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(57) Abregé/Abstract:
In the synthesis of boron nitride nanotubes (BNNTs) via high temperature, high, pressure methods, a boron feedstock may be
elevated above its melting point in a nitrogen environment at an elevated pressure. Methods and apparatus for supporting the
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(57) Abrege(suite)/Abstract(continued):

boron feedstock and subsequent boron melt are described that enhance BNNT synthesis. A target bolder having a boron nitride
Interface layer thermally insulates the target holder from the boron melt. Using one or more lasers as a heat source, mirrors may be
positioned to reflect find control the distribution of heat in the chamber. The flow of nitrogen gas in the chamber may be heated and

controlled through heating elements and flow control baffles to enhance BNNT formation. Cooling systems and baffle elements
may provide additional control of the BNNT production process.



w0 2016/070179 A1} 0F0A VD N0 10 AR AR A

CA 02968358 2017-05-18

(19) World Intellectual Property
Organization

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

[nternational Bureau — . o
::'f/)) (10) International Publication Number
(43) International Publication Date ...na/ WO 2016/070179 A1
6 May 2016 (06.05.2016) WIRPO I PCT
(51) International Patent Classification: (74) Agent: BRADY, Joshua, B.; Williams Mullen, 8300
C01B 21/064 (2006.01) Greensboro Drive, Tysons, VA 22102 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2015/058615 kind of national protection available). AE, AG, AL, AM,
) Tnt tior ol Filine Date: AQO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(22) International Filing Date: N ber 2015 (02 11 9015 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
ovember 2015 (02.11.2015) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
o . KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(26) Publication Language: English MK, MN, MW. MX, MY, MZ, NA. NG. NI, NO, NZ, OM.
(30) Pl’iOl‘ity Data: PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
62/074,002 1 November 2014 (01.11.2014) US SD, S, 5G, 5K, 5L, SM, 51, 5V, 5x, TH, 1], 1M, N,
62/074,004 1 November 2014 (01.11.2014) US IR, TL £, UA, UG, US, UZ, VG, VN, 24, ZM, ZW.
62/194,972 21 July 2015 (21.07.2015) Us (84) Designated States (unless otherwise indicated, for every
(71) Applicant: BNNT, LLC [US/US]; 300 ED Wright Lane, kind of regional protection available). ARIPO (BW, GH,
Suite A, Newport News, VA 23606 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
(72) Imventors: SMITH, Michael, W.; 622 Guy Lane, Newport TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
News, VA 23602 (US). JORDAN, Kevin, C.; 9 Sir Fran- DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
cis Wyatt Place, Newport News, VA 23606 (US). LV, MC, MK, MT, NL, NO, PL. PT, RO, RS. SE. SI. SK,
STEVENS, Jonathan, C.; 4158 Rose Lane, Williamsburg, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
VA 23188 (US). WHITNEY, R., Roy; P.O. Box 1698, GW, KM, ML, MR, NE, SN, TD, TG).
Newport News, VA 23601 (US). .
Published:

with international search report (Art. 21(3))

(34) Title: TARGET HOLDERS, MULTIPLE-INCIDENCE ANGLE, AND MULTIZONE HEATING FOR BNNT SYNTHESIS

1%

..................................................................

B il o ot sl st e st Bt sl Lk o L T P e P

P s A R Rt R R

''''''''''

(57) Abstract: In the synthesis of boron nitride nanotubes
(BNNTS5s) via high temperature, high, pressure methods, a
boron feedstock may be elevated above its melting point
in a nitrogen environment at an elevated pressure. Meth -
ods and apparatus for supporting the boron feedstock and
subsequent boron melt are described that enhance BNNT
synthesis. A target bolder having a boron nitride mterface
layer thermally insulates the target holder from the boron
melt. Using one or more lasers as a heat source, mirrors
may be positioned to reflect find control the distribution
of heat in the chamber. The tlow of nitrogen gas in the
chamber may be heated and controlled through heating
elements and flow control baffles to enhance BNNT form-
ation. Cooling systems and baffle elements may provide
additional control of the BNNT production process.
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TARGETY HOLDERS, MULTIPLE-INCIDENCE ANGLE, AND MULTELORE
HEATING FOR BRNT SYRTHESIS

CROSH-REFERENCE TO RELATED aPPLICATIONS
0 ] This application claims the benefit of UL, Provisional Apphication No.
62/074,002, filed MNovember 1, 2015, U.S. Provisional Application No. 62/074,004, Hiled
November 1, 2014, and UK, Provisional Application No. 62/194.872, filed July 21, 2815, The
contents of each application are expressly incorporaied by reference.

STATEMENT REGARDING GOVERNMENT SUPPORT

f{HH32 ] MNone,
FIELD
{0003 ] The present disclosure generally relates {0 goneraling boron melts and enhancing
the synthesis of boron niride nanctubes.
BACKGROLUNMD
{000 ] Generally, BNNT structives may be formed by thermally exciting a boron

feedstock iy a chamber in the presence of nitrogen gas at an clevaled presswre. Unlike carbon

nanotubes (CMTsey, UK. Patent 8,206,674 1o Smith et al, mcorporated by referepce in s
suntivety, indicates that BNNTs form without the presence of chemical catalvats, and preferably at
elevated pressures of about 2 atm to about 230 atm, UNTs, on the other hand, typically require
the presence of chemical catalysts such as metal caialysis. It has been shown that BNNTs do nol
form in the presence of such catalvsts, indicating that the formation of BNNTs 15 fundamentally

different than the formation of UNIs.

05 ] Most comtemporary BNNT synthesis methods bave severe  shortcomings,

including one or more of having low vield, shorl tubes, discontinuous producihion, poor
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crysiallinity (Le., many defects in molecular structure}, poor alignument and high levels of boron
impurities. Although there is no agreed upon standard in the scientific lterature, the term “high
guality’ BNNTs generally refers to long, flexible, molecnles with few defects in the crystalime
structure of the molecule.
BRIEF SUMMARY

L 006] This disclosure relates 1o apparatus, syvsterns, and methods for the production of
BNNTs where the source of boron 19 a ball of melted boron in a mirogen environment and the
boron ball is supported on a thin an interface layer of material that provides the requared thermal
insulation from the swrrounding support siroctures. In addition, the heat being supplied to the
process can come from multiple zones in the process including multiple directions m the case

where the heat source 18 directional.

DRAWINGS
FOT Fig. 1 illustrates heating zones in an embodiment of an apparatus for heating &
horon feedstock to a boron mell.
0008 Fig. 2 shows an embodiment of an apparatus for heating a boron fesdstock 1o a

boron melt with several technigues for managing the milrogen gas How.

{009 Fig. 3 illustrates another embodiment of an apparatus for heating a boron
feadstock {0 a boron melt with supplemental heat provided o the nitrogen gas.

01 Fig. 4 illusirates another embodiment of an apparatus for heating a boron

feedstock to a boron melt with another embodiment of supplomental heat o the wtrogen gas.

001 Fig. 5 illustrates the use of mirtrors 1 an embodiment.
o012 Fig. 6 shows an embodiment of an apparatus sphitting a single aser beam mndo

several beams for generating a boron melt,

ka2
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DESCRIPTION

G013 Described herein are methods and apparatus for synthesizing boron mitride
nanotubes, such as through a high temperature, high pressure process. The following descuption
should not be taken in a Bmiting sense, and is made for the purpose of iHustrating embodiments
of the present approach.

0014 The synthesis of boron nitride nanotubes (BNNTs) by a ligh femperature, high
pressure {HTF) process, also known as the pressurized vapov/condenser method (PVC), may
invelve heating horon to a Houid boron melt. A boron feedstock may be heated o form a hqud
horon melt by heating all or a portion of the boron feedstock to a temperature near borom’s
sinoking point. In most HIP processes, the boron feedstock is heated to a boron mell m a
nitrogen almosphere under elevated pressure, typically greater than 2 atmospheres, such as about
2 atm to about 250 atmy, and in some embodiments about 2 atimospheres {o about 12 atmosplhieres.
This disclosure describes heating the boron feedstock (sometimes referred to as the boront bali,
even though the feedstock may not be spherical in some instances} to generate a boron melt in an
HTP process, terms of three heating zones, as shown i Figure 1. This application refers to these
heat zones as preheat-support zone 13, boron melt vone 12, and BNNT growth zone 11, It shouid
be noted that in some embodiments, there may be a gradual {ransition and/or overlap between
zones, Alse, any fransition and/or overlap between zones may change during operation al time
continues, such as, for example, from start-up t© continuous produciion at pnear steady-state
conditions,

OO S it should be noted that the processes and sysiems described herein do not appiy o

the formation of carbon nanotubes (CNTs), HTP BNNT synthesis processes and systems mvolve

forming a liguid material from a boron feedstock 1n more or less steady state and at very high
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termnperature, the boron in a high pressure gaseous envuonment, and witrogen, such that the
process produces combination of the haud matenial and the gas, without involving catalysts or
other elemental species, On the other hand, UNTs synthesis usually reguires metal catalyst or
other elements such as hydrogen that do not end up in the CNTs except gs irnpurnities, Certain arc
discharge and laser process will make hmited quantities of UNTs, usually i vacinn, jow
pressure enviverunents of hydrocarbon gases or nert gases. As a final exampie of the differences
between the synthesis of BNNT and CNT, one of these UNT synthesis processes involve having
a steady state ball of Hgnid carbon; note this would mintmally require a temperature of 4,300,

{301 61 in embodiments of the present approach, the boren target for the PY{ method s a
molten droplet or ball of boron, also referred {o as the boron melt, formed from an mitial boron
feedstock. After formation, the boron mell may be heated by a heat source, such as one or more
iacer beams, {0 generate boron vapor., Boron vapor in the presence of nifrogen gas at an elevated
pressure drives the BNNT synthesis process. In early experiments, the boron melt was held
place at the tip of a solid boron or boron miride rod using swiace tension/adhesion.  The
inventors determined that such an approach himits the amount of faser power or heat that can be
applied to the boron target, because the boron meit target 18 prone o detach from the rod, As a
consequence, supporting the boron melt mited the BNNT synthesis and production of high

guaiity BNNTs at high vields. Described below are vanous embodiments of boron melt target

holders that overcome this Hinutation, and significantly increase the BNNT synthesis. For
example, profotype appargius emploving the present approaches have shown BRNNT yield
mcreases of over 600%, as compared to prioy apparatus,

G017 Fig. | ifllustrates the heating zones in embodimends of an apparatus for heating a

horon feedstock to a boron melt. As shown in this figure, mifrogen gas may be Howing fom
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bottom to {op, and heat may be supphed Hom one or wore sides {e.g., leff, night, o the
drawing, and out of the drawing). The preheat-support zone 13 includes physical support {or the
intiial boron feedstock {e.g., at start-up}, and also for the boron mel 16 generaled afler and
during heating. H should be appreciated that the larget holder 17 may be sized o support the
particular initial boron feedstock selected, as well as the boron mell 16 formed from the mibial
boron feedstock, and also should clude one o more support structures {not shown} 10 maniam
the location of the target holder 17 within the chamber 15 of the apparatus. The boron melt zone
12 rvefers to the zone where heat may be infroduced to the apparatus chamber 13 and heat the
mnitial boron feedstock 1o raise the boron feedsiock temperature sufficiently high, e.g., to raise the
temnerature of the boron melt 16 1o s smoking point. When the lerpperature of the boron melt
16 has reached s smoking point, the boron feedstock releases boron and boron-pirogen
molecules into the BNNT growth zone 11, In BNNT growth zone 11, the seif-assembly process
forms BNNTs.

FO0IR Figure 1 also shows mterface zone 14 between the boron melt 16 and the target
holder 17, The interface zone 14 provides the thermal insulation of the physical support from the
boron melt 16, Thermal insulation 1s usefudl because the boron mielt 16 must reach and may
exceed temperatures of 2076C. In embodiments of the present approach, there may be g
temperature gradient across the wterface zone 14, such that the target holder 17 remains below
its melting point, or a temperature at which 1t might chenuically react with the moklten boron melt
i6, and vet the boron melt 16 can remain molien, Portions of the boron melt 16 are higher in
temperature to reach the smoking pomt. Preferably, the target holder 17 18 cooled sufficiently o
prevent 18 melting. In addition 1o the cooling methods described below, those of skill m the art

may be familiar with known methods for cooling support struciures in heated environiments. The
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size of the target holder 17, including its length and cross secltions, shouwld be matched 10 the
amount or rate of heat Howing to the target hoider 17 from the mieriace zone 14, and the amount
or rate of cooling provided. The guantities of heat Hlowing mio the target holder may also depend

ant the size of the boron melt 16, the amount of heat being supplied {0 the boron meitl, and the

amount of cooling from the nitrogen gas within the overall contarnment volume of the chamber
i5.

019 The interface rone 14 material may be boron nitnide and/or a thin laver of
nifrogen gas. Boron nitride meklts at 2973C, and can support the boron mel 16 i the largst holder
17 is of appropriate size, material, and cooled as discussed above. A boron nitride interface zone
faver 14 may be formed by maintaining a iemperature gradicnt between the imtigl boron
feedstock and the farget holder 17, and heating the mmiial boron feedsiock. The boron mirde
inderface zone 17 forms as the boron feedstock is healed 1o pear s melting point, However, in
some embodiments the boron nitnde interface zone 14 laver may be mserted at the start of the
process. For example, a layver of boron nitride may be deposited on the target holder 17, such as
prior to placing the mnitial boron feedstock on the target holder 17, or before heating begins,
FOU20 The nitrogen gas contained in the chamber 15 can alse be utitlized 1o provide both
heat and cooling in the process. The mifrogen gas, or a porhion thergof, can be heated by
supplemental heating elements in gll three zones, 11, 12 and 13, The target holder 17, boron mell
16, and the self assembly zone 11 can be heated or cocled by controlling the fiow of nitrogen gas
i those zones. Heat sources, baffles, and water cooled elements can be uhilized separately or
combinations, to achieve the desired nifrogen gas flow patterns and heat exchanges,

U2 Figures 2ZA-2D illustrate several embodiments of a targel holger. Pigure 2A

shows a target holder having g cooled post 21 sunnorting the boron melt 26, Post 21 mav include
£ £ £ g )



Ch 02968358 2017-05-18

WO 2016/070179 PCT/US2015/0586135

cooting elements, such as water cooling system 23, The boron {eedstock contact surtace 22a of
the target holder 21 in this embodiment has a concave shape so as {0 support the boron melt 26,
i should be appreciated that other embodiments may use the shape of contact surface 22a o
support the boron material as desired. The maternial for the post 21 may be chosen from a group
of materiale with ugh thermal conductivity, low reactivity with boron, and a relatively high melit
temperature. These materials melude, for example, copper, molybdenurn, and tungsten, as well
as allovs of these materials. As discussed above, g thin layer of boron witride may be inctuded or
formed between the boron melt 26 and the post 21, to msulate the boron mell 26 from the post
21, and mumimize any regetion of the boron material with the target holder post 21, Target holder
21 may inchude one or more support structures 2ia, 21, and 21c¢ that provide physical support
and stabiiity to the target holder 21, and may also serve as heal {ranster clements as discussed
below. In this ombodiment, support structures 2la, 2ib, and 2le fomm g pyramid-shaped
structure and may have g cylindrical hollow muddie region for target holder 21, It should be
appreciated that other geometries may be used for support struciures without departing from the
present approach. Nupport structures may operate as heat sinks to mceregse the rate of heal
transfer from the target holder 2la, 21b and 21c. Additionsl heat sinks, as are known m the
mechanical arls, may be incorporated o the target holder 26,

{00221 Figure 2A shows an oxample where the boron feedstock 15 a bail 26 supporied by
a water-cooled target holder 21, The water-cooling system 23 prevents the holder 21 Hrom
melting, In this embodiment, cooling channels 233 are built i support structures 2ia, 21, and
2 c. The cooling systemn 23 may pump cool water into the channels J3a, such that the contact
between target holder 21 and support structures 21g, 21b, and 21¢, allows heat iranster from

tareet holder 21. It should be appreciated that channels may be bullt into the farget hoider 21 and
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post, and/or other structures of the apparatus (not showny. As discussed above, the amount of
cooling needed depends on the amount of heat coming wn from the boron melt 26 via the
interface zone 14, The amount of cooling 18 preferably controlled so that the interface zone 14 18
not overly cooled, and at the same time there must be sufficient cooling such that the target

holder does not mell or chenmnically react with the boror.

{23 Fioure 2B illustrates a holder which includes a tlow batile 24 which may be used
o control andfor deflect the flow of cold nitvogen gas around the target, reducing guenching of
the nanotube formation process. In this embodiment, haffle 24 resembles a disc-like ledge
extending bevond the outer edge of the target holder 21. It should be appreciated that other
geometries may be used for baffling on and/or around the tfarget holder 21 In some
embodiments, it is bensficial to keep the nitrogen gas How 22 near the boron ball 26 as steady,
e, as laminar, as possible. Thus, some ernbodiments of a target holder 17 include a flow batlle
24 and flow tube 27, such as a metal or ceramic cylinder or other shape, that can withstand the
temperature of the local environment inserted around the healing element with adjustable gaps
28a, 28b, and 28¢, to the surrcunding support materials {o manage the convective fiow of the
nitrogen gas and thereby assist in extending the region of the growth zome 1l In ths
smbodiment, fow tube 27 resembles a cvlindrical structure around a portion of the target holder
extending bevond support structures 21a-21c. Gap 28a is present between an upper edge of fube
27 and baffle 24, Gap 28b 1s present between a lower edge of tube 27 and support structures Zla-
2. Gap 28¢ is present between the outer radial edge of the target holder and the tube 27, and
represents an area through which a portion of mtrogen gas may fHow. The gaps may be sized 1o
provide a desired nitrogen gas flow and heat transier profile for a particular apparatus. Fiow

control batfle 24 1s made from a material with a high service temperature {above about 2000 O
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such as tungsien or a ceramic such as horon nilride, sihicon carbide or Zivcora. The How conirod
battic 24 can in some mnplementations be built info the support post of farget holder 21 and wo
other implementations can be independently supporied.

{24 Frgurge 2C and 2D illustrate further embodiments of flow control deviges.
Generally, these confipurations use a ledge 25 having back facing step 25A with a sharp trailing
edee 258 to prevent or hnut mixing of cold ambient gas 29 with the hot process gas 214, e.g.,
mitrogen gas that has been heated in the process, and Lmil subsequent quenching ¢of the nanotube
formation process. Figure 2D shows a close-up view for portion of an embodiment similar {o

Higure 2C, having an extended target holder 21 for improved gas pre-heating from the gas having

additional surface area to pre-heat. The sharp trailing edge 25B i this embodiment extends
farther with respect o the direction of nitrogen gas flow, Although the drawings show {low
control devices 25 on oppostie sides of the contact surface for simplicity, it should be understood
that flow contrel devices may exiend arcund the entire outer edge of the targe! hoider. As ope
skilled in the art should appreciate, many {arget holder configurations and How control devices
can be envisioned, such as using backward facing sieps, splitter plates, and awiols, for example,
to implement the present approach, Preferably, embodunents will employ one or more How
conirel devices that operate at 2 high temperature and protect the nanotube formation zone from
premature cooling by ambient gases,

025 Some emboduments of the present approach may include a milrogen gas
mreheating element. Preheating nitrogen gas may extend the BNNT growth zone, gs shown in the
comparison between onginal growih zone 310 and exiended growth zone 320, Embodiments
featuring a nitrogen gas heating element may meorporafe a target holder 35 extending from a

sidewall of the chamber 300. An alternative support for the boron melt is shown in Figure 3

.f)
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where a waier cooled farget holder post 31 supports the farget holder 35 and the boron melt 36,
This configuraiion demonsirates an embodiment of a process 9 preheat the ratrogen gas Howing
arcund the boron melt 36, It should be noted that How and temperature conirol aspects described
above may be incorporated inte such embodiments. In this embodiment, nifrogen gas enters the
chamber 30 from the bottom of the drawing, and proceeds toward the top of the drawing. One or
more mitrogen gas How channels 300 may be provided tor intreducing the mtrogen gas How o
the chamber 300, Heating in the preheat-support zone o this embodument may be provided by a
heating coil 32, although other heat sources as are known to those of skill in the art may be used.
it is preferable to keep the flow near the boron ball 36 as steady, 1.e. as larninar, as possible, so a
flow baffle or tube 37 may be inseried arcund the heating element, Some embodiments of a
baffle or tube 37 may include an adjustable gap 38 above a surface of chamwber 30, o limit the
convective flow of the nitrogen gas and thereby assist i exiending the region of the growth 2one
349, In this embodiment, the cool nitrogen gas eniers the battie region or tube 37 at {he adjusiable
gury 38, Gap 38 may be aliered in terms of height and/or width 1o generate the destred mitrogen
gas flow and heating profiles. The nifrogen gas is then heated by the coil 32 as the nilrogen gas
convectively flows over the coil 32 and towards the target holder 35 and boron melt 36, Some
embodiments may connect heating coil 37 to waler-cooled connectors 33 and 34 if the currents
are sufficiently high 1o require cooling of the connectors. The heating col may be powered by,
for example, direct current external supply (ot shown}. The heatl could also be supphied by using
AC current using a metal wire, post or other conductor geomelry effective n conveving the heat
io the local nitrogen gas.  In some embodunents, the heating coil 32 mav be formed from oy

including one or more refractory materials, such as, for examnple, molybdenum or fungsten.
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{Geperaily, i may be desirable {0 avoid rapid reactions bebween the yvelractory malerial and the
miirogen gas, Otherwise, the process may aguickly reduce the coil’s effectiveness.

F3I26] Figures 44, 48, and 4C lustrate embodiments of an apparatus for svathesizing
BMNNTs, mcluding a target holder 46 and nitrogen gas healing clomends 41 and 42, In the
embodiment shown in Figure 44, the heating clomenis 41 and 42 mclude graphute heater
ctements 41 and 42, Graphile provides ceriaim advantages as 11 has minimal chemical reaction {o
the heated nitrogen gas compared o some metals, In this cmbodiment, graphite heater elements
41 and 42 nclude a ceramnic spacer 43 bebween paraliel graphiie healer elements 41 and 42,
Graphite heater elements 41 anad 42 may be connected to cleciredes as shown in Figure 3 and the
may be cooled, such as, for example, through cooling clamps. Spoon 44 may be configured {o
hold the boron melt 46, such that beat from the graphite heater elements 41 and 42 transier to the
boron meil 44, Spoon 44 may be cooled, such as through connection 1o a cooling strut 45, Flow
pattiing, not shown, such as the flow battle 24 as describe for Figure 2 can be added. It should be
appreciated thal vanabions i these embodiments are possible withowt departing from the
principies deseribed berein. The batlies 24 and 23 shown in Fig. 2 and the tube 37 shown Fig. 3,
can aiso be added to the embodiment shown in Fig. 4 io benehicially affect the growth zone
apove the boron melt 46,

27 For example, Figs. 4B and 4C show embodiments of an apparatus for heating a

boron foedstock 1o a boron melt in whuch the heating elemenis mciude gratoil heater clements 47

and 48, In the mverled V geometry shown in Fig. 48, the electric current to heater element 47 is
fed from the bottom through electrodes 414, which may be, for example, copper electrodes, to
produce bot zone 454, In the embodiment shown i Fig. 4C, the current flows from the support

post 460 to the bottom 470, producing hot zone 480, In both geometries of hicater elements 47

i1
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and 48, the shape and thickness of the gratoil may be adiusted to maxinize the heating of the
surrounding nitrogen gas near the boron melt 46, The gratod arrangements 47 and 48 allow for
{ailoring of the elecirical resistance of the grafoil such that resistance heating ereates the highest
temperature of the grafoil nearest the location of the boron racll 46. As one skilied n the art of
working should appreciate, a large variely of grafoil geometries can be created such as o
optimize the local heating of the surrounding nitrogen gas as it convectively Hlows towards the
boron melt 46 and on o the BNNT growth zone 11 as seen in Figure 1 above the boron mell 46,
Flow baffling, not shown, such as the flow baffles 24 and 25 as describe for Figure 2 can be
added.

HOU2K ] The embodiments shown in Figures 2, 3 and 4 may use supplemental heating n

the preheat-support zone to preheat the nifrogen gas feeding inlo the boron melt. The goal 18 to

optimize the distribution of heat going into the BNNT formation process such that the BANNTS
have the maximum residence time in the growth zone 11 as seen in Figure 1. It should be
apprecigted that the particular configuration of an apparatus and process will depend on the size,
geometry, and configuration of the particular embodiment. Preferably, the preheating of the
nitrogen gas in zone 13 does not result in the formation of undesired boron nitride compounds
such as amorphous BN, short BNNTs, e, less than a few hundred nanometers for a given
segment, with very large numbers of walls, 1.e. 10 and greater, and large hexagonal boron niinde,
h-BN, particles that do not lead to the formation of high quality HIP BNNTs These undesirable
conditions can oceur if the heating 18 tnsufficieni. By controlling the heat distribution and by the
addition of baftling {0 manage the mirogen gas flow 90 as to keep it in the laminar or steady
regime, adding heat in zone 13 resulis in additional heat going inte the boron mell in zone 12 and

in additional residence time for the growth of HTP BNNTs mn zone 11,

£2
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{29 As described in related applications International Patent Application No.
POTAIRIANN63349, and International Patent Application No. PCT/AISLISZ7570, the contents of
which are expressly incomorated by reference, heat may be applied directly to g boroen feedstock
and, after a boron mell is generated, to the boron melt. Fig. 5 illustrates g boron melt 56 formed

ant 2 post 37 {which may or may not be independently heated, as described above). Preheat-

support zone 53, boron melt zone 52, and BNNMNT growth zone 51, are shown i this embodiment
as separate, but i should be appreciated that they may overlap; the mterface zone 58 15 belween
the preheat-support zone 53 and the boron melt zone 32, The heating of the boron mel 56 in the
boron melt zone 52, can be achieved by numerous means, including, for exarnple, one or more of
lasers, divect are, and inductively coupled plasmna (1CP). The heating element{s} may be selected
for various reasons, including, for cxample, heat element cost, healing efficiency, heating
requirements, the size of the boron fesdstock and/or boron melt 56, and the mirogen How
conditions, For example, if the boron melt 56 is sufficicntly large 10 require mechameal support
as discussed above for Figures 2, 3, and 4, then an ICP might not be the most efficient heating
clement., Additional heat can be supplied {0 the boron melt zone 52 through additional healing
clements, In smbodiments using faser heating and black body reflected heating, additional heat
may be supplied to boron melt zone 52 through the addition of mirrors 54a and 54b. The
resuliant improvement involves heating the target from multiple angles 1o create mulfiple points
from which boron vapor is liberated from the boron melis molten surdace.

FO030 {dther  implementations  of this concept can readily be achieved using
combinations of other beam splitiers and/or beam-chaping mirrors, for insiance paraboloids,
ellipsoids, conic sections, rings. and multiple flat mirrors, or combinations thereof, Fiber oplic

coupling could aleo be used to create muulii-angle pumping of the target.

i3
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(0031 In embodiments using laser healing (o generale and mamtain the born melt 56,
mrrors 54a and 54b may be used o direct portions of a laser beam that miss or retlect from the
boron melt 56, back onto the boron melt 56 and thereby heating mulliple areas on the boron melt
56 via a single laser. Figure & shows from {A} a side view and (B) from a top view, an gxampie
where a single laser beam 61 is focused by a lens 62 or other suitable optics such that the focused
bheam 63 or infercepts the boron mel 66 but a large fraction of the meident beam 61 misses the
boron melt, is then reflected 63 by a mirror 64 back on to the boron meH. In more detail, the laser
beam fravels from lefl to right through 4 plano-convex eylindrical lens 62 which converis it {o g

r-

thick ‘laser sheel.” The laser sheet partially passes over the boron melt 66 on the way to a plano

concave reflector 64. A nortion of the laser sheet is absorbed on the left surface of the farget
{indicated by A’} and the remunder of the sheel sirikes the retlector where it iiluminates the
right side of the target (indicated by B and “U7) i the Top View of Fig.6. Thus the target 18
dhmunated in 3 separate regions, greatly imereasing the generation of boron vapor and the
production of BNNTs, At elevated power levels for some size boron mells 66 and laser poser,
the mirror 64 must be water cooled. The geomelry and posittion of a mirror, as well as fhe
number of mirrors, may depend on the relative size and shape of the apparatus’ chambgr, as well
as the amount of desired heat from redivecied beams. In addition, a murror 54a and 54b can
refiect black body radiation from the boron melt 56 back on to the boron melt 36, morgasing the
overall heating efficiency. An important consideration m the laser beam or iaser beams 1s that for
some cmbodiments the power levels are sufficient such that for some size boron melis 66 the
momeninm transfer of the laser light 63 and 63 on the boron mel will push the boron melt 66 off
the support post or 57 or spoon 44 unless the forces from the hght are appropniately balanced

around the circumierence of the boron melt 66,

14



CA 02968358 2017-05-18

WO 2016/070179 PCT/US2015/0586135

(G052 As one of ordinary skill in the art should appreciate, the multipie batfles and How
sontrol elernents such as 24, 28 and 38 when combined with heat sources such ag lasers 61 and
ICP can also be used to manipulate the heat including providing additional heat {0 the nasotube

self assembly region 11 and 531,

{0331 The mechanical struciures, water cooling for the ¢oils and surrounding suriaces,
the nilrogen pressure chamber and the systoms o harvest the BNNTs are pot shown in the
Figures 1-6 As one of ordinary skill in the electromechanical design and copstroction i the art
of working elevated pressure clectromechanical systems should appreciate, g very diverse
number of arvangements for the heat sources, cooling and electromechanical arrangements can
be combined to provide the efficient production of BNNTs. For example, see related applications
1.8, Provisional Patent Application No. 62/164,997, International Patent Application No.
POTAISIAN063349, and International Patend Application No, POT/USIIZTITE, which ars
mncorporaled by reference,

{0034 As described herein, synthesie of BNNTSs, meluding high quaiity BNNTs, can be
enhianiced by management of the heat going into and out of the preheat-support, BNNT melt, and
seif-assembly zones, the control of the nitrogen gas flow through the chamber in the process, and
the iterfacing between the boron melt and the target holder. Heal may be applied (o one or more
of the zones to enhance BMNNT formation, and the targel holder and support siructires may be
used to manage the flow of heat and nifrogen gas ihrough the chamber. Baflles and {ube
structimes mayv be incorporated io contrel the flow of nitrogen gas to keep mn the preferred
laminar or steady flow condition, e.g. not unsicady or turbulent flow conditions, hrough
implementing one or more of the present approaches, BNNT synthesss process may be enhanced,

including for example the vield of high guality HTP BNNTs both in terms of guality, ¢.g. highly
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crystalline with few defects and lengths greatly in excess of several hundred mucrons, and in
terms of quantity.

0351 The terminclogy used heremn 13 for the purpose of describing particular
crbodiments ondy and 1 pot mmtended to be hmiting of the approach.  As used heremn, the
singular forms "a," "an,” and "the" are intended o include the plural forms as well, unless the
context clearly indicates otherwise. I will be hurther understood that the terms "comprises”
and/or "comprising,” when used in tius specification, specity the presence of stated features,
mtegers, sieps, operations, clements, and/or components, bul do not preclude the presence or
addition of one or more other features, integers, steps, operations, elements, components, and/or
groups thereof.

G036 The principles deseribed herein may be embodied mn other specific forms without
departing from the spiril or essential characteristics thereof. 'The present embodimentis are

therefore to be considered 1 all respects as ustrative and not restrictive,
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i. A method for synthesizing boron nitnide nanotubes, the method compnising:

positioning an initial boron feedstock on a target holder in a chamber;
fHlowing nitrogen gas through the chamber at an elevated pressure;
heating the initial boron feedstock to form a boron meli; and

introducing a boron nitride interface layer between the boron mwell and the target holder.

2. The method of claim 1, wherein the boron nitride inferface layer 1s introduced prioy 1o

heating the mutial boron feedsiock.,

3. The method of claim |, wherein the boron nitnide laver 18 formed by cooling the farget

holder to create a temperature gradiont between the boron mell and the target hoider,

3 The method of clagm 1, further comprising cooling the target holder,
5. The method of claim 4, wherein cooling the target holder comprises at least one ot {(a)

flowing nitrogen gas by the target hoelder, the nitrogen gas at a temperature sufficient (o cool the

target holder; and (b} water cooling the targe! holder,

5. The method of claim 1, wherein the target holder s comprised of at least one of copper,

molvbdenum, tungsten, and allovs comprising at least one of copper, molybdenum, tungsten.
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7. The method of claim 1, further comprising maistaining a lamnar How of nitrogen

1ear the boren melt,

3. The method of ¢laum 7, wherein maintaining a laminar How of mifrogen gas noar the

horon melt comprises using a flow control baffle to modity the mirogen gas How,

3, The method of claim 1, further comprising preheating at least a porfion of nifrogen gas

flowing through the chamber.

1. The method of claim 9., wherein preheating gt least a porlion of mirogen gas flowing
through the chamber comprises at least one of {a) heating mitrogen gas with a heating coul, and

(b} heating nitrogen gas with a graphite heating eiement.

i1, The method of claim 1, wherein heating the inutial boron {gedstock comprises heahing

with at least one laser.

12, The method of claim 11, further compnising retlecting at leasi a porbion of the at teast one
iaser toward the boron feedsiock, the reflected portion of the at least one laser comprising at feast
one of {a) a portion of the at ieast one laser that misses the boron feedstock, and (b} g portion of

the at least one laser that reflects from the boron feedstock.

B¢
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13, The method of claim 12, wherein reflecting at least a portion of the at lgast one laser
toward the boron feedstock comprises configuring at least ong mirror w the chamber 1o reflect

the at least a portion of the at least one laser or itz refiected beam toward the boron fesdstock.

i4.  The method of claim 13, wherein the at least one laser passes through a plano-convex
cyhindrical lens before reaching the boron feedstock, and a plano-concave reflector refiects the

reflected portion to the boron feedsiock.

i3, 'The method of claim 12, wheremn heating the boron feedsiock comprises heating the
horon feedstock from a first direction, and refleciing at lcast a portion of the at least one laser
toward the boron feedsiock comprises heating the boron fegedstock comprises heating the boron

feedstock from a second dirvection.

16, The method of claim 15, wherein reflecting af least & portion of the at least one laser or
the reflecled heat from the boron feedstock toward the boron feedstock comprises heating the

toron feedstock further comprises heating the boron feedstock from a thurd direction.

{7. An apparatus for synthesizing boron nitride nanotubes, the apparatus comprsing:

a chamber configured to receive nifrogen gas i a first divection and at an elevated
DresSsure;

a target holder having a boron feedstock contact surface and a post, the post supporting
the target holder in a desired position within the chamber;

a2 heat seurce for heating a boron {vedstock on the target hoider;

e



CA 02968358 2017-05-18

WO 2016/070179 PCT/US2015/058615
18, The apparatus of claim 17, wherein the target hoider comprises a water cooling svstem

configured to conl the farget holder.

i%. The apparatus of claim 17, wherein the contact surface comprises a boron nitride layer.
28 'The apparatus of claim 17, wherein the target holder comprises at least one flow control

bailie to modify the nitrogen gas flow n the first direction,

21, The apparatus of claim 203, wherein the at least ong How control battle s conhgured {o

deflect the mitrogen gas flow near the contact surface.

22, the apparatus of claim 17, further comprising at teast one heat sink on at least one of the
target holder and the post, the heat sink configured to increase the rate of heat transfer from the

farget holder.

23, The apparatus of clatm 17, wherein the contact surface 18 a concave surface.
24,  the apparatus of claim 17, turther comprising at least one of a baffle having an adjustable

2ap between the source of the nitrogen gas and the mside of the tube o control the How of

nitrogen gas within the tube

20
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23, The apparatus of ¢claim 17, wherein the farget holder 1 comprised of at least one of

copper, molyvbdenum, tungsten or an alloy of two of these materials.
opper, molybdenam, tungsten or an alloy of two of these materials

26, FThe apparatus of claumn 17, wherein the target holder further comprises a ridge

circuinscribing the contact surtace, the ridge having an outer edge exiending in the first direction.

27.  The apparatus of ciaum 17, further comprising a heat source configured {0 heat nitrogen

gas suppiied to the chamber.

28, The apparatus of claim 27, wherein the heal source comprises at least one of {a) a heating

cotl and (b} a graphife heafing element.

248, The apparatus of claim 17, wherein the post extends {rom the target holder o an interior

surtace of the chamber i a direction parallel with the first direction.

3¢, The apparatus of claim 17, wheremn the post extends from the target holder o an interor
surface of the chamber it g diveciion perpendicular {o the fivst direction.

3f.  'The apparatus of claim 30, further comprising a heat scurce configured o heat nitrogen
gas supplied to the chamber, wherein the heat source is positioned o heat mirogen gas before the

nifrogen gas reaches the target hoider,

21
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32, The apparatus of claim 31, wherein the heat source comprises at least one of {a) g heating

coif and {(b) a graphute heating element.

33, The apparatus of claim 17, wherein the heal source comprises al least one laser, and
further comprising at least one reflective surface in the chamber, the reflective surface
configured to reflect at least a portion of the at least one laser toward a farget region near the

target holder,

34.  The apparatus of ¢laim 17, further comprising a plano-convex eyimdrical iens for
manipulating before reaching a farget region near the target holder, and g plano-concgve reliector

tor reflecting heat {o the target region.

33, The apparatus of claim 34, wherein the heat source 1s configured to supply heat from a

second direction, and the reflector is configured {o reflect heal from a third direction.
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