed
with a nominal gauge volume of 0.6 9 0.6 9 2 mm3

(x–y–z, Figure 3(d)) defined by radial collimators. On
the primary side, two radial collimators with FWHM
(full widths at half maximum) of 2 and 0.6 mm in
vertical and horizontal direction, respectively, were
used. On the secondary side, a radial collimator with
FWHM of 0.6 mm was used. The diffraction lines were
fitted with the evaluation software LAMP[36] using a
Gaussian function as the model peak profile. As is
common practice, the fit error was included in the
calculation of the lattice plane spacings and subse-
quently also to strains or stresses by error propagation.

Thus, an error estimate can be made for each measure-
ment point.
The calculation of the respective lattice strain was

carried out according to Reference 37:

ehkl ¼ dhkl � dhkl0

dhkl0

: ½1�

Here, dhkl describes the experimentally determined

interplanar spacing and dhkl0 the reference value for the
strain-free state (or for the unstressed lattice). The stress
was calculated according to Reference 9 using

rhkldirection ¼
Ehkl

ð1� thklÞ ehkldirection þ
thkl

ð1� 2thklÞ � ehklaxial þ ehklhoop þ ehklradial

� �� �
:

½2�

Fig. 3—Neutronographic measurement strategy to determine the interference line position in the three independent directions. To determine the
results in the hoop (a) and axial direction (b), the sample was moved through the nominal gauge volume stepwise in z-direction. To measure the
interference line position in radial direction (c), the sample was moved stepwise in x-direction. In the figure, the movement of the sample relative
to the stationary measuring gauge volume is shown by red arrows. In (d) the three-dimensional sample is shown with indication of the
measuring directions. The position of the neutronographic measurement and the resulting direction of movement of the sample are shown again
in red. The scattering vector Q is drawn in blue (Color figure online).
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Here ehkldirection corresponds to the calculated lattice
strain in one of the three examined directions (axial,

hoop or radial).Ehkl corresponds to the lattice
plane-specific Young’s modulus and thkl to the Poissons
ratio, respectively. In the context of this work, values of

Ef211g = 219,911 MPa and tf211g = 0.285 were
applied.[38]

C. d0-Determination

As part of the investigation on the identification of a
suitable d0 strategy, two pins with diameters of Ø 1.7
and 3 mm were sectioned from an identical twin sample.
The pin extraction was done centrally in the bulk sample
with the longitudinal pin axis oriented parallel to a
radial axis from the inner to the outer surface. The two
reference pins were manufactured by means of wire
electro discharge machining (wire EDM). The justifica-
tion for using EDM for this purpose was given by
pre-studies, which are also explained in this work. For
each of these, an interplanar spacing vs. depth distribu-
tion was determined in radial direction. Here, the pin
was oriented such that the measured radial direction
corresponded to the hoop direction of the bulk sample.
The measuring volume used was 0.6 9 0.6 9 0.6 mm3

with the same experimental setup as used for the ring
samples.

In a pre-study it was investigated, which method is
best suited for the sectioning of d0-reference samples.
This test series was done with the quenched and
tempered steel 42CrMo4 (SAE4140) as model material,
which is not much different from the case-hardening
steel grade used in the neutron diffraction studies. RS
depth distributions induced by waterjet cutting, wire
erosion machining and wire saw cutting (using standard
processing parameters) were determined and compared.
Stress-free annealed plates of 42CrMo4 with dimensions
40 9 20 9 10 mm3 were provided for this purpose. The
cutting was done using a wire saw type 6234 from well
(Mannheim Germany), a waterjet cutting system type
iCUTwater SMART (imes-icore, Eiterfeld, Germany)
and a wire EDM machine type BA24 (MITSUBISHI),
respectively. RS depth distributions were determined
using X-ray diffraction RS analysis in combination with
successive electrochemical layer removal.

Further X-ray RS analysis were carried out on the
case-hardened 20MnCr5 ring at the outer ring surface
that was accessible without sectioning of the ring
complementary to neutronographic stress analyses. All
X-ray RS analyses, i.e., on the ring and for the
pre-studies on the 42CrMo4 steel plates were performed
according to the well-known sin2w method.[37] Vana-
dium-filtered Cr Ka- radiation was used and a 3-circle
diffractometer in w-geometry was employed to analyse
the {211} lattice planes of the ferrite/martensite phase.
For all measurements, a pinhole collimator with a
nominal diameter of Ø 2 mm was used as primary
aperture. On the secondary side of the beam path, a
0.8 deg symmetrisation aperture was installed in front of
the scintillation counter. Using X-ray diffraction also

the austenite {220} lattice planes were studied for the
case-hardened ring of steel 20MnCr5 in case that the
amount of retained austenite phase was above 10 vol
pct. Here, a 2 mm slit was applied on the secondary side.
A total of 21 sample tilts was used equidistantly
distributed in sin2w in the range between + 60 £ w £
� 60 deg. After subtraction of the background, the

interference lines were fitted using Pearson VII func-
tions. The ka2-correction in the austenite phase was
performed using a double peak fit. The successive layer
removal was carried out by means of stepwise electro-
chemical polishing.

III. RESULTS AND DISCUSSION

A. Chemical Analysis, Microhardness, Retained
Austenite

The results of the chemical analysis, i.e., the carbon
and manganese content depth distributions, are shown
in Figure 4. Based on these measurements, it was shown
that no significant manganese effusion occurred in the
surface region. The carbon content in the near-surface
layer was about 0.85 mass pct showing a significant
gradient in depth. In a depth of approx. 2 mm, the
carbon content level of about 0.2 mass pct of the base
material (20MnCr5) is reached. The quenching process
during hardening results in the formation of martensite
in the case (see Figure 2). In addition, a significant
fraction of retained austenite phase is remaining close to
the surface (see Figure 4) due to the high carbon content
and the high quenching rate.
At the outer surface, the determined retained austen-

ite phase content is about 23 ± 1 pct, and the maximum
value of about 33 ± 2 pct occurs at a distance of
approx. 0.06 mm from the outer surface. At the inner
surface (ID), the value is approx. 25 ± 2 pct and the
maximum value for retained austenite phase content of
about 35 ± 2 pct occurs at a distance of approx.
0.025 mm from the inner surface, respectively. In both
cases, the retained austenite phase content strongly
decreases starting at a depth of approx. 0.3 mm. The
resulting micro-hardness depth correlates well with
increasing martensite content in the first 0.5 mm from

Fig. 4—Depth distributions of the manganese concentration
(GDOES, red points), the carbon concentration (SOES, black
points), retained austenite (blue points) and of the Martens
micro-hardness HM (orange points) over the wall thickness of the
rings. OD, outer diameter; ID, inner diameter (Color figure online).
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both treated surfaces. The slight decrease in micro-hard-
ness at both surfaces (ID and OD) is due to the high
amount of retained austenite phase in this region. At
larger depths, first an elevated micro-hardness plateau
can be observed. Starting from a distance to the surface
of about 1 mm, there is also a clear decrease in
micro-hardness on both sides of the ring. Thus, the
proportion of formed martensite and retained austenite
seems to be more decisive for the hardness distribution
than the pure carbon content. According to Reference
39, the micro-hardness distribution is influenced by the
carbon depth gradient, the depth distributions of the
retained austenite content as well as the macro and
micro RS distributions. In Reference 39 the significant
part of the resulting micro-hardness distribution is
assigned to the carbon gradient, which in turn determi-
nes the depth distribution of the retained austenite
content and the local phase-specific micro RSs. Starting
from a depth of about 2 mm, no further change in
micro-hardness is evident. According to EN ISO
2639:2002,[40] the hardness profile for a CHD 1.5 sample
should correspond to a hardness value of 550 HV1 at a
depth of about 1.5 mm. However, the Vickers hardness
in this region derived from the Martens hardness test
(HM 0.01) is somewhat higher here, indicating a slightly
higher CHD as aimed for.

B. Reference Samples, Reference Value d0

With regard to the preparation of suitable d0 reference
samples, care must be taken to ensure an appropriate
and sufficiently gentle sample sectioning. The results of
the preliminary investigations on stress relieved
annealed 42CrMo4 steel plates are presented in
Figures 5(a) and (b). The results indicate that sampling
by means of wire sawing has the smallest influence on
the resulting RS state. As shown in Figure 5(a), by
means of wire sawing compressive RS in the range
between � 300 and � 500 MPa were induced, which,
however, decrease rapidly with increasing distance to the
surface. In the case of samples produced by waterjet
cutting, comparable RS in the range of � 400 MPa
occur near the surface, with an additional RS maximum

of up to � 550 MPa forming below the surface. The
largest RS amounts are induced during wire EDM.
Here, tensile RS of up to 500 MPa are generated at the
cut surface, which increase to approx. 700 MPa at a
depth of about 20 lm. For all three methods, however,
it can be stated that starting from a depth of about 70 to
80 lm, RS caused by the cutting process are no longer
present. Regarding the average integral width of the
X-ray diffraction interference lines (Figure 5(b)), these
results support this finding that the sample is not
affected by any of the three methods for regions beyond
70 lm depth. The significantly higher integral width
with EDM presumably results from a martensitic
transformation due to the induced heat. Since reference
samples generally have to be very small, the issue of
manageability is of particular importance. With a
manual wire saw, a cylindrical sample geometry is
hardly to be realized. Likewise, the waterjet cutting and
electro discharge machining process can only be used for
cylindrical sample (easy to adjust, uniform stress release
in all directions of the x–y plane) manufacturing if the
reference samples can be reliably retrieved afterwards.
Likewise, the dimensional accuracy of the small refer-
ence samples cannot be guaranteed during waterjet
cutting due to the involved high forces. That is, the
samples will always become slightly tapered. The reason
for this is the always slightly conical shape of the water
jet, which prevents the formation of an ideal vertical cut
surface. Hence, since RS analyses indicate that for all
sectioning methods studied here in amount comparable
RS distributions were induced, while the affected region
is in all cases limited to about 70 lm, the wire EDM was
employed for manufacturing of the present d0 reference
samples. The zone affected by EDM can either be
removed afterwards, e.g., by electrochemical polishing,
or the nominal sample volume must be smaller than the
sample dimension. Based on current results, it can be
recommended to section d0 reference pins with a
diameter that is approx. 200 to 300 lm larger than the
diagonal of the gauge volume defined by the apertures in
the neutron diffraction set-up. Here, an increase in
diameter of 200 to 300 lm is to be understood as a
conservative estimate and recommendation by the
authors. This way, the reference data are not influenced
by the machining induced near-surface RS gradients,
assuming that accurate adjustment of the sample is
feasible.
Based on these preparatory studies, the pin references

samples from the case-hardened 20MnCr5 steel samples
investigated by means of neutron diffraction were
sampled by means of EDM. The respective depth
distributions of the interplanar distances vs. the sample
thickness (corresponds with the pin length) are shown in
Figure 6. For the measured hoop direction with regard
to the ring geometry, no difference can be found for the
two reference samples, i.e., for the pins with a diameter
of Ø1.7 mm and Ø 3 mm, respectively. For both pin
geometries, a significant increase in the interplanar
spacing towards the case-hardened surface can be
noticed. A comparison with the interplanar spacings
determined in the same way in hoop direction of the
solid sample shows that a clear and comparable RS

Fig. 5—Residual stress depth distribution (a) and depth distribution
of the integral widths of the X-ray diffraction lines (b) after sample
sectioning experiments on stress-free annealed 42CrMo4 steel plates
(40 9 20 9 10 mm3). Here TD denotes the transverse direction and
ND the normal direction.
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release must have occurred in both pins. Since the results
for both pin geometries are comparable, there is no
requirement in case of the investigated case-hardened
steel samples to use a reference pin with a diameter
smaller than 3 mm. This allows selecting the larger pin
geometry in future measurements on comparable mate-
rial conditions, such as hardened gears, which would
also permit a larger nominal gauge volume and a much
better statistics accompanied with a reduction in mea-
surement time as well as a much more convenient
sample alignment.

However, the question arises to which extent the
increase of the interplanar spacing towards the end face
(hardened surface) of the pin is due to a redistribution of
RS or simply due to the chemical composition, i.e., the
carbon gradient. In order to answer this question, the
lattice strain changes in the martensite phase to be
expected due to the carbon gradient are calculated.

Based on analytical approaches described in literature
the lattice strains induced by the carbon content in the
martensite phase can be calculated. For this purpose, a
cell parameter a0 of 2.866 Å[41] was considered for bcc
iron. The deformation of the martensite unit cell
represented by the lattice parameters a and c of the
tetragonal body centred unit cell can be described as
follows[42]:

a ¼ a0 � 0:01133 � q; ½3�

c ¼ a0 þ 0:126 � q: ½4�

Here, q denotes the soluted carbon content. The
measured values presented in Figure 4 were used for this
calculation. The resulting interplanar spacing is calcu-
lated according to Reference 43 by:

dhkl ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þk2

a2
þ l2=c2

q ½5�

with h, k, l being the Miller indices. In Figure 7(a) the
lattice strain depth distribution as calculated on the base
of Eqs. [3] through [5] using the measured carbon
distribution as input data are shown. In Figure 7(b) this
calculated lattice strain distribution (solid blue line) is
compared with experimentally determined lattice strains
resulting from the analyses of the two free-cut reference
pins. The open triangles in Figure 7(a) represent the
distribution calculated according to the measured car-
bon content (cf. Figure 4). However, regarding the
distortion of the crystal lattice it must be taken into
account that carbon is also soluted in the retained
austenite phase and furthermore contributes to the
formation of any carbides that may be present in the
structure. This would locally slightly reduce the carbon
content in the martensite phase and consequently the
lattice strain in martensite that is related to the carbon
content. However, this does not explain the observed
deviations between the calculated and the experimen-
tally determined lattice strain distributions (cf.
Figures 7(a) and (b)). It is obvious that the absolute
values of the lattice strain agree quite well. However, it
appears that the distributions are slightly shifted along
the abscissa, i.e., the sample thickness. This effect might
be based on the measurement strategy. While through
surface strain scanning a convolution of the lattice strain
distribution (resulting from the carbon content) with the
gauge volume geometry occurs. Consequently, this
convolution is calculated by fitting the carbon influenced
lattice strain and describing the nominal gauge volume
approximately by means of two-step functions at an
interval of 0.6 mm. The resulting lattice strain profile is
represented as a solid blue line in Figures 7(a) and (b).
The lattice strain distribution calculated in this way
indicate that the above mentioned shift along the
abscissa is significantly reduced. Thus, it can be assumed

Fig. 7—(a) Lattice strain depth distribution calculated on the base of
Eqs. [3] through [5] using the measured carbon distribution as input
data. While through surface strain scanning a convolution of the
lattice strain distribution (resulting from the carbon content) with
the gauge volume geometry occurs. Accounting for this convolution
results in the distribution presented as a solid blue line. In (b) this
calculated lattice strain distribution (solid blue line) is compared
with experimentally determined lattice strains resulting from the
analyses of the two free-cut reference pins. The results show that
considering the convolution a better agreement between calculation
and experimental data can be obtained. In this figure, the averaged
lattice plane spacing from the bulk was taken as the d0 value (Color
figure online).

Fig. 6—Results of the neutronographic residual stress analyses on
reference pins (d0 samples). The experimentally determined depth
distribution of the interplanar spacing of the reference pins with
diameters Ø 1.7 and 3 mm are compared with results determined for
the bulk sample in hoop direction (radial direction of the pins
corresponds to the hoop direction of the ring—cf. Figures 1 and 3).
The dashed line represents a mean distribution for both pins.
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that the near-surface increase in interplanar spacing in
both pins is primarily due to the carbon-dependent
change in the interplanar spacing. However, neglecting
the chemical gradient during data evaluation, e.g., by
measuring only a location in the bulk of the sample that
is expected to be stress-free, would have resulted in a
strain error of min. 1200 lstrain (Figures 7 and 8).

The still existing deviations between the calculated
(solid blue line) and experimentally determined (pin
data) lattice strain distributions can be attributed to
various effect, as e.g., (i) uncertainties in the assigned
reference lattice parameter a0, (ii) the occurrence of
phase-specific micro RSs in the near-surface region
where significant amount of retained austenite phase is
present (cf. Figure 9) and (iii) asymmetries of the
martensite interference lines due to the tetragonal
distortion of the martensite unit cell by the high carbon
content. In this regard, it must be mentioned that the
phase-specific micro RSs will not be fully released
during free-cutting of the reference pin samples. Here,
first of all the long-range macro RSs are released.

In the present work for the further discussion, we used
the experimentally determined lattice strain distribution
resulting from the 1.7 mm pin as a reference, as long as
it is not explicitly mentioned otherwise. Due to the
explained procedure for the determination of the line
position (cf. also Figure 3) in the bulk sample, only the
‘‘through-surface-scan’’ in radial direction results in
spurious strains, which require a correction of the line
position (pseudo-strains from surface effect) and the
associated measurement coordinate. These pseudo-
strains can be in the range of several hundred up to a
few thousand microstrains. In the present case, using
Figure 8, the pseudo-strains can be estimated at about
300 lstrain. At this point, it must be explicitly pointed

out that this effect only affects the immediate surface
layer until the nominal gauge volume is completely
immersed in the sample. A correction of the associated
coordinate in this type of immersion scan results from
the geometry of the stationary nominal gauge volume, in
which the sample is immersed step by step and thus
provides information on the position of the diffraction
lines exclusively for the entirely immersed volume
element. The centre of this immersed volume does not
generally coincide with the nominal centre of the
nominal gauge volume. A possible mathematical cor-
rection approach by hand would be described e.g., in
Reference 10 (Appendix 2). A software-supported cor-
rection is possible with the simulation tools
SIMRES[16–18] and STRESSFIT.[19,20] In the other two
directions, only a correction of the coordinate according
to the centre of gravity of the immersed measuring
volume was necessary.
The result of the necessary corrections of the surface

effect in radial direction is shown in Figure 8. The

Fig. 8—Correction of pseudo-strains and of the assigned information
depth, i.e., the sample thickness due to the partially filled gauge
volume for the strain component in radial direction. The grey
distribution (open triangles) shows the uncorrected lattice strain if
only a constant d0 from the bulk (mean value radial direction depth
between 3 and 6 mm) was used. The black squares (open squares)
corresponds to an evaluation with the d0 reference depth distribution
determined for the free-cut pin. In green the resulting distribution is
shown, how it results from the STRESSFIT correction for the area
near the surface, where the measuring volume is not completely filled,
yet. Inside the sample, no correction is necessary. Therefore, the red
solid lines distribution is constructed from the black open squares and
green filled circles distributions, which is consequently applied in all
further calculations (Color figure online).

Fig. 9—Residual stress distribution over the wall thickness of the
case-hardened sample, based on the d0 values determined with the Ø
1.7 mm reference pin. In addition to the neutron diffraction results,
the results of lab X-ray stress analysis determined using the
sin2w-approach at the outer mantle surface is presented. In (a) the
residual stress distributions for the ferritic/martensitic phase over the
whole sample thickness. For further discussion of the neutron
diffraction results, the corresponding hydrostatic stress component is
also plotted. In (b) detailed view for the residual stresses of the
near-surface outer region. In this partial image, the neutronographic
RS were corrected by the amount of the hydrostatic stress
component. For the values determined by neutron diffraction, the
ferrite/martensite phase was considered only. X-ray stress analysis
was also feasible in the retained austenite (RA) phase although the
phase fraction was rather small.
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distribution with the open triangles shows the non-cor-
rected lattice strain if only a constant reference value d0
from the bulk (mean value radial direction between 3
and 6 mm), i.e., from a region that is expected to be
unstressed, is used. The distribution with the open
squares corresponds to an evaluation using the results of
the reference measurements performed for the Ø 1.7 mm
reference pin. Here, the lattice strain deviations in the
near -surface region are obvious, which occur in case the
chemical gradient is ignored. Since only the radial
direction was averaged for the global constant d0 in
Figure 8, there appears a better agreement in the bulk of
the sample than is actually the case. In this sample, the
differences in the mean values in the sample core
between the three directions are around 0.001 Å. Due
to the correction of the sample position (coordinate
correction) that has not been carried out yet, it seems
that some measuring points are still outside the volume.
For the distribution with the open squares, the pseudo-
strain correction as well as the correction of the surface
position was performed using the software package
STRESSFIT. The resulting distribution is represented
by the green filled circles distribution in Figure 7. Since
the correction was only applied to the region where
there is an incompletely filled gauge volume (surface to
completely immersed), the final distribution was com-
posed of a combination based on the green filled circles
(near-surface region, i.e., not entirely immersed) and the
open squares (bulk, i.e., gauge volume entirely
immersed) distribution. If the nominal gauge volume is
completely filled by sample material, no further correc-
tion of the measured data are necessary and hence in
case of those bulk values the initial strain distribution
(black) is applied. The combined distribution is finally
represented by the red solid line distributions, which was
also adopted in the further course for the RS calculation
according to Eq. [2].

C. Residual Stress Distributions

The final RS distributions are presented in Figure 9.
In Figure 9(a) the RS distribution over the entire sample
thickness is shown. In Figure 9(b) a detailed view with a
focus on the outer surface is shown, where the compar-
ison between neutron diffraction and X-ray diffraction
(lab method) stress analysis is worked out more clearly.
In general, the (phase-specific) RS for the ferrite/marten-
site phase was determined. The amount of retained
austenite phase was larger than 10 vol pct only close to
the surface in a depth up to about 0.5 to 0.6 mm due to
the carbon depth distribution. This amount is high
enough that reasonable RS data could be determined
also for the austenite phase by means of X-ray diffrac-
tion stress analysis. However, for the neutron diffraction
through surface scans the zone, where sufficient amount
of retained austenite phase is present, is too localized
that no meaningful diffraction data could be recorded
for the austenite phase. The X-ray RS analyses in both
phases reveal that only small amount of phase-specific
RS occur, hence, the RS determined for the marten-
site/ferrite phase largely represents the macro RS
distribution. The difference between phase-specific

stresses in ferrite and austenite is around 100 MPa. In
the present case and taking into account the phase
contents, phase-specific micro stresses arise in the range
up to about 75 MPa in the austenite phase and below
about 50 MPa in the ferrite phase.
In general it can be stated that by applying the

previously describes measuring and evaluation strategy
in the core in all three principal directions tensile RS
were determined. The lowest amount of tensile RS in the
centre (around 4.5 mm) was determined for the radial
direction. Towards the outer and the inner surface these
tensile RS first increase for all three components. This
can be illustrated again for the hoop direction for the
results shown in Figure 7(a), provided that the assump-
tion is correct that the pin is almost stress-free. In the
region, where the targeted CHD is, i.e., in a distance
between 1 and 1.5 mm to the sample surface, the tensile
RS in particular for the hoop and the axial direction
decrease and compressive RS are build up through LPC
processing. At the inner surface ID, the data from
neutron stress analyses are poor. This is due to relative
low intensities of the recorded diffraction lines due to
absorption effects. Close to the inner surface at depths
larger than 8 mm no evaluable diffraction information
could be determined with the used setup. At the inner
surface ID for the RS the general trend can be noticed,
but the error bars become rather large. One consequence
of this is that an evaluation approach via stress
equilibrium is not possible. Since the RS distributions
determined at the outer surface are much more trust-
worthy, the RS induced by LPC processing will be
discussed based on the data determined for the outer
surface OD. Based on the RS distribution from
Figure 9(a), the hydrostatic RS component was calcu-
lated in accordance with Reference 44 and this value was
subtracted from the neutronographic RS results. The
resulting distribution as shown in Figure 9(b), allows for
a better comparison of the neutron diffraction data with
the RS determined by laboratory XRD analyses. With
X-ray diffraction, only deviatoric RS components can be
analysed, but neutronographically always the sum of the
deviatoric and hydrostatic RS components is deter-
mined. By the strict application of the sin2w-method
from the slope of the regression line 2H vs. sin2w only
the deviatoric stress component is provided. The hydro-
static RS component results in a vertical shift of the
regression line, which can only be assessed accurately if
an exact value of the local reference value d0 is known.
Looking at the overall depth profile on the OD side,
there is a pronounced compressive RS plateau up to a
depth of about 1.3 mm of about � 115 MPa for the
axial component. The tangential RS components drops
to about 0 MPa already from a depth of about 0.7 mm
on. Furthermore, the radial RS component (Figure 9(a))
shows relatively high tensile RS with a maximum
approximately in the CHD region, reaching a value of
approx. 400 MPa. Towards the surface, these tensile RS
continuously decrease. At a depth of about 0.3 mm,
tensile RS of approx. 200 MPa were determined. Since
at the very surface the radial stress component must be
zero (free surface) it is expected that the tensile RS
continuously decrease to zero for smaller depths below
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the surface. At the OD side, the neutron diffraction
results agree rather well with the results determined by
means of X-ray diffraction, indicating that the chosen
measurement and evaluation strategy for neutron
diffraction stress analyses including the correction of
the measured date for the surface effect and the chemical
gradient is appropriate and reasonable. Furthermore,
the RS distributions in hoop and in axial direction close
to the surface are in very good agreement with results of
earlier work.[25] In this near-surface region, for the
austenite phase slightly lower compressive RS of about
100 MPa were determined. In larger distances to the
surface in axial and hoop directions, the compressive RS
decrease and balancing tensile RS build up. From the
phase-specific RS and the knowledge of the phase
content, the phase-specific micro RS can be separated
from the macro RS using a simple rule of mixture.[37]

The small differences of the RS distribution of about
100 MPa between both phases indicate that rather small
phase-specific micro RS (± 50 MPa, depth< 0.8 mm)
generate through the LPC process. This is also in
agreement with the results from Reference 39. However,
for the RS component in radial direction in work that
has been done on larger components mostly only small
amount of RSs were determined, as e.g., much lower
than ± 100 MPa. In the current work largely deviating
RS distributions were determined in radial direction.

Regarding these unexpected high RS in radial direc-
tion, in particular in the region of the CHD it is assumed
that this is supported by the geometry of the component.
The geometry of the part in combination with the
case-hardening treatment with a CHD of 1.5 mm, which
was carried out on the entire surface of the part (none of
the sides was masked during the carburizing treatment),
is associated with a complex constraint, which can lead
to the formation of an locally inhomogeneous RS
component, including a relatively high RS component
in the direction towards the surface of the part. In the
present work, however, the focus was more on a
contribution to the measurement and evaluation strat-
egy of such components. Unfortunately, the exact
reasons for the RS distributions found cannot be given
on the basis of the results presented. Simulation
calculations can possibly help here to prove the assump-
tions. However, due to the complexity of the problem a
clear interpretation of the local effects is nearly impos-
sible. First, the resulting triaxial RS distribution is a
superposition of quenching and transformation-induced
RS. In addition, the RS formation is influenced by the
local temperature gradients in all spatial directions of
the ring-shape geometry with relative small wall thick-
ness, the transformation kinetics (which again depends
on the carbon gradient) and the temporal evolution of
the martensite formation during cooling, which is
accompanied with a volume expansion. Finally, with
the present ring-shaped geometry, the cooling behaviour
is also dependent on the quenching intensity, which
could also depend on the positioning of the samples
relative to the quenching gas stream. However, no
specific knowledge is present in case of the here
investigated samples (industrial process). Regarding
the gas quenching also the local surface-to-volume ratio

of the samples can affect the results due to the
differences in local heat dissipation. Nevertheless, the
RS distributions shown in Figure 8 provide an excellent
data basis for validating case-hardening simulations for
the purpose of understanding the LPC process of
ring-shaped sample geometries. Clear indications of a
valid relationship between the geometric shape, the
quenching and the RSs that develop in thin annular
specimens can be found e.g., in Reference 45.
As a final remark considering the entire RS distribu-

tion it appears that no stress equilibrium seem to occur.
An excess of tensile RS is visible. However, it should be
noted that due to the ring geometry a much larger
volume fraction in the outer surface region is actually in
compression than the plot vs sample thickness suggests.

IV. CONCLUSIONS

In the present work, neutronographic RS analysis on
LPC case-hardened workpieces was carried out. A
special focus was put on the influence of the chemical
gradient induced by the carburization process on the RS
results and on the choice of the appropriate measuring
and evaluation strategy. The following conclusions can
be drawn from the investigations:

� The results indicate that the chemical gradient
induced by the carburization step must be taken into
account for RS evaluation. Neglecting this gradient
leads to quite erroneous results. According to
Figure 7, an error of approximately 1500 lstrain in
the determination would have been made in this work
when determining d0 if the chemical gradient had not
been taken into account. In this case, this would result
in an approximate error of up to about 750 MPa.

� The depth distribution of the stress-free reference
values d0 must be determined for a stress relaxed
reference sample sectioned from a region with a
similar microstructure region, possibly from a twin
sample. Those results must be applied for RS
evaluation.

� Alternatively, for case-hardened steel samples the
required d0 depths distribution can be calculated
based on the known carbon content depth distribu-
tion and the measurement of one d0 value from the
bulk as support point for the calculation. Due to the
nature of the neutron diffraction experiment, i.e.,
integrating over a distinct nominal gauge volume, a
convolution of the carbon depth distribution with
the nominal gauge volume dimension must be
considered in this regard. As limitation it must be
mentioned, that this only applies to the quenched
and non-tempered state as investigated in the present
study.

� For the present example of a ring-shaped LPC
case-hardened steel sample a cylindrical reference
pin processed by means of EDM with a diameter of
3 mm is sufficiently small that the macro RS can
relax through the sectioning.

� Since sectioning induces RS in a very shallow surface
region of the reference sample, this region can be
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considered by ensuring that the reference sample size
is slightly larger than the nominal gauge volume
dimension. In the present case (EDM cutting) the
sample should be at least 200 lm larger in diameter
than the diagonal of the neutronographic gauge
volume.

� The strategy for correcting the surface effects
induced by neutron through surface scanning
worked out for single-phase gradient-free materials
in previous work was successfully transferred to
materials with chemical gradients. The application
of the mathematical correction using the freely
available programs SIMRES and STRESSFIT on
the LPC processed sample showed an effective
correction of the pseudo-strains.

� In the directions parallel to the surface, the low-pres-
sure carburization process-induced compressive
macro RS of about � 100 to � 200 MPa close to
the outer surface of the ring sample. The rather high
amount of retained austenite phase in the near-sur-
face region only contributes to very low amount of
phase-specific micro RS.

� In depths beyond about 0.8 mm the compressive RS
markedly decrease and the near-surface compressive
RS are balanced by tensile RS in the bulk.

� From a depth of about 0.2 mm, reliable RS results
can be determined by neutron diffraction. In com-
bination with results from X-ray diffraction stress
analysis from the region close to the surface, enables
the complete description of the RS distribution over
the entire component thickness.
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