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ABSTRACT

In neutron scattering on soft matter, an important concern is the control and stability of environmental conditions surrounding the sample.
Complex sample environment setups are often expensive to fabricate or simply not achievable by conventional workshop manufacturing. We
make use of state-of-the-art 3D metal-printing technology to realize a sample environment for large sample sizes, optimized for investigations
on thin film samples with neutron reflectometry (NR) and grazing-incidence small-angle neutron scattering (GISANS). With the flexibility
and freedom of design given by 3D metal-printing, a spherical chamber with fluidic channels inside its walls is printed from an AlSil0Mg
powder via selective laser melting (SLM). The thin channels ensure a homogeneous heating of the sample environment from all directions
and allow for quick temperature switches in well-equilibrated atmospheres. In order to optimize the channel layout, flow simulations were
carried out and verified in temperature switching tests. The spherical, edgeless design aids the prevention of condensation inside the chamber
in case of high humidity conditions. The large volume of the sample chamber allows for high flexibility in sample size and geometry. While a
small-angle neutron scattering (SANS) measurement through the chamber walls reveals a strong isotropic scattering signal resulting from the
evenly orientated granular structure introduced by SLM, a second SANS measurement through the windows shows no additional background
originating from the chamber. Exemplary GISANS and NR measurements in time-of-flight mode are shown to prove that the chamber
provides a stable, background free sample environment for the investigation of thin films.

Published under license by AIP Publishing.

I. INTRODUCTION samples, which foremost involve light elements such as hydrogen,

carbon, nitrogen, and oxygen (elements with very similar x-ray scat-

The use of high flux neutron beams offers unique investiga-
tion methods to gather more insight into the structure and dynam-
ics of inorganic and organic matter. Compared to x-ray scatter-
ing, where the scattering cross section increases with an increas-
ing atomic number of the probed atom, neutron scattering lengths
differ largely by the element and isotope, independent of the atomic
number. Thus, especially for studying biological and soft matter

tering lengths), neutron scattering can provide a good contrast.
The contrast between hydrogen (SLDp,0 = —0.559 x 107% A7?)
and its isotope deuterium (SLDp,o = 6.36 x 10°® A™?) is of par-
ticular benefit.” By using deuterated samples and solvents, contrast
matching or enhancement of different constituents of the samples
can be achieved to improve the quality of the neutron scattering
data.
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Neutron reflectometry (NR)*° and grazing-incidence small-
angle neutron scattering (GISANS),”” at a normal fixed wavelength
or in time-of-flight (ToF) mode, are two advanced scattering tech-
niques that allow the investigation of the vertical and lateral struc-
tures of soft matter thin-film samples."’ Due to the large surface-
to-volume ratio and the confinement against a solid support, the
organic materials often exhibit uniquely different physical properties
compared to their bulk states or enable new functionality. There-
fore, NR and GISANS serve a broad field of scientific interest in soft
matter research, such as in photovoltaics,”’” electrodes, ”'° light
emitting diodes, """ catalysts,m sensors,”” surface coa'[ings,ll * and
interfaces.”” >’ A common feature of soft matter samples is their
high sensitivity to thermodynamic conditions of their surround-
ings. Often, even with only slight changes in the ambient temper-
ature, humidity or pressure can lead to a strong response in one
or more of their physical properties.””*’ For this reason, a stable
and controllable environment for the probed samples is a necessity.
Consequently, neutron experimentation is closely related to the pro-
duction and provision of suitable sample environments for allocated
experiments.”’ There already exist a variety of such environments
with well-controlled thermodynamic conditions, including different
kinds of humidity chambers and cells.”’** However, these are usu-
ally manufactured of high purity aluminum alloys via subtractive
manufacturing. Parts are produced by cutting material from solid
blocks in multiple steps before being assembled to the final prod-
uct. This requires a lot of time, work force, and material. Moreover,
subtractive manufacturing is limited by what workshops are able
to fabricate, i.e., their knowhow and their machining equipment.
In contrast, 3D printing is an additive production process where a
product is built layer-by-layer in a single step process from an ini-
tial 3D design. This approach requires less man power, produces
less waste material, and, at least for complex objects, has shorter
production times.”* Thus, the total production costs can be reduced
compared to subtractive manufacturing. In the industry, 3D print-
ing technology is already a well-established routine for prototyping,
customization, and production.j‘3 Moreover, it is also of high interest
for a custom-oriented field such as sample environments for neutron
experimentation as it allows for the fabrication of highly complex
and specialized designs. It was already used to produce shielding
materials for neutron beamlines.”"”’
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Various 3D printing techniques are specific to different mate-
rials and can use filaments, powders, or liquids as base materials.
For the production of metal parts, established techniques are Direct
Metal Laser Sintering (DMLS), Selective Laser Melting (SLM), or
Electron Beam Melting (EBM).”" A metal powder bed is heated
locally to high temperatures until the granules start fusing together
(DMLS) or, using even higher energies, until they are completely
molten (SLM, EBM). Complete melting of the powder results in a
more homogeneous part with lower porosity and provides better
control over its crystal structure.

In this work, we report on the design of a spherical envi-
ronmental chamber with a fluid channel system integrated into its
walls for optimized heat distribution, which is fabricated in an addi-
tive manufacturing process via SLM. The chamber is designed for
stable environmental sample conditions during NR and GISANS
experiments on thin films. The granularity of the 3D printed cham-
ber is investigated with small-angle neutron scattering (SANS).
The heat distribution and buildup inside the environmental cham-
ber is simulated by flow simulation and investigated in tempera-
ture switching experiments. Finally, exemplary ToF-NR and ToF-
GISANS measurements are carried out on a partially deuterated
diblock-copolymer thin film, as well as a metal-coated microgel thin
film, to demonstrate the performance of the chamber in real neutron
scattering experiments.’’

Il. ENVIRONMENTAL CHAMBER DESIGN AND PRINT

The design of the environmental chamber is shown in Fig. 1.
Foremost, it aims at stable and controllable thermodynamic con-
ditions while retaining enough flexibility to cover a large field
of experiment-related interests, such as complementary spectral
reflectance measurements,m four—point measurements,“ I-V char-
acterization,”” different trigger methods such as light irradiation or
humidity, " different sample sizes, and vertical or horizontal sam-
ple alignment. Since edges and corners are critical points for a stable
temperature and humidity, a spherical design was chosen.”” It allows
experiments with high humidity inside the chamber, as condensa-
tion is strongly reduced within an edgeless design. The wireframe
model shown in Fig. 1(a) gives a side view of the chamber and
labels its dimensions in mm. The aimed maximum sample size of 70

FIG. 1. (a) Wireframe model of the environmental chamber in side view. The neutron beam enters through the left window and exits through the right one. The labels denote
the chamber measures in mm. (b) The chamber viewed from the side (top left), the front (top right), the top (bottom left), and isometric (bottom right). (c) 3D visualization of
the fluid channels embedded in the chamber walls. They have a diameter of 6 mm and are centered within the 10 mm thick walls. The inner gray sphere shows the inner

chamber wall, and the outer black circle indicates the outer wall position.

Rev. Sci. Instrum. 91, 113903 (2020); doi: 10.1063/5.0012652
Published under license by AIP Publishing

91, 113903-2



Review of
Scientific Instruments

x 70 mm® was deciding for the overall chamber size. Generally,
larger samples allow for better statistics and can drastically reduce
measurement times. However, environmental stability, especially
closely around the samples, needs to be considered. The environ-
mental chamber has an inner diameter of 140 mm and provides a rel-
atively large volume of 1.4 1, which allocates rectangular samples up
to a size of 70 x 70 mm” with at least 15 mm distance to the chamber
walls to reduce edge effects upon rapid temperature changes in the
chamber. Moreover, there is enough room for additional measure-
ment equipment if necessary (e.g., sensors, complementary mea-
surement techniques, and additional experimental equipment). The
chambers windows, visible in the different viewpoints in Fig. 1(b),
are 156 mm apart from each other. The windows are elliptical to
compromise between a large accessible scattering angle and heat
losses causing a perturbed heat distribution. They have a height
of 40 mm and a width of 90 mm and allow incident angles of up
to 5° at a neutron beam height and width of 2 mm and 60 mm,
respectively.

For temperature control, a refrigerated or heated fluid flows
through a channel path within the chamber walls. The pathway
is shown in the wireframe model in Fig. 1(a) and is also shown
in a 3D visualization in Fig. 1(c) for better clarity. The fluid
channels have a diameter of 6 mm and are centered within the
10 mm thick walls. Although the fluid channel walls are only
2 mm thick, the 3D printing technique is able to manufacture sta-
ble walls. The path length through the chamber base and lid is
2.4 m in total and provides enough time and surface area for a
thorough heat transfer. In addition to the openings to the fluid chan-
nel, the chamber has additional holes that lead directly into the
chamber to connect electronics, a gas-flow, or additional optional
features.

The environmental chamber is printed via SLM (EOS M290,
PROTIQ GmbH, Blomberg, Germany), which forms a powder bed
of the aluminum alloy AlSil0Mg."* The chamber is built up layer
by layer with a single layer thickness of 25 ym. The powder is fully
melted and forms a dense and homogeneous bulk material. The con-
struction chamber is flooded with an inert gas to prevent oxidation
of the material during the printing process. After the printing, a heat
treatment is applied to the chamber in order to form a stable inter-
metallic phase, which provides the aluminum alloy with a high and
direction-independent tensile strength.”” The printed chamber has a
weight of 1.9 kg. It is shown in Fig. 2. Manufacturing time is less than
24 h, which allows for quick duplication or modification. The touch-
ing surfaces of the windows, the lid, and the connectors are polished
afterward to ensure a gas tight sealing of the environmental chamber.
In Fig. 2(a), the finished chamber with already installed connectors
is shown. The golden brass hose nipples are the connectors for the
heating or cooling fluid to the fluid channels inside the base and lid
of the chamber. The blue compression fittings can be used to lead a
gas-flow in and out of the chamber. The flange nipple visible on the
lower left-hand side of the chamber is shrink-fitted into the chamber
and used to connect electronics such as temperature and humidity
sensors inside the chamber via interchangeable plugs. The cham-
ber windows are covered with a 0.1 mm aluminum foil, which is
clamped by two elliptical aluminum rings screwed against the cham-
ber. It offers minimal attenuation of the neutron beam. All openings
are sealed by polytetrafluoroethylene (PTFE) O-rings to ensure that
there is no convection via air with the surrounding environment.
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FIG. 2. (a) Photograph of the 3D printed sample chamber with connectors and
aluminum foil windows. The golden hose nipples are connectors to the heating
circuit, and the blue compression fittings can be used as in- and outlet for a gas
flow. The flange nipple on the bottom left is used to connect to the electronics inside
the chamber via a LEMO plug. (b) Interior view of the chamber where the sample
holder and sample (blue square) are located. (c) Close-up view of the sample
holder. (d) Top view showing the standard lid (left) and a lid with a calcium fluoride
(CaF,) glass for complementary spectral reflectance measurements (right).

The inside of the chamber hosts a base plate on which various setups
can be installed. In Fig. 2(b), the inside of the chamber is shown.
An adjustable sample holder with three aluminum pins is shown
carrying a 20 x 20 mm? thin film sample with the sample surface
aligned to the center of the chamber. The positions of the pins can
be adjusted along the long holes in the baseplate to accommodate
samples of different sizes from 10 x 10 mm* up to 70 x 70 mm®
[see Fig. 2(c)]. Moreover, with the use of optional aluminum bars,
the sample can be protected against sliding off the pins in the case of
any physical chamber movement. The bars and pins are positioned
in order to avoid background generation by the neutron beam. Addi-
tional measurement equipment can be installed via different lids, as
suggested in Fig. 2(d), where the standard lid and a lid with a cal-
cium fluoride (CaF,) glass for complementary spectral reflectance
measurements are shown. To ensure no condensation on the CaF,
window during high humidity experiments, it is tightly fitted into
a recess in the chamber lid together with a heat conducting paste.
Additionally, the optics of the spectral reflectance setup will cover
the opening to the CaF, window, creating an air pocket, which has
the same temperature as that of the chamber.

lll. CHAMBER CHARACTERIZATION

In order to estimate and optimize the temperature distribution
and response within the chamber and its sample volume before the
3D printing, a heated and a cooled liquid flow through the chamber
are simulated using the SolidWorks flow simulation software. The
water’s flow path is set to first circulate through the lid before enter-
ing at the bottom of the base and finally exiting at the top. In this
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way, an even temperature distribution between the top and bottom
of the chamber can be achieved. In the simulation, the heat transfer
coefficient to the surroundings is set to 10 W m™* K™, assuming a
non-turbulent airflow around the chamber.

In the heating simulation, the initial chamber temperature is set
to a room temperature of 20 °C. We assume a water flow heated to
50 °C entering the fluid channels with a flowrate of 30 ml s~!, which
corresponds to a flow rate of 1.1 m s™' for a channel diameter of
6 mm. The results of the simulation are shown in Fig. 3.
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FIG. 3. (a) Sectional views of the chamber during a heating simulation over a
period of 2 min. Each color in the contour plots corresponds to an isothermal
range of 1°C. (b) Temperature at the center of the chamber during the heating
from 20 °C to 50 °C, obtained from the flow simulation (black) and the laboratory
experiment (red). (c) Temperature at the center of the chamber during the cooling
from 50 °C to 20 °C obtained from the flow simulation (black) and the laboratory
experiment (red). (d) Sectional views of the chamber during the cooling simulation
over a period of 2 min.

ARTICLE scitation.orgljournal/rsi

The sectional views in Fig. 3(a) depict the central cross sec-
tion of the chamber and its air volume perpendicular to the win-
dows. The temperature is shown as a contour color plot, with each
individual color corresponding to an isothermal range of 1°C. In
the simulation, the chamber is heated from 20 °C to 50 °C within
2 min. The isotherms show that the temperature develops in an ellip-
tical pattern around the center of the chamber where the sample
is located. In order to validate these simulations, a thermal jump
experiment is performed with the 3D printed chamber. The ini-
tial temperature of the chamber is kept at 20 °C by a refrigerated
heating circulator (FP50-HL, JULABO Labortechnik GmbH, Seel-
bach, Germany), which is subsequently substituted by an identical
heating circulator, preset to 50 °C. The temperature is measured
at the center of the chamber with a combined humidity and tem-
perature sensor (SHT3x, Sensirion AG, Steafa, Switzerland). The
temperature evolution in the lab experiment and in the simulation
are shown in Fig. 3(b) as the red and black solid lines, respectively.
The two curves show slight differences, which are the result of air
turbulences in and around the chamber during the lab experiment.
They initially accelerate the temperature raise at the center of the
chamber but decelerate the overall heating due to a greater heat
dissipation.

For the cooling simulation, the initial chamber temperature is
set to 50 °C, and a water stream of 20 °C enters the liquid channels
at a flow rate of 30 ml s™'. The sectional views with the temperature
contour plots are shown in Fig. 3(d). The chamber is cooled down
to 20 °C within 2 min, which is on the same time scale as the heat-
ing process. An analogous lab-experiment is carried out in which
the 3D printed chamber is preheated to 50 °C before switching to a
20 °C water circuit. The temperature at the center of the chamber is
depicted in Fig. 3(c) as black and red solid lines for the simulated and
measured data, respectively. The dynamic of the temperature evolu-
tion shows a very similar behavior as in the heating curve. Overall,
despite the large chamber volume, a stable and quickly switchable
temperature control with an elliptical heating and cooling pattern
inside the chamber is achieved. A more homogeneous temperature
distribution within the chamber is expected when air turbulence is
generated, for example, by an external airflow.

We also investigate the homogeneity in heat distribution with
respect to a prevention of condensation within the chamber. For
that purpose, we generate a water-saturated gas-stream by guid-
ing a dry nitrogen flow at 1.0 1 min™" through a washing bottle
filled with H,O and subsequently through a water-heated tube into
the chamber. The washing bottle, the gas-stream, and the chamber
are heated to both 20 °C and 50 °C for two sets of data. Tempera-
ture and humidity are recorded at the center of the chamber with
a sensor. After equilibration, the relative humidity (RH) settles at
95 + 1%RH at 19.8 + 0.5°C and at 94 + 1%RH at 49.5 + 0.5°C.
No indication of condensation is observed within the chamber. We
attribute this on the one hand to the heating of the gas stream,
which keeps it at a similar temperature as the chamber, and on the
other hand to the advantages of the spherical chamber design with
respect to a reduction in water condensation and optimized heat dis-
tribution. The offset from 100%RH is partly attributed to the gas
stream, which loses 2%-3% in humidity on its way to the cham-
ber and partly to losses within the chamber. However, considering
the size and volume of the chamber, which offers good flexibil-
ity in experimental options, the high humidity values reached and
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the small offset between the humidity at 20 °C and 50 °C indicate
an overall homogeneous heat and humidity distribution within the
chamber.

An important aspect in neutron scattering experiments is the
activation of the sample environment and the generation of back-
ground or artifacts on the detector by the sample environment. As
the environmental chamber is produced via SLM in a layer-by-layer
process, grain boundaries and inhomogeneity are present within
the bulk chamber material even though the aluminum alloy pow-
der has been completely melted.”” For example, previous neutron
scattering experiments on 3D printed metals have shown that they
produce a strong small-angle scattering signal. In addition, the
used alloy powder of AlSi10Mg is prone to some impurities of vari-
ous metals, which must be taken into account with regard to neutron
activation and decay times. Thus, it is important to investigate the
performance of a printed chamber with a real neutron beam. For
this purpose, small-angle neutron scattering (SANS) was performed
at the KWS-1 instrument at the FRM II in Garching, Germany.
The chamber was placed into the beam path at a distance of 7.78 m
from the detector, and its center was aligned to the neutron beam.
A monochromatic neutron beam with a wavelength of 4.93 A and
a 10% wavelength spread (FWHM) was used and shaped to a size
of 10 x 1 mm®. Measurements through the chamber windows and
through the chamber walls were performed for 20 min each, and the
respective 2D scattering data are shown in and . The
measurement through the windows shows that no significant back-
ground or secondary scattering from the chamber is detectable. The
weak signal in the center can be attributed to statistical fluctuations
of the beam around the beam stop. In comparison, the measure-
ment through the walls reveals a strong scattering signal, which is
attributed to the grain boundaries within the bulk of the aluminum
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FIG. 4. 2D SANS data of the 3D printed chamber measured (a) through the win-
dows of the chamber and (b) through its walls. (c) Angular integration of the SANS
intensity of the wall measurement.
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alloy. The radial scattering pattern reveals an isotropic orientation
of the grain boundaries within the AlSil0Mg alloy. The intensity
is radially integrated and plotted against the q-values, as shown in

. From the flat SANS curve, we identify a broad distribution
of different grain sizes being present within the 3D printed material.
Hence, a strong signal on the detector would be expected if neutrons
hit the chamber walls. However, as shown by the window measure-
ment, no signal nor an increase in overall background is detected for
a proper chamber alignment.

IV. EXAMPLE MEASUREMENTS FOR ToF-NR
AND ToF-GISANS

A. Static measurements

To demonstrate the general usability as well as the experimen-
tal versatility of the 3D printed environmental chamber, we present
two selected static neutron scattering experiments on a poly(styrene-
d8-b-methyl methacrylate) (PS-d8-b-PMMA, M, ps = 55.4 kg mol ™!
and Mypmma = 99.7 kg mol™!) thin film. Diblock copolymer films
undergo a micro-phase separation and thereby form characteristic
structures with domain distances on the order of tens of nanome-
ters. For the given weight average molar masses of the two
polymer blocks, the degrees of polymerization are calculated to be
Nps = 532 and Npmma = 996, respectively. Together with the Flory-
Huggins interaction parameter y = 0.043 for PS-b-PMMA at 20 °C,
we obtain yN = 66 with N = Nps + Npmma, which is well above
the order-disorder transition and is expected to result in a well-
ordered structure of the polymer.”””” The volume fraction f of the
polystyrene block calculates to fps = Nps/N = 0.35 so that a cylinder
morphology can be expected. For both the ToF-NR and ToF-
GISANS experiments, the chamber is installed at the horizontally
oriented reflectometer REFSANS at the FRM II in Garching, Ger-
many.” The chamber is connected to a thermal bath (FP50-HL,
JULABO Labortechnik GmbH, Seelbach, Germany) and kept at a
constant temperature of 20 °C. A humidity and temperature sensor
traces the hydrodynamic conditions at a sample height right next
to the sample. A 70 x 70 mm? silicon wafer has been acid cleaned
and plasma treated before a thin layer of PS-d8-b-PMMA dissolved
in toluene (ROTISOLV > 99.8%, Carl Roth GmbH + Co. KG, Karl-
sruhe, Germany) is spin-coated on top (2000 rpm, 60 s). The sample
is aligned in height and in lateral position to the center of the cham-
ber. Via spectral reflectance, the film thickness is determined to be
334 nm.

ToF-GISANS proves to be a powerful tool for the structural
characterization of thin soft matter samples. In particular, diblock
copolymer films give rise to very characteristic scattering fea-
tures. ToF-GISANS measurements are performed under ambi-
ent conditions (30%RH and 20.4 °C). The sample-detector distance
is 10.33 m, the incident angle is set to 0.5°, and the wavelength
band is set to a range from 2 A to 21 A with a wavelength resolu-
tion of AMA = 6%. shows the 2D scattering data. The
18 images correspond to selected wavelength slices from 2.4 A to
13.4 A with a 10% bandwidth around the respective mean wave-
length values given in the top left corner of the respective images.
As the wavelength increases, the probed reciprocal q-space becomes
smaller, which effectively results in a zoom in on the scattering pat-
terns. The last image in the bottom right is a duplicate of the 7.3 A
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FIG. 5. (a) 2D ToF-GISANS data of the PS-d8-b-PMMA thin film. The 18 images
show 10% wavelength slices from 2.4 A to 13.4 A with the mean wavelengths
denoted in the top left corner of the respective images. The last image in the bot-
tom right depicts a duplicate of the 7.3 A slice with the direct beam (DB) and the
specular beam (SB), as well as the integration box for the vertical cuts (vertical
red box) and the horizontal cuts (horizontal red box) indicated. The black dotted
line represents the sample horizon. (b) Horizontal line cuts of the 2D ToF-GISANS
data for all wavelength slices, starting with the 2.4 A slice at the bottom, plotted
against the sum of incident and exit angles. The positions of the direct beam (DB)
and specular beam (SB) are indicated by the red lines. (c) Vertical line cuts of the
2D ToF-GISANS data at the Yoneda peak region for all wavelength slices, starting
with the 2.4 A slice at the bottom, plotted against the horizontal scattering vector
component qy. The feature around 0.1 A corresponds to the characteristic micro-
phase separation structure of the deuterated PS block in the PMMA matrix and is
marked by the red arrow as D.

-0.5 0.0 0.5 1.0 1.5
Q; + 0O

slice and indicates the positions of the direct beam (DB) and the
specular beam (SB) of the neutron beam on the detector image. The
black dotted line is the sample horizon, and the vertical and hori-
zontal red boxes correspond to the vertical and the horizontal cut
regions, respectively. The 2D ToF-GISANS data show that the film
structure is well resolved. The micro-phase separation structure is
defect-rich, and thus instead of characteristic sharp Bragg peaks, a
ring-shaped intensity of the Bragg signal is found around the DB
and the SB.®” With respect to the overall statistics on the detector,
the signal to noise ratio is not lower compared to previous mea-
surements without the 3D printed chamber, proving that secondary
scattering from the chamber does not pose a problem with regard to

ARTICLE scitation.orgljournal/rsi
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background generation. Vertical line cuts of all 18 wavelength
slices are shown in Fig. 5(b) with increasing mean wavelength from
bottom to top. The positions of the direct and specular beam are
marked by the red lines. Horizontal line cuts are performed at the
Yoneda region, which marks scattering under the material specific
critical angle ac = A(s.p/m)* defined by the scattering length density
(SLD) of the material. The cuts are shown in Fig. 5(c) for increas-
ing mean wavelength from bottom to top. The probed qy-range
changes due to the different wavelengths, but the Bragg peak aris-
ing from the micro-phase separation of the polymer remains con-
stant at around 0.1 A™', which corresponds to a structure size of
about 14 nm. For a more detailed analysis, the curves are mod-
eled based on the distorted wave Born approximation (DWBA) and
the effective interface approximation (EIA) using spherical form
factors distributed on a 1D paracrystal lattice.”*"” The extracted
form and structure factor are determined to be (14 + 1) nm and
(58 + 4) nm, respectively, and correspond to the PS domain size and
its average inter-domain distance within the PMMA matrix. Overall,
the spherical environmental chamber is well suited for ToF-GISANS
measurements and provides reliable scattering data at defined envi-
ronmental conditions with no significant background contribution
from the 3D printed material nor any detectable activation right after
the end of the experiment.

As a second experiment, ToF-NR is performed on the very
same sample at room temperature and under 0% humidity condi-
tions using a dry nitrogen gas stream. NR is known to be able to
resolve the SLD profile along the surface normal with sub-nm preci-
sion.”””” The sample detector distance is 9.58 m, and the wavelength
band is set to 3 A-21 A with a wavelength resolution of AA/A = 1.5%.
The beam is collimated to a width of 60 mm and a height of 0.2 mm.
The reflected intensity is recorded under an incident angle of 0.6°
for 20 min and 2.4° for 100 min in order to cover a larger q-range.
Prior to the ToF-NR measurements, the direct beam has been mea-
sured for all used instrument settings to get the reflectivity values.
These also confirm that no background from the chamber is visible
on the detector when comparing them to direct beam measurements
through air. Figure 6(a) shows the superimposed reflectivity curve
of both measurements in the q-region from 0.01 A™' to 0.2 A™".
The curve is a combination of a large fringe spacing of around
0.05 A™! and a small fringe spacing of around 0.002 A" visible in
the low g-region [see the inset of Fig. 6(a)], identifying a multilayer
system within the thin polymer film. In order to obtain the values
for film thickness and SLD, the collected data are fitted using the
MOTOfit plugin for IGOR Pro v6.37 by Nelson.”” The extracted val-
ues are depicted graphically in Fig. 6(b), showing the SLD profile of
the film with the silicon substrate at the bottom and the polymer
film on top (the black dotted line marks the substrate boundary).
At the substrate boundary, the polymer film reveals a stack of lay-
ers with alternating high and low SLD values, which is accounted
for the diblock copolymer film being layered parallel to the sub-
strate surface (SLD values of PS-d8 = 6.06 x 10™° A™? and of PMMA
=1.06 x 107% A™%). The polymer film has an average SLD of 2.97
x 107 A% and a total film thickness of 322.3 nm, which is in good
agreement with the data obtained from the spectral reflectance mea-
surement. The measurement shows a clean reflectivity curve with
usual background, showing that even for broad beams and larger
angles, the chamber produces little to no additional background on
the detector.
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FIG. 6. (a) ToF-NR reflectivity curve of a PS-d8-b-PMMA thin film. The inset is the
zoomed-in view of the low g,-region to highlight the additional curve modulation
arising from the film thickness (322.3 nm). The black line is the model fit to the
scattering data. (b) Vertical SLD profile of the polymer film. The black dotted line
marks the boundary between the silicon substrate and the diblock copolymer film.

SLD [10°A?]

B. Kinetic measurements

We also perform kinetic ToF-NR measurements under chang-
ing humidity conditions to demonstrate the stable temperature con-
trol within the chamber as well as the thereby achieved accurate
adjustment of the relative humidity. For that purpose, we use a thin
microgel film of poly(N-isopropylacrylamide) (PNIPAM) cross-
linked with N,N’-methylenebisacrylamide (BIS) (2.5 mol PNIPAM:
1 mol BIS) with a thin aluminum metal layer evaporated on top. The
preparation routine of the polymer film follows the same steps, as
described in our previous work.”” The aluminum layer, which can
enable potential use of such microgel thin films as humidity sensors,
is deposited in a thermal evaporation chamber with a pre-calibrated
thickness of around 10 nm. We measure two cycles of hydration and
drying of the film. The related sample states are denoted as (I) dry
static state 1, (IT) swelling kinetic state 1, (III) swollen static state
1, (IV) drying kinetic state 1, (V) dried static state 2, (VI) swelling
kinetic state 2, (VII) swollen static state 2, (VIII) drying kinetic state
2, and a (IX) dried static state 3. The chamber humidity is supplied
via a gas stream that is mixed from a saturated gas-flow of dry nitro-
gen led through a washing bottle filled with D,O and a second pure
dry nitrogen gas stream. For the first cycle, a water-saturated gas
stream is used, while for the second cycle, we mix 70% of the sat-
urated gas stream with 30% of the pure dry nitrogen gas stream. The
measurements are carried out at the REFSANS instrument at a tem-
perature of 25 °C using the same settings for static measurements
as described before. Kinetic measurements are recorded for 180 min
with a time resolution of 30 s at an incident angle of 0.76°.

The ToF-NR reflectivity data of the static film states (I), (III),
(V), (VII), and (IX) are shown in Fig. 7(a) together with the respec-
tive SLD profiles in Fig. 7(b). The evolution of the temperature
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FIG. 7. (a) ToF-NR reflectivity curves of the dry static states (I), (V), and (IX) and
the swollen static states (Ill) and (VII) of a cyclic swelling and drying experiment
[as shown in (c)] of a PNIPAM microgel thin film. (b) SLD profiles extracted from
the reflectivity data plotted against the distance from the silicon substrate. The
polymer—substrate interface is marked by the black dotted line. (c) Relative humid-
ity (black) and temperature (red) measured over the course of two subsequent
swelling and drying cycles. The respective states (1) to (IX) are indicated. Evolu-
tion of (d) water content and (e) film thickness during the first swelling (1l) and the
first drying (IV) process.

and humidity is depicted in Fig. 7(c). In the first cycle, we reach
95%RH, and in the second cycle, we reach 70%RH. The three dry
states all equilibrate at around 0%RH. During the entire experiment,
the temperature remains stable at 25 + 0.5 °C. The values for film
thickness and film SLD are extracted via best model fits and are
graphically represented in the SLD profiles in Fig. 7(b). The top
layer of around 15 nm represents a metal/polymer intermixing layer,
whereas the layers below are assumed to be the pristine polymer.
The profiles reveal D,O enrichment layers at the polymer-substrate
and polymer-metal interfaces, respectively. It also shows that the
swelling process mainly happens within the top intermixing layer
of the metal and polymer. The exact processes during the swelling
and drying are extracted from the kinetic data recorded every 30 s.
Selected ToF-NR reflectivity curves and the corresponding fits are
shown for all four kinetics in Fig. S1 of the supplementary material.
From the fits, we extract an SLD and film thickness, which we trans-
form into a water content @ and a swelling ratio (SR), as described
in the supplementary material. The ® and SR plots are shown for the
first cycle in Figs. 7(d) and 7(e) and for the second cycle in Figs. S2(a)
and S2(b) of the supplementary material, respectively. During the
first cycle, the film reaches @ values of 35% and a SR of 1.2, while
during the second cycle, it reaches @ values of 28% and a SR of
1.1. The smaller film thicknesses after the second and third drying
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process compared to the films initial state are accounted for rear-
rangements, which typically happen within the as prepared polymer
film during a swelling process. In comparison, we reach the same dry
thicknesses at the start and end of the second cycle, highlighting the
good control achieved with the chamber. The differences between
the extracted water content and swelling ratios are explained in more
detail in our previous work on similar polymer thin films and are
related to a deuteration of the polymer in the presence of D,O.”
Overall, these experiments showcase the stability and adjustability
of the temperature and relative humidity within the chamber, which
makes it a reliable sample environment for investigations relating to
relative humidity.

V. CONCLUSION

We designed, manufactured, and tested an environmental
chamber for ToF-NR and ToF-GISANS experiments using state-of-
the-art 3D metal-printing technology. Key features of the chamber
are its spherical design, which helps to reduce heat gradients within
the chamber and is also of high interest for high humidity experi-
ments, the fluidic channels within its walls for heating and cooling
the sample from all directions, and its large volume, which allows
for a high degree of flexibility with regard to the sample size and
the installation of complementary measurement equipment. Tem-
perature simulations and laboratory experiments have shown that
the temperature can be switched within a few minutes. Test mea-
surements of the 3D printed material have revealed that the grain
boundaries within the chamber material produce a strong, but spa-
tially uniform, scattering signal. Furthermore, it has been proven
that under correct beam alignment, no secondary scattering or other
additional background is produced by the chamber. Exemplary ToF-
GISANS and ToF-NR measurements on a thin 70 x 70 mm?* deuter-
ated diblock-copolymer thin film (PS-d8-b-PMMA) are provided as
example experiments. They allowed a thorough investigation of the
film structure and composition and did not reveal any detrimental
influence of the chamber compared to previous experiments per-
formed on the same instrument. Additional ToF-NR measurements
under varying humidity conditions are shown to prove the cham-
bers viability on a real sample system and to further demonstrate its
stability and control over temperature and humidity.

Conclusively, additive manufacturing methods can be used
very well for neutron sample environment fabrication where a flex-
ible design is required. Moreover, it is expected that the spherical
environmental chamber will provide a flexible environment for a
multitude of future NR and GISANS experiments.

SUPPLEMENTARY MATERIAL

See the supplementary material for selected ToF-NR reflectiv-
ity curves of the swelling and drying kinetics of a PNIPAM micro-
gel thin film, temporal evolution of the water content and swelling
ratio, and calculation of swelling ratio and water content with the
respective SLD values.
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