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ABSTRACT  
Layer-wise laser-based additive manufacturing techniques offer immense versatility and flexibility in 
fabricating metallic composites with complex shapes. Interest in producing new multi-materials with 
advanced characteristics outpaces the available methods that provide insights into the bulk material 
formation, which in turn enables process and material optimisation. While some advanced operando 
studies enable highly local observations in the established metallic layers, the effect of intrinsic heat 
treatment inherent in the process in the bulk of the material is generally beyond reach of operando 
characterisation. Here, we approach the regime through advanced operando neutron imaging 
utilising a custom-designed laser powder bed fusion device on a neutron beamline. Operando 
polarisation contrast neutron imaging experiments were carried out during building centimetre- 
sized specimens with different powder premixture compositions of 316L and CuCrZr. The results 
of these full-field spatially resolved measurements reveal the quantitative evolution of 
ferromagnetic phases and temperature throughout the specimens and processing time.
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1. Introduction

Laser powder bed fusion (PBF-LB) is a bottom-up, layer- 
by-layer additive manufacturing (AM) technique most 
commonly used to produce metallic parts with 
complex geometries and intricate designs. The process 
can deliver optimised geometries and, therefore, light
weight parts that conventional manufacturing tech
niques would hardly produce. Furthermore, the 
process offers tailorable physical and mechanical prop
erties according to the end use of the parts. The 
desired properties are achieved by careful control over 
numerous variables inherent in the process, such as 
printing parameters, build geometries, and physical 
and chemical properties of the feedstock materials. 
The flexibility of designing the feedstock materials, i.e. 
combining alloys (multi-materials) to fabricate metallic 
composites with enhanced properties, has received 
extensive attention in the past decade [1, 2].

Among the multi-materials that can be produced via 
PBF-LB techniques, combinations of stainless steels (SS) 
with Cu or Cu alloys have been some of the most 

widely studied. The aim is to produce parts that simul
taneously inherit the excellent mechanical properties 
and corrosion resistance of SS and the remarkable elec
trical and thermal conductivity of Cu. Several studies 
attempted to combine SS and Cu through the PBF-LB 
process by building one material on top or alongside 
the other [3–6]. The interfacial microstructure and mech
anical properties have been extensively characterised. 
Liquation cracks were reportedly found at the interface, 
because in the fusion zone, SS solidifies first while Cu, 
having lower melting temperature, segregates and 
forms a fine network of liquid Cu between the SS cells 
[7, 8]. Upon further cooling, solidification shrinkage com
bined with residual stress accumulation, which cannot 
be compensated by the Cu liquid, results in material sep
aration and crack propagation, adversely affecting the 
mechanical properties.

Other studies used the PBF-LB technique to produce 
Fe-Cu alloys from their mixed elemental powders [9, 
10]. Mixtures of 10, 20, and 50 wt.% Cu in Fe were 
reported to yield stronger built parts under compression 
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than the individual components. However, the presence 
of liquation cracks compromises their ability to withstand 
tensile loads. Correspondingly, Wen et al. [11] used a com
positional gradient approach to find the optimum 316L 
and Cu10Sn powder combination for crack-free and 
high tensile strength builds. Cracks and pores were 
observed to be present in the parts with Cu10Sn of ≤  
40 wt.% due to restricted liquid feeding in the interden
dritic regions. Reliable tensile tests on reasonably dense 
and crack-free builds revealed superior yield and ultimate 
tensile strengths of parts with 50–80 wt.% Cu10Sn. Fur
thermore, their detailed microstructural characterisations 
coupled with phase field simulations also unveiled the 
multiple phase transformations occurring during rapid 
solidification, which led to the formation of γ-Fe, ε-Cu, 
and α-Fe in the final microstructures.

α-Fe has a body-centered cubic (BCC) crystal struc
ture and is ferromagnetic. The presence of α-Fe in the 
as-built microstructure of bimetallic 316L and Cu-alloy 
has been commonly observed [11–13]. Wen et al. [11] 
suggested that precipitation hardening, facilitated by 
dislocation looping around the α-Fe particles, contrib
utes to composite strengthening. However, the 
volume fraction and spatial distribution of this phase 
have not been investigated. Additionally, owing to 
the vital role of the α-Fe in enhancing the mechanical 
properties of the composite, it is highly desirable to 
gain insight into the conditions assisting the formation 
and growth of this phase in the bulk during the 
process. This knowledge would enable the potential 
to control the α-Fe volume fraction and distribution 
locally according to the desired physical and mechan
ical properties in either mixtures or at the interface of 
the two materials.

Despite the advancements in multi-material additive 
manufacturing (AM), there remains a significant gap in 
understanding the microstructural evolution and phase 
distributions during the fabrication process. Current 
phase mapping techniques, such as electron backscatter 
diffraction (EBSD) [14, 15] and optical microscopy with 
chemical etching [16, 17], have notable limitations. 
One primary limitation is their destructiveness, which 
prevents real-time measurements during the manufac
turing process and restricts analysis to pre-prepared 
specimens. Additionally, these methods often provide 
localised analysis. Non-destructive evaluation tech
niques, particularly those utilising synchrotron X-ray 
sources, offer some advantages but are often confined 
to surface regions or relatively thin geometries [18, 19]. 
The limitation arises from the high photon absorption 
in metallic specimens, which can lead to full beam 
attenuation within a few millimetres or less depending 
on the X-ray energy used and the material being 

investigated. In contrast, the superior penetration capa
bilities of neutrons allow for non-destructive characteris
ation of bulk metallic materials with thickness up to 
centimetres [20–22], i.e. the representative bulk 
volume of PBF-LB-built components.

To facilitate non-destructive data acquisition during 
the PBF-LB process, a downsized PBF-LB device (n- 
SLM) was developed within the Applied Materials 
Group at the Paul Scherrer Institute supporting 
various neutron characterisation techniques, i.e. 
neutron diffraction [23, 24], wavelength-resolved diffr
action contrast neutron imaging [25–27], polarisation 
contrast neutron imaging (PNI) [28, 29], and conven
tional radiography [30]. Amongst these techniques, 
PNI offers sufficiently high spatial and temporal resol
ution capable of following phase changes that occur 
during the PBF-LB process. The technique exploits the 
high sensitivity of the magnetic moments of neutrons 
and, thus, is sensitive down to sub-percent fractions 
of ferromagnetic phases that are present in the stain
less steel and Cu alloy composite. In addition to 
depolarisation, the concurrently probed attenuation, 
which is sensitive to temperature due to the contri
bution of the inelastic scattering cross section [31, 
32], can also be resolved spatially.

This study emphasises the importance of neutron 
imaging, in particular PNI, in the context of multi- 
material AM, specifically for monitoring the evolution 
of phase distributions and thermal profiles while pro
cessing 316L and CuCrZr premixtures using the n-SLM 
device. This allows correlating temperature conditions 
with the formation of the ferromagnetic phase. 
CuCrZr is a precipitation-hardened alloy with good 
mechanical properties and high thermal conductivity 
[33–35], and was chosen due to its minor amount (< 
1 wt.%) of alloying elements. Premixtures were 
studied systematically to create investigations in well- 
controlled chemistries instead of a random concen
tration of, for instance, an interface. The premixtures 
used are 40, 50, and 60 wt.% of CuCrZr in 316L due 
to the fact that the as-built microstructures of such mix
tures exhibit a transition between relatively low to high 
quantities of α-Fe according to Ref. [11] at concen
trations below and above 50 wt.%, respectively. A sub
sequent PNI tomography resolves the 3-dimensional α- 
Fe distribution in the built specimens. Subsequent 
postmortem microstructure and magnetisation ana
lyses were carried out to complement the operando 
analysis. The findings not only enhance the under
standing of microstructural evolution but also contrib
ute to optimising the processing parameters for 
improved and potentially locally tailored material prop
erties in multi-material AM applications.

2 S. SUMARLI ET AL.



2. Measurements

2.1. N-SLM setup

The downsized PBF-LB device (n-SLM) has the basic 
functionalities of PBF-LB machines available on the 
market and was adjusted and optimised for installation 
and alignment in neutron imaging and engineering 
diffraction instruments, in particular those at the Swiss 
Spallation Neutron Source (SINQ). The main configur
ations of the device are shown in Figure 1, and the num
bered components are described in detail in the 
Methods section. The n-SLM functions like a conven
tional PBF-LB additive manufacturing machine; First, 
the build plate is lowered by a desired layer thickness, 
and subsequently, the powder deposition system 
moves back and forth to spread a new thin layer of 
powder on top. Finally, a focused high-power laser 
beam selectively melts and fuses the powder according 
to a predefined geometry. This series of steps is repeated 
multiple times until the desired 3D structure is attained. 
The experiment was conducted at the BOA beamline 
[36] of the PSI. Figure 2 shows pictures of the experimen
tal setup detailing some of the components utilised. 
Neutron images are acquired continuously throughout 
the PBF-LB process. The start of a print and the 
acquisition are synchronised but subsequently run 
independently.

2.2. Operando neutron imaging

The scanning unit was adjusted such that the resulting 
spot diameter at 1/e2 was 55 µm, and the laser source 
was set in continuous-wave operation mode. Sup
plementary Figure 2 shows the parallelepiped speci
mens that were built for each composition on the 
Ø20 mm 316L build plate setting layer thicknesses of 
30 µm, a hatch distance of 85 µm, and a target dimen
sion of 10 × 10 × 15 mm3 (x-TD2, z-TD1, y-BD). The laser 
was operated at 165–195 W, depending on the weight 
percent of the CuCrZr powder, with a scanning speed 
of 425 mm/s and a scanning strategy of bidirectional 
90° interlayer rotation. The laser power increases by 
15 W with each 10 wt.% CuCrZr increase in the 
CuCrZr content. The different input energies were 
used as CuCrZr has lower absorptivity compared to 
316L [37] and have been evaluated in advance 
through offline test printing. The surrounding tempera
ture and atmospheric conditions were not actively con
trolled and can be assumed to have largely remained 
at ambient levels throughout the experiment. 
However, an inert atmosphere was maintained with a 
continuous flow of high-purity Ar to prevent oxidation 

and ensure uniform environmental conditions across all 
specimens.

The neutron images, including the open beam, 
were alternately recorded for spin-up and spin-down 
configurations and corrected by dark-current back
ground measurements. During the operando exper
iment, images were acquired with an exposure time 
of 10 s and data recording of 5 s for each spin 
state. This exposure time allows to follow the layer- 
wise printing of two steps, which takes around 15 s 
per layer. After printing was finished, the powder sur
rounding the specimen was removed, and a tomo
graphic scan over 360° with a rotation step of 1° 
was performed with the entire machine still in 
place, using the specially designed rotation stage of 
the n-SLM. The exposure time used was 50–80 s per 
spin, i.e. 100–160 s per projection. It is noted that 
the time variations are due to neutron source 
instabilities.

The distribution of low ferromagnetic phase fractions 
in the bulk of a material can be analysed by spatially 
resolved detection of the depolarisation of an initially 
polarised collimated incident neutron beam after trans
mitting through the material [38, 39]. Despite having 
exceptional sensitivity down to 2 × 10−2 vol.%, the tech
nique is, however, unable to distinguish different phases 
exhibiting ferromagnetism with the same crystal struc
ture. The depolarisation coefficient h for a ferromagnetic 
material with randomly oriented domains is deduced in 
Ref. [39] by

h =
g2B2d

3v2 c (1) 

where g is the gyromagnetic factor of the neutron, B is 
the magnetic field of the domains which interact with 
the neutron spin, d is the domain size, v is the neutron 
velocity, and c is the concentration factor of the ferro
magnetic phases in the probed specimen. In this 
study, d is considered constant with temperature 
across the field of view (FoV). Domain wall motion and, 
thus, the growth of d highly depends on the microstruc
ture and is typically hindered by domain wall pinning 
sites, e.g. dislocations and grain boundaries [40, 41]. 
High dislocation densities in 316L [42] and pure Cu 
[43] manufactured by the PBF-LB technique are typical. 
Wang et al. [43] and Bertsch et al. [44] concluded that 
the origin of the observed high density dislocations is 
specific to the processing route where repeated com
pression and tension cycles are inherent in AM. Zafari 
and Xia [9, 10] observed ultrafine equiaxed grain struc
ture, hence, high density of grain boundaries in the 
PBF-LB-built Fe-Cu systems.

VIRTUAL AND PHYSICAL PROTOTYPING 3



Figure 1. 3D model of the n-SLM device: (a) with the door installed, (b) open chambers displaying its interior, and (c) zoomed-in open 
printing chamber. The numbered components represent 1) laser beam, 2) 3-axis scanning unit, 3) build plate opening, 4) printing 
chamber, 5) Al cylinder holder, 6) rotation stage, 7) vertical translation stage, 8) goniometer stage, 9) linear translation stage, 10) 
drive chamber, 11) powder reservoir, 12) stepper motor, 13) safety relief valve, 14) filter cap, 15) position switch, and 16) observation 
windows, and 17) vacuum flanges.

Figure 2. The n-SLM installed within the PNI setup at the BOA beamline: 1) magnetic guide field, 2) front door of the n-SLM, 3) back 
part of the n-SLM, 4) spin analyzer, and 5) small scale extension of the detector box.
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As the concentration factor c can, thus, be assumed 
the only variable in the line integral of the depolarisation 
coefficient along the neutron path, which constitutes 
the measurement according to the Beer–Lambert law, 
it can be deduced directly from the measurement in 
each pixel of the image of the specimen. However, 
during printing, the bulk of the specimens is at elevated 
temperatures, and the magnetic field B of the magnetic 
domains of the ferromagnetic phase depends on temp
erature. The temperature distribution T(x, y, t) through
out the specimens depends on their specific local heat 
transfer characteristics and the laser energy input. It is, 
therefore, necessary to deconvolute the effect of temp
erature on B and, thus, on the depolarisation coefficient, 
before converting h into the volume fraction of the fer
romagnetic phase. The magnetic field B is directly pro
portional to the magnetisation M and, hence, the 
magnetic moment m of the specimen, which is 
expressed by

B(T) = m0M(T) = m0
m(T)

V
(2) 

where V is the specimen volume, which is assumed con
stant with T , and m0 is the permeability of free space, 
with a specific value of 4π × 10−7 N/A2. The magnetic 

moment m of the specimen with 60 wt.% of CuCrZr 
was measured as a reference over a temperature range 
of 300–600 K. The result is plotted in Figure 10(b), 
which could be used together with the temperature 
maps to correct for the temperature effects on the 
depolarisation signal and, thus, the analyses of the con
centration of the ferromagnetic phase.

3. Results and discussion

3.1. Operando phase mapping

For the analyses of the phase and temperature evol
ution, a binning of 200 × 5 pixels, covering the full 
lateral (TD2) dimension of the specimen and 250 μm ver
tically (BD), was performed. The vertical binning corre
sponds to the achievable spatial resolution. Thus, this 
approach allows for optimisation of the measurement 
accuracy, particularly in regions with low ferromagnetic 
phase fractions, without compromising the spatial resol
ution. The vertical dimension of the binning is equival
ent to approximately 8 printed layers. The view on the 
topmost 2 mm of the specimen was obstructed by the 
steel plate supporting the recoater, i.e. the floor plate 
of the printing chamber and, therefore, is omitted 

Figure 3. Maps of the temperature evolution (a – c), phase evolution on the same scale for all three specimens (d – f), and phase 
evolution on individual scales for each specimen (g – i) of the bulk with 40 wt.% CuCrZr (a,d,g), 50 wt.% CuCrZr (b,e,h), and 60 
wt.% CuCrZr (c,f,i).

VIRTUAL AND PHYSICAL PROTOTYPING 5



from the analysis. Figure 3 displays the main results of 
the operando PNI experiments, where the horizontal 
binning allows to represent the entire process in a 
single map relative to each parameter considered. The 
x-axes correspond to the process time, while the pro
gression of the build height is relative to the y-axes of 
the plots. The colours of the maps correspond to the 
evolution of temperature in Figure 3(a – c) and of the fer
romagnetic phase fraction (FM vol.%) on the same logar
ithmic scale for all specimens (Figure 3(d – f)), 
highlighting the very different forming phase fractions 
relative to the CuCrZr content, and scaled individually 
for three specimens from minimum to maximum 
values (Figure 3(g – i)) in order to visualise the phase 
evolution within each specimen.

The temperature maps are based on the temperature 
dependence of the beam attenuation due to increasing 
inelastic scattering cross section with temperature [31]. 
A linear approximation of the increase of ms(y, t) with 
temperature based on theoretical considerations and 
calculations utilising the NCrystal software [45], and vali
dated at RT was applied to calculate the individual T(y, t) 
temperature maps in Figure 3(a – c). Figure 3(a – c) 
shows a distinct decrease in overall bulk temperatures 
for t . tf , which represents the cool-down phase to RT 
after the end of the printing process. Slightly increasing 
the input energy with increasing CuCrZr content in the 
feedstock powders improved the specimen density, 
which ranges from 96.9–98.3%, with the minimum and 
maximum values referring to the specimens with 40 
and 60 wt.% CuCrZr, respectively. Although the energy 
density was increased, a temperature decrease from a 
maximum of 466 K to 406 K to 353 K with increasing 
CuCrZr content is evident. Cu has nearly 4–5 times 
higher thermal conductivity than Fe, Ni, and Cr and, 
therefore, specimens with more Cu content conduct 
and dissipate heat faster.

During PBF-LB, the previously built layers down to 
the whole volume inevitably experience cyclic heating 
and cooling, i.e. an intrinsic heat treatment (IHT). The 
IHT is well-known to be able to influence the micro
structure and mechanical properties of as-built parts 
[46, 47]. The IHT is characterised by fluctuating temp
eratures that decrease exponentially within a given 
volume, which is evidently maintained by the speci
mens in this study. An incidental interruption during 
the printing of the specimen with 50 wt.% CuCrZr 
was observed to slightly decrease the bulk tempera
tures by about 20–30 K depending on the height. The 
interruption occurred for roughly 4 minutes and is 
marked by white dashed lines in Figure 3(b), (e), and 
(h). The temperature then increases again as the print 
continues.

The retrieved temperature evolution maps T(y, t) 
were then used to deconvolute the effect of tempera
ture on the magnetisation of the ferromagnetic 
domains of the ferromagnetic phase and, thus, the 
measured depolarisation in order to obtain the correct 
values of the ferromagnetic phase fractions at t , tf . 
To this end, the depolarisation coefficient had to be cali
brated by reference measurements at RT in order to 
obtain the evolution of the volume fraction of the ferro
magnetic phases during the printing of each specimen 
on a quantitative scale [28]. The FM volume fraction 
increases with increasing CuCrZr content, with the 
largest increase (∼4x) between 50 and 60 wt.%.

The phase evolution maps in Figure 3(g – i) show that 
the evolution of the microstructure is different for the 
specimen with 40 wt.% CuCrZr as compared to 
the other two specimens. The FM volume fraction in 
the 40 wt.% CuCrZr specimen is relatively low close 
to the build plate and rises significantly with increasing 
distance from the build plate as more layers were 
printed up to approximately half of the height, while 
in the other two specimens, the highest FM volume frac
tion is found close to the build plate. The incidental print 
interruption of the 50 wt.% CuCrZr specimen inflicted 
another rise in FM volume fraction over a thickness of 
about 3 mm that was built after the interruption. Sub
sequently, the FM volume fraction drops again as more 
layers were printed. For the specimen with 60 wt.% 
CuCrZr, no interruption of printing occurred, and the 
FM volume fraction gradually decreased with height 
overall.

3.2. Post-mortem PNI tomographic scans

Figure 4 shows the reconstructed and segmented tomo
grams of all three specimens, revealing the 3-dimen
sional interior structure of the ferromagnetic phase 
distribution in the as-built specimens with different 
colour scales. The ferromagnetic phase distribution 
across the BD of each specimen matches the results of 
the operando experiments very well. Figure 4(a) indi
cates not only that the specimen with 40 wt.% CuCrZr 
exhibits a lower FM volume fraction closer to the build 
plate, but also that the FM volume fraction decreases 
along TD1. A variation along this direction is not 
resolved in the operando experiment as the measured 
values are averaged along the beam direction, which 
in this case coincides with TD1. While the FM volume 
fraction in the 40 wt.% CuCrZr specimen throughout 
the BD and TD1 directions is unevenly distributed, no 
significant trend was observed along TD2.

In contrast, the specimen with 50 wt.% CuCrZr con
tains around 1.5 times more FM phase in the vicinity of 
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the build plate within about 1 mm in height, as com
pared to the rest of the specimen. Around the mid- 
height of the specimen, where the interruption occurred 
during printing, an increase followed by a slight fluctu
ation of FM volume fraction is apparent. These effects 
were also observed operando. The FM volume fraction 
continues to decrease until approximately 2 mm below 
the top surface, which is not observable during oper
ando experiments, where it rises slightly again. These 
discerned increments marked by the arrows in Figure 4
(b) are inhomogeneous across TD2, which is more pro
minent in the region with higher FM volume fraction. 
Looking at the distribution in TD1 and TD2 close to 
the build plate, an increased FM volume fraction is 
found towards the highest TD1 values.

Similar to the specimen with 50 wt.% CuCrZr, the 60 
wt.% CuCrZr specimen also exhibits inhomogeneity in 
ferromagnetic phase distribution in all orthogonal direc
tions. However, as the FM volume fraction of the speci
men is generally much higher, the heterogeneity is 
much more pronounced. Throughout the height of the 
specimen, the FM volume fraction progressively drops 
from the build plate up to ∼2 mm below the top 
surface, before it rises again. A substantial gradient 
across the TD1 with increasing values of TD1 is per
ceived, exhibiting an FM volume fraction close to 5% 

towards the corners at the largest and lowest TD2 
values. At some heights, elevated FM volume fractions 
are also observed towards the highest TD2 values. 
These mainly follow the described trend along the build
ing direction.

3.3. Post-mortem microstructural analysis

In order to correlate the findings from the operando and 
tomography experiments to the corresponding micro
structures, cross sections of the specimens were ana
lysed. The microstructure of each specimen exhibiting 
the BCC phase within the FoV was selected and is 
shown in Figure 5. Figure 5(a–c) displays the inverse 
pole figures along the y direction (IPFY), i.e. the BD, of 
cross sections with 40, 50, and 60 wt.% CuCrZr, respect
ively. Figure 5(d–f) shows the corresponding phase 
maps. The microstructure of the cross section with 40 
wt.% CuCrZr mainly consists of columnar elongated 
grains with a small fraction of equiaxed grains. The 
analysis of the IPFY map indicates nearly random crystal
lographic texture, while the phase map shows the pres
ence of the BCC phase (green) randomly distributed 
among the FCC phase (red). A nearly spherical grain is 
observed to be fully BCC phase. More fine equiaxed 
grains are found in the cross section with 50 wt.% 

Figure 4. Reconstructed and segmented tomograms of the as-built specimens with (a) 40, (b) 50, and (c) 60 wt.% CuCrZr. The colour 
bars represent the FM vol.% of the specimens.
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CuCrZr, a few of which are the BCC phase. Some spheri
cal grains varying in size are either fully BCC or partially 
BCC within which smaller FCC grains are embedded. The 
analysis of the IPFY map of the cross section also indi
cates nearly random crystallographic texture, within 
the analysed area. More spherical and equiaxed grains 
with BCC phase are observed in the cross section with 
60 wt.% CuCrZr. On top of that, fine FCC grains also 
appear enclosed in an elongated BCC grain with a 
length of roughly 15 µm.

According to the pseudo-binary equilibrium phase 
diagram calculated in [11], in which the same main con
stituents Cu, Fe, Cr, and Ni of 316L and CuCrZr were 
taken into consideration, the as-built microstructure 
comprises of ε-Cu, γ-Fe, and α-Fe at room temperature. 
Among these phases, α-Fe is the only one with BCC 
crystal structure and exhibits ferromagnetic properties. 
The microstructure formation mechanism upon solidifi
cation could be understood through 2-dimensional 
phase-field simulations [11]. The sequence of phase 
transformation was described to be, first, separation of 
an assumed homogeneous liquid into Fe-rich liquid 
L(Fe) and Cu-rich liquid L(Cu) at 1653 K. The composition 
of L(Cu) is inhomogeneous throughout, with higher Cu 
content at its core and richer in Fe at the surface layer. 
As the L(Cu) stops growing, L(Fe) starts to solidify as γ- 
Fe at locally higher Fe concentration regions, followed 
by solidification of L(Cu) as ε-Cu. Finally, at temperatures 
below 870 K, γ-Fe transforms partially into α-Fe. 
However, this sequence does not fully explain the 

presence of FCC grains with different crystallographic 
orientations enclosed within the BCC α-Fe grain, as 
observed in the cross sections for specimens with 50 
and 60 wt.% CuCrZr (Figure 5(e,f)).

To better understand this phenomenon, the solid- 
state phase transformations that occur at relatively low 
temperatures are considered, which are known to 
exhibit specific crystallographic orientation relationships 
(OR), particularly the Kurdjumov – Sachs (K-S) orientation 
relationship [48]. The K-S OR of the representative FCC 
and BCC grains indicating partial transformation in the 
cross section marked by the blue dashed rectangle in 
Figure 5(e) was analysed using the open-source crystal
lographic toolbox MTEX (version 5.10.2) [49]. If the sur
rounding BCC grain partially transforms from γ-Fe and 
the finer FCC grains are the retained γ-Fe, it implies 
that various parent orientations transform into one 
specific child orientation, which is highly improbable. 
Therefore, the K-S OR analysis was performed by consid
ering the BCC grain as the parent grain, the FCC grains as 
the child orientation variants, and the inverse of the 
orientation relationship. Figure 6(a) shows the pole 
figures reflecting the partial coincidence of the BCC 
(green) and FCC (red) poles, which are overlayed by 
the ideal K-S OR (black). The mean angular deviation 
between the ideal K-S OR and all parent-to-child misor
ientations is 4.86°. Naraghi [50] reported K-S-defined 
phase boundaries with deviations of up to 5° in 
AISI204Cu steel at 60% nominal strain and AISI301 
after austenitization and quenching in liquid nitrogen.

Figure 5. Representative IPFY maps (a – c) and phase maps (d – f) of the cross sections with 40 wt.% CuCrZr (a,d), 50 wt.% CuCrZr (b, 
e), and 60 wt.% CuCrZr (c,f).
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To get insight into phase composition, energy disper
sive X-ray spectrometer (EDX) analysis was carried out 
on and surrounding the marked area, i.e. the white 
dashed rectangle in Figure 5(e). The elemental maps 
of the main constituents Fe, Cu, Ni, and Cr are shown 
in Figure 6(b). The maps indicate that the BCC grains 
are richer in Fe, Ni, and Cr than the surrounding 
region rich in Cu, i.e. ε-Cu. Two fine spherical ε-Cu 
domains are embedded in the large spherical Fe-rich 
region, which implies the presence of both ε-Cu and 
γ-Fe within the α-Fe grain. The ε-Cu FCC grains are 
formed upon solidification and, thus, do not have orien
tation relationships with the enclosing α-Fe BCC grain, 
which explains the random FCC poles in Figure 6(a). 
On the other hand, the EDX analysis indicates that the 
FCC grains have partial coincidence with the BCC 
grain, suggesting a crystallographic orientation relation
ship between the two phases, with FCC zones generally 
containing higher Cu content than the surrounding BCC 
matrix. It implies that an austenite reversion (α-Fe → γ- 
Fe) can occur during printing, as Cu stabilises γ-Fe in 
steels [51]. This may explain the horizontal fluctuation 
in FM volume fraction observed in Figure 3. The rever
sion during manufacturing can take place due to the 
IHT inherent to the process. This was also observed by 
Mooraj et al. [52] in maraging 250 steel during wire- 
arc directed energy deposition and by Krakhmalev 
et al. [53] in martensitic stainless steel during in situ 
heat treatment.

Electron backscatter diffraction (EBSD) analysis was 
performed on the cross section with 50 wt.% CuCrZr in 
areas with distinctly different FM vol.%, i.e. at 0.5, 4, 7, 
and 12 mm above the build plate and the results are dis
played in Figure 7. The grain size range spans from sub- 
micron to a few tens of microns. The nonindexed regions 
on the IPFY maps correspond to grains with equivalent 
diameters smaller than the step size (0.2 µm). At the 
height of 0.5 mm, 20.1% of the total mapped cross 
section consists of very fine grains (< 0.3 µm). Further 
away from the build plate, the fraction of these fine 
grains decreases rapidly. Cross sections at 0.5 and 7 
mm above the build plate retain considerably more 
grains with sizes between 1 and 20 µm compared to 
the other two analysed cross sections. The maximum 
equivalent grain diameters of the cross sections at 0.5, 
4, 7, and 12 mm are 22.2, 38.3, 33.2, and 46.2 µm, 
respectively.

The distinct difference in grain size distribution 
suggests different thermal histories in these regions. In 
the region very close to the build plate (0.5 mm), the 
layers were printed on relatively cooler substrates and, 
thus, heat was dissipated faster and the cooling rate 
was higher. Further away from the built plate (4 mm), 
the preceding layers experienced intense reheating 
(IHT), while the subsequent layers were printed on 
reheated substrates. Therefore, the IHT induced a 
lower cooling rate and promoted grain growth. Since 
the printing was incidentally interrupted at around the 

Figure 6. (a) Pole figures showing the ideal K-S orientation relationship (black) overlayed on the actual crystallographic orientation 
relationship, and (b) processed EDX elemental maps of the marked areas, i.e. white dashed rectangles in Figure 5(e).
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height of 7 mm, the reheating of the last layers before 
interruption was less pronounced, which slightly 
increased the cooling rate and inhibited grain growth. 
As the printing continued, the grains kept growing.

At temperatures where separation of the single liquid 
takes place, Fe-rich L(Fe) and Cu-rich L(Cu) liquids are 
formed rapidly. Chemical separation continues, for 
example, Ni atoms, which are present in both liquids, 
prefer to diffuse into the L(Fe) since Ni has a stronger 
attractive interaction with Fe than Cu, i.e. exothermic 
enthalpy of mixing [54]. Cooling rates play a decisive 
role in the final amount of Ni in each liquid just before 
they solidify. High cooling rates limit the time for Ni to 
diffuse to L(Fe), and vice versa. As L(Fe) solidifies first, 
the higher the cooling rates, the higher the amount of 
Ni that remains in L(Cu). Therefore, the solidified Fe is 
depleted of Ni, which is a strong austenite stabiliser, 

causing it to be partially primary α-Fe and partially 
primary γ-Fe. Solidification of L(Fe) with varying local 
chemical compositions might follow different solidifica
tion paths of steels [55, 56]. Concurrently, interdiffusion 
also occurs between Fe and Cu atoms; Fe atoms in L(Cu) 
are expelled to L(Fe) while Cu atoms in L(Fe) are expelled 
to L(Cu), as the solubility limit of Fe and Cu in L(Cu) and L 
(Fe), respectively, decreases significantly with tempera
ture [57, 58]. At lower temperatures, in the solid state, 
depending on the extent of interdiffusion of the 
elements and IHT, i.e. the local chemical composition, 
primary γ-Fe and α-Fe might partially transform into sec
ondary α-Fe and γ-Fe, respectively.

The difference in cooling rates and the extent of IHT 
could explain the variation in FM volume fraction 
throughout the height of the specimen with 50 and 60 
wt.% CuCrZr. In the regions close to the build plate 

Figure 7. (a) IPFY maps of the cross section with 50 wt.% CuCrZr taken in regions at 0.5, 4, 7, and 12 mm above the build plate and (b) 
grain size distribution analysis of the corresponding maps.
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and after printing interruption in the specimen with 50 
wt.% CuCrZr, where printing was performed on a sub
strate with relatively low temperatures, cooling rates 
play a more dominant role in the interdiffusion phenom
ena and, thus, in the increased formation of α-Fe of the 
final microstructure, as supported by the finer grain size 
distribution in Figure 7. Upon further printing, while 
increased IHT gradually decreases cooling rates, IHT 
also promotes diffusion in the solid state, which 
induces austenite reversion and further decreases the 
FM volume fraction with increasing height. The some
what increased FM volume fractions of both specimens 
in the last printed layers can be explained by the more 
dominant influence of IHT in this region. The top layers 
of the specimens underwent less IHT while the cooling 
rates did not change much and, hence, less austenite 
reversion occurred, and the final FM volume fraction 
increased again.

The explanation further justifies the FM volume frac
tion gradient tendencies along TD1 in both specimens. 
Along this direction, parallel to the incident neutron 
beam direction, fresh laminar Ar gas was continuously 
blown from one side and suctioned on the other. The 
unidirectional gas flow potentially played a role in alter
ing the cooling rate between the two sides. The region 
with higher FM phase fractions was in contact with 
cooler gas, which experienced increasing temperatures 
towards the exhaust due to interactions with hot speci
men and printing by-products and, thus, cooled the 
formed layers less on that side. The cooling is efficient 
in the corners of the front side, where the highest FM 
volume fractions are also found. On top of that, it is 
shown that the higher the CuCrZr content in the 

premixture, the faster heat is dissipated from the bulk, 
i.e. the higher the cooling rate and the lower the IHT, 
and, therefore, the higher the BCC content formed, 
which is in agreement with [13].

To confirm the hypothesis of elemental interdiffu
sion in the investigated alloy systems, metastable 
One-Axis and Scheil-Gulliver calculations were per
formed with Thermo-Calc 2023b [59] using the TCFE7: 
Steel and Fe-alloys database by considering the chemi
cal composition of the main constituents of the speci
mens with 60 wt.% CuCrZr, i.e. Fe, Cr, Ni, and Cu. The 
result of the metastable One-Axis calculation is shown 
in Figure 8(a – e). The plots indicate that above the 
solidus temperature of L(Fe), the Ni content in L(Fe) 
increases slightly. The increase in Ni content is also 
observed in γ-Fe with decreasing temperature. In con
trast, a decreasing Ni content in L(Cu) above its 
solidus temperature and in the solidified ε-Cu is appar
ent. This opposing trend of Ni content in the two 
liquids and solid phases is an indication that Ni 
diffuses out of L(Cu) towards L(Fe), as well as from ε- 
Cu to γ-Fe. On the other hand, the Cr content, as one 
of the α-Fe-stabilising elements, only follows the 
trend of Ni in the liquids while very little change in 
the solids is seen. As temperature decreases, the 
amount of Fe and Cu in L(Cu) and L(Fe), respectively, 
decreases substantially. The metastable One-Axis 
calculation demonstrates a good agreement with the 
Scheil-Gulliver calculation shown in Figure 8(f). The 
Scheil-Gulliver calculation is depicted from the onset 
of the solidification of γ-Fe, where both L(Cu) and L 
(Fe) are present. When γ-Fe completely solidifies at 
1639 K, enrichment of Ni in γ-Fe prevails as L(Cu) 

Figure 8. Metastable One-Axis calculation result: (a) volume fraction of all phases; (b) Ni, (c) Cr, (d) Fe, and (e) Cu content in the phases 
upon solidification, and Scheil-Gulliver calculation result showing (f) Ni content in the phases with decreasing temperature. The results 
demonstrate the phase stability and transformation predictions for the CuCrZr and 316L alloy system. The x-axis represents the com
position, i.e. the volume fraction of the phases (a) and weight fraction of the elements in the system (b–f), while the y-axis shows the 
temperature (K). The different coloured lines indicate the phase boundaries between various phases, i.e. Fe  – or Cu-rich liquid, γ-Fe, α- 
Fe, and ε-Cu, as calculated by the Thermo-Calc software.
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continues to be depleted of Ni until Cu solidification 
ends, which marks the end of the simulation.

However, these trends of FM volume fraction along 
TD1 and BD are not found in the specimen with 40 
wt.% CuCrZr. A plausible reason could be that the 
lower Cu content causes the specimen to retain the 
heat longer, i.e. lower overall cooling rates compared 
to the other two specimens. Another potential expla
nation is that below 40 wt.% liquid separation and, 
thus, Ni entrapment in the Cu-rich liquid is much less 
prominent. Therefore, slight local fluctuations in chemi
cal composition will either hinder or promote the corre
sponding α-Fe formation. Based on EDX analysis along 
the BD of the specimen with 40 wt.% of CuCrZr shown 
in Figure 9, in regions very close to the 316L build 
plate, the Cu content, i.e. the estimated fraction of 
CuCrZr, is relatively lower than in the rest of the bulk, 
which eventually suppresses the phase transformation.

4. Conclusion

A custom-designed PBF-LB device successfully enabled 
operando studies of the microstructure evolution 
during PBF-LB of 316L and CuCrZr powder premixtures. 
It is demonstrated that polarisation contrast neutron 
imaging is suitable for time-resolved imaging of bulk 
properties during the manufacturing of centimetre- 
sized specimens, providing spatially-resolved maps of 
the ferromagnetic phase and temperature evolution. 
Key findings include: 

1. Variations in CuCrZr content influenced the bulk 
temperature profile and ferromagnetic phase 
volume fraction, where higher contents increased 

cooling rates and reduced intrinsic heat treatment 
(IHT), subsequently increasing FM volume fractions. 
Fluctuations of FM volume fraction could be 
explained by the hypothesis of austenite reversion, 
supported by the Kurdjumov – Sachs crystallographic 
orientation relationship between fine FCC γ-Fe grains 
and the surrounding BCC α-Fe grain.

2. Microstructure analyses of the 50 wt.% CuCrZr speci
men showing different grain size distributions 
revealed the correlation between cooling rate, IHT, 
and FM volume fraction. The increase in FM volume 
fraction is potentially caused by higher cooling 
rates in specific regions, e.g. layers printed on rela
tively cooler substrates, as well as less IHT in the 
top region of the specimens where the cooling 
rates were relatively constant. This was supported 
by tomographic scans indicating the influence of 
gas flow on phase distribution. The correlation 
between cooling rate and FM volume fraction was 
explained by the greater degree of Ni entrapment 
in the Cu-rich liquid upon solidification at higher 
cooling rates, which is confirmed by thermodynamic 
simulations.

3. These insights suggest opportunities for further 
research to control the ferromagnetic phase for
mation during the manufacturing process and, thus, 
potentially tailor the mechanical properties of built 
components.

5. Methods

5.1. Materials characterisation

Gas-atomised, spherical powders of stainless steel 316L 
(Carpenter Additive, United Kingdom) and CuCrZr 
(ECKART TLS GmbH, Germany) shown in Supplementary 
Figure 1 with chemical compositions listed in Sup
plementary Table 1 were used. Supplementary Table 2 
lists the particle size distribution of each powder. The 
powders were premixed for 4–6 hours using a 3D 
shaker mixer TURBULA® (Willy A Bachofen AG, Switzer
land) to obtain 40, 50, and 60 wt.% mixtures of CuCrZr 
in 316L powder.

5.2. The n-SLM configurations

Figure 1 shows the high-density infrared laser beam (1) 
that is collimated, deflected, and focused by the scan
ning unit (2) onto a working plane with a 20 mm diam
eter opening (3) for the build plate in the printing 
chamber (4). In the drive chamber, the build plate, 
built specimen, and powder are enclosed in an alumi
num cylinder holder (5) mounted on several motion 

Figure 9. Mean value of the estimated CuCrZr content from EDX 
analysis and FM volume fraction deduced from the operando 
PNI experiment over the height from 0 to 7 mm of the specimen 
with 40 wt.% CuCrZr.
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stages, i.e. a rotation stage (6) around the y direction, 
vertical translation stage (7) along the y direction, goni
ometer stage (8) around the z direction, and linear trans
lation stage (9) along the x direction, positioned on a 
wedge with an inclination of 10° in the drive chamber 
(10). The laser source of the n-SLM is a TruFiber 500 P 
compact (FD44-W) from TRUMPF Schweiz AG, Switzer
land. It has a maximum power of 500 W, a wavelength 
of 1078–1082 nm, and a beam parameter product of 
0.38 ± 0.03 mm.mrad in single mode. The laser beam is 
collimated, deflected, and focused by a 3-axis or pre- 
focusing scanning unit AXIALSCAN FIBER-30 (Raylase 
GmbH, Germany). The focused beam has a Gaussian 
intensity distribution with a minimum spot diameter of 
35 µm measured at 1/e2. The laser source and scanning 
unit are controlled by a SP-ICE-3 control card and the 
RAYGUIDE software (RAYLASE GmbH, Germany).

The vertical translation stage has a resolution of 0.1 
µm and a maximum travel distance of 30 mm, which 
limits the build height. The rotation stage is required 
for tomography scans and diffraction measurements 
along the transverse directions. The goniometer and 
linear translation stages are specially designed for diffr
action measurements along the build direction. The 
build plate can accommodate structure-borne sensors, 
e.g. acoustic emission sensor, or be heated to 200°C 
using a ring heating element and a dedicated ZrO2 

holder. The temperature of the build plate can be mon
itored by inserting thermocouples underneath. The 
powder deposition system comprises a hopper-based 
powder reservoir (11) equipped with stereolithography 
3D-printed arms with inlet and outlet gas channels. 
The channels generate a laminar crossflow of inert gas 
over the powder bed to extract the by-products, e.g. 
spatters and plumes, produced during printing. The 
powder reservoir is driven by a dual-shaft stepper 
motor (12) via grooved belts and pulleys and is guided 
by strengthened stainless steel rods.

The inert atmosphere in the chambers is maintained 
by flushing high-purity Ar gas with a slight overpressure 
to avoid oxygen contamination. Programmed flow and 
pressure controllers regulate the flow rate and pressure 
of the inlet gas. A maximum overpressure of 60 mbar is 
assured by a safety relief valve fixed on the side of the 
drive chamber (13). The oxygen level is monitored with 
an accuracy of +/ – 0.5% by sensors placed in line follow
ing the gas outlets of the chambers. The chambers are 
tightly sealed to avoid leakage of laser light and par
ticles. A series of filters is placed in the inlet and 
exhaust gas lines to prevent contaminating the inert 
gas with powder particles. In the chambers, custom- 
made filter caps (14) made of fine-meshed stainless 
steel with 2 µm pores are mounted on the gas inlets 

and outlets. After leaving the chambers and before the 
oxygen sensors, PTFE membrane filters are placed to 
sieve particles larger than 0.2 µm escaping the 
chambers. Subsequent to the oxygen sensor is a 
water-based filter to entrap the remaining smaller 
particles.

Two position switches on the cabinet door (15) com
bined with the E-shutter function of the laser source 
prevent laser emission when the door is opened. The 
structure of the device is predominantly made of alumi
num alloy EN AW-6082, allowing negligible attenuation 
of neutrons [60]. Stainless steel 316L is only used for 
the plate separating the printing chamber and the 
drive chamber to provide sufficient structural stability 
and even deposition of powder layers. Consequently, 
the topmost 2 mm of the specimen is covered by the 
plate and cannot be probed at that time. Two 7-mm- 
thick laser safety windows (16) providing high protec
tion levels in the near-infrared range are fixed on the 
door for observation purposes. Vacuum flanges (17) 
are welded on the sides of the printing chamber to 
provide easy access to sensors, e.g. air-borne acoustic 
emission sensors, optical sensors, and thermal cameras. 
The system communication, control, and digital inter
face are established through the Laboratory Virtual 
Instrument Engineering Workbench (LabVIEW).

5.3. Operando experimental methods

The BOA beamline distinguished by a cold neutron spec
trum with a peak wavelength of 2.8 Å and a mean wave
length of 3.8 Å. The beamline is equipped with a 
permanently installed multi-channel polarising-bender 
providing polarised neutron beam. Further components 
required for PNI; an adiabatic fast passage π-spin flipper 
[61], a magnetic guide field, and a 40 × 40 mm2 super
mirror neutron spin filter serving as a spin analyser [28] 
were installed. The high polarisation of the incident 
beam is preserved by the aligned magnetic guide field, 
ideally up to the spin analyzer. The specimen to be 
measured is placed prior to and preferably as close as 
possible to the analyzer to obtain the optimum resol
ution on the following imaging detector. Therefore, 
the n-SLM was mounted between the magnetic guide 
field and the spin analyzer, as shown in Figure 2.

The neutron imaging detector installed subsequent 
to the spin analyser consists of a 200 µm thick (LiF/ZnS 
(Ag)) scintillator screen (RC Tritec AG, Switzerland) 
fixed on a small scale extension of a light-tight box con
taining a Zeiss MAKRO-PLANAR 2/100 mm ZF.2 objective 
lens mounted on an optical Andor iKon-L CCD camera 
(2048 × 2048 pixels). An effective pixel size of 50 µm 
was realised by adjusting the magnification of the lens, 
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enabling a FoV of 102 × 102 mm2. As the probed speci
men is enclosed in the n-SLM, the sample-to-detector 
distance inevitably spans much greater, which deterio
rates the spatial resolution. While compensating for 
the spatial resolution deterioration by reducing the 
sample-to-detector distance to 8–10 cm, the extension 
limited the effective FoV to 28 × 28 mm2. Another way 
to compensate for the deterioration is by collimating 
the beam. However, further beam collimation was not 
an option since higher flux was intended to achieve ade
quate statistics in such a short exposure time.

5.4. Post-mortem characterisation

The specimens were removed from the build plate and 
cut in half parallel to the incident beam direction (TD1) 
and perpendicular to the build direction (BD). The cut 
surfaces were ground and mechanically polished with 
SiC abrasive papers and diamond suspension up to 
0.25 µm size for optical microscopy and further polished 
using MasterMet 2 suspension on a VibroMet® 2 vibra
tory polisher (Buehler, Germany) for EDX and EBSD ana
lyses. Cross-section images of the specimens were taken 
using a KEYENCE digital microscope VHX-5000. The as- 
received powders and the specimens were examined 
using a field emission gun scanning electron microscope 
(FEG SEM) Zeiss ULTRA 55 equipped with an EDX analy
sis system from Oxford Instruments and an EDAX Hikari 
Camera operated at 25 kV in high current mode with a 
120 μm aperture. The density of the produced speci
mens was determined by cross-sectional optical 
microscopy and image processing with FIJI software 
(release 2.14.0) [62]. A small section of 2.2 × 2.4 × 7.8 

mm3 was extracted from the 60 wt.%-CuCrZr specimen 
for magnetisation tests with an E27 Vibrating Sample 
Magnetometer (MicroSense, USA).

5.5. Data analysis

In the PBF-LB process, the specimen being printed is 
enclosed in its corresponding powder. Accordingly, 
both specimen and powder contribute to the beam 
depolarisation. Therefore, the final transmitted local 
beam polarisation can be expressed by.

P(x, y) = Ps(x, y) Pp(x, y) (3) 

where the subscripts s and p designate normalised 
polarisation after transmission of the specimen and the 
powder, respectively. Pp is extracted from the surround
ing powder through which the beam passes without 
hitting the specimen. However, the neutron travel 
paths through the powder lp contained in a cylindrical 
holder vary across the FoV depending on the local geo
metry. To gain insight into the local evolution of hp 

throughout printing, several regions of interest (ROIs) 
of 5 × 5 pixels were taken across the FoV of each 
acquired image. The plot in Supplementary Figure 3 
indicates the progression of p in ROIs adjacent to (red) 
and further away (blue) from the specimen. As no con
sistent trends between the ROIs were observed, hp 

values of each composition were calculated and used 
to retrieve the depolarisation coefficient of the specimen 
hs as follows

hs =
− logeP − hp lp

ls
(4) 

Figure 10. (a) Half of the hysteresis loops and (b) measured magnetic moment of the specimen with 60 wt.% CuCrZr at different 
temperatures.
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where ls corresponds to the measured thickness of the 
specimen along the TD1. This method is analogous to 
that introduced for corresponding attenuation studies 
in Ref [63].

5.6. Magnetisation measurements

Half of the hysteresis loops of the specimen with 60 wt.% 
CuCrZr were taken at sequentially decreasing and 
increasing temperatures, i.e. RT, 200 , 150 , 100 , 100 , 
150 , 200 K, and back to RT, as shown in Figure 10(a). 
As the hysteresis loops acquired at the same tempera
tures exhibit similar behaviours, no irreversible solid- 
state phase transformation, for instance, γ-Fe to α’-Fe, 
occurred. It further supports the assumption that the 
rapid cooling down phase after the laser was off does 
not involve displacive phase transformation which may 
result in an increase in the FM vol.%. The plot in Figure 
10(b) is not only useful to estimate T(x, y, t . tf ), but it 
also verifies that the data obtained from the operando 
experiments are below the Curie point and, therefore, 
the change in FM vol.% is solely caused by phase 
transformations.
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