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a b s t r a c t 

Microstructural characterization has a key role in analyzing the properties of additive manufactured materials. 
Electron backscatter diffraction (EBSD) can offer a unique set of information on the microstructural state of these 
materials. However, EBSD analyses is extremely sensitive to the quality of the prepared sample and requires 
a seamless preparation eliminating any risk of contamination, oxidation or surface imperfections. Despite the 
wide use of EBSD analysis in AM, there is no universally accepted sample preparation protocol and the variety 
and sequence of the steps that can guarantee high quality data remain unclear. In this study, the efficiency of 
sample preparation methods with various final steps of vibrational polishing, vibrational polishing + cleaning, 
vibrational polishing + electro-chemical polishing and vibrational polishing + chemical etching was surveyed 
and compared for EBSD analyses of notched AM AlSi10Mg part. The obtained results help selecting the most 
efficient approach indicating that vibrational polishing + chemical etching with hit rate of 95.41% lead to the 
lowest zero solutions followed by vibrational polishing + electro-chemical polishing, vibrational polishing + pad 
cleaning and just vibrational polishing, respectively. 
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. Introduction 

Additive manufacturing (AM) technologies are getting notable atten-
ion thanks to their efficiency and flexibility in fabrication of complex
omponents particularly in aerospace, automotive and medical applica-
ions [1–3] . With the advancement of AM technologies in various sec-
ors, there is also an urgent need to develop roadmaps and guidelines
or characterization of AM material, their qualification and certification
4–6] . There has been a collective effort towards developing qualifica-
ion and characterization standards to address the required procedures
nd enhance the knowledge on material properties in the AM field; how-
ver, many aspects of these materials are still not adequately analyzed
ncluding surface quality, and microstructure [7–9] . The microstructure
f AM materials, significantly affected by fusion and solidification pro-
esses, is one of the key factors for specifying their structure–property
elationship [10–13] . Microstructural features such as distributions of
rain shape and size, crystallographic texture, solidification structures
nd compositional variations considerably affect the mechanical prop-
rties [14] . Therefore, high accuracy microstructural characterizations
an play a critical role in understanding, predicting and modulating the
erformance of AM materials. Based on the scale of microstructural fea-
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ures in AM materials ranging from grain length ( < 0.2 mm), cell di-
meter ( < l μm) to cell wall thickness ( < 150 nm) and impurities ( <
 nm), different approaches of electron backscatter diffraction (EBSD),
canning electron microscopy (SEM), transmission electron microscopy
TEM) and high-angle annular dark-field (HAADF) scanning can be used
15] . 

Among the mentioned microstructural characterization methods, be-
ides covering a wide range of characterization scales via EBSD, this
ethod has unique advantages such as high-resolution observation of

rains and grain boundary types as well as phase transformations, map-
ing of phase/orientations and also direct statistical measurement and
uantitative analyses [16] . In addition, by post-processing of EBSD re-
ults different factors such as dislocation densities, dynamic recrystal-
izations, stress concentrations and plastic strains can also be estimated
 17 , 18 ]. For a successful EBSD analyses, careful sample preparation is
ssential. Perfect preparation of the samples is one of the most challeng-
ng steps significantly affecting the quality of EBSD signals generated
ithin a small interaction volume located at the surface of a sample
ith a penetration depth typically less than 50–100 nm. There should
e no contamination, oxidation, imperfection, or scratches, on the final
repared surface [ 19 , 20 ]. As EBSD pattern quality is extremely sensitive
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Table 1 

Different sample preparation methods for EBSD analyses of AM materials. 

Material AM technology Preparation method Reference 

AlSi10Mg Laser powder bed fusion (LPBF) Mechanical polishing followed by chemical-mechanical polishing using 0.05 μm colloidal silica 
suspension 

[28] 

Ti − 6Al − 4V Plasma welding deposition 
(PWD) 

Mechanical polishing followed by chemical-mechanical polishing using 0.4 μm colloidal 
alcohol-silica suspension 

[29] 

AlSi10Mg LPBF Mechanical polishing followed by chemical-mechanical polishing using 0.005 μm colloidal silica 
suspension 

[30] 

AlSi10Mg LPBF Mechanical polishing followed by chemical-mechanical polishing using 0.04 μm colloidal silica 
suspension 

[31] 

AlSi10Mg LPBF Mechanical and chemical-mechanical polishing followed by electro-chemical polishing using 
10% perchloric acid and 90% methanol with voltage of 30 V and time of 2 s 

[32] 

Graded steel Direct laser metal deposition 
(DLMD) 

Mechanical and chemical-mechanical polishing followed by electro-chemical polishing using 
10% perchloric acid and 90% methanol with voltage of 30 V and time of 20 s 

[33] 

AlF357 and 
AlSi10Mg 

LPBF Mechanical and chemical-mechanical polishing followed by vibrational polishing using 0.02 μm 

colloidal silica suspension 
[34] 

4130 low-alloy steel LPBF Mechanical polishing followed by chemical-mechanical polishing using 0.05 μm colloidal silica 
suspension 

[35] 

AlSi10Mg LPBF Mechanical polishing followed by chemical-mechanical polishing using 0.04 μm colloidal silica 
suspension 

[36] 

AlSi10Mg Direct metal laser sintering 
(DMLS) 

Mechanical polishing followed by chemical-mechanical polishing using 0.05 μm colloidal silica 
suspension 

[37] 

AlSi10Mg LPBF Mechanical polishing followed by chemical-mechanical polishing using 0.05 μm colloidal silica 
suspension 

[38] 
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o the integrity of the crystallographic lattice on the surface of the pre-
ared sample, additional preparation steps with respect to the normal
olishing steps should be carried out to remove the introduced crystal
amages [21] . Aluminum alloys are known to be predominantly chal-
enging to correctly prepare for EBSD analysis when compared to other
aterials such as steels. This is no limited to AM materials but in gen-

ral even for conventionally fabricated Al alloys, the sample prepara-
ion for EBSD analysis is more [22] . On these soft materials, mechan-
cal polishing can cause further complexity as it may introduce a thin
istorted surface layer, obscuring the underlying real microstructure.
he presence of secondary phases further complicates the preparation
rocess, as each phase may respond in different manner to the prepara-
ion steps. Considering these challenges various approaches have been
uggested for preparation of these alloys [23] . Although EBSD analyses
ave been widely used for microstructural characterization of AM mate-
ials [24–27] , no standard methods are reported for preparation of the
amples before this analysis and a wide variety of methods with varying
equences are reported for AM materials in the literature as summarized
n Table 1 . 

It can be observed that mechanical polishing (MP) followed by
hemical-mechanical polishing (CMP) using colloidal silica suspension
ere applied in all preparation methods. However, in some cases addi-

ional steps of electro-chemical polishing (ECP) or vibrational polishing
VP) were also considered as the final steps to further enhance the qual-
ty of surface preparation. All mentioned sample preparation methods
or EBSD were used for observation of core microstructure. However, it
s known that sample preparation for microstructural characterization
f the surface layer is even more challenging. 

In this study, we assess the efficiency of different sample prepara-
ion methods for EBSD analyses of surface layer in the case of LPBF
lSi10Mg samples were investigated. Four different EBSD sample prepa-
ation methods with final steps of vibrational polishing, vibrational pol-
shing + cleaning, vibrational polishing + electro-chemical polishing
nd vibrational polishing + chemical etching were applied and their ef-
ciency performance were compared in terms of indexed fraction using
he hit rate parameter of EBSD analyses. 

. Experimental procedures 

.1. Material and AM notched part 

Notched LPBF AlSi10Mg samples were built vertically by SLM 500
L systems (SLM Solution Group AG, Germany) using gas atomized
2 
employing Argon (AR) as inert gas in atomization process) spherical
owder (SLM solutions Group AG, Germany) with mean diameter of
4.5 𝜇m. Optimized LPBF process parameters including spot diameter of
8 𝜇m, laser power of 350 W, scan speed of 1150 mm/s, layer thickness
f 50 𝜇m, hatch distance of 170 𝜇m and scanning strategy of 67° rota-
ion between subsequent layers as well as contour remelting were used.
ig. 1a presents the shape and size of the notched part with considered
upports for the manufacturing process. After supports removal (SR) to
odify the surface quality and decrease the surface roughness of the as-

uilt (AB) sample, chemical surface post-treatment of ECP was applied
sing a bath of 400 mL solution with 94% Acetic acid (CH 3 COOH) + 6%
erchloric (HClO4) acid with voltage of 15 V for 240 s. The porosity of
he samples were analyzed via Nikon Eclipse LV150NL optical micro-
cope (OM, Nikon Corporation, Tokyo, Japan). Surface morphology was
ssessed using Zeiss EVO50 SEM (Carl Zeiss Microscopy, Jena, Germany)
nd contactless approach using an InfiniteFocus confocal microscope
Alicona, Austria) was employed for roughness measurements. Rectan-
ular areas of 0.7 × 1 mm 

2 were considered on the cylindrical parts of
he samples below the notched area, where nine acquisitions were col-
ected per sample and merged together with 5% overlap. It should be
oted that three different paths were considered for roughness measure-
ent and the mean value was reported for each case. Fig. 1b depicts

he longitudinal cross-section of the AB and AB + SR + ECP samples
emonstrating sub-surface porosities around the notched area. It can be
bserved that most of the porosities are located near to the upper notch
ace and notch root. Average porosity of about 0.6% was obtained for
oth AB and AB + SR + ECP samples. Fig. 1c indicates the SEM sur-
ace morphologies of AB and AB + SR + ECP samples. In addition, the
onsidered area for confocal observation in AB and AB + SR + ECP sam-
les are shown in Fig. 1d . Surface roughness values (R a values) of 8.37
nd 3.31 μm were obtained for AB and AB + SR + ECP samples, respec-
ively revealing the high efficiency of ECP for roughness reduction as a
ost-processing method. 

.2. Microstructural characterization 

For microstructural characterization, firstly the cylindrical samples
ere cut in longitudinal cross-sections with respect to the build direc-

ion and then were mounted using PolyFast conductive resin (Struers,
enmark). Different polishing methods of MP, CMP and VP, were re-

pectively used as base preparation methods. For MP, initially different
anual grinding steps were performed using sandpapers from P180 to
2500 each for 3 min with a rotational speed of 180 rpm using wa-
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Fig. 1. (a) Shape and size of the notched part with considered supports for manufacturing (b) longitudinal cross-section of the AB and AB + SR + ECP samples 
demonstrating sub-surface porosities around the notched area (c) surface morphologies and the corresponding surface roughness (Ra values) of AB and AB + SR + ECP 
samples. 
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er lubricant in a Mod MP311T polishing device (Hitech Europe, Italy).
hen the samples were further polished using an automatic polishing
quipment of Tegramin-25 (Struers, Denmark) with 2 water based poly-
rystalline diamond suspensions sequentially with abrasive size of 3 and
 𝜇m. The parameters were set to 10 N force, 150 rpm rotational speed
with counter-rotations between sample and the pad) and 240 s pol-
shing time. Afterwards, CMP was carried out using 0.05 μm colloidal
ilica suspension by automatic polishing with parameters of 5 N force,
0 rpm rotational speed (with counter-rotations between sample and
he pad), 300 s polishing. After MP and CMP, VP as a final step of base
reparation method was performed using ATM SAPHIR VIBRO device
ATM Advanced Materialography, Germany). CMP was performed us-
ng 150 ml of 0.05 μm colloidal silica suspension with pad vibration
requency of 90 Hz and 190 g additional weight for the duration of
0 min. 

As additional steps to the basic preparation method, 3 different pro-
esses of cleaning, ECP and chemical etching (CE) were considered here.
3 
n the case of cleaning, the surface of vibro-polished sample was cleaned
y distilled water and soft pad with rotational speed of 40 rpm for 2 min.
n the case of ECP, the vibro-polished surface was electro-chemically
olished with a solution of acetic acid (94%) and perchloric acid (6%) at
 voltage of 40 V for 4 s. In addition, in the last considered process of CE,
ibro-polished surface was chemically etched for 4 s in Keller’s reagent
95% pure H2O, 1% HF, 1.5% HCl, 2.5% HNO3). It should be mentioned
hat after finishing the additional steps, the surfaces of the samples were
mmediately covered by distilled water and dried by heated air and then
ept in a vacuum chamber. 

After preparation of the samples, microstructural characterization
as performed using a high-resolution Zeiss Sigma 500 VP field-

mission scanning electron microscope (FE-SEM, Carl Zeiss Microscopy
mbH, Jena, Germany) equipped with EBSD and energy dispersive spec-

rometry (EDS) (Oxford instruments, High Wycombe, United Kingdom).
he associated AZtecHKL software was used to post-process the data.
BSD analyses were carried out by an accelerating voltage of 20 KV,
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Fig. 2. Steps of the considered methods for sample preparation for EBSD analysis of LPBF AlSi10Mg. 
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0° sample tilt, 1 μm step size, 10 detected bands, camera binning mode
peed of 311 × 256 pixels and the camera exposure time of 40.96 ms.
he steps of the considered sample preparation methods for EBSD anal-
sis of LPBF AlSi10Mg are schematically presented in Fig. 2 . It should
e noted that accurate phase fraction analysis has a key role in EBSD
icrostructural characterization of alloys as it can be essential to also

uantify the effects of heat treatment or mechanical deformation on in-
ucing heterogeneity. Particularly in AM materials, due to the intrin-
ic nonequilibrium solidification, which causes additional challenges for
he proper quantification of phase fraction, considering the influence of
amples preparation with different methods should be considered [39] .
n this study, to avoid the effects of material heterogeneity and to get
igher resolution, Si phase was not considered for diffraction due to its
ery small quantity in the Al matrix and thus only the crystallographic
arameters of Al phase were taken into account. Also, all methods were
pplied o the same sample. 

. Results and discussions 

Microstructural characterizations with focus on surface layer fea-
ures in the notch root area of AB + SR + ECP sample were carried out
onsidering different sample preparation methods. SEM micrographs
nd EBSD results in terms of band contrast, Al phase map and inverse
ole figures (IPF-Z) were obtained for prepared samples with final steps
f VP, VP + Cleaning, VP + ECP and VP + CE as shown in Fig. 3 . All
he applied methods for sample preparation were applied on one par-
icular sample for better comparison. As observed in Fig. 1b , most of
he porosities were located around notched area of the AB + SR + ECP
ample; thus, this area was chosen for microstructural characterizations
s a worst-case scenario. Considering SEM micrographs, all the pre-
ared samples were finely polished without any scratches. However,
4 
ome contaminations and stains, indicated by yellow arrows, can be ob-
erved clearly in the SEM images of the samples prepared with VP, and
P + Cleaning. These contaminations can be clearly distinguished from

he sub-surface porosities. On the other hand, in the case of samples pre-
ared with VP + ECP and VP + CE, no clear contaminations could not
e detected in the SEM micrographs. 

Dealing with the results of EBSD analyses, band contrast images re-
eal the contaminations and surface quality more clearly. In the sam-
les prepared with VP, VP + Cleaning and VP + ECP relatively large
articles with size of about 20–50 μm were placed in some of the sub-
urface porosities. While in the sample prepared with VP + CE rather
han porosities no pollution can be observed. Considering Al phase maps
f the samples prepared with different methods, it can be observed that
n the corresponding areas to contaminations and porosities, zero solu-
ions were obtained. The reflection of achieved zero solutions for detect-
ng the Al phase can be clearly seen in the IPF-Z maps, which indicate the
rains orientations. The results indicate that the prepared sample with
P + CE had the lowest zero solutions fraction followed by the sam-
les prepared with VP + ECP, VP + Cleaning and VP, respectively. The
olumnar growth of grains along build direction with the domination
f (001) orientation can be seen in the IPF-Z maps of LPBF AlSi10Mg
aterial. Fig. 4 depicts the histograms of the band contrast maps of

he prepared samples with different methods demonstrating quantita-
ive comparison of the considered methods. It can be clearly observed
hat prepared sample with VP + CE had the highest gray levels followed
y the samples prepared with VP + ECP, VP + Cleaning and VP, respec-
ively. 

EDS analyses were also performed on the samples prepared with
ifferent methods to specify the source of the contaminations. For in-
tance, the elemental EDS maps of sample prepared with VP + Cleaning
s presented in Fig. 5 . The results indicate that silica (silicon dioxide)-
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Fig. 3. SEM micrographs and EBSD results in terms of band contrast, Al phase and IPF-Z maps obtained for samples prepared with final steps of (a) VP, (b) 
VP + Cleaning, (c) VP + ECP and (d) VP + CE. 
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ich particles, mostly located inside the pores, can be specified as the
ain source of contamination. This point can be seen clearly in the

orresponding EDS maps of Si and O demonstrating higher fraction of
t% (brighter phase) in the mentioned areas. Comparison of the sample
reparation methods reveal that, additional steps of CE, ECP and Clean-
5 
ng had respectively the highest effects on removal of the residual silica
articles for vibro-polished surface. 

The sharpness of the obtained diffraction pattern from EBSD analy-
is can be considered as one of the factors for analyzing the final image
uality [40,41] . Fig. 6a schematically reveals the positions of the two
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Fig. 4. Histograms of the band contrast maps for the prepared samples with (a) VP, (b) VP + Cleaning, (c) VP + ECP and (d) VP + CE. 

Fig. 5. EDS maps of sample prepared with VP + Cleaning in terms of Al, Si, O and Mg elements. 

6 
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Fig. 6. (a) Schematical illustration of the positions of the two considered points of P1 and. 
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onsidered points for getting the diffraction patterns for all sets of sam-
les. One point was considered very close to the notch root (P1) and the
ther one was located with 150 μm spacing on the notch root direction
P2). The corresponding patterns in points P1 and P2 for the samples
repared with different methods of VP, VP + Cleaning, VP + ECP and
P + CE are presented in Fig. 6b to 6e , respectively. It can be observed

hat by applying additional steps after VP the quality of diffraction pat-
erns were improved and the sharpness of the bands increased; the sam-
le prepared with VP + CE had the highest pattern contrast followed
y the samples prepared with VP + ECP, VP + Cleaning and VP, re-
pectively. It should be mentioned that the presented patterns are not
ltered. Pattern quality (PQ), which indicates the level of diffraction
attern sharpness, can be used as an index of EBSD image quality. PQ
an be calculated by measurements of the contrast of the brighter bands
n the pattern above background, for every analyzed pattern. Since the
alculations are independent of EBSD indexing, the data are generated
rom all points on the analyzed sample surface, regardless of indexability
7 
r the state of the material beneath [42,43] . Fig. 6f depicts the normal-
zed calculated image quality of all sets of samples by using PQ mea-
urement. The results indicated that the sample prepared with VP + CE
ad the highest image quality followed by the samples prepared with
P + ECP, VP + Cleaning and VP, respectively. 

P2 for getting the diffraction patterns for all sets of samples. The cor-
esponding diffraction patterns in points P1 and P2 for the samples pre-
ared with different methods of (b) VP, (c) VP + Cleaning, (d) VP + ECP
nd (e) VP + CE. (f) The normalized calculated image quality of all sets
f samples by considering PQ measurement. 

Hit rate obtained from EBSD analyses can be used as an index for
pecifying the quality of pattern observation. In this study, the obtained
alues of hit rate for each EBSD analyses of samples prepared with dif-
erent methods were used for efficiency comparison. Fig. 7a depicts the
btained Euler orientation maps of the prepared samples with different
ethods. As we focused on the notch root of the LPBF AlSi10Mg sample,
 considerable fraction of analyzed area was covered by resin. Therefore,
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Fig. 7. (a) Obtained Euler orientation maps on samples prepared with different final steps of VP, VP + Cleaning, VP + ECP and VP + CE. The obtained values of hit 
rate considering different areas of (b) A1 and (c) A2 showing the highest acquired data for prepared sample with VP + CE. 
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he values of hit rate were obtained in two different areas. The whole
canned area for each EBSD analyses was considered as area A1 and
 rectangular area located exactly beneath the notch root (without any
ounting resin) was considered as area A2 to compensate for discrepan-

ies in the hit rate due to possible presence of resin in the scanned area.
s illustrated in Fig. 7b and 7c , the obtained values of hit rate reveal that
ample prepared with VP + CE had the highest acquired data followed
y samples prepared with VP + ECP, VP + Cleaning and VP methods, re-
pectively. For example, considering area A2, 51.26, 81.12, 87.23 and
5.41% hit rates were obtained for sample prepared with methods of
P, VP + Cleaning, VP + ECP and VP + CE, respectively. We would like

o highlight that the choice of the best practice shall be also adopted
o the specific case study, since it is known that chemical and electro-
hemical etching are also sensitive to the state of plastic deformation in
he material and thus can lead to inhomogeneous material removal in
ase of deformation inhomogeneity in different zones [ 42 , 44 ]; thus the
nal step should be selected also keeping this aspect into account. 

For preparing EBSD samples properly it is important to understand
hat surface finish is not the only aspect to be focused on. It is also quite
rucial that the layer of material sampled by EBSD is distortion free.
vailable data in the literature clearly reveal that there can be consid-
rable deformation imparted into the sub-surface of a material during
8 
ample preparation [ 45 , 46 ]. In order to survey the effects of each sam-
le prepartion method on inducing deformation to the surface layer,
ernel average misorientation (KAM) maps were obtained as presented

n Fig. 8a . It can be observed that the average KAM values are signifi-
altly reduced to about 0.55–0.6° after applying additional steps to VP
omapred to the sole prepartion method of VP with mean KAM of 1.78°
he obatained KAM results reflect the efficieny of the applied additional
teps of Cleaning, ECP and CE for sample prepration of AM Al alloy for
BSD observations. The corresponding detailed KAM histograms of each
ample prepation methods are depicted in Fig. 8b to 8e . 

. Conclusions 

Herein, the efficiency of different sample preparation methods in-
luding vibrational polishing, vibrational polishing + cleaning, vibra-
ional polishing + electro-chemical polishing and vibrational polish-
ng + chemical etching for EBSD analyses of LPBF AlSi10Mg were in-
estigated. The obtained results for various sample preparation methods
evealed the silica-rich particles, mostly located inside the sub-surface
orosities, as the main source of contamination. Comparison of differ-
nt sample preparation methods indicated that the additional last step
f chemical etching performed on vibro-polished surface, had the high-
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Fig. 8. (a) Obtained KAM maps for samples prepared with different final steps of VP, VP + Cleaning, VP + ECP and VP + CE. Detailed histogram of KAM values for 
samples prepared with (b) VP, (c) VP + Cleaning, (d) VP + ECP and (e) VP + CE. 
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st efficiency on the removal of the residual silica particles and thus led
o the highest surface quality, without inducing any surface stresses and
efects. The obtained hit rate values confirmed that sample prepared by
ibrational polishing + chemical etching with 95.41% had the lowest
ero solutions followed by vibrational polishing + electro-chemical pol-
shing, vibrational polishing + Cleaning and vibrational polishing with
9 
it rates of 87.23, 81.12 and 51.26%, respectively. Overall, chemical
tching, as the last preparation step, led to better indexing and high-
uality EBSD results, followed by electro-chemical polishing and Clean-
ng steps. Thus, it is recommended as the last step of surface preparation
or EBSD analysis to guarantee high quality of results and facilitate ac-
urate microstructural assessment of AM materials. 
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