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Fast tomography: in-situ  visualization of fracture

E. Maire et al. Int. J. Fraction 2015

Vertical tomographic slice, 
time separation ~ 50 ms, 
voxel = 3µmAl - Alumina sample (Eric Maire, Joel Lachambre, INSA Lyon, France)
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Al - Alumina sample

20 Hz X-ray tomography during an in situ tensile test

Fig. 7 Time required for the crack to reach a given position as
seen from the top of the sample along the tensile axis. The gray-
level scale bar is expressed in seconds. The profile given in inset
is a linear extraction along the path 1. The profile forms steps of
increasing length, showing that the crack propagates very quickly

in single particles and then later in clusters ofmany particles. The
crack stops for a while, being blunted by the aluminum, between
each of these propagation events. The inset shows a linear profile
of time along the line drawn in the figure

Fig. 8 Profile of the time plotted in Fig. 7, along Path 2, averaged
over 30 straight parallel paths. The profile can also be smooth
fitted with an empirical expression

Fig. 7, but we have averaged the values along this path
over 30 paths running parallel to the drawn line. This
averaged profile is given in Fig. 8. It is indeedmuch less
noisy than the previous profile drawnusing a single path
and shows again the stepwise nature of crack propaga-
tion in the composite, each step being larger than the
preceding one. In order to obtain the global monoto-
nous trend of the evolution of this time, we have finally
smooth-fitted the profile using an empirical analytical

evolution of the time as a function of the distance. This
empirical smooth fit is also shown in Fig. 8. On the
left of these profiles, the time required to reach a given
distance becomes shorter and shorter, so that the pro-
files saturate. This clearly indicates that the crack is
accelerating. The two paths (1 and 2) were selected at
random, to have an orientation roughly perpendicular
to the propagating crack front.

This can be shown quantitatively by calculating the
velocity da/dt of the crack from the spatial profile of
time as a function of distance given in the preceding fig-
ure. The result of such a calculation of the crack veloc-
ity is presented in Fig. 9. The speed calculated using
the experimental averaged profile is very scaterred. It
even contains negative values. This should be consid-
ered with care and is mostly an artifact due to our mea-
surement method, based on images. The regions where
the speed is negative are linked to the presence of alu-
miniumbridges, because they virtually have a very high
grey level value in terms of time, as they never break
within the captured images. This artefact is smoothed
partially by the averaging over parallel paths but it still
remains in the final result. Despite this scatter, it can
be clearly seen that the speed increases as the crack
advances. This tendancy is also more clearly visible
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In situ synchrotron study of sintering of gas-atomized Ti-6Al-4 V powders 
using concomitant micro-tomography and X-ray diffraction: Effect of 
particle size and interstitials on densification and phase 
transformation kinetics 
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M. Perez a, E. Maire a, J. Adrien a, P. Steyer a, T. Douillard a, A. King b, X. Boulnat a,* 

a INSA Lyon, University of Lyon, MATEIS, UMR CNRS 5510, F69621 Villeurbanne, France 
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A B S T R A C T   

Compared to the well-established powder bed fusion techniques, sinter-based additive manufacturing of titanium 
alloys remains extremely challenging. This technique involves three steps: (i) shaping of a part composed of 
metallic powders bound with polymeric binder (ii) debinding (iii) sintering. One main issue is that densification 
during the solid sintering is promoted by small powder particles whereas the latter have a high propensity to 
carbon and oxygen uptakes from the binder, which are detrimental to ductility of titanium parts. In this article, 
we report a unique in-depth characterization of solid sintering of titanium powders using in situ coupled micro- 
computed tomography (µCT) and X-Ray diffraction under synchrotron radiation at high temperature, combined 
with in situ environmental scanning electron microscopy (HT-eSEM). Evolution of global porosity, pore size 
distribution and interconnectivity as well as allotropic titanium phase transformation and precipitation of 
second-phase precipitates (titanium carbides) were determined, allowing a discussion on the densification/phase 
transformation relationship. This multi-scale in situ study of solid sintering was used to identify the effect of 
powder particle size on the contamination / densification trade-off. Carbon/oxygen uptakes clearly increase the 
α-to-β transus but do not affect significantly the final porosity of the sintered parts, which argues for a secondary 
role of the β phase on the sintering kinetics of titanium alloys. Reducing the powder particle size has a 
tremendous effect on both the densification kinetics and the final pores structure.   

1. Introduction 

Metal additive manufacturing now has many industrial applications 
and is attracting worldwide scientific and technological interest. In 
particular, the healthcare sector has been a pioneer in the 3D printing of 
orthopedic and dental implants, whose leading alloy is titanium [1]. Its 
mechanical strength, fatigue life, corrosion and biological properties 
make it a reference material for the industrial sector. However, the 
intrinsic favourable properties of the material can be undermined by 
additive manufacturing processes. Hence, numerous studies were per-
formed to tackle this issue and enhance the quality of printed parts 
[2–3]. In powder bed fusion, by laser (L-PBF) or electron beam (EB-PBF), 
defects are indeed increasingly controlled, although surface integrity 

remains a major challenge, particularly for cyclic properties. Residual 
stresses in the Ti-6Al-4 V alloy from L-PBF are also an obstacle to the 
production of solid (large) parts and require stress relief treatment [4]. A 
promising alternative is sintering-assisted additive manufacturing: 
direct-ink writing (DIW) [5–7], Fused Filament Fabrication (FFF) [8] or 
metal binder jetting (MBJ) [9,10]. These processes have the advantage 
of not going through melting and therefore limit the occurrence of re-
sidual stresses while maintaining a microstructure closer to equilibrium. 
Compared to PBF techniques, sinter-based AM (SBAM) methods enable 
to produce metallic parts presenting both closed and open pores forming 
interconnected networks, with characteristic pore sizes between the 
micron and the millimeter. In the case of biocompatible metallic alloys 
such as Ti-6Al-4 V, such porous-controlled structures are considered 
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dynamic vacuum (around 5 × 10−2 mbar) and using two different sets of 
conditions: either 30 min at 350 ◦C (1 K/min), referred to “Ti36_DB350” 
or “Ti6_DB350” or 2 h at 500 ◦C (1 K/min), referred to “Ti36_DB500”. 
The debinded scaffolds were then gently crushed to recover the powder 

that was further used for the investigations. C and O contents measured 
by the infrared combustion methods in the as-received and the debinded 
states illustrate the prime role of debinding on the C and O uptakes (see 
Table 1). 

Table 1 
Compositions (wt%) of the Ti-6Al-4 V as-atomized (supplier values) and debinded powders (NM = not measured).   

Chemical element Ti N C O H Fe Al V 

As-atomized (supplier) Ti36 powder Bal. 0.005 0.01 0.08 <0.001 0.22 6.20 3.98 
Ti6 powder Bal. 0.008 0.011 0.15 0.002 0.155 6.10 3.87 

Debinded (measured) Ti36_DB350 Bal. NM 0.130 0.125 NM NM NM NM 
Ti36_DB500 Bal. NM 0.187 0.335 NM NM NM NM 
Ti6_DB350 Bal. NM 0.106 0.745 NM NM NM NM  

Fig. 1. (i) Representation of beamline setup and typical data collected for sample Ti36_DB500 during the whole heat treatment: (ii) color map displaying the 
evolution of the S-XRD peak intensities and positions of both α- and β-phases for one detector and (iii) binarized slices of S-μCT analyzed volumes at specific times and 
temperatures. 

M. Pontoreau et al.                                                                                                                                                                                                                             
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In-situ  tomographic 
microscopy

Voxel size =650 nm

X-ray energy (pink)  ~ 30-
80 keV

Acquisition time ~ 6 s

During sintering, the thickness of the interconnected pore is globally stable despite the shrinkage of the interconnected pore 
network => suggests that the decrease in volume of the interconnected pores network only happens by the closure of the 
branches composing the interconnected pore rather than an isotropic shrinkage. 
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closed pores relative to the whole volume studied, their density (number 
per mm3), their average sphericity and their equivalent spherical 
diameter (ED). 

Initially, only few closed spherical pores, with ED of 9.4 ± 0.5 μm 
(IQR = 7.1 ± 1.4 μm), can be detected. They are internal round (sphe-
ricity around 0.9) pores, well known for being present in argon- 
atomized powders [59]. Then, from around 700 ◦C to the beginning of 
the holding temperature step, the number of closed pores increases 
slightly whereas the size decreases. These first nucleated closed pores 
have an ED of 4.4 ± 0.4 μm (IQR = 2.5 ± 0.3 μm), hence the volume 
fraction of closed pores does not increase significantly yet. Then, during 
all the holding temperature step and in relation with the fragmentation 
of the interconnected pore, the number and volume fraction of the 
closed pores increase rather linearly with time, until reaching a 
maximum at the end of the holding temperature step. Linear fits on this 
evolution (R2 > 0,89) lead to 3.8 to 5.5 closed pores.mm−3.s − 1. In 
contrast to the fragmentation of the interconnected pores, the formation 
of closed pores does not slow down during the second part of the holding 
temperature step. On the contrary, the ED of the closed pores increase so 
that their volume fraction soars during the second part of the holding 
temperature step. Besides, the mean sphericity of the closed pores de-
creases from 0.9 to 0.4. This is in line with the fact that new closed pores 
are formed from the highly non-spherical interconnected pore. Finally, 
at the beginning of the cooling step, no more closed pores are formed 
and typically, below around 800 ◦C thermal energy is no longer high 
enough to induce changes in volume fraction, number, size and shape. 
Few closed pores are even vanishing, which can be explained by a slight 
evolution of spatial resolution due to thermal contraction. At the end, 
the ED of the closed pores equals 15.7 ± 2.8 μm (IQR = 10.9 ± 2.5 μm), 
their volume fraction equals 1.25 ± 0.55 vol% and their number equals 
17,300 ± 1600 pores per mm3. They are highly non-spherical and the 
ratio between ED (15.7 µm) and thickness (6.3 µm determined by “Local 

Thickness”) is higher than 2. 
To summarize, various microstructural parameters were derived 

from in situ S-μCT, from the evolution of the material network to the 
evolution of the porosity during free sintering of Ti-6Al-4 V particles. It 
is demonstrated that different debinding conditions (thus leading to 
differences in the presence of carbon and oxygen residues) do not 
significantly impact the densification behavior of the Ti-6Al-4 V pow-
ders. Considering the uncertainties related to the experiment, the evo-
lution of the interconnected pores and the closed pores are very similar 
after different debinding conditions. Globally, the evolution of inter-
connected pores can be described as a two-step process during which the 
closed pores are formed continuously by disconnecting from the open 
porosity. The sintered Ti36 samples are composed of a 12.8 ± 1.5 vol% 
interconnected pore with 7.1 ± 0.4 μm thick branches and of around 
1.25 ± 0.55 vol% of closed pores with an equivalent mean diameter 
around 15.7 ± 2.8 μm. 

Beside the global description, tracking of some individual closed 
pores was carried out on 665 × 665 × 65 μm3 vol to analyze their 
evolution from their nucleation to their eventual closure. Fig. 6 shows 
the formation of two closed pores from the interconnected network 
during the beginning of the cooling ramp for sample Ti36_DB500. First, 
the complex geometry of a part of the interconnected pores network can 
be observed. From 1060 ◦C to 900 ◦C, two branches close without 
creating closed pores because the parts are still connected to each other. 
From 900 ◦C to 740 ◦C, two other branches close inducing the formation 
of two closed pores definitively disconnected. As one would expect, the 
closure of the branches happened in regions where the porosity was thin. 
Finally, from 740 ◦C to 315 ◦C, no significant changes are noticed except 
the clear spheroidization of the smallest closed pore formed. 

3.1.5. Phase transformation kinetics by in situ S-XRD 
We used in situ S-XRD measurements to quantify the effect of carbon 

Fig. 4. Interconnected pore evolution for all samples with (i) the evolution of the thickness of their branches and (ii) 2D and 3D (135 × 108 × 133 μm3) repre-
sentation of local thickness plugin used on sample Ti36_DB500 (one slice and less than 1 vol% of total 3D volume). 

M. Pontoreau et al.                                                                                                                                                                                                                             
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Fig. 1. Healing strategies in metallic materials. (a) Schematic overview of solid-state self-healing strategies in metals inspired from Grabowski and Tasan [6] (TDP = Thermally 
activated Diffusion and Precipitation, PDP = Pipe Diffusion and Precipitation and PDR = Programmed Damage and Repair). (b) T/T m – homologous temperature as a function 
of characteristic healing scale (temperature (in K), T m – melting temperature (in K)). Temperatures below T/T m ≈ 0.34 (in blue) correspond to the PDP strategy operating at 
room temperature. The “High T ° range” (in red) corresponds to TDP strategy and is inspired from [5] . The limits are defined as upper and lower operation limits for creep- 
loaded samples. The red doted line corresponds to the calculated theoretical healable damage size evolution with temperature assuming a characteristic diffusion length of 
Cu in pure Al after 10 5 seconds. The PDR strategy points are placed at 400 °C (T/T m ≈ 0.76), see Section 4.3 . Numbers [ 17 , 19 ] and [18] in the figure refer to the corresponding 
papers in the reference list. (c) Evolution of homologous temperature and healing agent concentration with time for these strategies. 
3.3. In situ SEM tensile test 

To reveal damage mechanisms, in situ uniaxial tensile tests 
were performed inside the SEM using a micro-tensile machine 
(Gatan microtest tensile stage). Void formation and coalescence 
could thus be monitored. Flat samples with a thickness of 1 mm 
were extracted from the top part of the FSPed plate (see Sup- 

plementary material 1). The detailed geometry of these samples 
is provided in Fig. 2 a. The loading rate was set to 0.1 mm/min. 
To force the crack initiation site and facilitate observations, the 
flat tensile samples contained U-shaped notches on both sides 
( Fig. 2 a). 

These in-situ tensile tests have been interrupted at elongations 
of 0.6 mm or 0.7 mm. These two levels of elongation have been 

3 

Programmed Damage and Repair 

A new precipitation based healing strategy for metals 
demonstrated on  the commercial Al 6063 alloy.

M. Arseenko, F. Hannard, L. Ding et al. Acta Materialia 238 (2022) 118241 

Fig. 2. Samples preparation for in situ SEM tensile testing, in situ TEM heating and in situ 3D X-Ray nano-imaging. (a) Geometry of in situ SEM tensile test sample (thickness 
about 1 mm); (b) Representative interrupted engineering stress-strain curve at 0.6 or 0.7 mm elongation in comparison with a curve where the test was performed without 
observation and until fracture; (c) Steps of sample preparation and schematic for in situ 3D X-Ray nano-imaging and in situ TEM heating experiments. 
selected in order to ensure a significant number of voids nucleated 
from the reinforcement particles. 

In order to estimate more precisely the applied strain in the 
sub-specimen (extracted for in situ 3D X-Ray nano-imaging us- 
ing holotomography) at the notch root (see Fig. 2 c), finite element 
(FE) analysis of the SEM tensile tests was performed (see Fig. 3 ). 
The input file of this model was constructed and solved with the 
general-purpose software ABAQUS (version 2019). Young’s modulus 
and hardening law were identified from the experimental macro- 
scopic stress-strain curves of uniaxial tensile tests ( Section 3.6 ). 
Isotropic hardening was assumed and 3D linear hexahedral ele- 
ments (C3D8R) were used. The FE procedures are fully standard 
and convergence of the results was carefully checked (with 16 ele- 
ments in the thickness direction). 

Fig. 3 shows both the experimental and computed force- 
displacement curves of the SEM tensile tests. A good agreement is 
observed up to elongation value of approximately 0.75 mm. Fig. 3 c, 
d shows contour plots of von Mises equivalent strain within a 
cross-section through the center of the notch for an elongation of 
0.6 and 0.7 mm, respectively. The strain levels within the tomogra- 
phy specimens ( Fig. 3 b–d) range between [0.3–0.45] and [0.4–0.6] 
for the elongation of 0.6 mm and 0.7 mm, respectively. 
3.4. In situ X-Ray synchrotron holotomography heating 

The in situ 3D X-Ray nano-imaging tests were performed at the 
European Synchrotron Radiation Facility (ESRF, Grenoble, France) 
on beamline ID16B using holotomography with a voxel size of 
35 nm and a dedicated high temperature furnace [27–29] . All 3D 

X-Ray nano-imaging specimens were prepared according to the 
schematic in Fig. 2 c. The specimens were thus taken from inter- 
rupted in situ SEM tensile tests at 0.6 mm and 0.7 mm of global 
elongation (corresponding to a strain level of about 0.35 and 0.5, 
respectively, see Section 3.3 ). They were extracted next to the 
notch, i.e. in the region experiencing the largest strain and thus 
presenting the highest level of damage ( Fig. 2 c). The samples were 
then thinned manually to 200 µm and cut by a micro-cutting ma- 
chine. The specimens were mounted on a dedicated specimen sup- 
port ( Fig. 2 c) to fit into the furnace available at the beamline [27] . 
The furnace can be easily mounted and removed over the spec- 
imens to heat them up to 20 0, 30 0 and 40 0 °C between holoto- 
mography scans without moving the specimens. The nano-imaging 
were acquired using a conic pink beam ( !E/E = 10-2) with an en- 
ergy of 17.5 keV. While the specimen rotated over 360 °, 2D phase 
contrast images of the specimen (field of view: 90 × 76 µm 2 –
pixel size: 35 nm) were recorded using a CMOS camera. For each 
tomographic scan, 3009 projections were acquired with an expo- 
sure time of 200 ms per step. 

For selected scanning steps, cavities were distinguished from 
the Al matrix by segmentation and their geometrical characteris- 
tics were recorded. A tracking algorithm (in-house built toolbox 
in MATLAB), relying on a graph-based data association approach, 
has been modified and used to follow the cavities from one scan- 
ning step to the next (see Supplementary material 5 for details of 
the procedure) [ 30 , 31 ]. Only the cavities with initial size above 0.1 
µm (i.e. with a diameter of at least 3 voxels) were used for the 
tracking procedure in order to avoid counting any noise of the re- 

4



DTU Fysik

Healing in metals

9

In-situ  holotomography 
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Acquisition time ~ 20 min
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machines.
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Fig. 6. Healing evolution with time at 400 °C. (a) 3D volumes and corresponding Minimum Intensity Projections (MinIP) in the initial state, after 10 min and after 2 h at 
400 °C; (voids are in black, intermetallic particles in yellow and Mg 2 Si particles in grey). (b) Evolution of the number of healed cavities with healing time for different size 
classes: Specimens 1 and 2 correspond to 0.6 mm of global elongation; Specimen 3 corresponds to 0.7 mm of global elongation (see Supplementary material 2 for details on 
each specimen). (c) Cumulative distribution function (CDF) of the near-neighbour distances between voids as a function of the heating time. (d) Evolution of the void volume 
fraction (F v ), normalised by the value in the initial state (F v,init ). (e) HAADF-STEM images showing healing evolution with time. The black arrows indicate the position of the 
crack. 

Table 1 
Mean values for tensile properties of the composite samples before and after the healing heat treatments. 

E a) σ y σ y b) σ Failure c) εf W f b) W f 
[GPa] [MPa] [MPa] [MPa] [MJ/m 3 ] [MJ/m 3 ] 

Al-0.5Mg 2 Si 69.3 ±1.2 124.8 ±3.1 394.73 ±10.7 0.65 ±0.1 196.3 ±15.3 
Al-0.5Mg 2 Si-HT 67.1 ±0.8 131.5 ±3.0 416.90 ±29.6 0.76 ±0.00 236.6 ±23.5 
Al-0.5Mg 2 Si-HTT 67.0 ±3.8 125.7 ±4.2 175.6 ±9.3 428.9 ±32.8 0.74 ±0.03 242.5 ±12.1 273.7 ±16.8 
(a) E – Young modulus 
(b) data for Post Healing Loading curve 
(c) σ Failure – Strength at failure 

cies annihilate? By analogy with the final stage of sintering, 
grain boundaries can act as healing atoms source as well as va- 
cancies sink [ 40 , 48 ]. 
In order to confirm the unique healing behavior of the proposed 

healable alloy and indirectly verify the importance of Mg enrich- 
ment, the same commercial alloy Al6063 was processed under the 
same condition but without Mg strip addition. In that case, the 
same healing phenomenon was not observed (Fig. S5 of Supple- 
mentary material 4). 
4.4. Effect of healing treatment on tensile properties 

To evaluate the effect of healing efficiency on mechanical prop- 
erties, another kind of tensile tests was performed (Supplementary 
material 7) on three Al-0.5Mg 2 Si alloys ( Fig. 7 a, Table 1 ): 

(1) as-FSPed (called Al-0.5Mg 2 Si); 
(2) non-damaged but heat treated at 400 °C for 10 min (called Al- 

0.5Mg2Si-HT); 
(3) damaged by loading to deformation levels up to 20% (details in 

Supplementary material 7), heat treated then loaded until final 
failure (called Al-0.5Mg 2 Si-HHT). 
Heat treating the undamaged alloy improves the fracture strain 

εf from 0.65 ±0.06 (Al-0.5Mg 2 Si) to 0.76 ±0.05 (Al-0.5Mg 2 Si-HT) 
without significantly affecting yield strength ( σ y ) ( Fig. 7 a, Table 1 ) 
likely due to static recovery of the FSPed microstructure [49] . 

Al-0.5Mg 2 Si-HHT was deformed up to strain close to the onset 
of plastic localization. At this stage, particles are fractured ( Fig. 4 b), 
and if no healing is applied before further deformation, voids will 
grow, coalesce into macrocracks leading to catastrophic failure. 
However, damage is significantly decreased by applying HHT. Al- 
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Fig. 6. Healing evolution with time at 400 °C. (a) 3D volumes and corresponding Minimum Intensity Projections (MinIP) in the initial state, after 10 min and after 2 h at 
400 °C; (voids are in black, intermetallic particles in yellow and Mg 2 Si particles in grey). (b) Evolution of the number of healed cavities with healing time for different size 
classes: Specimens 1 and 2 correspond to 0.6 mm of global elongation; Specimen 3 corresponds to 0.7 mm of global elongation (see Supplementary material 2 for details on 
each specimen). (c) Cumulative distribution function (CDF) of the near-neighbour distances between voids as a function of the heating time. (d) Evolution of the void volume 
fraction (F v ), normalised by the value in the initial state (F v,init ). (e) HAADF-STEM images showing healing evolution with time. The black arrows indicate the position of the 
crack. 

Table 1 
Mean values for tensile properties of the composite samples before and after the healing heat treatments. 

E a) σ y σ y b) σ Failure c) εf W f b) W f 
[GPa] [MPa] [MPa] [MPa] [MJ/m 3 ] [MJ/m 3 ] 

Al-0.5Mg 2 Si 69.3 ±1.2 124.8 ±3.1 394.73 ±10.7 0.65 ±0.1 196.3 ±15.3 
Al-0.5Mg 2 Si-HT 67.1 ±0.8 131.5 ±3.0 416.90 ±29.6 0.76 ±0.00 236.6 ±23.5 
Al-0.5Mg 2 Si-HTT 67.0 ±3.8 125.7 ±4.2 175.6 ±9.3 428.9 ±32.8 0.74 ±0.03 242.5 ±12.1 273.7 ±16.8 
(a) E – Young modulus 
(b) data for Post Healing Loading curve 
(c) σ Failure – Strength at failure 

cies annihilate? By analogy with the final stage of sintering, 
grain boundaries can act as healing atoms source as well as va- 
cancies sink [ 40 , 48 ]. 
In order to confirm the unique healing behavior of the proposed 

healable alloy and indirectly verify the importance of Mg enrich- 
ment, the same commercial alloy Al6063 was processed under the 
same condition but without Mg strip addition. In that case, the 
same healing phenomenon was not observed (Fig. S5 of Supple- 
mentary material 4). 
4.4. Effect of healing treatment on tensile properties 

To evaluate the effect of healing efficiency on mechanical prop- 
erties, another kind of tensile tests was performed (Supplementary 
material 7) on three Al-0.5Mg 2 Si alloys ( Fig. 7 a, Table 1 ): 

(1) as-FSPed (called Al-0.5Mg 2 Si); 
(2) non-damaged but heat treated at 400 °C for 10 min (called Al- 
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failure (called Al-0.5Mg 2 Si-HHT). 
Heat treating the undamaged alloy improves the fracture strain 

εf from 0.65 ±0.06 (Al-0.5Mg 2 Si) to 0.76 ±0.05 (Al-0.5Mg 2 Si-HT) 
without significantly affecting yield strength ( σ y ) ( Fig. 7 a, Table 1 ) 
likely due to static recovery of the FSPed microstructure [49] . 

Al-0.5Mg 2 Si-HHT was deformed up to strain close to the onset 
of plastic localization. At this stage, particles are fractured ( Fig. 4 b), 
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Discussion
I. Which type of materials are you interested in? (Al, Mg…)

II. Any interest in samples with more than 1 mm steel?

III. Are large batches of samples relevant? (automation of acquisition)

IV. For in-situ studies, do you have your own sample environment? Compatible with X-ray tomo? 


