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PASPABOTKA CNOCOBOB YINPABJIEHUA
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Nanoscale Composite Energetic Materials

10,000
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Nanoscale Composite Energetic Materials

S.F. Son, M.L. Pantoya, K.T. Sullivan, E. Dreizin, M.R. Zachariah,C. Rossi

0

B Experimental

] [ ]

(=] iy

o =]

(=] o
1 1

1600
1200 -
800 -

400 -

Combustion Wave Speed (m/s)

0 T ' T ' | ' T ' |
5 10 15 20 25

Percent TMD (%)

Fig. 7. Combustion wave speeds of CuO-100/Al as a function of % TMD

Al/CuO Thiruvengadathan et al. 2011
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Figure Y. Temporal pressure rise during reaction of mixture
(80 wi%) BiO3/Al with 20, 40 and 100 nm of average particles size
of Bi-O;at V =0342 land m =05 ¢

243109-3 Apperson et al.
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FIG. 4. Plot of combustion velocity, shock wave velocity, and peak pressure

as a function of the density of physically mixed CuO/Al composite.

Apperson et al. 2007

Al/Bi,O4 nanoparticles (40-50 nm)
u ~2500 m/s
Martirosyan et al.




Arrested Reactive Milling (ARM)

New Jersey Institute of Technology, USA
E.L. Dreizin, M. Schoenitz, Y.L. Shoshin

‘igure 6 Cross section of a milled AI-MoOj3 thermite nanocom

posite particle.

Al/MoO,

Figure 2. Backscattered electron images of Al/Cul} nanocomposites
prepared through ARM. (a) Original material. (b) After 2 min milling
without hexane. (c) After 16 min milling with 1 mL of hexane. (d)
After 60 min milling with 8§ mL of hexane. ™




Nanoscale Composite Energetic Materials

. . Bi20O3/Al/nitrocellulose-based actuator to
Reactive Bondmg induce intranuclear molecular transport.

Micro Ignition and Rapid Initiation

. . . Confinement
Synthesis and Processing of Materials fitiie S
. . _ Transmission. MEMS initiator
Micro-Actuation/Propulsion gel tube gy
" 'L I S
Propellant Additives || ST |

Biomedicine-Related Applications lE )
\_l_" -y |’

. . Dextran and cell F’--r-'éssure
Micro Power Generation suspension transducer

Figure 11. Cross-sectional illustration of MEMS-based actuator for
pressure-mediated molecular delivery.”'g

Energy Storage and Transfer

Korampally et al. 2012




Manufacturing Energetic Materials

Three-dimensional (30} thermite test structures
ilustrate how architectural features can be used

to better understand and tailor thermite behavior,
(left) Parallel channels experience overlapping
reaction waves that accelerate reaction speed.

(right) Perpendicular hurdles, depending on their
spacing, can efther help or hinder the reaction by
either misdirecting reaction waves or propelling
het particles forward.

K. T. Sullivan, et al. LLNL

On-chip application,
micropropulsion systems,
solid propellant microthruster

Livermore researchers are designing, building, and testing 3D reactive
structures, including both thermite and intermetaliic formulations. An example
skin-lattice design, produced by engineer Robert Reeves, is shown (left)
before and (right) during a reaction. Ongolng work is examining the trade-off
between material reactivity and strength and investigating how materials such
as this can be used as structural components in enargetic systems.




PeakunoHHble maTtepuanbl (PM)

HDRM BbICOKOM/IOTHbDbIE HaHo-BB, HaHOTEepMHUTbI
peakKLMOHHbIE MaTepuabl (nanoenergetics-on-a-chip,
(High Density Reactive explosive-on-a-chip,
Materials) MEMS-based pyrotechnical
microthrusters)

Explosive
e

EFP Liner o : - s S
— { a— ! ] After initiation
Reactive Material 3 —_ ’ e e ———]

Housing

S1 @ 160 ps 10 s I

Iresign 3 (14.6 cm)

s
57 @ B0 s S4 @ 2290 ps
0 jes S5 @ 1170 s

52 (@ 4
S0 100 ps S2 o) M) s 83 (@ 500 ps S @) 70

nano-sized AlI/CuO thermite



YAAPHO-UHAYIIUPOBAHHBIE XUMHNYECKHE PEAKIINU B

CMECAX OKUC/IUTEAB-TOPIOYEE

CTeXI/IOMeT[E;I:Ce.)CKI/II/I COCTaB Fl;néal\;,:s Pearuis KKa?I’/KF S:( ZXJ%/OM?;;
Al/S, 36/64 2.26 2Al + 3S = ALS, 1150 2600
Al/M00O,, 27/73 3.91 2Al1 + MoO, = AL,O, + Mo 1120 4380
Al/Fe,0,,25.5/74.5 4.23 2Al + Fe,0, = ALO, + 2Fe 950 4020
Al/WO,, 19/81 5.45 2A1 + WO, = ALO, + W 710 3870
Al/Cu0, 18.5/81.5 5.13 2Al + 3Cu0 = AL,O, + 3Cu 970 4980
Al/Ba0,, 17.5/82.5 4.32 4Al + 3Ba0, = 2AL0, + 3Ba 560 2420
Al/CrO,, 35/65 2.76 2Al + CrO, = ALO, + Cr 1680 4640
Al/(-C,F,-), 26.5/73.5 2.31 4A1 + 3(-C,F,-) = 4AIF, + 6C 2070 4780
Zr/(-C,F,-), 47.5/52.5 3.20 Zr + (-C,F,-) = ZrF, + 2C 1380 4420
Zr/Mo0O,, 48.5/51.5 5.41 3Zr + 2Mo0, = 3Zr0, + 2Mo 770 4170
Ti/MoO,, 33.5/66.5 463 3Ti + 2Mo0, = 3Ti0, + 2Mo 740 3430
Mg/ (-C,F,-), 32.5/67.5 2.02 2Mg + (-C,F,-) = 2MgF, + 2C 2280 4610
Mg/Fe,0,, 31.5/68.5 3.21 3Mg + Fe,0, = 3MgO + 2Fe 1010 3240
Mg/Mo00,,33.5/66.5 2.99 3Mg + MoO, = 3Mg0 + Mo 1170 3500
Mg/TiO,, 38/62 274 2Mg + Ti0, = 2MgO + Ti 490 1340
Mg/Si0,, 44.5/55.5 2.15 2Mg + Si0, = 2MgO + Si 670 1440
Al/Ni, 31.5/68.5 5.16 Al + Ni = NiAl 330 1700




AR W r
vl ""-.

lﬂum ASD-6 SE

ASD-6 <d> ~ 3,6 pm nAl <> ~ 10 nm

— L O0m MN2Z-wex BSE e
PP-2 Al - PAP-2 Al(N4), (S=2.7 m?3/q)
<L>~70*1pum <L>~30*1pum <L>~0.5*%21,3 um




Materials Tested

Teflon (F4-PN)

Teflon (FORUM) MoO, Nano-MoOg

<d,> — 10-300
mm (Most of
particles)
<d,>—15-25
mm

Preliminary activation
- <d>—~60nm

e Tested charges were prepared from the initial components by mixing in

vibromill with consequent pressurizing.

 Mechanochemical activation was also used for mixture manufacturing




Materials Tested

NH,CIO,
AP-1 <d> 500 + 200 pm

AP-2 <d> ~ 20 pm

X q

Al (8 m?/g) (GNIIChTEQS)
<d> ~ 260 nm two fraction
3+ 5 pm and 100 + 300 nm

Alex (Tomsk) nAl (INEP)
<d>~ 100 + 200 nm <d>~ 100 nm



YnapHo-uHAynMpOBaHHAA peakuus B Al/S

W=3.61km/c - CCl, W=3.61km/c - CHBr4
3y [ .. Al18), h=0.94 35
T oy LA mm I'E.ITﬁl £H2131 a LD ) ﬁ SE?E}QN
27 S ! R ==
WHaukaTop Py N }
06 & o5 Ll —— 5, h=3.06 mm Iaa-ﬁ
pasey o T - - o i
¢ . é Ny (2.01) (Ne19) § 5, | h?%h o A (PP-1)/S 55/45,
Y aapHuK § - F E & gy, h=2.54 mm (2.21)
T oo L —— Al (PP-1)/5 55/45, [T ___“ - ihh’.}fi}
MMA o ’55' h=3.78 mm {2.20) o ?mi"
b e 19 (Ne21) i Al (0.63-1)/S 55/45,
. = Al {063 1)/5 5545, 29 h=2.96 mm (2.30)
! ' ' h=3.04 mm {2.27) = ' '
| —TinH3a 0 02 04 06 ()e35) °o o1 02 03 o4 o5 (&9
|_| Time, mecs Time, mcs
3eprano H.‘,\

B nuioTHBIX 06pasax npu
MOULIHOM MHHUIIMUPOBAHUU
peakuus 6bICTPO 3aTyXaeT

CoP

A.D. bensies-
«....JlemoHayuro Hado
UHUYUUPOBAMb

.'--'"_FF'_ L
demoHayuell...»
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3aTyxawimui pexxuM peaknuu B Al/S

COCTaO 1200
7
3 ;é 1000
T
CMECh = | + % (&)
% 2 é “‘E“ go0
2 / 1= & 5
= % 2 W/A E % GO0
- T H
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; f/ it 1® 5
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| e y Z o T zoo
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PacToAuH e 0T HHHIHHP VIO IER CHCTEMBL, b

3aTyxaloluil pexuM B
j MaJIOIJIOTHBIX 06pa3uax

110 120
Time, mcx

100




OuaroBblii XapaKTep pacnpocTpaHeHUus
peak
[lo oTeyaTKkaM Ha MJIACTUHAX-CBU/IETEJISAX




Ox(HE)-Metal HaHokoMno3utbl = MexaHoakTMBMpPOBaHHbIE
KOMMO3UTh!

Al (Me)
HaHO4YACTHIBI
B ITIOTOKE

HcxoaHbie yacTHIBI MHKPOHHBIX pasMepoB

IHoxpeiTHE
yacTul B
NOTOKE

AKTnBauuma
B LULAPOBOM
MenbHULe

OXx(HE) pacTBop

HaHoKOMNO3uT
OKUCAUTEenNb —
roptouyee

AR e e e e e e

T
an,

BmecTe ¢
MH3MNX® PAH
(JTlevnyHckun 1.0
Xuray AH...)

BmecTte ¢ UXP PAH (Ctpeneukuun A.H.,
OX(HE) matpuua , Kon6aHeB U.B....)




AnnapaTtbl 4NA NOJyYeHUA MEXaHOAKTUBUPOBAHHbIX
3HepreTuyecknx komnosutos (MA3IK)

nnaHeTapHaa MmenbHMua Aktnsatop — 2SL

BubpaumoHHas
MeNbHMLA Ja=
ApOHOBa Counter direction ) -_r_;,f;H o
s A —
| I
/2
i ?;g 3 1
npocTan NaBopaTopHan MenbHULE
Activator-23L (2 pexuma)
4
6 |
% VBap\Wancka > 2.5 L Oog
1 0 Og . Vﬁapl\u’:mcm




AxktuBanusa Al/S (2001 r)

-
)
)

Go0

s00

CpemHHE CKOPOCTH IR 0IECCE, MC

200

PaccToAHHE 0T HHHIHHPVHIER CHCT EMEL, M

JInmutupyroimu GaKkTop A/ CKOPOCTH
TBepA0¢a3HbIX peakui — 3P PpeKTUBHAA
NMOBEPXHOCTbh KOHTAKTAa peareHToB.
MexaHOXMMHUYeCKasi aKTUBaILUs KaK CIl0CO0
NMOBbIIIEHHUS PeaKIIMOHHOM CIOCOOHOCTHU cCMecer
OKUCJIMTEJIb — ropryee

Hcnosab3oBanue YA,
JA00aBOK U
MeXaHOXMMHYeCKas

aKTHBaLUA

i

Ne19 Al/S/Fe,0, 41,4/48,6/10

MAII-2 (27,6%) + YA (7,4%) + ACJ-4 (7%) & = 70%

Ne 21 Al/S/Fe,0;42/48/10 (akTuBHUp. 1)
[I1-2 (26%) + [1A-3 (16%) 6 = 80%

18




Nanocomposites
formation

Destruction of

Condition of preparation Al vs Act. Dose

Chemical interaction

| D=Jxt [kJ/g]

(J — energy intensity
of activator [W/q])

C, BN, Teflon

_ >Ca
-

S

L(aggregates) ~ 0.5_5 mm

S = 3/(pR)
S~1m?g

components
100+
B E :Nano Al, separated by porous C
> 80F x : :
Specific & : /
Surface ~ 60r
Area, '
m2/ 40 “ ” o
g . Dense” composites
20+
O'. R T . ! !
0 : 10 20 30 40 50
1601 - : D, kJ/g
Grain |
Sizes 1204
m
E 11: : === Al-15BN
c 804 {: 5 = Al-30BN
) _ A 5 A A-15C
: : A A-30C
Y I%\
I Sy X A
0 10 20 30 40 50

D, kJ/g




Mass Increase,%

Al + O, & Al,O; (under “slow” heating)

70 - Al-10 wt% C, activated T
4000 Nano
60 - o P 0-gALO,
50 | o %
M 1000 C
40 A ‘
30 E ZDOO_MWWMWW.M% “"V“‘J\“\waww.ﬁw“ﬁ\,WWMAW“”Nm 740 C
20 - i
Al
10 - c J\ f\i As milled
0 ‘ ‘ ‘ 10 20 30 40 50 60 70 80 90 100
0 200 400 600 800 1000 1200 2 Q, degrees
T,°C
Quantitative analysis of XRD patterns
Sample T,°C Phase content, wt.%
C Al g-A|203 a-Al,O3 q-A|203
20 10 90 - - -
90%Micron-sized 740 10 65 20 - -
Al/10%C 1000 - 9 28 52 11
20 10 90 - - -
Nano-sized activated Al | 740 - 24 76 - -
1000 - - 100 - -

Together with Yu.V. Frolov and A.N. Pivkina




Mechanochemically Activated
Energetic Composites

e/MoO,;, Me/Teflon,
etc.

Al/C, Al/BN, Al/B,
etc.

New energetic
materials
(MAEC)

Materials for Materials for
combustion 2 generatio

Al + 0O, Al+H,0a H,




MexaHOaKTUBMpPOBaHHbIe 3HepreTuyeckne komnosuntbl (MAIK) Me/dToponnacrt

Al —-ASD-6
e

MAEC Mg/Teflon
T { E

(MA3K) Me/®ToponnacTt — C/IOUCTbie KOMMNO3UTbl U3 (PTOPONJIACTOBOM
MaTpuubl C BKJIOYEHUSIMU MEeTaJI/IMYeCcKux (pparMeHTOB




[leToHaLMA — cBEPX3BYKOBOW MPOLECC C MNOCTOAHHOM CKOPOCTbIO
(ckopocTb 3Byka C< 100 m/c, D = 800-1300 m/c)

[lo onbiTa M nocne

MnactuHa M1acTuHa He 3aBucuT oT rasa B
Dia = 60 MM Dia = 68 MM nopax, onbIT C refivem




AETOHALINA B MEXAHOAKTUBHUPOBAHHbBIX KOMIIO3UTAX HA

OCHOBE ®TOPOIIVIACTA

1800 - ]
1 & 1
1sooj S
Al/®ToponnacT § 1400 { E
%1200-_ ® o— : g
5 ® 7
gmoo-_ -G
& ® 9
4 800- > —| 4 10
8 1 11
g' 800~ \\\"‘é —— 12
O 400 - \%@H © 13

- NN

200 - > @
0 50 100 150 200 250 300 350

AOnuHa 3apsga, MM

3aBHCUMOCTb CKOPOCTH JETOHALMHU OT AJHHbI 3apsaa aasa MAJK Al/Tf. (cranbHas Tpy6a ¢

BHYTPEHHUM JUaMeTpoM 29 MM)
1-5-Al/Tf45/55 pasuoi miorHocty (1- 0,40 r/cm3, 2 - 0,50, 3 - 0,48, 4 - 0,44, 5 - 0,49 B atmMmochepe
resausi); 6,7 - Al/Tf35/65 (6 — 0,5 r/cm3,7-0,47); 8 - Al/Tf30/70 (0,55); 9 - Al/Tf 25/75 (0,54); 10 —
Al/Tf (®opym) 30/70 (0,80); 13 - Al/Tf27/73 (0,59); cnyioliHble IMHUM - 3KCIIOHEHIMA/IbHAsA

3KCTpanossaunusa AaHHbix; 11- Al/S/Fe,05 55/33/12 (0,81); 12 — AI/M00O; 45/55 (1,14). 24




Al/®Topomaact

30/70

‘ ‘ 16—
‘ PVDF-gage pressure
PVDF-gage pressure in Teflon plate No 1218
in Teflon plate No 1208 Al/Tef 30/70
AllTef 45/55
: : : : e | R R e S e | e
© : 1 1 1 1 1
R e I S R S R oo g
o | s s s s s &
g g
> S 08N
[%)] 0
& 8
£ | 1 | | : 1 &
. e e ‘ ‘ ‘ ‘ 1 1
: : : : ‘ 0 S A—
1 1 1 1 | 0.0 -4 t f f T i i
1 2 3 4 5 6 0 1 2 3 4 5 6

Time, mcs Time, mcs

CBEepX3BYKOBOUW MOTOK NPOAYKTOB JIeTOHAILIUU IPUBOJAUT K 00pPa30BaHUIO YIAPHBIX
BOJIH B IIJIaCTUHaX-CBUJeTeNAX ¢ ammanTtyaou 0,5 — 2,0 I'Mla.

(3amucu gaBaeHus B JIaCTMHAX-CBUAETENAX U3 CIUIOMHOTO ¢propomaacta. [IBJP-gaTunk
noMeuja/Ics MeXy ABYX MJIAaCTUH MPU TOJIIIMHE IEPBOM — 2 MM)




CKopocTbk geToHauuu, m/c

CTpyWHbIN MEXaHn3M — Npu namMeHeHnn gunametpa ot 10 4o 35 mm
HEeT 3aBUCUMOCTM OT AnameTpa u martepuana Tpyo
(Al/®dToponnact 27/73 , D = 1200 m/c)

T

1800 , , \
e 1 :
& 2 3

1600 L g E
—o—4

1400 ¥ I . -
L_ 1 e :

1200 g f:l - .
ol

1000 |-- M ............... ............... .....

11| || U CWUNUSUOSN. WSS USSRV SN —— T

600 L | ' | L | L | L | L |

0 50 100 150 200 250 300

f[lnuHa 3apsipa, MM
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Aetonauusa B MAIK Mg/®dToponacr

I I I
$ 1600 i
< — g KT
§- 1400 - —o—1| :_ 1200 | Polynomial Fit of Data2_Dms
5 e : 6
B 1200 —o—J 5 PR
= —aed § 1000 ; - i) |
- _’ 2 Wa
g 1000 - ——§ T O ,+
5 ¥ 3 & soof Lovills dd + !
= — | ¥ .
800 4 i
v <] 8 U N
600 L a9 600 £
400 . L : L . 1 A : i ! 2 1 . 400 l PR Y U (U NN SN N T R
0 50 100 150 200 250 300 350 3 4 5 6 7 B 9 10 N

OnuHa 3apsga, MM

1-35/65; Mg —-MI1®-4,DL-41, Da = 4.8 x/I>x/r, D =960 m/c;
2 - 35/65; Mg —-MII®-4, DL-42, Da = 5.6 k/[>xx/r, D =810 m/c;
3- 35/65; Mg —-MII®-3, DL-58, Da = 8.8 xk/[>x/r, D =1100 M/c;
4 - 35/65; Mg —MII®-3,DL-62,Da =10.43 x/I>x/r, D =830 m/c;
5- 45/55; Mg —-MII®-3, DL-65, Da = 8.3 xk/I>xx/r, D =750 m/c;
6- 25/75; Mg -MII®-3, DL-66, Da = 8.3 x/[>x/r, D =1000 m/c;
7 - 35/65; Mg -MII®-3,DL-67, Da =10.0 kI>xx/r, D =750 m/c;
9 - 35/65; Mg —-MII®-3,DL-78, Da = 3.3 k/I>x/r, D =500 Mm/c;
8-Al/Tf27/73; Da=6.0 xk/lxx/r, D=1200 m/c.

[o3a aktueaLuu, KIxr

3aBUCUMOCTb CKOPOCTU AeTOHALMn OT
no3bl aktmeauum ansg MASK Mg/Tf 35/65




2000 =

0=

X-ray + SEM analysis of Mg/Teflon detonation products

0.35Mg +0.65 (-CF,-). DL-58
’ X - (-CoF 40
(0} + Mg
0 MgF,

0 o, o After detonation

++ Asmilled

10 20 30 40 50 60 70 80 90
2Q(CuKa), degrees

S(BET)=25 m2/g :>

Phase composition of products:
MgF,, C, traces of Mg and MgO

SEM of product — MgF,

10pm

L (MgF,) ~80 nm




MAEC Al+CuO, Al + WO, Al + MoO,, Al + Bi,O,

Al —PAP-2

bbb acw

Self-accelerating combustion regime with transition to
explosion obtained for low-dense mixtures Al/MoO,
For usual mixtures burning rate u < 1 m/s
Mechanoactivated mixtures u = 400 m/s




Combustion of AI/Mo0O,; and Al/Teflon with Transition to
Explosion

Mechanochemical activation greatly raise the chemical activity of the mixtures. Self-accelerating
combustion regime with transition to explosion was obtained for mixtures Al/MoO,

Usual mix u < 1 m/s === Mechanochemical activation ——p U= 120 +400 m/s

Burning Rate in Low-dense samples

Particles tvpe Activation Charge 4. mm U s
yp doze, kJ/g density, g/cc ’ L
) / Al/Mo0O, 45/55
= PP-2 0 1.15 8.5 0.19
N 0.72 1.16 8.5 415
o : Nel : : :
- \ —
Al/CuO 19/81
PP-2 2.2 1.59 7 670
A PP-2 1.77 1.60 6 460
Nichrome wire | | Mg/ MoO, 34/66
MPF-3 2.9 1.04 8 285
Si/ KCIO, 30/70
Nano-Si Planetar)_/ mill 0.56 6 o
] 30 min
Si/ KCIO, 40/60
J -
Nano-Si Planetar)_/ mill 0.73 6 .
50 min




MAJK Al/CuO

CocTtaB cmecwu:
Al+CuO (19/81 no macce)
Ha ocHoBe anomMuHnesoun nyapsbl MM1-2n

MexaHoakTnBauus:

e OT 2 00 20 MUHYT;

e OnTumansHoe BpeMs 8 MUH (BUOP.MEnH.);
4 MWH (NNaHeTapH.MenbH.)

* MexaHoakTMBaLUUs NPUBOANT K CHUKEHUIO
TemMnepaTypbl BCMNbILWKA CMECU U
0Opa3oBaHUIO KNacTepoB U3 NCXOOHbIX
KOMMOHEHTOB

o KoHTakTHasi NOBEPXHOCTb KOMIMOHEHTOB B
KnacTepax HOCUT XapaKTep JIOKanbHbIX
o4yaroB




MAJK Al/CuO

TemnepaTypa BoCnnamMeHeHUda ropayen noBepxXHOCTbLIO
ONa akTUBMPOBaHHbLIX cocTaBoB — 260-350 C

My demuan neun
ITIMNV-T00

Hccaeayemoe
Bemecreo -

MeaHas MacCHBHAA

noJacTaBra

504 A nA+NCuO,5 min

NAI+nCuO,15 min

1 —k— Al+CUO-(D)-D-30

T —e— nAlI+nCu0,10 min

o 107 I
. Meanasa cMeHHAan g
NOAT0KKA :
_ Tepnromapa o ;
’ — q) H
A A S - Z mB %
| ! 3
) ?
g | Te.p_“on-:n c 3
re..\mepar_\'poii od
i i T T T
240 260 280 300 320 340
T,C

MuHnmanbsHoe Bpemsi 3agepxkn MASK Ha ocHoBe nyapsbl 111-2
N MUKPOHHOro CuO Bpemsi akTmBaunm (BU6p.mMenH.) — 8 MuH




MA3K Al/CuO 19/81

4 D, kdig

Burning rate, m/s

(=]

1 i 1 i 1 i 1 i i L 1 L 1 " 1 L 1 i 1 1 v | | < | A | & |

2 4 6 8 10 12 14 16 18 20 1.0 18 90 28 3.0 35 4.0

OTHOCUTENbHbIM Tenn0BON 3bdeKT Activatinn fima min _
Al/CuO(vibration mill) at 550-700 ° C ot BpemeHu Cropocb ropermna Al/CuO (planetary mill)
aKTMBaLMK (£03bl) oT BpemeHu akTnBaumm (403bl)
4000 (nnactukoBas TpybKa 6 Mm)

3800
- ®— planetary mill ApKoCTHanA
g i ‘::;i“"“ mil | remnepaTypa
3400 . Al/CuO
' oT [o3bl
aKTMBaLMK

3600

3200

3000

Temperature, K

2800

2600 [y Al/CuQO onTnManbHble yC1oBUA
I Bpemsa aktueaumn (Jo3za)
BubpaunoHHas MenbHnua = 8-10 MuH (1.8 KK/r)
[naHeTapHaa MenbHMUa = 3-4 MUH (1.8 KK/T)

2400

Activation dose, kJ/g




fopeHue Al/CuO
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1600 2450 =
CKOPOCTU FOPEHUS HU3KOMMOTHbIX 1M
coctaBoB Al/CuQO B Tpybkax %ol
pasHoro gnamerpa -
oT 20 oo 800 m/c i T,
B 32aBMCUMOCTW OT BPEMEHW | - - . ‘ |
0 250 500 750 1000 1250 1500 1750 2000
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Yp,apHo—BonHOBoe MHUuUmMmnpoBaHume peakuimm B TEpMUTHbLIX CMeCAX
AVHaMWUKa CBeYeHUs CBeTsLLerocs obrnaka npoaykToB peakumun B 3anperpagHoM npocTpaHCcTee npu yaapHo-

BOITHOBOM HarpyXeHun mexaHoakTUBMPOBaHHbIX TepMUTHbIX cmecen Hf + (-C,F,-); Al + CuO ; Al+ WOy ;
Al + MoO; u Al + Bi,O,4

6. JILL

4. cnnas Pose 5. 3apan BB

1. ammyoa 3.PM

2. cTanBHO THCT

L N
Puc. 1 3kcnepumeHTansHasa cbopka ans
nccneposaHua peakumm PM B 3anperpagHom
NPOCTPaHCTBE Npu yaapHO-BOSITHOBOM

Puc. 2 Cxema cbopku n kagpbl oTOCbEMKM 0BnacTu

ST CBEYEHNH NPOAYKTOB XMMUYECKOro npespatleHuss PM
0 L Puc. 3 lameHeHne nnowaam cevyeHms cBeTsdLeroca obnaka
3600, REa npogyktoB Al+CuO 3a nperpagon ¢ anameTpamu oteepctuin 1,5;
, 2700 i T —— e | 255 1n8MM
18001 _/'r-:.'r'.
- a0 /_,_.”-" o — Mo COBOKYMHOCTM NOMyYeHHbIX AaHHbIX Hanbonee
N R il - | T WHTEHCUBHO yOapHO-nHAOYyLMpOBaHHAaA peakuus
0 40 80 120 160 200 240 280 320 npOTEKAET B MeXaHOaKTMBMPOBaHHbIX cMecax Al+CuO un
b e Al+Mo0O,.
B-8 #-8 AKCWO-2.5 un Haunbonbwwnin ceetoBon adhdekT —

= == A -5 a

B A0S (A|+CUO)+(Hf +CbTOpOI'IJ'IaCT).




YpapHo-BonHoBoe nHuuumnpoBaHue Al/CuO

[Tpn YB nunuyumnposaHmnmn doopmMmmpyeTcs noTok
NPOAYKTOB C Ha4yaribHOn ckopocTtbio > 800 m/c.

‘U 3amepeHnsa NpoBOOAUMOCTN U aHaNu3 NPoAYyKTOB
nokasanu npucyTcTBue B NOTOKe pa3pexXeHHOMN
nnasmbl NPOAYKTOB peaKkuuu C 60nbLNM
KONMM4ecTBOM HaHo4YacTuL

TemnepaTtypa B obnake npoaykros > 3600 K _
*YoenbHoe conpotuBneHue = 107 OmM*Mm?/m 2000}

0 200 400 600 800 1000 1200
Bpemsa, mkc

4000 - A =500 Hm

3800 -
3600 -

3400 -

3200 |

ApkocTHan Temnepartypa, K

3000 -

Cxema cO60pKku U Kaapbl POTOCHLEMKU NOTOKA MHEPTHLIX YacTUL U 06nacTn cBe4YeHUs1 NPOAYKTOB peakuum
Al+CuO npu YB nHuummnpoBaHun (mexay kagpamm 350 MKC)

Comuo KoHTakTHbI#H Bokpyr cTpyu npoaykToB -
N 777, fIBTIHK NnpucoeanHeHHas BomnHa nany4yatoLLen
i e E NN ¢ BB — rekcoreH 1 T. PhilzoizL] ydatoL
I - CkopocTb cTpymn 500 m/c nnasMbl
BB Hasecka OGnacTb cBeveHus

CMCCH

NHepTHas
CcMecb
LiF/CuO

Al/CuO




2Al + 3CuO = Al,O;+3Cu

mag [J | tit | lens mode | mode | det | spot HFW ‘WD bkt | lens mode | mode | det HFW
91mm 10000x | 0°  Field-Free @ All | CBS | 3.0 | 41.4 pm 53mm | 30000x | 0° | Immersion | Al | CBS | 3.0 | 13.8 um

4

By 1S o G : : g . . !

s ! s iy £ y - e X - .’ .
R e e B e T Dol T
ﬁ WD mag ] | tit | lens mode | mode | det | spot 4 % N mag [0 | tit | lensmode | mode | det | spot HFW |

|99 mm 10000x |07 | Field-Free | SE | ETD | 3.0 | 41.4 pm | “ar SE |TLD | 20 | 414 ym

6.5mm | 100 000x | 0° | Immersion |



MASK Ha ocHoBe nepxnopartoB KCIO, n NH,CIO,

Thermal effect of reactions Si, Al + PP, AP

Composition, I max, : Q, Qtr«107°,
Stoichiometric ratio | g/cc Reaction kcal/kg | kcal/m®
Si/KCIO, _ :
2.46 | 2Si + KCIO, = 2Si0O, + KCI | 2240 5515
28.8/71.2
Si/NH,CIO ' = Si
41y 5 07 9Si + 4 NH,CIO, = SiCl,(g) 5930 4612
35/65 + 8SI0,(s) + 2N,+ 8H,
Al/KCIO =
4 5 53 8Al + 3KCIO, = 4Al,0; + 5544 6560
34.2/65.8 3KClI(s)
Al/NH,CIO =
41y 511 10Al + 6NH,CIO, = 5AIl,0, 5385 5032

27.7/72.3 + 6HCI+9H,0+3N,




AHanm3 - aktuBmupoBaHHbIN KCIO,

AKTBauua >> CHMXeHune TeMnepartypbl Ha4aria pa3Jf1oXXeHusA




Distribution of elements MAEC nSi + NH,CIO,

nSi/NH,CIO, The average size of particles <d> = 60 - 100 nm (BET)
The analysis of distribution of elements in composite shows homogeneous distribution
of components at submicron level (BSE)




MASK nano-Si+ KNO,, + KCIO,, + NH,CIO,

gauges

nano-Si + KNO,
Deflagration
U= 300-400 m/s

nano-Si + KCIO,
DDT L=7cm
D= 1200-3000 m/s

nano-Si + NH,CIO,
DDT L=2cm
D= 1900 m/s

nano-Si + NH,CIO,
DDTL=1cm
D= 1500 - 2000 m/s




Retonation

MASK nano-Si + NH,CIO,

DDT

in duralumin tubes
10 mm,

nSi/NH,CIO,
29/71

with different
activation times

10 min (1421)
20 min (1420)
30 min (1422)
40 min (1419)



. MA3K AIKCIO, |

X1,000 5, 10ugi. 05444 04/0CTHTN .

ol

AI(AC,EI, 6)/MXK 40/60 AI(NM-2)/MXK 40/60

[Mpy 0gMHAKOBOM BPEMEHU aKTUBALMM NPOUCXOAUT OOCTAaTOMHO ObICTPLIA pasMon
yacTtuu MNXK go cybMMKpOHHbIX pa3mepoB, ogHako Al namens4aeTcs no-pasHomy.

B cnyyae AC[1-6 yactuubl geopmupytotcs ¢ o6pasoBaHMEM AOCTATOYHO KPYMHbIX
«TabneTok» ¢ paaMmepamm HECKOSbKO MKM, Haxoaswmxcs otaensHo oT [NXK,

a B crny4ae nyapbl obpasytorcs 6onee ogHOPOAHbIE CYOMUKPOHHbIE KOMMO3UThI B
\Bmp,e dparmeHToB Yeluyek Al, NOKPbITbIX OKUCTIUTENEM. /




DDT Al/KCIO,

40/60 & =80-82%

steel tubes before and after
experiences

Al - ASD-6
Lopr=8¢em, D =1150 m/s

Al - PP-2
Lopr=5.5em, D =1320 m/s




MAOSK Al + KCIO, nepexof ropeHusa B getoHauuto (DDT) yepes
cTaguio nepecxarTon geToHauun

_ gauges
Ni-Cr MAEC
I | |

wire
v v V- VvV Vv v v

CKoOpoCTb AETOHALMUM OT AJINHBI TPY6bI AN HU3KONATOTHbIX 3apsaoB (d=10 MM, NAOTHOCTb = 0.3 TMD)

2200 |-
o 2000 b
—
S
= 1800 |
=
Q
O 1600 |-
o
>
c 1400 |
9
e
S 1200 |
o
'5
Q 1000 |

800 |-

600 |-

| L | . | L | N | L | L 1 L | N
20 40 60 80 100 120 140 160 180

Tube length, mm




Brightness Temperature of Al/KCIO, products

to Pyrometer

% PMMA
Al/PP

Nichrome wire

@ =18 mm

charge length
=15, 20, 40, 60, 80,
100, 120 — 300 mm

density
=0.42-0.44 g/cc

porosity = 82-84%

K

Temperature,

Window PMMA (8MM)

5500 -

5000 -
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Time, mcs

80

100

120
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CkopocTb ropeHusi, Mm/c

CkopocTtb ropeHus B npeccoBaHHbix 3apagax MA3K Al/KCIO,

3apsigbl 3 TabneTok BoicoTon 12 mm, anameTtp 9 mm, nnotHocTb 0,85-0,90
B atTMocdbepe a3oTa

CKopoCTb ropeHus oT
BpeMeHM aKTUuBaLum

P,=3 MMa

250

200 -

-
(44
o

-
o
o

(44
o

1 s 1 " I i 1 L 1 s 1

0 5 10 15 20 25 30 35 40

Bpemsa akTuBaumMu, MUH

300
250 -
200 ]

CkopocTb ropeHusi, Mm/c

CKoOpoOCTb ropeHms oT
AaBneHus

t ar = 10 MMH

150 -

100 -

[4)]
o

U=1,93*p"*

0.1

1
Oasnexnue, MlNa

10



MexaHOaAKTUBUPOBaHHbIEe

koMmno3utbl Al+TNXA MAECAI(PP 2)+AP —

_MAEC Al(8)+AP
.. G ‘.’jp -

’/ < “g .“':‘?*; |

HPW WD mag [] | tilt lens mode  — ZU Hm
14pm | 6.2mm | 10000 x | 0° | Immersion



JtAP+FAZ

spot

3.0 | 829 ym

m_ag_ I:]—“tﬁt_ !”tsr;smr_l-de [ det | spot HFW |
00000x | 0° | Immersion | SE | TLD | 3.0  4.14 ym




DDT Al/MXA 20/80 Al(8) € = 80-82%

1560 t,=35wmun, D =2380 m/c

CTajibHasi TpyOKa

1561 t,=20wmun, D =2310wm/c
TIOpATIOMUHUEBAsI TPyOKa

1569 t,=40mun, D =2300 wm/c
TIOpATIOMUHUEBAsI TPyOKa




" DDT Al/MXA 20/80 Al(PP-2) € = 80-82%
A|/NH4C|O4 t ot =2min u=110 m/_s_szv1 t .t =5 min DzlGOO_Tf
Al(8)

BUAa CUrHarnosB

_
|1 3402 ' 9.07 ; 1.11

s 0 @ 0~
[ T BT | 2

8.82 (D=2.26 km/s)

12.68 (D=1.58 km/s) J

T v Ll * Ll . T al 1
500 550 600 650 700 36 38 40 42 44 46 48 50
Time, mcs Time, mcs

165.39 (u=120 m/s)

Signal, V
Signal, V

w

186.41 (u=107 m/s)

LIRS

Light fiber

t ot =20 min  D=2310 m/s t .t = 35 min D=2380 m/s ‘

%11 ——60-1
123AIPA (20 min) 61-2 124AIPA (steel 35 min) ——60-2

8.493 (D=2.36 km/s)

8.402 (D=2.38 km/s)

Signal, V
Signal, V

e

2
A e ettt ese s e sa s e ae s st sm b naes . B e R TRCTSEIER
=2. /
0_' 8.664 (D=2.31 km/s) o w8.44? EE 2.38 km‘s-).
1

, T T T T g T 1
. : ; ; . ; y ; . :
28 30 32 34 36 28 28 30 32 34 36 38
i Time, mcs
Time, mcs



DDT Al/AP 20/80 € = 80-82%

3000

2500

N
o
o
o

1500

Velocity, m/s

1000

500

1 min

—a— PP-2
o Al(8)
—m— nanoAl

Aluminum tube
@ 10 mm
length 120 mm

10 20 30 40 50 60
Activation Time, min

L/
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leTOHaLuA npeccoBaHHbIX 3apsaaoB Al/MNMXA
d=15-50MMm L=3+6d




7
3aBMCMMOCTb CKOPOCTU AeTOoHAaUMM OT AaMamMeTpa 3apsaa (1/d)

Al/TXA (20/80), HaHO 1 MUKPO Al
(nnotHocTtb 0.6, 0.75 1 0.9 TMD)

6.5
6.0 | 0.75 TMD (1-4)
- 1 — non-activated
E 2.0 t.c= 10 min (2-7)
-; 5.0 2 -Al — PP-2
'g 3 - Al - Alex
= 4.5
> i 4 - Al - nAl
cl N
2 40+ ™ 0.9 TMD (5-6)
< !
s T g 3 5 - Al - Alex
6 35 B I I
A I Lo 6 - Al - nAl
O
3.0F | 0.6 TMD (7)
I O 7 - Al —nAl
2.5

000 002 004 006 008 010 0.12 0.14

: i -1
Reciprocal diameter, mm




3aBMCUMOCTb D OT MJZIOTHOCTU 3apsaaa d = 25 MM

25 mm

Al(PP-2), Alex/AP and nAl/AP 20/80 d

1 - nonactivated
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N o ©
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0.9 1.0

0.8

0.7
Relative charge density

0.6

50.5.0.50.0
n wuw < < oo o
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[MXA XY ncxogHein KpynHble Yactuubl 500-1000 MKM € ockonkamu okosno 1 MKm

Py o

.-3% ! mag (| it | lens mode | mode | det | spot HPY | ..‘ | e de:- 5[:0& HFW |
4.1mm | 167 x | 0° | Field-Free | None | ETD | 3.0 | 2.49 mm 3 Field-Free ' None  LVD 3.0  41.4pm

[MXA akTMBUpPOBaHHbLIN 7 MUH
; ‘ VA : R ik M3 &

WD mag [ | tit | tens mode | mode | det spot [ Hew % | wo | maga | tdt | tensmode | | spot | |
" 6.1mm | 10000x | 0° | Immersion | None | LVD | 3.0 | 41.4 pm G.1mm | 30000x | 0° | Immersion | None | LVD @ 3.0 | 13.8 pm



Thermal decomposition activated AP

TG /% DSC /(mW/mg)
exo
100 - ———W_ﬁ L '3
~
Weight reducing: -27.76 % | \\ AP |n|t|a
80 1 ‘\\ \ _gwnan i 2
1
activatec \
\ \\ o
40 - ) \ -1
\
T ~ 240°C \\\\ i '2
20 - Phase W\
transition Vo 3
orthorhombic Ly
0 - to cubic form | \—\C__““j[ﬁi 4

50 100 150 200 250 300 350 400
Temperature /°C

Green - Red -
Pure AP Activated AP

200 mcm t.=7 min

Thermoanalyzer-
NETZSCH STA 449C Jupiter —



Thermal decomposition activated AP
(mass spectometry)

O, release

lon current *10 11 /A

T S gy NP NS
200 250 300
Temperature /°C

Green - Pure AP Red - Activated AP
200 mcm t,=7 min




Mechanisms of chemical reactions in front of detonation wave

Yu. B. Khariton. About detonation ability of explosives.
“Questions of the theory of explosives” 1947

3) Mixing, or heterogeneous—heterogeneous mechanism

DP

? /”/"—__' A
2 /7
/l/,l ',
L= == P
E
Pe LV

D=min (chapman) C=D-u (Jouguet)




3aK/iloueHue

e PaspabotaHbl cnoco6bl ynpaBsieHUs1 npoLeccamMu

ropeHuss M [eTOHALuMM B CMecsIX OKUC/IUTEeNb-
roprouee C nOMoLLbHO METOAOB npeaABapuUTE/IbHOM
MEeXaHOXMMMUYECKOM aKTMBaLMM MU WUCMNOJIb30BaHUA
HaHoOpa3MepHbIX KOMMNOHEHTOB

MexaHOAKTUBUPOBaHHbIe KOMMO3UTbl Ha OCHOBe
cMecel MeTaJl/1 — OKUCAUTENb MOryT npeacraBnaTb
MHTEepeC B KauecTBe KOMMNOHEHTOB COCTaBOB HOBbIX
MHULUMUPYIOLLUX, 3aXKUraTesibHbIX U OCBETUTEJIbHbIX
COCTaBOB C MNOBbIWEHHbIMU TpeboBaHMsMM O
CKOPOCTSAIM DJHeproBbijesieHUs, a TaKXke ansa
MCTOYHUKOB 3HEeprum AN MUKPO-UCMNOJTHUTEJIbHbIX
YyCTPOMUCTB
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