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a b s t r a c t

Mechanical properties of case modified steels depend decisively on the near-surface gra-

dients of residual stresses, microstructures, phases and chemical composition, which are

generated by the empirically well-established case-hardening techniques. Currently,

however, to obtain the correlation between near-surface structureeproperty gradients,

applied hardening process parameters and steels’ overall performance is a very chal-

lenging task. In this work, high-energy synchrotron cross-sectional X-ray diffraction

(CSmicroXRD) using a pencil beam cross-section of 20 � 500 mm2 and complementary

analytical techniques are used to characterize the surface-to-bulk gradient of (i) a plasma

nitrided steel W300, (ii) a carburized case hardening steel (grade 18CrNiMo7-6) and (iii) a

shot-peened high strength steel, type 300M. CSmicroXRD analysis reveals complex gradi-

ents of martensite and austenite phases, residual stresses in both phases, crystallographic

texture and the evolution of diffraction peak broadening with a spatial resolution of

~20 mm. These parameters are correlated with the gradients of hardness, morphology-

microstructure and with the changes in N and C concentrations and/or retained

austenite formation/depletion in all three model samples. Finally, the correlative micro-

analytics approach indicates the complexity of near surface structure-property relation-

ships as well as the importance of innovative cross-sectional characterization, which
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allows for assessing gradual near-surface physical and/or chemical changes accompanying

thermo-chemical and mechanical surface treatments.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
chemical near-surface changes that take place during the

1. Introduction

Advanced thermo-chemical surface treatments have been

used to increase the mechanical performance of steel parts

such as cam or ring gear, automotive components, drills and

valves [1]. They provide these parts with a hard case and a

tough core resulting in adequate fatigue strength and wear

resistance, respectively, preventing brittle failure under high

impact loads. Resulting functional aspects relevant to the in-

dustrial applications are in particular weight reductions due

to topology optimization and/or an extended service life.

Especially case-hardening technologies such as nitriding,

carburizing, boronizing, nitrocarburizing and carbonitriding

enhance the tooth root bending strength in gear components

[2], the resistance against tensile and impact loads as well as

alternating bending fatigue loading. Additional benefits are

minimized distortion of the components due to the adaption

of the residual stress state, the formation of microstructure

depth gradients and the enhancement of corrosion and wear

resistance in iron-based alloys [3,4].

Another possibility to enhance the mechanical properties

of steels are mechanical surface modifications, like shot

peening, which can even be applied to priorly thermally or

thermo-chemically treated steels [5e7]. The surface plastifi-

cation and work hardening is accompanied by the formation

of compressive stress gradients, which favourably influence

the fatigue resistance [8,9].

The common nitriding, carburizing and shot-peening

treatments result in the formation of complex near surface

depth gradients of microstructure, chemical composition, re-

sidual stress and/or crystalline phases, which, together with

the alloying concept, decisively influence steel parts’ me-

chanical properties. Currently, however, it is not trivial to

correlate the applied surface treatment process parameters,

the fabricated near-surface gradients and the parts’ me-

chanical behaviour. The impact of the treatments at the

micro, meso- and macroscale are usually assessed by (micro)

hardness depth profiling [2,6,10], nanoindentation, optical and

scanning electron microscopies (OM, SEM) and electron probe

microanalysis [11]. In order to characterize microstructure,

phase and stress gradients, X-ray and neutron diffraction

[2,3,12] have been routinely applied (i) by analysing succes-

sively etched sample surfaces [13] and/or (ii) by using

advanced grazing-incidence diffraction geometries, which

require an inverse Laplace transformation of the data [14].

However, these techniques operating in reflection diffraction

geometries provide structural data averaged across the

respective X-ray or neutron beam penetration depths and

their interpretation is therefore not always unambiguous

[14e16].

A further development of the surface treatment technolo-

gies requires a comprehensive understanding of physical and
process with highest possible depth-resolution. The above

mentioned surface treatments and corresponding recipes

have been developed and used for decades. Although chemi-

cal gradients can nowadays be resolved on a nanoscale, there

are several diffusion-induced phenomena within the parts’

surfaces that have not been fully understood yet. These spe-

cifically include the incremental evolution and stabilization of

phase gradients and their corresponding distributions of re-

sidual stresses as well as the microstructure within the indi-

vidual phases, like in martensite and austenite [15,17].

This work focusses on the correlative cross-sectional

characterization of exemplary (i) a low-pressure plasma

nitrided hot-working steel, (ii) a low-pressure carburized case-

hardening steel, and (iii) a shot-peened high performance

steel grade. Results obtained from conventional laboratory

experiments (OM, SEM, hardness profiling, electron micro-

probe analysis) and from scanning cross-sectional synchro-

tron high energy micro-X-ray diffraction (CSmicroXRD) with a

spatial resolution of about ~20 mm are correlated. The novelty

of thework resides (i) in introducing synchrotron CSmicroXRD

methodology, based on transmission diffraction geometry, which

allows for a simultaneous analysis of stress, microstructure

and phase depth-gradients in the direct space, (ii) in applying

robust complementary characterization approaches to assess

cross-sectional structure-property relationships at the micro-

scale and (iii) in observing cross-sectional correlations within

the three different model sample systems. In contrast to

previous studies dealing with relatively thin samples of

~50 mm in the X-ray beam direction [18e20], the current work

focuses on the simultaneous characterization of gradients of

phases, residual stresses and microstructure in bulk samples

with the thickness of ~2 mm. Moreover, the three case hard-

ened steel samples were selected without an additional

intention to perform a further correlation between them.
2. Material and methods

2.1. Sample preparation

Three different martensitic steel samples were characterized

in the present study: (i) a plasma-nitrided plate, (ii) a carbu-

rized cylinder and (iii) a shot-peened disc. The nominal com-

positions of the individual steel grades taken from [21e23] are

given in Table 1. Each of the samples was surface modified as

described below.

The nitrided sample was produced from a 30 � 30 � 10 mm3

specimen of high alloy hot work steel type X38CrMoV5-1

(EN 1.2343 ESU e voestalpine B€ohler Edelstahl GmbH, Kap-

fenberg, Austria) with a chromium content of 5%. The surface

was modified by a long time low pressure plasma nitriding

process. The sample was therefore kept in a process

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmrt.2021.01.099
https://doi.org/10.1016/j.jmrt.2021.01.099


Table 1eNominal chemical compositions of steel grades used for gas-nitriding, carburizing and shot-peening according to
references [21e23], respectively. The particular alloying contents are given in wt.%.

Process/Steel Grade C Si Mn Cr Mo Ni V other

Nitriding/X38CrMoV5-1 e W300 0.39 0.97 0.43 5.0 1.14 0.21 0.35

Carburizing/18CrNiMo7-6 0.17 0.25 0.50 1.65 0.3 1.55 Pb

Shot-Peening/41SiNICrMoV7-6 e 300M 0.42 1.65 0.8 0.8 0.3 1.8 0.8
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atmosphere of N2, H2 and Ar gas mixture for 28 h at a tem-

perature of 510 ± 10 �C. The base material was initially gas-

quenched after austenitization at ~1010 �C and tempered at

550, 530 and 520 �C during the first tempering, the second

tempering to working hardness and the third tempering for

stress relief, respectively. The temperature was held for

~90 min during each tempering step before the material was

cooled to ambient conditions.

The carburized specimen, a cylinder with a diameter of

40 mm and a height of 25 mm of a low alloy case hardening

steel type 18CrNiMo7-6 (EN 1.6857 e Deutsche Edelstahlwerke

DEW, Witten, Germany), was case-hardened in an industrial

vacuum furnace with dimensions of 0.6 � 0.75 � 1 m3 by ALD

Vakuum Technologies (Hanau, Germany). To enable the car-

bon enrichment in the near-surface region, the sample was

low-pressure carburized for ~60 min in a hydrocarbon atmo-

sphere (p ¼ 10 mbar) at a temperature of ~960 �C. A

martensitic microstructure was formed by high-pressure gas

quenching using nitrogen with a pressure of ~10 bar. Finally,

the sample was tempered at ~170 �C for ~90 min.

The shot-peened specimen is a precipitation hardened, high

strength heat treatable steel disc (similar to type 41SiNiCr-

MoV7-6 e EN 1.6928 e voestalpine B€ohler Edelstahl GmbH,

Kapfenberg, Austria) with a dimension of 50 � 7 mm2

(diameter � height). Before the peening process, the sample

was hardened at 870 �C, quenched and double-tempered at

390 and 180 �C for 60 and 180 min, respectively. The surface

hardness of the steel disc before peening was determined to

be 563 HV10. The specimen was shot-peened with an Almen-

intensity of 0.2 ± 0.05 mmA [24] in the next step. Spherical

steel powderwith an initial diameter of ~0.35mmwas used as

blasting material. To end up in a smooth surface topology, the

sample was furthermore fine-peened with an Almen-

intensity of 0.1 ± 0.05 mmA. The degree of coverage was

200% in both peening-process steps.

2.2. Experimental methods

For the CSmicroXRD analysis, steel platelets of ~(15 � 5 � 2)

mm3 were extracted from the three samples by precision

cutting with an Accutom-5 (Struers, Germany) cutting ma-

chine, equipped with a diamond cutting wheel. A detailed

analysis of near-surface residual stress relaxation caused by

the sample cutting is discussed in Sec. 2.4 and in [18]. CSmi-

croXRD analysis was performed at the high energy materials

science beamline P07B at the storage ring PETRAIII of DESY

(German synchrotron) in Hamburg [25] in transmission

diffraction geometry. The energy of themonochromatic beam

was set to 87.1 keV which corresponds to a wavelength of

14.24 pm. Fig. 1 gives a schematic representation of the

experimental setup with the beam penetrating a sample in
transmission diffraction geometry. An experimental protocol

of the used setup is presented in the supplementary data,

Fig. S1. The near-surface regions of the three steel samples

were scanned approximately at their centres by using a

collimated pencil beam with a height and width of ~500 and

~20 mm, respectively, oriented parallel to the sample’s sur-

faces (cf. Fig. 1), using a scanning increment of ~10 mm. A two-

dimensional (2D) amorphous silicon digital X ray detector

(model XRD1621 by PerkinElmer) with 2048� 2048 pixels and a

pixel pitch of 200 mm was used to collect the diffracted signal.

LaB6 standard was used to determine the sample-to-detector

distance of ~1329 mm.

Each samplewas aligned using a photo-sensitive diode and

exact positions of the surfaces were determined in the same

way.

OM of all samples was performed using an Olympus BX51

microscope equipped with an Olympus digital camera.

SEM images were recorded with a Gemini field-emission

SEM equipped with double condenser optics (Carl Zeiss SMT,

Oberkochen, Germany) operating at an accelerating voltages

of 5 kV and a beam current of 10 nA. To secure a clean surface,

the near-surface cross-section of the plasma-nitrided and

carburized steel samples were, additionally to standard

metallurgical preparation techniques (grinding, polishing),

prepared by Arþ ion slicing at an ion milling system IM4000

(Hitachi High-Tech Corporation, Tokyo, Japan) using an

accelerating voltage of 6 kV. N and C gradients in the parabola-

shaped polished cross-sections of the plasma nitrided and

carburized sample, respectively, were characterized by elec-

tron probemicro analysis (EPMA) using a X-Max 20 silicon drift

detector by Oxford Instruments, suited for energy dispersive

X-ray spectroscopy (EDX).

For the carburized sample, the cross-sectional C-profile

was furthermore evaluated using an electron probe micro-

analyser, type JEOL JXA-8200 “Superprobe”, equipped with a

wavelength dispersive spectrometer (WD-S). The setup was

calibrated using a pure graphite calibrant before the polished

metallurgical cross-section of the carburized sample was

scanned by an electron beamof 15 kV acceleration voltage and

10 nA beam current with steps of 10 mm. The FWHM for each

spot and the corresponding backgroundweremeasured for 20

and 10 s, respectively.

Micro hardness measurement scans using a Vickers

indenter were performed across the polished cross-sections

using a Mitutoyo/Buehler Micromet 5104 testing device

equipped with a digital camera and the commercial Buehler

Omnimet analysing software. Test loads of 100 and 500 gf,

corresponding to HV0.1 and HV0.5, were used to indent the

metallographic sections of the three samples at depths be-

tween 0 and 100 mm and at greater depths, respectively.

Hardness values were calculated by averaging the result of
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Fig. 1 e A schematic non-proportional drawing of the CSmicroXRD setup at the PETRA III synchrotron. The steel sample

with a thickness of ~2 mm (in the beam direction) is moved along the z-direction in increments of ~20 mm. The sample

surface is aligned parallel to the pencil beam by an f rotation. The 2D detector collects a set of DebyeeScherrer (DeS) rings

for each sample position using an acquisition rate of ~2 s/frame. The stereographic projection illustrates the projection of

one single DeS ring with a particular corresponding diffraction vector Qqj schematically. The intensities of DeS rings at the

azimuthal positions of d ¼ 0� and 90� represent diffraction on crystallographic planes oriented approximately parallel and

perpendicular to the sample surface, respectively. The angle j denotes the angle between Qqj and the normal of the surface

of the sample z.
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three indents at redundant depth positions. The experiments

were performed following the guidelines of DIN EN ISO 6507

1:2006. Consequently, the minimum distance between two

indents as well as minimum distances to boarders were taken

into account. To determine the depth that was influenced by

the nitriding and carburizing process, experimental HV data

was fitted using an exponential decay function for the data

down to a depth position of 600 mm. The core hardness value

of the basic material was determined by averaging HV-values

measured from 600 to 5000 mm.

2.3. CSmicroXRD data evaluation procedure

2D diffraction data (Fig. 1) were processed using the Python

software package pyFAI [26]. The diffraction vector Qqj

orientation-dependent lattice spacings dqd(z) were evaluated

from DebyeeScherrer (D-S) rings recorded at particular

Bragg’s angles q, the azimuthal angle d and the samples’

depths z (Fig. 1). To elucidate dqd(z)-values, 36 D-S rings sec-

tions, each encompassing ~10� azimuthal range, were inte-

grated and then evaluated using the Bragg’s law. In general, D-

S rings contain information on the crystallographic texture,

the apparent size of coherently diffracting domains convo-

luted with the strains of second and third order (micro-

strains), X-ray elastic strain of the first order (macro-strain)

and volume fractions of phases within the irradiated gauge

volume. Exact positions of the reflections’ maxima as well as
peaks’ widths were fitted using a Pseudo-Voigt function. The

novelty of this work resides mainly in the simultaneous ex-

amination of all above mentioned parameters using high-

energy CSmicroXRD in bulk samples with a thickness of

several mm, compared to the microscopic samples analysed

in our previous studies [18e20].

X-ray elastic residual strain gradients at the particular

sample depths z (Fig. 1) were determined from the D-S rings’

ellipticity as follows

ε
hkl
qd ðzÞ¼

dhkl
qd ðzÞ � d0

d0
(1)

with dhkl
qd ðzÞ being the distorted lattice parameter due to elastic

residual strains in thematerial and d0 denoting the unstressed

lattice parameter. It was assumed, that the three surface

treatments had a negligible impact on the Poisson’s ratio of

the impacted materials. Therefore, depth-dependent un-

stressed lattice parameters d0 (z) were calculated from the

measured qhkl0 (z) positions of the diffraction peaks, whichwere

retrieved (for each particular sample) from DeS rings always

at the same rings’ azimuthal position d0, representing the

stress-free direction (cf. Fig. 1) [18,27].

Since the initial geometry of the samples was

rotationally symmetric, it was approximated that in plane

ε11(z) ¼ ε22(z) ¼ ε(z) and out of plane ε33(z) strain components

are dominant and the shear strain components εij(z) can be

neglected for simplicity [18,28]. ε22(z) and ε33(z) components

https://doi.org/10.1016/j.jmrt.2021.01.099
https://doi.org/10.1016/j.jmrt.2021.01.099


Fig. 2 e SEM-micrograph of the plasma-nitrided steel sample (a). The diffusion zone extends to a depth of ~80 mm (indicated

by a white dotted line). The morphology of the precipitates is different in the diffusion zone and in the unnitrided core

material. In the diffusion zone equiaxed interlath precipitates with a size of several tens of nanometers can be resolved (b)

[36,37]. The presence of a discontinuous compound layer with a thickness of some tens of nanometers is indicated by an

arrow and microscopic carbo-nitro precipitates are visible as equiaxed dark spots (c).
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represent the strain along y and z axes, further denoted as “in-

plane” and “out-of-plane” components, respectively. ε11(z)

denotes the strain component in x direction (Fig. 1).

According to [29], intensities I (d, z) recorded at particular

D-S azimuthal positions d (Fig. 1) can be transformed to I(j, z)

dependencies as follows

cos j¼ cos d cos q (2)

The linearity of experimentally determined dhkl
qd as a func-

tion of sin2j values along the investigated depth was used to

prove the validity of the applied evaluationmethod, especially

the absence of shear strain and stress components [18].

Additionally, an equibiaxial stress state with s11ðzÞ ¼ s22ðzÞ,
s12ðzÞy0 and si3ðzÞ ¼ 0 ði¼ 1; 2; 3Þ at the samples’ free sur-

faces can be assumed, whereas at greater depths the out-of-

plane residual stress component s33ðzÞ cannot always be

considered to be negligible [28,30,31]. Consequently, the

distortion of the D-S rings as a function of the sample’s depth

can be generally expressed as follows

vdðd; zÞ
vsin2

d
¼ ½s22ðzÞ � s33ðzÞ �12S

hkl
2 d0ðzÞ (3)

where 1
2S2

hkl represents an X-ray elastic constant and d0 the

unstrained lattice parameter [18,32]. In the case of martensite

(a0-Fe) and retained austenite (g-Fe), X-ray elastic constants
1
2S

211
2 ¼ 6.304 � 10�6 and 1

2S
311
2 ¼ 6.535 � 10�6 MPa�1, respec-

tively, were estimated using the Kroener grain interaction

model [28,33]. In other words, knowing the X-ray elastic con-

stants of a material, one can determine the actual experi-

mental (Exp) (residual) stress s22ðzÞ � s33ðzÞ within the

gauge volume from the slope of the linear regression in the

dhkl
qd �sin2j diagram, Eq. (3), as derived in [28]. Additionally,

unstressed lattice parameters d0ðzÞ can be simultaneously

determined from the same system of linear equations in Eq.
(3), considering the stress free direction defined by the

azimuthal angle d0 [27,28]. In contrast to the experiments

performed in laboratory conditions, d0 and stresses can thus

be elucidated directly from the D-S rings for every particular

gauge volume without a previous knowledge of d0ðzÞ, as

generally accepted. A detailed derivation of the stress evalu-

ation procedure from two-dimensional synchrotron XRD data

is presented elsewhere [18,20,27].

The actual angular resolution of the used setup is pre-

determined by the pixel size of 200 mm of the 2D detector,

which corresponds to a 2q angular range of ~0.0104� at 2q ¼ 5�

and at the sample-detector distance of 1329 mm. Exact posi-

tions of the diffraction angles in the three experiments were

determined by a fitting algorithm in pyFAI. Peak widths (full-

width-at-half-maximum (FWHM) values) were extracted from

these fits. Deviations for strain (and stress) were calculated

based on a Gaussian error propagation.

The volume fraction of g-Fe within the a’-Fe matrix was

determined by following an approach based on the ASTM

practice E975-13 [34]. Accordingly, a’-Fe 200/002 and 112/211

doublets and the 200 and 220 reflections from g-Fe were

azimuthally integrated from 0 < d < 360�. The presence of a

crystallographic texture of the samples was assessed by

evaluating the azimuthal distributions of the diffraction in-

tensities I(d,z) of the particular D-S-rings, as presented in the

supplementary data (Figs. S3, S9, S12).

2.4. FEM-modelling

A finite elements model (FEM) was developed to reconstruct

the original stress gradients within the three samples before

cutting. As input parameters, the stress profiles s22ðzÞ � s33ðzÞ
in Eq. (3) determined experimentally by CSmicroXRD, sam-

ples’ elastic constants and geometry were used. For this

reason, a linear elastic material model using the pairs of

https://doi.org/10.1016/j.jmrt.2021.01.099
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Young’s moduli and Poisson’s ratios of 215 GPa and 0.3,

190 GPa and 0.29 and 205 GPa and 0.28 was applied to the

nitrided, carburized and shot-peened steels, respectively.

Depending on the shape and dimensions of the three inves-

tigated samples, between 270000 and 660000 hexahedron el-

ements with linear shape functions and reduced integration

were used. In the samples’ regions with stress gradients,

structured meshes with element sizes of about 10 mm were

built. Towards the outer region of the specimens the mesh

size increased gradually up to an element size of about 3 mm.

The model’s symmetry was used to reduce the number of el-

ements. The independence of the results on mesh size and

element’s aspect ratio was verified in a mesh convergence

study.

In order to reconstruct the residual stress gradients across

the uncut specimens a reverse engineering process was

implemented. An initial stress state was therefore applied on

the whole specimen, the cut was simulated by an element

deletion of all elements except for the remaining sample ge-

ometry. The relaxed stresses of the simulated samples were

analysed at the centre of the samples with respect to its x-

dimension (Fig. 1). A mean stress throughout the sample’s

thickness was then calculated for each depth position and

sample [18]. Finally, the modelled stress profiles s22ðzÞ� s33ðzÞ
denoted further as “FEM” stresses were optimized to fit the

measured stress profiles from Eq. (3), further denoted as “Exp”

stresses. Themodelled residual stress gradients are presented

together with the experimental results in Figs. 3e5 for com-

parison. Sample images with calculated stress distributions

s22ðzÞ � s33ðzÞ and stress relaxation tendencies are presented

in the supplementary data (Figs. S7, S11, S13). The above re-

sidual stress reconstruction procedure was applied only to the

stress profiles obtained from a’-Fe phase. For the g-Fe phase,

the approach was not applied because of the large standard

deviations obtained for the experimental residual stress data.
3. Results

Cross-sectional data are presented on the basis of three case

studies, each one for (i) the plasma nitriding, (ii) the carbu-

rizing and (iii) the shot-peening sample treatment.

3.1. Case study I: low-pressure plasma nitrided hot
work steel sample

OM and SEM analyses were used to characterize cross-

sectional microstructure of the plasma-nitrided X38CrMoV5-

1 steel (type W300). The near-surface diffusion zone and the

martensitic core material are presented in the cross-sectional

SEM micrograph of Fig. 2a. The presence of a thin, discontin-

uous compound layer with an average thickness of less than

100 nm can be identified at the surface in Fig. 2c. The diffusion

zone encompasses ~80 mm. The steel microstructure and the

morphology of the precipitates change gradually across this

region. Fig. 2b indicates the homogenous distribution of

equiaxed dispersoidswith a size of several tens of nanometres

at the martensite interlath positions within the diffusion

zone. Further SEM micrographs with different magnifications

are presented in the supplementary data (Figs. S4, S5, S6). The
analysis revealed that additional larger precipitates are pre-

sent, out of which some are globular and others are elongated

in shape.

The formation of the nanoscopic precipitates in Fig. 2b can be

interpreted by transformation kinetics as discussed in

[35e37]. Lerchbacher et al. [35] reported on the formation of

retained g-Fe films in quenched W300 hot work steel at

martensite interlath boundaries. Mesquita et al. [36] investi-

gated carbide precipitation as a function of various silicon

contents in similarly alloyed hot work tool steels. Investigated

alloy compositions, comparable to the steel grade of the pre-

sent work, exhibited a formation of chromium-rich M7C3

coarser carbides, containing proportions of iron,molybdenum

and vanadium that were also concentrated along martensite

laths and packages boundaries. Michaud et al. [37] studied

carbide formation in differently alloyed 5% Cr martensitic

steels and observed the interlath precipitation of vanadium

MC-carbides, chromium M7C3-and M23C6 carbides as well as

iron M3C carbides during tempering. Considering the findings

from [35e37], it is assumed that the precipitates within the

diffusion zone in Fig. 2b are mainly nitrides and carbonitrides

formed at martensite interlath positions and former bound-

aries of austenite grains. Furthermore, carbo-nitro pre-

cipitates, visible in Fig. 2c (and in the supplementary data Figs.

S3 e S5) as equiaxed and elongated dark spots, are secondary

carbides precipitated from the tetragonally distorted as-

quenched a’-Fe during the tempering treatments as well as

carbides which had not been fully dissolved during

austenitization.

In Fig. 3, cumulative results obtained using cross-sectional

experimental techniques are presented. A depth profile of the

Vickers hardness (superimposed on an OM micrograph in

Fig. 3a) indicates a steep hardness decrease from ~1054 to a

core hardness of ~589 HV0.5, which is a typical value for this

type of quenched and multiple-tempered steel grade [21]. The

effective hardening depth can be determined at ~190 mm,

meaning that the Vickers hardness at this position is 50 HV

higher than the core hardness value.

CSmicroXRD analysis revealed austenite reflections,

denoted as g-Fe hkl, besides a dominant occurrence of

martensite with pronounced a’-Fe hkl reflections, which are

indexed as doublets in Fig. 3b. A formation of a thin compound

layer with a thickness of less than 100 nm at the sample’s

surface (cf. Fig. 2c) could not be resolved by CSmicroXRD.

Additionally, no diffraction signals from nitride and carbide

precipitates could be observed within the diffusion zone and

within the core material, respectively. The very weak signals

at 2q positions of 4.9, 5.3, 5.7� and 6.4 and 6.7� visible in Fig. 2b

(logarithmic scale) can be attributed to a’-Fe and g-Fe re-

flections, respectively, caused by high order harmonics of the

synchrotron beam. If the synchrotron beam-energy is set by a

crystal monochromator and no harmonic rejection optics is

installed (like in the optics hutch at P07B), higher harmonics of

the wavelength fulfilling Bragg’s law with a higher order

reflection, can pass through the crystal monochromator.

Thus, additional peaks can appear in the XRD patterns, like in

Fig. 2b.

In Fig. 3e and f, depth-dependent evolutions of the a’-Fe

112/211 reflection doublet for in-plane and out-of-plane

diffraction vector orientations, respectively, are presented
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Fig. 3 e Correlative cross-sectional analysis of the low-pressure plasma nitrided steel sample. As indicated in the OM

micrograph (a), the Vickers hardness decrease across the N-diffusion zone correlates with a gradual change in the near-

surface martensitic microstructure (cf. also Fig. 2). The CSmicroXRD phase plot (b) indicates the presence of a’-Fe matrix and

reverted g-Fe at the interface between the N-diffusion zone and the martensitic core material. Not indexed, weak reflections

at 2q positions of 4.9, 5.3, 5.7� and 6.4 and 6.7� are a’-Fe and g-Fe reflections, respectively, of higher order harmonics. (c)

Experimental (Exp) and modelled (FEM) residual stress data representing s22ðzÞ � s33ðzÞ stresses indicate compressive stress

maxima at the edge of the diffusion zone in a’-Fe and g-Fe phases, which can be correlated with the occurrence of reverted

g-Fe. A superimposed 2D map in (c) shows the FWHM distribution of the a’-Fe 220/202 reflection for various diffraction

vector orientations j (cf. Fig. 1). The reverted g-Fe occurrence at the bottom of the diffusion zone (d) correlates well with the

C and N concentrations as well as the microstructure does. Gradual changes of FWHMs and positions of a’-Fe 112/211

reflections for in-plane (e) and out-of-plane (f) Qqj orientations originates from the presence of the residual stress gradient (c)

and the modified microstructure (d).
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Fig. 4 e Cross-sectional analysis of the carburized steel sample. The analysis revealed a decreasing hardness and the

gradient microstructure of the iron-martensite matrix along the sample’s depth (a). The particular reflection intensities in

the phase plot (b) indicate the presence of the dominant martensite matrix and a gradual decrease of retained g-Fe volume

fraction. The formation of residual stresses with a compressive stress peak of~¡682 MPa in a’-Fe and negligible stresses in

g-Fe phase are visible in the modelled and experimental stress data in (c). Quantitative retained g-Fe analysis correlates

with the distribution of C down to the 1000 mm depth, which are shown in (d), together with the optical micrograph of the

etched sample cross-section. The positions and FWHMs of a’-Fe 112/211 reflections in for in-plane (e) and out-of-plane (f)

Qqj orientation change due to the compressive residual stress state in the carburized zone and microstructural refinement.
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in detail. In general, one can observe an increase in the

FWHMs at depths of 0e80 mm, which can be interpreted as

the presence of micro-strain as well as by the crystallite

size refinement induced by the increased N-concentration,

as disclosed in Fig. 3d. The depth-dependent differences in
the positions of the a’-Fe 112/211 doublet for in-plane and

out-of-plane diffraction vector orientations (Fig. 3e and f)

are, however, correlated to both, the crystal lattice expan-

sion as well as by the presence of a residual stress gradient

(Fig. 3c).
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Fig. 5 e Cross-sectional analysis of the shot-peened sample. The investigations revealed a hardness increase toward the

surface due to the work hardening effect that correlates well with the gradual change in the microstructure visible in the OM

micrograph (a). The phase plot (b) confirms the presence of plastic strain induced phase transformation of the metastable g-

Fe to martensite in the shot-peening influenced near-surface region. A decrease in a’-Fe 112/211 FWHMs within the near-

surface region (c) indicates that the shot-peening induced a significant rearrangement of the microstructure with larger

crystallites and/or a lower density of structural defects, in agreement with the a’-Fe 112/211 profiles form (e) and (f) for in-

plane and out-of-plane Qqj orientations, respectively. The quantitative g-Fe analysis (d) exhibits a significant drop in the

deformed region down to ~50 mm depth. Furthermore, the influence of the shot-peening treatment is shown by a <110>
fibre texture formation down to ~20 mm depth in (d).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 1 : 1 3 9 6e1 4 1 01404
The g-Fe reflections can be observed up to a depth of

~90 mm and a quantitative depth distribution of g-Fe, esti-

mated according to [34], is presented in Fig. 3d. The volume

fraction of g-Fe increases from 0 to ~9.58% within ~25 mm,
starting ~65 mm below the surface and reaches a maximum of

~10.0% a depth of ~110 mm.

In Fig. 3c, a FWHM evolution of the a’-Fe 202/220 reflection

as a function of the diffraction vector orientation j from the
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range of ~(2.8e90)� (cf. Fig. 1) and the sample depth z is pre-

sented. The j angles of 2.8 and 90� represent approximately

in-plane and out-of-plane orientations of the diffraction vec-

tor Qqj, respectively (Fig. 1). Additional information on the

evolutions of a’-Fe FWHM as a function of sample’s depth

positions for the 101/110, the 002/200 and the 112/211 re-

flections are presented in the supplementary data (Fig. S2). In

agreement with the data from Fig. 3e,f, the near-surface a’-Fe

202/220 reflection broadening in Fig. 3c can be correlated with

the domain size and micro-strain increase [38], which can be

further correlated with the presence of the N-diffusion zone

visible in Fig. 3d.

Superimposed on the FWHM map in Fig. 3c, experimental

and modelled residual stress gradient data differing up to 20%

are presented. In a’-Fe, two compressive (FEM) stress maxima

of~�765 and ~�841 MPa at depths of ~10 and ~80 mm can be

identified, respectively. A steep stress relaxation can further

be observed at a depth of ~230 mm. The high near-surface

stresses are mechanically balanced by low tensile stresses,

which are present at larger sample depths. Fig. 3c also shows

the stress distribution within the g-Fe phase, which correlates

well with the level of the a’-Fe. Since the corresponding

measurement errors of the evaluated stresses for the g-Fe

phase are inversely proportional to its volume fractions, they

can be effectively compared with those from a’-Fe only at the

depth of 80e150 mm,where the g-Fe concentration is relatively

high. The origins of the compressive stress maxima in both

phases are discussed below.

Residual stress profiles in a’-Fe and g-Fe can be correlated

to the depth distributions of N and C in the near-surface re-

gion (Fig. 3d) as well as with the microstructural refinement

manifested by the FWHM increase (Fig. 3c, e, f), the phase

evolution and here, particularly, the local occurrence of g-Fe

(Fig. 3b). Within the first ~4 mm below the surface, N- and C-

contents are complementary reduced and elevated, respec-

tively. Below, they remain relatively stable and further

decrease to zero and slightly increase, respectively, at the

depth of 83 mm, the edge of the diffusion zone.

The chemical composition profile of carbon can be used to

interpret the formation of two compressive residual stress

peaks in Fig. 3c. During plasma-nitriding, N diffuses into the

near-surface area and causes a redistribution of the C

throughout and also underneath the diffusion zone. Further-

more, C is firstly being partially exchanged by nitrogen in

precipitates, especially in Cr, M7C3-type carbides and secondly

being redistributed throughout the diffusion zone. The for-

mation of a compound layer at the surface is documented to

act as a diffusion barrier for C [39]. As a result of the C-diffu-

sion, the EPMA-profile (Fig. 3d) exhibits a C-peak at a depth of

~5 mmand a C-enriched zone at the edge of the diffusion zone.

Comparable results during plasma nitriding of steel are pre-

sented and discussed in [39,40]. The localized increase in the

concentrations of N and C is assumed to expand the a’-Fe

lattice, which results in a formation of stress at a depth of

~83 mm.

Additionally, the increased C content at the front of the N-

diffusion zone, which is the interface between the diffusion

zone and the unnitrided corematerial (Fig. 3d), is assumed not

only to contribute to a localized stabilisation of the g-Fe phase

but also to a localized reversion of a’-Fe to g-Fe during the
long-term plasma nitriding. To the best authors knowledge,

this effect has not been reported before on aW300 steel grade.

Typically, austenite reverse transformation can be observed

in quench and partitioning (Q&P) steels [41]. Raabe et al. [42]

documented on a phase transformation of a’-Fe to g-Fe at

grain boundaries in a Fe-9 at.% Mn and a Fe-12 at.% Mn mar-

aging steel during aging at 450 �C. In that case, the localized

reversion of a’-Fe to g-Fe was correlated with the segregation

of Mn at a’-Fe interlath boundaries. Jegou et al. [43] deter-

mined a coarsening of pre-existing carbides in a ferrite matrix

at the nitriding front in differently nitrided Fe-3.5Cr-0.35C

(wt.%) model-steel but no reversion of a’-Fe to g-Fe in their

samples. No coarsening of pre-existing carbides could be

documented in this sample (supplementary data, Fig. S6).

Thus, we assume that not the locally elevated C content itself

but the combination of a locally elevated C content, the a’-Fe

matrix and the simultaneous presence of Si in the W300

causes the localized reversion of a’-Fe to g-Fe.

The exact origin, the formation kinetics and the character

of the reverted g-Fe build up (Fig. 3b) in the nitridedW300 steel

however needs to be further investigated.

Complementary experimental results from CSmicroXRD

and other techniques presented in Figs. 2 and 3 can be

correlated. The thickness of the diffusion zone revealed

quantitatively by EDX (cf. Fig. 3d) correlates (i) with the

morphological changes in themicrostructure in Fig. 2, (ii) with

the broadening of martensite reflections from Fig. 3b,c,e,f and

(iii) with the presence of compressive stresses in Fig. 3c.

Additionally, two compressive residual stress maxima in

Fig. 3c can be correlatedwith the increased concentration of N

and C interstitial atoms (cf. Fig. 3d) and also with the local

occurrence of reverted g-Fe at the depth of ~80 mm (Fig. 3a). At

greater depths, residual stress distribution can be correlated

also with the hardness profile in Fig. 3a: compressive stress

relaxes at ~230 mm, which is the same position where the

value of the core hardness was measured.

There were several attempts to assess cross-sectional

structure-property relationships in plasma-nitrided W300

steel samples. Leskovsek et al. [10] studied the correlation of

residual stress (assessed by the hole drilling method) and

micro-hardness gradients within eight differently plasma

nitrided W300 samples. Similar to the results of the present

work, they reported on the correlation between residual stress

and micro-hardness gradients and suggested a routine to es-

timate residual stresses from a hardness-related parameter. It

is notable, that they could not observe the formation of a

compound layer at plasma-nitriding temperatures of 480� but
just 60 �C above, at a temperature of 540 �C, which is in

contradiction with the compound layer build-up at 510 �C in

the present work. Remarkably, residual stress profiles ob-

tained by hole drilling [10] are comparable to the results of the

present work in terms of their shape and maximal compres-

sive stresses of ~�700 to �850 MPa. However, two stress

maxima (Fig. 3c) aswell as a coexistence of a’-Fe and g-Fewere

not reported. Similar, Kurz et al. [3] reported on depth gradi-

ents of residual stresses, unstressed lattice parameters,

microstructure and the N-diffusion during gas nitriding of Fe-

M(¼ Al, V) specimens. High-energy synchrotron X-ray

diffraction was employed to assess the spatially resolved

stress state which was correlated to different precipitation
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mechanisms. Due to the small beam size of 20 � 5 mm2

(horizontal � vertical) that was used in their setup, the

nitrided samples were moved parallel to the cross-sectional

surface along the y-direction to obtain more representative

diffraction data at specific sample depths.

3.2. Case study II: low-pressure carburized case-
hardening steel sample

The CSmicroXRD approach was additionally applied to a

carburized case-hardened steel sample (Fig. 1). A SEM micro-

graph in Fig. 4a obtained from the cross-section of the

carburized 18CrNiMo7-6 steel indicates a gradual morpho-

logical change across the martensite matrix and a decreasing

volume fraction of the (brighter) g-Fe phase as a function of

the sample depth (also visible in the high-resolution SEM

images presented in the supplementary data Fig. S8). For this

sample, the cross-sectional changes in the microstructure

(Fig. 4a) and phase (Fig. 4b) evolutions can be correlated aswell

with the distribution of C diffused into the near-surface re-

gion, as presented in Fig. 4d and in supplementary data

Fig. S10b. Superimposed on the SEM micrograph, Fig. 4a also

shows the hardness depth-profile across the diffusion zone

and the core material. Vickers hardness measurements

revealed a case hardness of 711 ± 5 HV0.5, which is almost

constant down to the depth of ~275 mm. Further below, the

hardness decreases gradually to a core hardness of ~431 ± 13

HV0.5 observed at a depth of ~800 mm. According to EN ISO

2639, the case hardening depth (CHD) of carburized samples is

defined as the depth, at which the hardness reaches the limit

of 550 HV1. In this case, the CHD of the sample was deter-

mined for ~660 mm below the surface. The corresponding

hardness profile is presented in the supplementary data

(Fig. S10a).

The cross-sectional phase analysis indicates gradual

changes in the volume fractions of the a’-Fe matrix and the

g-Fe fraction (Fig. 4b), which were observed priorly by SEM

(Fig. 4a). In the near surface area at a depth smaller than

~600 mm, broadened a’-Fe hkl and retained g-Fe hkl reflections

are pronounced due to the high C-content (Fig. 4d). At depths

greater than ~250 mm, the decreasing volume fraction of g-Fe

is reflected by a decreasing intensity of the g-Fe reflections

while the intensity of themartensite peaks increases and their

FWHM decreases, because of the supposed ceasing tetragonal

distortion of martensite.

The FWHM evolution of the a’-Fe112/211 reflection as a

function of the diffraction vector orientation j and the sample

depth position is presented in Fig. 3c. A notable increase in

martensite’s FWHMdown to a depth of ~580 mm (cf. Fig. 4e and

f) correlates (i) with the observed CHDHV0.5 (using a test load

500 gf e cf. Fig. 4a) and (ii) with the maximum of the

compressive residual stress of ~�682 MPa from the FEM

model. In the carburized sample, the difference between

experimental and modelled stresses is large (cf. Fig. 4c). This

effect is caused by the comparable dimensions of the carbu-

rized sample depth of ~1 mm, the stress-affected region of

more than 2mmand the sample thickness in the x direction of

2 mm. This effect was extensively discussed in [18]. The dis-

tribution of the residual stresses and the reversal of

compressive to tensile stresses at ~80 mm depth can again be
correlated to the C-content and to the increasing volume

fraction of g-Fe. A second reversal in sign of the residual

stresses occurs at a depth of ~1030 mm. As a consequence of

mechanical equilibrium, tensile stresses are induced at

depths above and below these positions, respectively. Resid-

ual stresses in g-Fe are low compared to a’-Fe (Fig. 4c) but

display a significantly higher variance. Their nature down to a

depth of ~300 mm is tensile. A similar observation for g-Fe was

also reported by Ericsson et al. [17]. In a’-Fe phase, the stress

profile originates from quenching and from martensite phase

transformation hardening, the latter one depending strongly

on the C-content. It should be noted that the martensite start

temperature (Ms) as well as the yield stress are being attained

at different locations of the sample at different times during

quenching [15,17].

The specific stress gradient formed during quenching in

Fig. 4c can be interpreted by considering segments of the

hardening process and their corresponding sample depth

dependent transformation kinetics, described in detail in

[15,17].

The gradual change of the martensite start (and finish)

temperature as a function of the C-content furthermore af-

fects the quantity of retained g-Fe. Fig. 4d presents a quanti-

tative depth distribution of the retained g-Fe. Within the first

100 mm below the surface, a high g-Fe volume fraction of

~31.7% could be evaluated, which decreases gradually to the

magnitude of 2.8% within the core material at 800 mm and

below.

Fig. 4e and f shows the a’-Fe 112/211 reflection evolution for

Qqj in-plane and out-of-plane orientation, respectively, down

to the sample depth of 1000 mm. The intensities occurring at

both Qqj orientations were normalized frame per frame to the

individual maximal intensity of the reflection. The shift and

the broadening of the reflections at depths of ~(0e800) mm can

be correlated to the compressive residual stress increase and

to the unstressed lattice parameter increase, due to intersti-

tially soluted C. The maximum peak shift can be observed at

~580 mmdepth, which is the depth of the highest compressive

stress magnitude (Fig. 4c) and the CHDHV0.5 that was deter-

mined with a test load of 500 gf (Fig. 4a).

3.3. Case study III: shot-peened martensitic steel sample

The CSmicroXRD approachwas additionally applied to a shot-

peened martensitic steel. The microstructure, the hardness

profile and the distributions of the phases and residual

stresses of the shot-peened hardened and double-tempered

300M steel sample are presented in Fig. 5.

The darker appearance of the microstructure down to the

depth of ~20 mm in the Nital-etched cross-section (Fig. 5a) is

caused by the absence of retained g-Fe in this area. In the

same region, the shot peening treatment attained a strain

induced phase transformation from g-Fe to a’-Fe. The effect of

a strain-induced transformation of retained g-Fe into a’-Fe

during shot-peeningwas documented also by Ebenau et al. [8].

Their study reports that a shot-peening treatment of aus-

tempered nodular cast iron samples with high volume frac-

tions of up to ~19 and ~39% g-Fe resulted in a significant

reduction of the g-Fe content and a formation of a’-Fe at

depths down to ~300 mm.
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In Fig. 5, the microstructure changes gradually to the

tempered a’-Fe base material with increasing depth. In the

uninfluenced core, a g-Fe volume fraction of ~5% could be

evaluated (Fig. 5d), whereby Vicker’s hardness values

decrease simultaneously from ~694.5 ± 5 HV0.5 at ~50 mm to

~663 ± 10 HV0.5 at ~170 mm (Fig. 5a), which is the depth that

corresponds to the uninfluenced base material.

CSmicroXRD indicates the presence of a dominant

martensite matrix with a small volume fraction of g-Fe in the

unpeened base material (Fig. 5b). A quantitative g-Fe analysis

(Fig. 5d), revealed a steep g-Fe decrease at depths smaller than

~50 mmwhereas an amount of ~5% could be determined in the

unpeened material.

The decrease in the martensite’s FWHM values in the

deformed region for the a’-Fe 112/211 reflection is presented in

Fig. 5c and can be interpreted as follows: (i) due to themassive

plastic deformation induced by the shot-peening process,

grain orientations of the initially untextured material were

rearranged in order to form a <110>-fibre-texture within the

influenced regions (cf. Fig 5d and Fig. S12 in the supplementary

data) and (ii) the energy impact due to the shot-peening pro-

cess was high enough to increase the size of the coherently

scattering domains and to decrease micro-strains at depths

smaller than ~20 mm due to an annealing effect (cf. [6,7]).

The applied shot-peening treatment induced high

compressive (FEM) stresses of ~�1371 MPa at the depth of

20 mm (Fig. 5c) in a’-Fe. As a result, a pronounced peak shift of

the a’-Fe 211/112 doublet to higher and lower angles for in-

plane and out-of-plane Qqj orientations, respectively, can be

observed in Fig. 5e and f. The reversal in sign of the

compressive residual stresses occurs at a depth of ~105 mm. At

greater depths, negligible tensile stresses could be evaluated.

Due to the weak intensities of g-Fe phase D-S rings, the re-

sidual stress values in g-Fe exhibit high standard-deviations,

although the stress levels approach that of martensite

(Fig. 5c).

The cumulative results in Fig. 5 obtained from various

cross-sectional characterization techniques show remarkable

correlations. At a depth of ~20 mm, down to which the modi-

fied microstructure due to deformation-induced phase

transformation can be observed by OM (Fig. 5a), <110> fibre-

texture formation (Fig. 5d and supplementary data, Fig. S12),

an abrupt change in the FWHM evolution (Fig. 5c) and the

compressive residual stress peak (Fig. 5c) were observed.

Scholtes and V€ohringer [7] discussed the influence of shot-

peening and the peening parameters on the near-surface re-

gions they describe a strain-induced transformation of

retained g-Fe and the evolution of a <110> fibre texture. Re-

sults obtained by CSmicroXRD in the present work coincide

with these findings from hardened steels and document that

the shot-peening process results not only in a surface plasti-

fication and stress formation but also in remarkable changes

in the near-surface microstructure and the phase

composition.
4. Discussion

This study demonstrates the advantages of applying syn-

chrotron CSmicroXRD technique in conjunction with
conventional laboratory techniques (like OM, SEM, EDX and

micro-hardness profiling) to characterize gradients of residual

stresses, microstructures, crystallites morphology, composi-

tion and hardness in surface treated steels. The main aim of

the work is to show the possibilities of CSmicroXRD analysis

on three different sample types, without any additional

intention to carry out a further correlation between the sam-

ples and the results. The three samples were selected to test

the CSmicroXRD approach. Consequently, hereafter method-

ological aspects of the results are discussed followed by only a

few materials science related points.

In general, CSmicroXRD can be considered as an upscaling

of X-ray nanodiffraction conducted using sub-50 nm X-ray

beams usually on micro-lamellae of ~50 mm in thickness (in

the X-ray beam direction) and of crystallite size of several tens

of nanometers [19]. Due to the larger grain size of the steel

samples (even in the micrometer range) and the larger depth

of interest (in the millimeter range), it is reasonable to apply

scanning high-energy X-raymicrodiffraction (CSmicroXRD) to

obtain both sufficient diffraction statistics and satisfactory

depth resolution within relatively thick samples of several

millimeters. Additionally, in comparison with the results

presented in previous X-raymicrodiffraction studies e.g. in [3],

the present work indicates the possibility to evaluate not only

residual stress gradients but also gradients of crystallographic

texture, FWHM and crystalline phases from the 2D XRD data.

In this way, complex correlations between the microstructure

and stresses on one side and the applied process conditions as

well as the functional properties, like gradients of hardness,

on the other side can be deduced. It can be expected that the

relatively simple CSmicroXRD setup (Fig. 1) will be used in

future to routinely investigate surface-treated bulk samples

by high energy X-ray diffraction.

The comparison of the modelled and experimental stress

dependencies in Figs. 3e5 indicates reasonable differences up

to ~15% in nitrided and shot-peened samples (Figs. 3c and 5c),

due to the relatively small affected depths of the samples by

both processes. In the case of carburized sample, the (exper-

imental) stresses relaxed nearly by 50% in the cut sample

(Fig. 4c). As already mentioned, this is caused by the compa-

rable dimensions of the carburized sample depth of ~1 mm

and the sample thickness in the x direction of 2 mm. This

effect was studied and discussed in [18].

It is obvious, that absolute magnitudes of the residual

stresses (in Figs. 3c, 4c and 5c) obtained from the three

investigated specimens cannot be directly compared due to

the different alloying concepts and surface treatments of the

steel grades. It follows, that the use of particular X-ray elastic

constant ½ S2 ¼ (1 þ n)/E provide not absolute but just

approximate residual stress values. An experimental study of

Marion and Cohen [44] indicated, that individual X-ray elastic

constants should be individually, experimentally determined

in principle not only for different steel compositions but also

for different grain sizes, microstructures, deformations and

heat treatments. Consequently in the present case, X-ray

elastic constants should be determined for every sample

depth and the corresponding material composition and

microstructure. This has not been done in this work, thus,

resulting imprecisions were taken in account during the error

determination. Therefore, the residual stress data in Figs. 3c,
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4c and 5c are presented together with experimentally deter-

mined X-ray elastic strains.

The experimental results from the three different surface-

treated steel samples (Figs. 3e5) allows to draw conclusions

on the near-surface gradients and their correlations. However,

since the steel grades used for the individual experiments

differ one from another, it is not trivial or it could even be

impossible to draw significant correlations between the

experimental data fromFigs. 3e5. In the low-pressure plasma-

nitrided hot-work tool steel W300 (Fig. 3), a local occurrence of

g-Fe at depths greater than ~80 mm was detected by CSmi-

croXRD. On the one hand, the heat treatment introduced in

[21] indicates a full transformation from retained g-Fe to a’-Fe

during or after the three tempering cycles. Hence, the pres-

ence of g-Fe prior to the nitriding process can be excluded in

the present case. On the other hand, the FeeCeN phase dia-

gram indicates that the formation of g-Fe below 590 �C should

not be possible, as well as during the nitriding process at

510 �C in the present case. Jegou et al. [43] investigated the role

of C-diffusion and its impact on the development of residual

stresses in differently nitrided ferritic model alloy

Fee3Cre0.35C (wt.%) samples. A growth of the carbide parti-

cles ahead of the nitriding front but no a’-Fe-to g-Fe reversion

from was documented in their work. In contrast to the model

alloy used in [43], W300 contains a significant higher content

of ~1.1 wt.% Si [21]. Therefore, the origin of g-Fe in Fig. 3 is

assumed to be correlated with the segregation of g-Fe stabi-

lizing elements, probably C, at a’-Fe interlath boundaries in

combination with an increased Si-content during the 28 h

low-pressure plasma nitriding at 510 �C. Due to a higher defect

density in the (initial) martensitic microstructure of theW300,

the diffusivity of interstitial elements is expected to be higher

here compared to a ferrite. Additionally, it is worth

mentioning that standard laboratory XRD investigations could

easilymiss the presence of this reverted g-Fe phase as they are

performed at the surface of the sample in reflection geometry.

Based on the previous aspect, it should be noted, that the

origins of g-Fe formation in the plasma-nitrided W300 steel

grade (section 3.1, Fig. 3) and in the low-pressure carburized

case hardening steel 18CrNiMo7-6 (section 3.2, Fig. 4) are

assumed not to be the same. The gradual formation of retained

g-Fe in the carburized case-hardened steel can be attributed to

the elemental C-profile in Fig. 4d and can be understood by the

resulting time- and chemistry-dependent reception of the a’-

Fe temperature Ms. In contrast, in the nitrided sample both,

mainly interstitial C and substitutional Mn as well as Si, are

assumed to contribute to the localized occurrence and stabi-

lization of reverted g-Fe.

In the carburized sample, however, a discrepancy in the

macro-stress formation was observed for a’-Fe and g-Fe pha-

ses (Fig. 4c). This effect can be explained as follows: In contrast

to the nitrided and the shot-peened samples e which do not

exhibit a comparable discrepancy (cf. Fig. 3c and 5c) e the

carburized sample was tempered at 170 �C for ~90 min (sec-

tion 2.1). During this additional tempering cycle a’-Fe and g-Fe

phases were heated up and expanded. Taking in account a

surface carbon content of ~0.67 at.% (Fig. 4d and Fig. S10b),

linear thermal expansion coefficients for g-Fe and a’-Fe can be

estimated according to [45], as ~24.6 � 10�6 and

13.6 � 10�6 K�1, respectively. This means that the g-Fe would
expand almost twice as much as the a’-Fe matrix but as the

expansion is supressed by the (harder) matrix, g-Fe is

compressively stressed. Once the yield strength of (the softer)

g-Fe is exceeded, the g-Fe phase deforms plastically. Conse-

quently, tensile stresses occur in the g-Fe phase after the final

cooling of the material.
5. Summary and conclusions

This methodological study introduces correlative cross-

sectional micro-analytics based primarily on the application

of scanning high-energy synchrotron CSmicroXRD analysis of

phases, residual stresses and microstructure, performed in

combination with other conventional characterization tech-

nologies (like optical and electron microscopy, HV-analysis

and electron probe microanalysis). The approach was used

to reveal complex structure-property gradients in near-

surface regions of three model surface-treated steels. In the

technology of surface-treated steel products, the correlative

approach and the possibilities of CSmicroXRD will represent

an important tool to understand the complex correlations

between the applied surface treatment process parameters,

the fabricated near-surface gradients and the parts’ overall

mechanical properties.

This correlative approach was applied to three represen-

tativemodel sample systems. The particularmaterials science

findings of the CSmicroXRD, OM, SEM,micro-HV-profiling and

electron probe microanalyses are shortly summarized

hereafter.

The near-surface diffusion of N into the plasma-nitrided

W300 surface gives rise to a gradual distribution of nitrides

and morphological changes in martensite matrix within the

~80 mm thick diffusion zone (Fig. 3). A residual stress profile

with two local compressivemaxima of ~765 and ~841MPawas

elucidated and correlates well with the N and C distributions

as well as with the resulting width of the diffusion zone, the

local occurrence of g-Fe and the microstructural changes

(Fig. 3). The second residual stress maximum can be corre-

lated with the g-Fe occurrence at the front of the N-diffusion

zone.

The case hardening depth in a low-pressure carburized

18CrNiMo7-6 steel sample could be correlated with the

occurrence of a compressive residual stress peak of ~682 MPa

(Fig. 4). Again, the diffusion profile of C, obtained by wave-

length dispersive X-ray spectroscopy, is related to the gradual

change of the retained g-Fe volume fraction in the near-

surface region.

A massive plastic deformation induced by the shot-

peening in the near-surface region down to ~25 mm caused a

formation of a <110>-fibre texture within an initially untex-

tured quenched and tempered 300M steel (Fig. 5). Shot-

peening furthermore led to a localized significant decrease

in g-Fe caused by a plastic-strain induced transformation into

martensite as well as to the formation of high compressive

residual stresses with a stress maximum of ~1371 MPae25 mm

below the surface.

Finally, the work shows that CSmicroXRD in combination

with standard laboratory characterization techniques repre-

sent a powerful tool to determine complex structure-property
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correlations within the near-surface regions of mechanically

and thermo-chemically treated steels. Cross-sectional inves-

tigation of the near-surface regions is essential for the un-

derstanding of the complex chemical and physical processes

occurring in the steels during the surface treatments and can

subsequently be used to optimize the particular process

recipes.
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