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• Deformation induced phase transformation of the steel causes strong contrast.
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a b s t r a c t
Neutron dark-ﬁeld imaging (DFI) was used to investigate the microstructure of additive manufactured steels.
Several DFI methods were combined to assess the microstructure over more than two orders of magnitude in
size. Different degrees of porosity and other building features were found depending on the parameters of the
selective laser melting additive manufacturing process. A sample built with processing parameters yielding the
lowest porosity was deformed which induced a phase transformation of the austenitic phase (fcc) into the martensitic phase (bcc). In the deformed sample an increased dark-ﬁeld contrast was observed which can only be
explained by accounting for the fcc-bcc phase distribution and the magnetic properties of the martensitic
phase. We demonstrate that neutron dark-ﬁeld imaging is well suited to not only detect build ﬂaws like cracks
but quantitatively characterize the microstructure in additive manufactured steels.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

⁎ Corresponding authors.
E-mail addresses: michael.bacak@psi.ch (M. Bacak), markus.strobl@psi.ch (M. Strobl).

Neutron dark-ﬁeld imaging (DFI) is based on the spatially resolved
detection of small-angle neutron scattering induced by coherent scattering length density (SLD) variations in a material corresponding to
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its microstructural features [1–3]. The basic principle of neutron darkﬁeld imaging is to measure the local visibility loss in a laterally modulated beam that is caused by local small-angle scattering in a sample.
A visibility loss can be related to the redistribution of intensities in the
modulation according to a convolution with the small-angle scattering
function [1] and it can be shown that this implies that the visibility
loss dependent on the probed correlation length resembles a real
space correlation function of the scattering structure [4]. Thus, the
method can be understood as a spatially resolved small-angle neutron
scattering (SANS) technique as both methods provide structural information about the microstructure of a sample. A number of different instrumental implementations have been developed to probe dark-ﬁeld
contrast, typically with variations of characteristic probed size ranges
[2,5–17]. The initial and most widespread technique is the Talbot-Lau
interferometer for neutron imaging [1,18], where recent
implementations extend the range by using multiples of the ﬁrst fractional Talbot distance [6], or change the geometry towards symmetric
set-ups [10,11]. In the recent past also a non-interferometric technique,
notably an achromatic single-grating projection method has been introduced to study quantitative dark-ﬁeld contrast [8]. Different instruments provide different efﬁciency for respective ranges, and different
trade-offs between microstructural range and real space resolution.
Additive manufacturing (AM) is a novel manufacturing technique
quickly gaining ground in metal manufacturing due to a range of advantages over conventional subtractive manufacturing [19]. Selective laser
melting (SLM) is the most applied metal AM technique and can be
used to produce a wide range of alloys. In this layer-wise manufacturing
method the material is established simultaneously with the geometry of
a built part. This process does not only allow to realize complex geometries, not amenable in conventional production, but also to inﬂuence the
local microstructure that deﬁnes the macroscopic characteristics of the
material. However, SLM, and AM in general, are still technologically
challenging as residual stresses and defects arise from the complex
thermomechanical processes during manufacturing [20,21]. In the presence of porosity, the mechanical properties and fatigue performance of
components were shown to be seriously deteriorated [22–25]. Consequently, optimizing the manifold processing parameters [26–31] that
inﬂuence the formation of defects during building and ultimately the
mechanical properties, and potential post-processing [32] to e.g. relieve
stresses or improve the material density opens a large space for
investigations.
Here we apply a variety of DFI techniques to investigate the microstructure of additively manufactured 304 L steel samples, thus covering
an extensive range of microstructural sizes over more than two orders
of magnitude to characterize the porosity of as-built samples as well
as the change in microstructure induced by mechanical deformation.
2. Methods
In this work we use three set-ups from which two are Talbot-Lau
(TL) interferometers, namely a conventional set-up (cTL) utilizing the
ﬁrst fractional Talbot distance [1,18] and a symmetric interferometer
(sTL) [11]. Such interferometers employ three gratings (G) to create
1) spatial coherence (G0), 2) introduce a phase shift (G1) and 3) analyze
(G2) the resulting interference pattern, i.e. spatial beam modulation.
The source grating (G0) produces multiple beams with individual lateral
coherence sufﬁcient to generate interference according to the period of
G1. G1 induces a phase shift of the neutron beam and thus creates an intensity modulation corresponding to the periodic structure of the phase
grating at the Talbot distance. Typically, the spatial resolution of the detector is not sufﬁcient to directly resolve this intensity proﬁle of the TL
interferometer, where micrometer sized periods are used and thus an
analyzer grating (G2) is installed at the Talbot distance in front of the detector. For the conventional neutron TL set-up the inter-grating distance
L1 between G0 and G1 is much larger than the fractional Talbot distance
L2 between G1 and G2. For the symmetric TL interferometer L2 is equal to

L1 which offers the primary technical advantage that larger grating periods can be used for all gratings which relieves the difﬁculty of
manufacturing a ﬁne analyzer grating because of the larger G2 period
in the symmetric set-up. A schematic illustration of a Talbot-Lau interferometer is shown in Fig. 1a. In addition, we apply the novel noninterferometric single-grating (SG) non-interferometric single-grating
(SG) method [8]. It employs only a single attenuation grating in a pinhole collimated imaging instrument to achieve the spatial modulated
intensity proﬁle, comparable to those of interferometric methods, but
typically with larger period p, which is directly resolved by the detector.
A schematic illustration of the single-grating set-up is shown in Fig. 1b.
The SG set-up has several advantages compared to the cTL and sTL
methods, namely its very simple set-up, not requiring sophisticated
alignment in contrast to the TL interferometer. It is also completely achromatic and thus allows utilizing a wide neutron wavelength band. Its
large period however, implies short correlation lengths are probed
typically.
In neutron DFI the measured beam modulation I is


2π
I ¼ A þ B  sin
xg þ ϕ
ð1Þ
p
where (2π/p)xg is the phase of the open beam modulation at the transversal position of the grating xg. The ratio of the visibility with (V) and
without sample (V0), where the visibility is V = B/A, is deﬁned as the
dark-ﬁeld contrast (DFI) and can be described theoretically analogous
to spin-echo SANS [4] by
V=V 0 ¼ eΣt ðGðξÞ−1Þ

ð2Þ

with the sample thickness t, the projected real space correlation function of the microscopic sample structures Gξ and macroscopic scattering
cross section
Σ ¼ λ2 ðΔρÞ2 ϕð1−ϕÞχ

ð3Þ

where λ is the wavelength of the neutron, Δρ is the difference of the
scattering length densities of the different media, ϕ is the phase fraction
and χ is a measure of the characteristic size of the microstructure. While
the wavelength is a property of the incoming neutron, all other parameters are characteristic for the investigated material. Analytical models
for Gξ for typical microstructures and the mathematical formulation
for describing arbitrary structures are provided in literature [33].
The periodic beam modulation which corresponds to the Talbot selfimage of the grating (G1 for the cTL and sTL) is measured by performing
a grating scan where a grating is moved perpendicular to the beam in
several steps over one period of the grating. This enables the extraction
of all contrast parameters: the transmission A, the differential phase
parameter ϕ and the visibility V = B/A.
In general the correlation length ξ that can be assessed with any
given set-up is [4].
ξ ¼ λLS =p:

ð4Þ

Thus, a particular correlation length range can be probed by varying
either wavelength λ [2,34], the sample to G2 (detector distance) LS
[6,35–38], (depending on how the modulation is probed [1,2,8]) or
the period p [4] of the modulation, as well as combinations of these
[2,4,35]. Hence, the range that can be probed with a speciﬁc set-up depends on the accessible wavelengths and sample distances and the ability to change the period, which in rare cases is an option too. The sample
to G2/detector distance LS for the cTL is typically limited to a few centimeters and p is typically below 10 μm. Thus the cTL is suited mainly to
probe the micro-scale in a range of about 1–10 μm. With the sTL the
G1 to G2/detector distance can be extended and is typically up to a few
10s of cm allowing to move the sample between G1 and G2, thus,
accessing a much larger range of correlation lengths from around
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Fig. 1. Schematic illustration of neutron grating interferometer set-ups used in this work.

Fig. 2. Photos of the samples.

100 nm up to several μm, i.e. more than an order of magnitude. Lastly,
in the SG set-up the sample to detector distance can be scanned similarly to the situation in the sTL, but at typically larger modulation
periods p. Hence it can be used to probe the smallest correlation lengths
from around 10 nm up to a few 100 s of nm, again more than an order of
magnitude, with signiﬁcant overlap with the sTL. Limits are given by
the gratings, wavelengths and requirements on the spatial resolution,
which deteriorates with growing LS and larger p. In summary, the
combination of measurements with the three set-ups allows to cover
up to 3 orders of magnitude of structure sizes from about 10 nm up to
about 10 μm.
3. Measurements
3.1. Samples
Here we investigate a number of stainless steel samples produced in
a two-step process, via additive and subtractive techniques. Throughout
the building tasks gas atomized AISI304L powder1 with a particle size
between 15 and 45 μm was used. Firstly, a Sisma mysint 100 SLM machine was used to build test cubes with several different combinations
of process parameters; the porosity of the tests cubes was subsequently
investigated with Archimedes principle. The densest material was obtained using a laser power 175 W, a spot size of 55 μm, a scan speed of
1200 mm/s, hatching spacing of 75 μm, layer thickness of 30 μm and
the so-called “chess-board“scanning pattern (squares of 4 × 4 mm2)
for each layer was rotated 90° and shifted 1 mm in x and y with respect
1

FA146045 AISI 304 L Stainless Steel powder, from Goodfellow, UK

to the previous layer. Secondly, cylindrical specimen with different
build directions were manufactured, namely parallel, perpendicular
and 45° with respect to the cylinder axis as can be seen in Fig. 2a. Subsequently cylindrical dog bone specimen, with 6 mm minimum diameter, for loading studies were turned from the cylinders, and
correspondingly a number of samples were deformed under uniaxial
tension (max. 52% nominal strain). The most dense sample, i.e. with
the axial direction of the cylinders parallel to the building direction, exhibited a good combination of ductility and hardening which are
discussed in [39]. Our reference study aimed for mainly characterizing
the microscopic porosity of the as-produced samples and postdeformation over an extended size range probed by several DFI setups. The potential of DFI for engineering materials in detecting local
cracks, porosity and precipitation has been demonstrated earlier [13],
and ﬁrst attempts utilizing it in AM studies have been reported recently
[38,40,41].
3.2. Set-ups
The data was taken at two instruments with three different grating
set-ups for dark-ﬁeld contrast imaging in order to access correlation
lengths spanning nearly three orders of magnitude, namely from
around 10 nm to a few μm.
The conventional Talbot-Lau interferometer (cTL) and the single
grating set-up (SG) were employed at the cold neutron imaging instrument ICON [42] at the Paul Scherrer Institute. A 10 mm or 20 mm pinhole
were used for collimation leading to a collimation ratio L/D of 700 and
350 at the sample position about 7 m downstream for the SG and the
cTL set-up, respectively. The neutron wavelengths were chosen with a
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Table 1
Summary of the parameters for the different experiments. The wavelength resolution
for the sTL in TOF mode depends on the binning of the data and is given for the chosen
analysis conditions for the dark-ﬁeld images.
sTL

Continuous
(51 MHz)

Moderator
Beam line
λ mode (Δλ/λ)

D2 @ 25 K
ICON
λ selector (12%)

Pinhole
Detector

o20mm
CCD (Andor,
iKon-L)
100 mm Zeiss
35
200 μm 6LiZnS



Source type

Lens system
Pixel size (μm)
Conversion
material
Spatial resolution
(μm)
Field of view
Exposure time

70 [43]
64 × 64 mm2
3 × 1 min

SG

Pulsed
(125 ns FWHM @
20 Hz)
H2 @ 80 K
Asterix
time-of-ﬂight (10% @
4 Å)
20 × 20 mm2
MCP
–
55
10
B/Gd-doped
MCP glass
110
28 × 28 mm2
26 min (all TOF
slices)

cTL
sTL
SG

Continuous
(51 MHz)

ξ
(μm)

4
26
365

3–4.25
4–9
2.8–5.6

2
2, 5
2–25

1.5–2.1
0.3–1.7
0.015–0.38

64 × 64 mm2
3 × 2 min

A phase-stepping approach is used for probing the correlation
lengths ξ, which is done by scanning one grating along its transverse direction over its full period. At every ξ a set of 10 phase steps has been
recorded in order to obtain the sinusoidal intensity proﬁle according
to eq. (1) for each pixel. While the wavelength for the cTL and SG setups at ICON is deﬁned by the velocity selector, the measurements with
the sTL on the ASTERIX beamline were done in time-of-ﬂight mode recording 3000 time-step images for each phase step. In order to increase
the statistics in one image of the phase step 75 individual time-steps
were summed up and the corresponding wavelength was calculated
as the mean of all time slices which results in a wavelength resolution
of Δλ/λ= 10 at 4 Å. The whole data reduction and analysis process is

Table 2
Summary of the set-up parameters used in the measurements: period (p), height (h), duty
cycle (DC).

cTL
sTL
SG

LS
(cm)

o10mm
CCD (Andor,
iKon-L)
100 mm Zeiss
35
20 μm 157Gd
-enriched Gadox
70 [43]

3.3. Data acquisition and reduction

G1

λ
(Å)

D2 @ 25 K
ICON
λ selector (12%)

velocity selector with a resolution of Δλ/λ= 12% (FWHM) placed
between G0 and G1 or close to the pinhole for the cTL and SG set-up
respectively.
A symmetric TL grating set-up was installed at the ASTERIX instrument [44] at the short-pulsed spallation neutron source at the Los
Alamos Neutron Science Center (LANSCE) at Los Alamos National Laboratory (LANL). Asterix is designed as a cold neutron time-of-ﬂight reﬂectometer viewing a liquid hydrogen moderator at 80 K. The lower
cut-off wavelength is 4 Å, due to a beryllium ﬁlter installed upstream
in the beamline. The symmetric TL interferometer was thus used in
time-of-ﬂight mode employing a time resolved neutron imaging detector consisting of a gadolinium and boron doped microchannel plate
(MCP) coupled to a Timepix readout [45].
The details of the set-up parameters and the employed gratings as
well as the geometrical distances are summarized in Tables 1 and 2
respectively.

G0

p(2)
(μm)



cTL

Table 3
Comparison of the achievable correlation length ranges for the different set-ups.

G2

L1

L2

p
(μm)

h
(μm)

DC

p
(μm)

h
(μm)

DC

p
(μm)

h
(μm)

DC

(cm)

(cm)

1120
26
365

20
16
20

0.4
0.26
0.4

7.97
25
–

37
43.28
–

0.5
0.5
–

4
26
–

8
16
–

0.5
0.37
–

523
44.64
–

1.94
44.64
30

Fig. 3. Schematic illustration of the correlation length regimes depending on the used
method.

based on in-house software [46] which enables the application of common neutron grating interferometer data reduction algorithms [47] to
large datasets.
The largest correlation lengths in the order of a few micrometers have
been measured with the conventional Talbot-Lau interferometer while
data in the correlation length range from 10 to some 100 nm were
taken with the SG method. The complementary range from a few
100 nm up to 1 μm is probed by the sTL set-up. The accessible correlation
lengths for each set-up at the given instruments have been calculated according to eq. (4) and are summarized together with the set-up speciﬁc
parameters in Table 3 and depicted in Fig. 3. The achieved open beam visibilities, which depend on the wavelength for the TL set-ups, are summarized in Table 4. The visibilities strongly depend on the utilized gratings
and measurement strategies as well as on their wavelength dependence
in case of the TL set-ups, as is best seen in the case of the sTL, where the
available gratings are optimized for 4 Å [48], however, the wavelength
range of the instrument only starts at 4 Å.
This results in several restrictions to this exploratory study, which
limit the probed correlation length ranges and prohibit continuously
probed and overlapping length ranges. Firstly, not all samples could be
probed with all set-ups. Secondly, they are related to the wavelength

Table 4
Summary of the achieved visibility for the open beam measurements. The sTL visibility
decreases further for wavelengths above 5.26 Å.
cTL

sTL

SG

λ (Å)

V

λ (Å)

V

λ (Å)

V

2.80
3.00
3.25
3.50
3.75
4.00
4.25
4.50

0.08
0.10
0.11
0.13
0.14
0.14
0.14
0.13

4.00
4.20
4.39
4.55
4.74
5.26
⋮

0.42
0.39
0.34
0.30
0.23
0.11
⋮

2.8
3.5
5.6

0.14
0.15
0.15
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Fig. 4. Dark-ﬁeld response of two samples obtained with different combinations of wavelength and sample-to-detector distance with the SG set-up. The correlation length regimes from
the measurements with different wavelengths overlap but do not exhibit agreement for the largest probed wavelength of 5.6 Å. While the data taken with 2.8 Å (blue) and 3.5 Å (red)
overlap for one sample (a) the dark-ﬁeld response of the other sample (b) starts to deviate at 0.1 indicating the beginning of a systematic saturation effect. The black circled points are
used for modeling and ﬁtting, the other points are excluded from further analysis due to the saturated signal. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

dependence of speciﬁc set-ups and lastly to measurement effects such
as signal saturation. Fig. 3 displays the contrast of straight forward calculation of correlation length ranges according to eq. (4), and actually
successfully probed ranges. The limitation outlined above concerning
the sTL in TOF leads to isolated islands in the sTL range that were
probed. In case of the single grating the effect of signal saturation is
the primary limitation, as illustrated by Fig. 4.
Regarding the DFI contrast of two individual samples probed with
certain combinations of wavelength and sample to detector distance
corresponding to an overlap in probed correlation lengths, obtained
with the SG set-up and depicted in Fig. 4, it is observed that in particular
for longer wavelengths, data at larger length scales start deviating signiﬁcantly from the behavior suggested by lower wavelength measurements. It can be seen that, for example, the measurements with 5.6 Å
do not produce data compatible with the obtained data from the measurements at 2.8 Å and 3.5 Å, but yield values systematically higher.
The reason for this is simply the scattering strength scaling with the
square of the wavelength, see eq. (3), and larger wavelengths tend to

saturate the modulation signal through extinguishing the modulation
signal below statistical noise of the measurement. Automated analyses,
however, would still return a modulation amplitude, which leads to arbitrary dark-ﬁeld values. Thus, care is required in assessing such data,
which is in particular illustrated by the data at 3.5 Å in Fig. 4b. Without
careful consideration of such data, it would suggest a saturation of the
measured curve hinting for a speciﬁc maximum structure size. In this
case it is remarkable, that the 2.8 Å curve, thus probes longer correlation
lengths correctly, than the longer wavelengths can provide, as is also indicated in Fig. 3. 5.6 Å data from the single grating had to be disregarded
in general for these samples. The data points not used for ﬁtting are
discarded and not shown in the further analysis.
4. Results and discussion
Fig. 5a shows a representative dark-ﬁeld contrast image of the measured samples, that are presented here, for a probed correlation length
value ξ= 1.63 μm imaged with the cTL set-up at ICON. The samples

Fig. 5. (a) Dark-ﬁeld images of the different samples at ξ= 1.63 μm with the cTL set-up. While we show data from the cTL measurement at ICON, similar DFI images are available also from
the other two setups discussed here but it shall be mentioned that the structures are only visible in their respective characteristic size range (compare with b). (b) Measured data (points)
and theoretical models (lines) assuming spherical pores for samples with different building directions: parallel, perpendicular and 45° with respect to the dog bone axis. Error bars overlap
with the marker size.
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Table 5
Parameters of the ﬁts to the data using a diluted sphere model. R corresponds to the radius
of the spheres while ϕ is the volume fraction of the spheres in the samples.
Sample

(Δρ)2ϕ (⋅10−14Å4)

ϕ (%)

R (μm)

Parallel
45°
Perpendicular
Perpendicular BF

3.49
9.61
9.44
16.89

0.070
0.192
0.189
0.334

1.53
1.11
0.96
0.87

are numbered in this ﬁgure, to provide identiﬁcation of the individual
samples throughout the manuscript. This image highlights, that speciﬁc
regions of the samples where large inhomogeneities like pores and
cracks impact the sample quality severely, can be identiﬁed straightforwardly, without further quantitative analyses and correlation length
scan. Faulty process conditions during additive manufacturing of these
samples by SLM have led to zones of very low quality in some of the
samples, which are characterized by the horizontal (sample 2, 3, and 7)
or 45° inclined (sample 8) dark band structure due to very strong scattering from build failures (BF). Correspondingly it can also be seen that
sample 8 was built with the build direction under 45° to the cylinder
axis, while samples 2, 3 and 7 were built perpendicular to the cylinder
axis. The samples not affected by such severe build artefacts are samples 1, 4 and 5, which were built up parallel to the cylinder axis. The
regions of interest of three representative samples, for which curves
and detailed analysis will be presented, are highlighted with colored
parallelograms. The colors correspond to the graphs shown in Fig. 5a.
Furthermore, sample 4, 5, 6, 7 and 8 have undergone tensile loading.
While sample 5 exhibits a clearly stronger contrast in the middle of
the sample region compared to sample 1, which will be discussed
later, the samples 4, 6, 7 and 8 show cracks or failed prematurely, i.e.
at signiﬁcantly lower strains than what sample 5 could reach. As
these samples display severe build failures, as can be seen from the
image, they failed at relatively low stress in such regions. For regions
remote from the fractures, no deformation is evident and it can be assumed, that the microstructure was not impacted by the applied load,
i.e. they only underwent elastic loading, and thus the corresponding
regions of interest for those samples represent as-built microstructures. In Fig. 5b the dark-ﬁeld response of the three different types of
samples as a function of the correlation length ξ is shown together
with theoretical models (lines). The theoretical models correspond to
ln ðDFIÞ=λ2 ¼ ðΔρÞ2 ϕðGðξÞ−1Þχ

ð5Þ

with Δρ = SLDfcc − SLDair ≈ 7.2 ⋅ 10−6 Å−2 calculated as a composition
weighted average.2 Assuming that the microstructure causing the DFI
contrast is due to the porosity of the samples, the projected real space
correlation function Gξ can be assumed to be well described by dilute
hard spheres analytically given by [33].
"

2 #1=2 "
 2 #
1 ξ
1þ
2 2R
0
1
 2 
2
ξ
ξ
ξ=R
B
C
1−
ln @
þ2
h
i A
2R
4R
2 1=2
2 þ 4−ðξ=RÞ

GðξÞ ¼ 1−



ξ
2R

GðξÞ ¼

 Hþ1=2
2
ξ
K Hþ1=2 ðξ=aÞ
ΓðH þ 1=2Þ 2a

ð8Þ

and
χ ¼ 2π1=2 a
ð6Þ

with the characteristic size being expressed as
χ ¼ 3=2R

of signiﬁcant ranges. The pore sizes are largely compatible in the neighborhood of 1 μm. However, pore density clearly deviates and ranges
from 0.07% in the case of parallel building direction, while being
0.192% and 0.188% for the 45° and perpendicular building directions, respectively, corresponding to grey scale in Fig. 5a. A region with build
failures (BF) is also ﬁtted with the same model and given as a reference
but its contrast originates most likely not only from spherical pores.
To conﬁrm the hypothesis that the contrast originates from spherical
pores the samples have been investigated with scanning electron microscopy (SEM) and example images for the parallel and perpendicular
building directions are shown in Fig. 6 respectively. The undeformed
samples were cut radially and far away from the base plate to observe
potential pores in the same direction as the neutron beam. Spherical
pores were observed throughout the sample with a low density thus
the assumption of a distribution of diluted spheres is justiﬁed.
Furthermore, comparing the two SEM images one can observe that
the perpendicular sample exhibits a higher pore concentration which
directly relates to a larger volume fraction ϕ and thus explains the stronger DFI contrast. From the analysis (10 images per sample) of the pores
in the SEM images we obtain similar ratios of the volume fractions for
different building directions, namely ϕparallel/ϕ45∘= 0.34 and ϕperpendicular/ϕ45∘= 0.84, which is in reasonable agreement with the values
obtained from the DFI analysis.
With the building direction parallel to the axis of the dog bone the
smallest porosity is obtained. The sample with parallel building direction exhibited very high ductility, i.e. could sustain 52% nominal strain
without failure but exhibiting necking to 6 mm minimum diameter,
and enhanced deformation-induced phase transformation [39]. A
strong increase in the DFI contrast was observed after the deformation
which is shown in Fig. 7.
It is well known that under tensile loading the austenitic stainless
steels with face-centered cubic (fcc) crystal structure can transform
into different phases, the body-centered cubic (bcc) or the hexagonal
close-packed (hcp), depending on the stacking fault energy [49]. In
the case of the 304 L stainless steel the austenitic (fcc) phase transforms
mainly into the martensitic (bcc) phase which strongly increases the
DFI contrast compared to the as-built sample where the contrast originates from pores. From Fig. 7 it can be seen that the contrast in the deformed sample is much stronger in magnitude and tends towards a
smaller characteristic size, i.e. the curve starts to bend earlier compared
to the as-built sample, which indicates the contrast cannot be caused by
pores. Thus, neglecting the contrast induced by the pores and assuming
that in the deformed sample only those two phases (austenite and martensite) coexist, such a system can be assumed to be well described by
the random two phase media model [33].

ð7Þ

where R is the radius of the spheres. The parameters of the ﬁts are summarized in Table 5. The data exhibits gaps in the correlation length
range because not all samples could be measured with all set-ups for
practical reasons and because of saturation effects disqualifying data
2
calculated with the scattering length density calculator https://www.ncnr.nist.gov/
resources/activation/ for 18% wt Cr // 10%wt Ni // Fe with a mass density of 8 g/cm3

ΓðH þ 1=2Þ
ΓðH Þ

ð9Þ

with the Hurst exponent H, the scaling parameter a, the gamma function Γ and the modiﬁed Bessel function of the second kind K. While
the characteristic size parameter and the Hurst exponent mainly describe the shape, the scattering intensity is given by the macroscopic
scattering cross-section Σ from eq. (3) containing the scattering length
density difference of the two media. Taking into account that the martensitic phase is ferromagnetic while the austenitic phase is paramagnetic, it can be assumed that the increase in DFI contrast is due to the
difference of the magnetic and nuclear scattering length density of the
two phases. The difference in the nuclear scattering length density originates from the different mass densities of the lattices which can be calculated knowing the lattice parameters and type of lattice. The lattice
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Fig. 6. SEM image of the sample with parallel and perpendicular building direction. The yellow circles mark the detected pores which have been identiﬁed by using a combination of
laplacian and gaussian ﬁlters and the blob_log blob detection algorithm of skimage. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

parameter, obtained from diffraction measurements of these samples,
for the austenitic phase is 3.5875 Å and is comprised of 4 atoms per unit
cell, while the lattice parameter of the martensitic phase is 2.8747 Å and
containing only 2 atoms per unit cell. With this, the difference in the volume per atom directly translates into the change in scattering length
density
!
2:87473 =2
fcc
bcc
Δρnuc ¼ SLDnuc −SLDnuc ¼ 1−
 SLDfcc
nuc ≈ 0:029
3:58753 =4
−2

−7
Å
 SLDfcc
nuc ≈ 2:1  10

:

ð10Þ

The difference in the nuclear scattering length density is not sufﬁcient to explain the strong contrast. Only accounting for the magnetic
scattering length density difference
−2

bcc
−6
Δρmag ¼ SLDfcc
Å
mag −SLDmag ≈ 3:79  10

ð11Þ

which is about an order of magnitude larger than the nuclear component, we are able to model the data based on eq. (1) with good agreement as can be seen in Fig. 7. The magnetic scattering length density is
calculated from the magnetization in the martensitic phase (bcc) taken

from measurements of the speciﬁc saturation magnetization of 304
steel samples found in literature [50] where the change of the speciﬁc
saturation magnetization of such samples was investigated as a function
of the martensitic phase fraction induced by deformation. The speciﬁc
saturation magnetization msat of ferromagnetic iron is 222 emu/g [51],
that of nickel in an iron matrix is 133 emu/g and that of chromium from
−75.2 emu/g to 0 emu/g [51] and the speciﬁc magnetization reported
for samples with an average martensitic phase fraction of 81.7% was
130.2 emu/g [50]. Thus the speciﬁc magnetization of chromium in the
iron matrix can be calculated and knowing the elemental composition
of the steel, the magnetic moments μa per atom and species are given by
μa ¼

msat M
NA

ð12Þ

with the the molar mass M and the Avogadro constant NA. From the
magnetic moments μa the magnetic scattering lengths bm can be calculated according to [52].
bm ½fm ≈ 2:7

μa
:
μB

ð13Þ

Thus the scattering length density can be determined as a composition weighted average. Furthermore, in the modeling we assumed as a
ﬁrst approximation the same characteristic microstructure size for the
nuclear and the magnetic component, meaning the martensitic phase
is assumed to not be subdivided into individual domains on the probed
length scale thus the model applied to the data is given by
ln V=V 0 =λ2 ¼ Δρnuc þ Δρmag 2 ϕ1−ϕGξ−1χ

ð14Þ

using G(ξ) from eq. (8). This model results in a good agreement with the
measured data. Thus from the ﬁtted curves [Δρ2ϕ(1 − ϕ)]ﬁt = 3.9 ⋅ 10−12Å−4 the phase fractions can be obtained solving the quadratic equation
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
ð15Þ
ϕ1;2 ¼ 0:5  0:25−½Δρ2 ϕð1−ϕÞfit = Δρnuc þ Δρmag

Fig. 7. Measured data (points) and theoretical models (lines) assuming spherical pores or
a random two phase medium model for the as-built and deformed sample respectively.

resulting in phase fractions of 57% and 43% but the phase fractions cannot be attributed to a speciﬁc phase. Moreover, it shall be noted that the
determination of the phase fractions from DFI measurements exhibits a
high error susceptibility for phase ratios (ϕ1/ϕ2) close to 1. This is due to
the behavior of eq. (15) when [Δρ2ϕ(1 − ϕ)]ﬁt/(Δρnuc + Δρmag)2 is
close to 0.25 which is exactly the case when the phase ratio is 1.
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Fig. 8. (a) Bragg edges in the attenuation spectra of the as-built and deformed sample (points) together with the theoretical curves with (dashed) and without (solid) gaussian broadening
(σ= 0.03 Å) corresponding to a linear combination of a 45%/55% austenite/martensite mixture. (b) Phase map of the deformed dog bone obtained by electron backscatter diffraction. The
austenitic phase (red) has partially transformed into the martensitic phase (green). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

From the time-of-ﬂight data of the ASTERIX measurement, the attenuation spectra can be obtained and the wavelength dependent attenuation coefﬁcient can be deduced knowing the thickness of the sample, as
shown in Fig. 8a. Typically, in such attenuation spectra Bragg peaks are
observed at wavelengths for which the Bragg equation is fulﬁlled for
a Bragg angle of 90 degrees. In the as-built sample the Bragg edge at
4.15 Å, corresponding to the 111 family of lattice planes, is characteristic for its γ-austenitic (fcc) lattice while in the deformed sample the edge appears to be broader and shifted to smaller
wavelengths. Both can be explained when considering that the deformed sample is a mixture of two different lattices, its original γaustenitic (fcc) lattice which is partially transformed into the α′martensitic (bcc) lattice. The pure martensitic lattice exhibits a
Bragg edge at 4.05 Å, corresponding to the 110 family of lattice
planes, which is too close to the 4.15 Å edge of the austenitic lattice
to be resolved individually in the measured data. Thus, a good
agreement of the data and theoretical models for a mixture of 45%
γ-austenite and 55% α′-martensite is obtained and depicted in
Fig. 8a. These spectra have been calculated accounting also for the
alloying elements of 304 L and the available wavelength resolution.
For the deformed sample an electron backscatter diffraction
(EBSD) measurement was performed and the phase map for a localized region of the sample is shown in Fig. 8b. The EBSD yields phase
fractions of 60% austenite and 40% martensite. Furthermore, texture
and phase fractions of samples were characterized on the HIPPO
neutron time of ﬂight diffractometer at LANSCE [53] yielding 53%
austenite and 47% martensite. The diffraction data was analyzed
using the Rietveld method for 135 diffraction histograms collected
for three sample rotations of 0, 67.5, and 90 degrees around the vertical axis following procedures described in [54].

Table 6
Summary of the obtained austenite-martensite phase fractions determined with different
methods. Note that for the DFI the phase fractions cannot be attributed to a speciﬁc phase.
Method

ϕAustenite/ϕMartensite

ϕ1/ϕ2

DFI
EBSD
Diffraction
Bragg edge

–
60/40
53/47
45/55

43/57 = 0.75
0.67
0.89
0.81

The phase fractions obtained with all the different measurements
are summarized in Table 6 and show a reasonable agreement with the
Bragg edge method exhibiting the largest deviation from the other measurements. Potential explanations for the differences between the measurements could be due to systematic effects in the used methods:
(i) only a local fraction of the sample is probed with EBSD which
might not be representative for the bulk material, and martensite also
appears in thin plates which cannot be indexed by EBSD at low magniﬁcation and/or large step size [39]; (ii) the neutron ﬂux for the Bragg
edge data in the wavelength region of interest, i.e. around 4 Å is relatively low due to the presence of a beryllium ﬁlter installed at the
Asterix beam line, potentially leading to insufﬁcient statistics, and the
texture (measured with diffraction) of the samples can introduce a
bias in the Bragg edge analysis; (iii) for phase fraction ratios close to 1
the DFI method has an intrinsically high error susceptibility.

5. Conclusion
We presented a study of additively manufactured austenitic 304 L
steel samples employing three different neutron DFI set-ups. We demonstrated successful retrieval of bulk microstructural features from immediate identiﬁcation of severe build failures to quantitative analyses of
respective porosities and ﬁnally phase composition after partial martensitic transformation upon deformation. We demonstrated the combination of correlation function data from different scans and
instruments and discussed obstacles that have been met and their implications for such kinds of measurements in general. While assessing
data on several length scales over more than two orders of magnitude
continuously probed functions could not be achieved, but invalid data
could be identiﬁed and ﬁts be performed over the complete range of
length scales. It has been demonstrated, that saturation of the DFI dynamic range can lead to signiﬁcant misinterpretation and how longer
wavelengths are prone to such effect. In addition, we found, that the
martensitic α′-bcc phase formed exhibits a very strong scattering contrast with respect to the parent austenitic phase and that this is mainly
due to the magnetic order of the martensitic phase. This, however, also
entails, that pore analyses of a steel with mixed austenitic and martensitic phase is obscured and thus some information on the microstructure
is a precondition for correct data interpretation. On the other hand, the
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magnetic contrast (phases) and the nuclear contrast (voids and phases)
can be distinguished using polarized neutrons, thus making DFI a valuable tool for quantitative phase microstructure analyses particularly relevant to additive manufacturing processes.
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