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Abstract

The TeoAszSe (TAS) glass has been studied under the extreme conditions of high endngg. mil
Starting from the raw materials, an amorphization process occurs progressively reaching an unstable
intermediate state and the final stable state then. Despite its high resegaitst crystallization

when made using silica tubean intermediatestate is reached when mechanically alloyed into
powder.The evolution of the glass structure has been investigaid) Raman spectroscopy and

MAS NMR of ""Seaccording to the milling timeOptimized parameterand conditions to compact

milled powders byspark Plasma Sintering show the possibility to desiffared windows transparent

from 2 to 20um A correlation to the thermmechanical properties of densified powder using hot
pressing has been made.

Keywords : glasses, chalcogenide, mechanical alloyirgjntering, Spark Plasma Sintering
Introduction

Night Vision is the first thing that comes to mind when speaking of chalcogenide glasses capable of
transmitting light in the infrarefil-2]. But these glasses have otlelvantagesthey are also very

good candidate forchemical species sens@sice nost of the chemical or biochemical molecules
present fundamental vibratiomsthemid-infrared rangghaving a specific and recognizable signature.

The optical fiber of chalcogenide glass can thus be useithdodetection of chemical species in the
liquid or gaseous state. Indeed, the use of this type of glasslemdcalsensorhas already been
demonstrated 34]. It is thus possible to produce biosens@m@m chalcogenide fibers such as
TenAssSen (TAS) glass compositiothat enable faster and less invasive diagnostics for infectious
diseases, chronic, and canfdr Their efficiency can then be monitored by tapgithe fiber diameter
(about 100um). This step occurs after the fiber drawingemtionof about 4 cm length that are heated
again. This multistep process is very time consuming to obtain reproducible section diameters of
Sensors.

The objective of this work is therefore to devebbgvay to easily andapidly shapethe TeASz;:S60
(TAS) glassinto bulks or tapers. Thus, the possibility to obtain TASorphouspowder by
mechanical alloyingcheapemethodthan conventionaineltquenchingnethodhas been investigated
The possibility to mix and get amorphous alloys is commonly used to obtaifliengl@sses -7].
This process haalreadybeen investigated in germanium bas#thlcogenideglasses §-9]. Then
coupled to the mechanical synthesis, flash sintargigg Spark Plasma Sintering (SPS) wik used
to compact and mold the glass powder

Experimental details



The synthesis of amorphous powders was carried caplanetary mill(Retsch® PM 10)f) using a

bowl! (125 ml) andb balls (diameter 20 mm) in tungsten carbicem raw metals (Te, As and Se, 5N)
Synthe®s wereperformedundercontolled atmosphere of argam a glove box

Furthermore, in order to avoid overheating of the system, a grinding cycle was imposed, alternating
rotation for 3 minutes in a sense, a break of 3 minutes and a rotation for 3 minutes in the opposite
direction. Itmay be noted in addition that the milling was regularly stopped in oraeilezt powder
samplea to monitor the structural evolution thereof.

In parallel, some TAS bulk glasses wsgathesizedising the process describleyg Zhanget al. [LQ].

Some samlps were then grinded for 30 minutes in the planetary grinder, in order to compare the
properties and structure reached in both methods.

Thus, samples have been defined as -M&-Xh for mechanical milled powder, X being the time of
milling and TASG for the base glass being grinded for 30minut@se reference will be the TAS

glass made by melt quenching that will be called TAS base glass.

Thermemechanical analysis were performed usDifferential scanning calorimetry (D§QDSC
Q20 TA Instrumentgswith a temperature ramp of 10°C/mandVickershardness measurements using
a Matsuzawa microindentor (100g, 5s), averagéohdasures.

Structural analysis of amorphous powder has been investigated XBBg (Phillips PW3710
diffractometer NMR of the’’Se abm and Raman spectroscopy for different times of grinding.

Raman acquisitions are madéh the HR800 785 nm optical density D2 with a lasgr? nm. 8idies
were conducted ogreenpellets of powdersaken after 100h and 16G#f grinding and on a bulk
sample compacted by SPS on powder of 160h of milling

All NMR spectra 77Se (S = 1/2) were recorded at room temperature on the Avance 300 Bruker
spectrometer operating at 57.28 MHz using a 4 mm rotor turned under magic angle of 54.74° (MAS,
Magic Angle Spining) at 14 kHz.

Results

The TexAszSe glasspresents a high stability against crystallizati@aing a Tg of 135°C (x 2°C)
[11], showing no crystallization peakThis high stability allows its easy drawing into fibers of specific
design with a tgh flexibility. The thermal properties of TAS powder obtained aftiéferent milling
durationare listed in Table.3

Table 1. Evolution of the characteristic temperatures of the TAS powder as a function of theilling
time.

Milli ngtime | T, (°C) (= 2 °C) T,(°C) (£ 2 °C) T (Ty Ty
1h 47 (pue S8 81 34
2h 54 82 28
3h 62 82 20
5h 70 90 20




10h 107 166 59
15h 125 202 77
20h 130 215 85
40h 132 217 85
60h 133 223 90
80h 135 226 91
100h 135 227 92
140h 135 - -

160h 135 - -

During the first two hours of grindinghe thermal answer corresponds to pure amorphoud &=
gradual increase of Tg shows th@gressiveeaction of selenium, arsenic and tellurium to lead to the
formation of the amorphous phase of TS afterabout40h.

While thetheoreticallg of theTAS glass can beapidly reacheda residual crystallization peak can be
observedat about 225°C With longer milling time, the Tg remains stable and the peak of
crystallization shifts to higher temperatures until it disappatiesl40 hours.

Thereafte, the mechanical alloying could be stopped after 60 hours of mibirmpmpact and shape

the glass as the Tg reached a plateau and the difference between Tx and Tg is high enough to ensure a
compaction withouctrystallizationby SPSIn fact, SPS is knowas a fast and low temperature way to
compact pellets into their final shape. Sintering is usually performed at a temperature close to Tg for
several minutes.
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Figure 1. Diffractograms of powders obtained after different grinding time by mechanical
synthesis.

The diffractograms showed no peak corresponding to crystalline selentbmfirst hours ofrinding
demonstratingits rapid amorphization. After 5 hours of milling part of the tellurium and arsenic
remains intheir crystalline form. After 10 howsrof milling, tellurium is completely amorphoushile
crystalline arsenidisappearafter 40h of milling leading to a fully amorphous powdeis important

to note thaino crystalline phasis generated during milling

In order to understand the diftilty to stabilize the glassy matrix, crystallization experiments were

performed on powder milled for 100h, still presenting a crystallization peak in DSC curves.

Powders were heat treated at Tx (Tg+90°C) for 1 and 3h in a ventilated furnace.
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Figure 2. XRD of 100h milled powder heat treated for different duration at Tg+90°Cmeaning
225°C.

As shown in figure, As,Se crystals arequickly produced within the glassy matrix. This phase
remains unchanged after 3h of ceramization. €kerimentlearly demonsates the first interaction
betweenSe and As which ifavoredcompared to TeOne can assume that the high specific surface
favors a fast and not homogenesusfaciccrystallization process.

Molding process



The first SPS sintering tests were conduat@dmolds made of graphitef 10 mminner diameter
using a sheet ofdpyex® (flexible graphite shéeib ensurgherelease of the solid as well as protect
the diffusion of the graphite compondram the mold.Green pellets (3 tons) were maidefacilitate
the shaping and avoid external pollutidBertrandet al. showed the efficiency of this method to avoid
graphite contamination depending on the grain [diZp

First experiments were carried on TABVI-160h sintered in graphite molds at two temperatalese
to Tg (x 5°C), results of transmittance are presented in figure 3.

40 -

3%9  ——140C_5min
——130C_5min
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Figure 3. Transmission of sintered TASMM -160h after SPS treatment under at 130°C and
140°C a pressures0 MPa for 5 minutes. The insetis an imageof the glass surface after polisitig
from optical microscope of the sintered pellet at 40°C for 5min (scale : 100um)

As observable in the figur8, temperature appea@s a major criteriorto control the glass
compaction In fact, 5°C below Tg pellets are not densified enough to trianktowever,samples
sintered at 140 °@resent anaximum of 35% far from thetheoreticalTAS transmittance of 62%.
The densification was calculated from ttheoreticalglassdensity(4,88). Even if a densification of
99% has been determinebetpresene of carborparticles of hundreds of micromsthe samples may
explain the significanMIE scatteringphenomena already observed by Hubert ¢8hl.

First, in order tooptimize sintering parameters, a purified bulk TAS made by-gquelhching has been
grinded for 30 minutes in the planetary grindenis powder is called TA%30. Also, to obtain an
effective barrier to carbon diffusion and thereby improve the transmission of the samples, Papyex®
foils were replacedby molybdenum or aluminurfoils at thetop and bottom of the green pell&éhe
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low sintering temperatusecompared toconventionalglasses allow the use of metal foils without
diffusion.

80 - — TAS base glass
| Mo _120°C_5min
70 - — AI_120°C_10min
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Figure 4. Transmission curve of the TAS base glass andlrAS bulk obtained from TAS-G30
powder by SPSsintering.

As observable inFigure 4, the maximum transmissioof the TAS glass synthesized by melt
guenching is 62 %n = 2.91 to 10 micrond)etween 1 and 1d9m, for a pellet of 1.5 mm in thickness
Sinteredglasses all have broad transparency windovthie infrared (219 microns). In addition, a
maximum transmission of 57% is obtained for a solid sintered at 120°C for 5 minutes using
molybdenunmor aluminumfoil s of 0.1mm Moreover, slight absorption bands are observable meaning
that he glasssinteredby SPS contains traces of oxygen and hydrogen. Since the base glass does not
show these absorptiona contamination of the powdesccur when preparing the green pellet in
atmosphereGiven the small particle size (a few microns), the powder thus hab apegific surface

area and thereforis highly responsive, making it very susceptible to corrosion by the atmosphere.
Nonetheless, the metal barrier is efficient to decrease scattering losses.



Densification was calculated from the density of the ghaa$e by conventionameltquenchingoute

(d = 4.88 g.cnB), both of the sintered samples present a densification of 99.0+8c2¥#erings can
be correlated to the 1% of densification misssimgwng the presence of residual porosity. Samples
were cleaveda observe thenner part bySEM, shots are combined in FiguBe

- 1pm JSM7100F 5/2/2016 — 1pm JSM7100F 5/2/2016
10.0xV SEI SEM WD 10.0mm x10,000 10.0kV SEI SEM WD 10.0mm

Figure 5. SEM images of the glass by sintering SPS using aluminum foil at 120°C fb® minutes
obtained from TAS-G30 powder.

The images show dense areas perfeatignogeneouswhile discontinuities are also present in the
glassesunder the form ofarge bubbles of abo@00umin diameter while the majoritlyas an average
diameter ofL00um These defects explain th®veringin transmission intensity between the géas
obtained by SPS relative to the base gldsgo assumptionsan be put forward to explain the
presence of bubbles, the surfamedation when prepared outside or the glass evaporation when
sintered.This second parameter will detailed later.

Finally, the last tests were conducted on tungsten carbide molds (WC) to remove any possible
contamination of the carbon by the graphite molds. Wt&is chosen for its chemical inertness and
high temperature stability.

Changing molds involves changes in sinterpgyameterso achieve densification and therefore
enhancedransmission.
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Figure 6. Transmission curves of glasessintered in a WC mold starting from TAS-G30 powder.

Pellets obtained from TA&30 powder sintered in WC preseastbse transmission windowo that
obtained previously by using a graphite mold with a molybdenum sheet.

It is therefore deduced that the transmission loss obtained on the sintered pellets in graphite molds
using a molybdenum or aluminum foil, are not due to the diffusion of canbitve samples but only

to bubblesThus, we can conclude the effectiveness of molybdenum and aluminum effigient

barrier to the diffusion of carbon during SPS sintering.

One drawback to the use WC molds is the need tapply higher temperature oingering which

could lead ta noncontrolled crystallization of the sample therefore dimiimglits optical properties.

At 160°C, scatterings occur due to fast crystallization of the samfseseen previously, the milled
powder is susceptible to cryize, so further experiments were performed using graphite molds.

Once the parameteas temperature, pressure and dwell tianedetermined, new sintering are carried
out ongreensamples obtainefiiom powder milled for 80 hours TAS-MM160. Transmissia curves
of obtained sampleasre recordedh Figure?.
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Figure 7. Transmission of bulk samplesobtained by SPSsintering of TAS milled powder for
160h.

It may be notedhat at similar temperatures and times to those used o &®-G30 powderfor 30
minutes,while the window of transparency is still ranging from 2 to 20flmobtainediransmissions
arelower, 47% instead of 57%.able 2 presents the compactness and density of obtained samples.

Table 2. Characteristics of bulk materials obtained by sintging the TAS-MM160 powders.

Density
Thicknesgmm) Densification (%)
(x 0,01 g.crif)
Mo_120C_5min 1.40 4.80 984
Al_120C_10min 1.48 4.81 98.6

Indeed, @nsity measurements also show slightly lower dendificdab that obtained previousI$$EM
images(Figure8) performed on the pellet sintered at 110°C for 10 minutes using a molybdenum foil
confirm the remarksln fact, thenumber of bubbles increasedhroughout the sampland present
bigger diameterranging from 300 taB00 microns. The high residuaporosity induce significant
Rayleigh and MIEscattering of light indudng a loss of transmission.



- lpm  JSM7100F 5/2/2016 — lpm  JSM7100F 5/2/2016
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Figure 8.SEM images of the glas®btained by SPSsintering using a molybdenum foil at 110°C
for 10 minutes obtained fromTA S-MM160.

The presence of bubbles may be explained by the fact that the powders obtained after 160 hours of
grinding have dower size than the glass milledr 30 minutes.Two assumptions can explaihis
phenomenonFirst, the decrease of powder withcreasemilling time leads to a higher specific
surface and thus a highexidation The remaining close pores afterpeletizing lead to irreversible
bubbles. As already mentionethe secod possibility is the glass deterioration during sinterirge
EDSanalysis performed confirms this hypothesis, revealing atomic percentages of 44% of selenium in
the sintered pellet while this percentagefi§0% in the base powder.

Thus experiments werthen performed under argon to minimize Se losgader vacuumHowever
higher temperatures have to be reached to enhance the transmilssionsing argon which could
lead to crystallizatiorffigure 9)
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Figure 9: Transmission of bulk glasses obtained from sintering of the TASMIM160 powder at
high temperature.

SEM images mad®n aslice of TAS obtained by sinteringt 140°C by milled powdershow oval
bubblesdemonstrating that a lower viscosity is reached facilitating the glass shaping

The transmission obtained on a pellet of TM$I160 sintered at 140°C for 5 mines under argon

lead to anincreaseof the maximumof transmissionn the shorter wavelength{figure 9. It can be
assumedhat sintering under argon redusedeniumevaporationdiscontinuities in the massif, which
thusdecreases thecatteringand inceases the maximuof transmission.

The Vickers hardness was then measured on sintered samples in order to compare with glasses made
in silica tubesTAS-MM-160h samples sintered at 140°C for 5min present a hardness of 124.9+2 Hv
while the base glass syn#ized in silica tubes has a hardness of 120.1+3THig. slight increase can

be explained by the strong compression undergone by the sintered pellets which was not annealed
close to Tg to lower inner constrains.

Structural study

Structuralstudy of mechargal milled powder, sintered glasses and TAS base glass were compared
using Raman spectroscopy. In the figdfare presented the Raman spectra of mechanical milled
powder after 100h and 160h, of a TAS sintered pellet-WABL60-140°G5min and tellurium.
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Figure 10. Raman spectra of mechanical milled powder after 100h and 160h, of a TAS SPS sintered
pellet TAS-MM160 at 14C°C for 5min and pure tellurium .

According to [13], the TASMM100 powder shows an intensity ratio of the different peaks
corresponding t@ richer tellurium glasthan the usual TeAsz0Se With a composition close to the
TeAsSe. It corrolorates the XRD results which showed a longer process of integmaitioe
within the glassy network.

If we refer to Jovari et al.1{], our experinental data shosvthe absence of T€e bonds
demonstratinghomogeneous distribution of tellum in the glassy system. Indeed, tellurium
introduced into the vitreous systems§&e, destroyed S&e bonds, one can notice the absence of a
peak at 250 - 270 cm. However, the shoulder at 238 tnoorresponds teselenium chainsAs
indicated by G. Delaizir et allf], two peaks identified at 168 and 205 troorrespond to the
stretchingof As-Te bonds and ASevibration Moreover according to this paper, ranspectra of the
TAS-MM160 and of the TAS base glass agentical demonstrating thathe final powder TAS-
MM 160h) has very closestructure as glass synthesized by melting / quenching.

A decrease of ASe/AsTe bonds ratio is observed in the sinteredSTIWM160 compared to the
TAS-MM160 powderwhich is confirmed by EDS analysis showing a As/Te ratio of 1.2 to 1.5
respectivelyA loss of AsSe by evaporation when sintered under vacuum can be assumed.

MAS NMR spectreof the 77Se were recorded on the pewdollected after 2, 5, 10, 15, 100 and 160
hours of milling as well as the ASe glass(Figure 11). According toB. Bureau[16-17] and for a
better understandingf the NMR spectra, lines corresponding to the three expettpds of Se
coordination Se- Se Se, Se Se- As atand AsSe-As, wereaddedrespectivelyat 82Qppm, 550 ppm,
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360 ppm In order to understand the incorporation effect of Tie,Ass;Seq compositionhas been
selectedhs it corresponds to the,AsseSey with a substitution 020 %of tellurium byselenium.

Figure 11: NMR spectra (MAS) of ’Se of powder obtained after2, 5, 10, 15, 10@&nd 160 of
milling and the As;,Se base glass

In Figure 11, we see that afteonly 2 hours of milling, selenium is amorigkd probably forming
seknium chains.With increasednilling time, seleniunstartsto react witharsenicsinceafter 5 hours

of milling two environments are observed between 550 and 82Q fipming AsSe pyramids
connected byse bonds

After 10 hours ofmilling the powder structure is very close to the referencgStg glass without
tellurium. This result is consistent with tRD diffractogramsdemonstrating that Te enters later in
the glassy network

When mechanical alloying exceedH) hours, thereare no longer any significant changes tine
structureof milled powder from the viewpoint of seleniufellurium is incorporated into the glassy
matrix without changing the shape of the NMR spectrligilurium and selenium are in the same
column of the peodic table, tellurium therefore preferentially substitutes for selenium rather than
arsenic in the vitreous systems already demonstratéal previouswork, the substitution of selenium

by tellurium induces a global rigishift of the entire spectrum atbout 100ppm, leading to the
disappearance of the S&Se bond$18].

In addition, the spectrum of the milled powder 160 hours shows no difference with that obtained for
the glass synthesized by meltinguenching15]. The two curves show the same faattesting same
structure regardless of the method of syntheséghanical milling or melt quenching

Conclusion
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Mechatical milling of metalloids elements Te, As, $ermit to achievel e, As30Sg, amorphous
powder without using silicaubes sealed underacuum. Amorphizationprocesswas followed by
various analytical techniques such agax diffraction, differential scanning calorimetry, Raman
spectroscopy, andMR. It was observed that the selenium becomes quaikigrphougprogressively
reacting witharsenicwhereas the tellurium and arsenic require more time to be incorporated into the
final vitreous phaseAfter 40 hoursof mechanical alloyingthe obtainedpowderwhile presenting an
identical Tg(135°C)than the reference glass, a crystallizatioakpie still observable demonstrating a
structural deviation160 hoursare mandatory to reach the thermal answer in DSC ctimaess to say
without crystallization peak. Indeeghechaircal milling allows reacling a metastable state of the TAS
glassthatis nevertheless known to be a stable gladsis metastable state opgeihe way toproduce
transparent glasseramics as already demonstrated in previous papersdifiiéhent chalcogenide
glasse$19-2Q].

Thedifferentanalytical methodsRaman spectrospy, NMR experimentswere also used to compare
the structures of amorphous powdensade by mechanical millingvith the structure of the glass
synthesized byndt-quenching. The results collected have confirmed tiiatprocess is efficient to
achievethesame glass structure.

Different parameterof sintering were studied to produbellk glasses frommilled powders.Very
short times combinetb sinteringtemperatures close to the glass i$grequired to producsolid
materials having a density agdodoptical propertiesProtectionfoils of aluminumand nolybdenum
used between the graphite mold and the safimplethe diffusionof carbon within the glassy matrix
and the scatterings as well

Furthermore, théransmission curvesf sintered samples showdige presence of absorption bands,

due to oxygen or hydrogen. These impurities may originate from the starting components, the grinding
step or the sintering stelm fact, even ithe elements constituting the test compounds were stored and
milled under aontrolled argon atmosphewderis taken out ofhe glove boxbefore sinteringThe

high specific surfacefahe powders obtained by mechanical alloying causes rapid surface oxidation in
air which is dendrimental when sintered, leading to the formation of buliblesn the encouraging
resultsand the possibility to optimize themext steps will consist imolding andsinteringsensos in

a special designed mold.
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