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FAILURE BEHAVIOR OF AL,O; AND SI3Ny
BY HIGHPERVELOCITY IMPACT OF SMALL PARTICLE

Hideaki MINOWA

Abstract

Recently, development of ceramics thruster for planetary exploration spacecraft which
silicon nitride (Si3Ny) is used for is pushed forward. Because the impact condition of the
thruster and meteoroid cannot recreate in the present facilities above the ground, it is
necessary to evaluate the hypervelocity impact phenomenon by the numerical
simulation. However most of the studies of the hypervelocity impact for ceramics
material such as SisN4 and aluminum oxide (Al,Os) are not investigated to date.
Therefore, high-velocity impact tests of aluminum oxide (Al,O3) and silicon nitride
(SisNg) at 1.0 or less km/s was conducted, and the failure behaviors of each material
were examined for the purpose of obtaining the basic data for verifying the validity of a
numerical simulation method. In addition, the numerical simulation results of the
hypervelocity impact at more than 1.0km/s were compared with impact tests results
using two stage light gas gun.
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(b) Thruster

Fig.1-1 Photograph of satellite and thruster
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Powder Gun Light Gus Gun

Rail Gun Molding explosive type
hyper velocity discharger 10 km/s
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Fig.1-2 Fig.1-3



Breech

Launch tube

s 1N
A .

T Projectile
Piston  Light gas Diaphragm

Powder
Powder is ignited and piston starts to move.

Bl

|

Piston compress light gas and diaphragm is ruptured.

11l

Bl

|

Projectile is launched.

Fig.1-2 Launch mechanics of two stage light gas gun
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Fig.1-3 Schematic diagram of two stage light gas gun ©
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Fig. 2-1 Schematic diagram of projectile accelerator
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(c) Test amber
Fig. 2-2 Projectile launch device
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1. Pressure vessel

2. Air drive valve

3. Projectile

4. Launch tube

5. Test chamber

6. Measurement window

7. High-speed video camera
8. Sabot stopper

9. Specimen

Fig. 2-3 Schematic diagram of impact test process
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Photron

Photron

Photron

Sabot: A1070 (Cylinder, @ 9.6mm, I=10mm, m=2.0g)
I mpact velocity: 675.0 m/s

Fig. 2-4 High speed camera images of launched sabot
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Fig. 2-5 A1070 sabot

Fig. 2-6 PC sabot stopper
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Fig. 2-8 Laser microscope
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Fig. 2-10 Electron microscope
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Fig.11 Vacuum vapor deposition system
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Fig. 3-1 Lagrange method

Fig. 3-2 Euler method
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(a) Existing particle in adomain twice of smoothing length from |
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(b) Kernel density example

Fig.3-3 Notion diagram of SPH method
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SUS304

Mie-Griineisen ~ Shock Hugoniot 1 Shock
Hugoniot P p
e Hugoniot
Prn  Gruneisen r [V
(3-7)

P = Ph(l—gijpe

(3-7)
Al;O3 Polynomial Polynomial
Shock Hugoniot P
p e
Gruneisen r [V
(3-8) (39

1 > 0(compression)

P=Au+Au®+ Ap’+ Q1+ ulpe @9

< Oftension )

P=Tu+T,u?+ (“ 'UJF,OE

Bl 7 (3-9)

A1, A2 A3T1T2,B1 constant
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SUS304

SUS304 Steinberg-Guinan [12]
G Y
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n
Yo [1+B ¢ ] < Y pax (3-12)
B hardening constant
n  hardening exponent
n  compression(volume)
T  temperature (degrees K)

[Suffix p and T: pressure and temperature at the reference state
(T=300K, p=0,e=0)]
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o dress

o, intact strength

o, fracture strength

strain rate

intact strength constant
intact strength exponent
strain rate constant
fractured strength constant
fractured strength exponent
damage

Ag®  plagtic strain

U WO Z > o

el plagtic strain to fracture under a constant pressure P

D1, D2 constants

P pressure

T hydro tensile limit

K1 bulk modulus

G shear modulus

E Young’s modulus

v Poisson’srate

£ bulking constant

U elastic internal energy
HEL Hugoniot elastic limit
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SUS304

A|203
A|203 8.0mm SPH
Lagrange 10mm AlOs
30x 50mm
A|203
A|203 2.0mm
Lagrange SUS304 32 AlO3
3600 50u m
SPH SUS304 167 Al,Os
25600 25y m
Fig.3-4 35

Table3-1 Table3-2
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ALTCON 2001 from Centusy Dynamics
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maws01 —
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Fig. 3-4 Boundary condition of numerical simulations (Lagrange)
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ALTODYM-20 661 Fom Cerury Dynamics Iatesial Location

Constraint

ALN3-E3.5

Target

S5y

Projectile

mawl74
Cycle 0
Time 0.000E4000 ms
Units mm, mg, ms
Axial symmetry

Fig. 3-5 Boundary condition of numerical simulations (SPH)
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Table 3-1 Parameter of SUS304

SUS304
Equation of State Shock Hugoniot
Density p (glem®) 7.90
Gruneisen Coefficient /~ (none) 1.93
Parameter C1 (m/s) 457x 10°
Parameter S1 (none) 1.49
Reference Temperature T (K) 300
Specific Heat C (Jkg K) 4.23x 10°
Material Strength Model Steinberg-Guinan
Shear Modulus Gy (kPa) 7.70x 10’
Yield Stress Yo (kPa) 3.40% 10°
Max Yield Stress Yuax (kPa) 2.50x 10°
Hardening Constant £ (none) 43.0
Hardening Exponent n (none) 0.35
Derivative G 'P (none) 1.74
Derivative G 'T (kPa) -3.504x 10*
Derivative Y P (none) 7.684x 10°
Melting Temperature (K) 2.38x 10°
Material Failure Model Plastic Strain
Plastic Strain (none) 0.5
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Table 3-2 Parameter of Al,Os

A|203
Equation of State Polynomial
Density p (glem®) 3.89
Bulk Modulus A1 (kPa) 2.31x 10°
Parameter A2 (kPa) -1.60x 10°
Parameter A3 (kPa) 2.774x 10°
Parameter T1 (kPa) 2.31x 10°

Material Strength Model

Shear Modulus G (kPa)
Hugoniot Elastic Limit (kPa)
Intact Strength Constant A (none)
Intact Strength Exponent N (none)
Strain Rate Constant C (none)
Fractured Strength Constant B (none)
Fractured Strength Exponent M (none)
Max. Fracture Strength Ratio (none)

Johnson-Holmquist

1.52x 10°

6.57x 10°
0.88
0.64
0.007
0.28
0.60
1.00

Material Failure Model

Hydro Tensile Limit (kPa)
Damage Constant D1 (none)
Damage Constant D2 (none)
Bulking Constant Beta (none)

Johnson-Holmquist

-2.62x 10’
0.01
0.70
1.00
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1. Okni s

SisNg
SisNg4
AlbO3  SisNg
1.0km/s A|203 Si3N4
Al,O3
@ 500p m SUS304
30mmx 50mmx t2.0mm  Al,Os SisNg4
PE A1070 PE ¢ 9.6mm 28mm
9.6mm 10mm ¢ 1.0mm
50mm PC 1.5mm  A6061-T6

7.0mm 8.5mm
30mm
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Fig.4-1

Table 4-1
Fig.4-2
400m/s 500mVs 600MYs 700mVs Al0;
410m/s 508mVs 595m/s  705m/s SisN,
410m/s 532m/s 620m/s 675mis
Al,05 0.9MPa 15MPa 2.8MPa 4.6MPa SisN,

0.9MPa 2.9MPa 3.9MPa 4.9MPa

Lagrange AlxO3
SUS304 500p M Al,O5
16mm 2.0mm V=705m/s
Johnson-Holmquist Hydro Tensile Limit -2.62x 10°(kPa)
-2.62x 10’(kPa) 504 s
Hydro Tensile
Limit Fig.4-3 Hydro Tensile Limit -2.62x 10'(kPa)
Al;O3 0
705m/s Al,O3 Hydro
Tensile Limit -2.62x 10'(kPa)
[15]
V Pmax (4'1)
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A|203 Si3N4

Fig.4-4 Fig.4-5 AlLOs  SisNs
Al,Os3
SisN4 Fig4-6 Fig.4-7 Table4-2
Table 4-3 A|203 Si3N4
Al,O3 SizNg4
Fig.4-8
Fig.4-9 Fig.4-9 675m/'s
Al,Os3 Si3Ny
SEM X

Fig4-10 Fig.4-17

A|203 Si3N4
(Fe) (Cr) (Ni)
Al;O3 SUS304
SUS304
SUS304
A|203
410m/s 508m/s 595m/s 705m/s
5% 10% 14% 14%
Si3N4
Si3N4
A|203 Si3N4
Al,O;3  SUS304 705m/s
Fig.4-18 0.25u s 0.35u s 0.40u s
A|203
Fig.4—19 A|203
Damage 1
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A|203
Lagrange
13%
780m/s 790m/s
Fig.4-20
1
790m/s Damage 1
Al,O3 780m/s  790m/s
Fig.4-21 (4-5)
A|203 Si3N4
Al 203 Si 3N4
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Fig.4-1 Correlation of launch velocity and launch pressure
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Table 4-1 Sabot and sabot stopper

Velocity(nm/s) 410 595 532
508 620
675
705
Sabot PE A1070 A1070
Sabot stopper PC5.0mm PC5.0mm PC5.0mmx 5ply
x 2ply x 4ply +
A6061-T6
1.5mmx 2ply




Specimen
Sabot stopper 2.0mm
Projectile
A A »

Sabot

® 7.5mm
@ 7.0mm

® 8.5mm

~ 30mm
PC A6061-T6
1.5mmx 2ply

5mmx 5ply

Fig.4-2 Schematic diagram of sabot and sabot stopper
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® Radius
A Depth

Crater size mm

A
o

D

-3E+07 -3E+07 -2E+07 -2E+07 -1E+07 -5E+06 0

Hydro Tensile Limit kPa

Fig.4-3 Effect of Hydro Tensile Limit of crater size
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(a) Impact velocity=410m/s (b) I'mpact velocity=508m/s

(c) Impact velocity=595m/s (d) Impact velocity=705m/s

Fig.4-4 Digital microscope observations of impact surface of Al,Os
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(a) Impact velocity=410m/s (b) I'mpact velocity=532m/s

(c) Impact velocity=620m/s (d) Impact velocity=675m/s

Fig.4-5 Digital microscope observations of impact surface of SizN4
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(c) Impact velocity=595m/s

(d) Impact velocity=705m/s

Fig.4-6 Laser microscope observations of impact surface of Al,Os

Table 4-2 Impact trace diameter of Al,O3

Impact velocity m/s

410

508

595

705

Diameter p m

550.64

630.47

642.20

698.20

-B53-




(a) Impact velocity=410m/s (b) I'mpact velocity=532m/s

(c) Impact velocity=620m/s (d) Impact velocity=675m/s

Fig.4-7 Laser microscope observations of impact surface of SizNg4

Table 4-3 Impact trace diameter of SizNy4

Impact velocity m/s 410 532 620 675

Diameter p m 577.50 618.10 623.40 642.57
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Fig.4-8 Form measurement results of impact surface of Al,O3

20.47 fum] 1800 00 [un]
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Impact velocity=675m/s
Fig.4-9 Form measurement result of impact surface of SisN,4
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20.0kV. X120 1001 - e
() SEM image

(b) Al component (c) Fe component

100U e 100UM I

(d) Cr component (e) Ni component
Fig.4-10 SEM observation and component analysis results of Al,O3
(Impact velocity=410m/s)
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(b) Al component (c) Fe component

(d) Cr component (e) Ni component
Fig.4-11 SEM observation and component analysis results of Al,O3
(Impact velocity=508m/s)
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200KV x1 20" 100(im  F——
() SEM image

(b) Al component (b) Fe component

100M by 100pm =it

(d) Cr component (e) Ni component
Fig.4-12 SEM observation and component analysis results of Al,O3
(Impact velocity=595m/s)
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20.0K/. X120° 10D em——

() SEM image

(b) Al component (c) Fe component

(d) Cr component (e) Ni component
Fig.4-13 SEM observation and component analysis results of Al,O3
(Impact velocity=705m/s)
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200k‘\/‘ X120"j'0‘0 m‘,"w,"’—f‘:ﬁ“’f; V o -
(a) SEM image

(b) Fe component (c) Cr component

Fig.4-14 SEM observation and component analysis results of SizNg4
(Impact velocity=410m/s)
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() SEM image

100pM It

(b) Fe component (c) Cr component

Fig.4-15 SEM observation and component analysis results of SizNg4
(Impact velocity=532m/s)
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() SEM image

100pM by

(b) Fe component (c) Cr component

Fig.4-16 SEM observation and component analysis results of SizNg4
(Impact velocity=620m/s)
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20:0kV-x110. 100pm  |m—

() SEM image

(b) Si component (c) Fe component

(d) Cr component (e) Ni component
Fig.4-17 SEM observation and component analysis results of SizNg4
(Impact velocity=675m/s)
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Fig.4-18 Stress distribution of Al,O3 (impact velocity=705nV/s)
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DAMAGE
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Fig.4-19 Damage of Al,O3 (impact velocity=705m/s)
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DAMAGE
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Fig.4-20 Damage of Al,Os (impact velocity=780m/s ,790m/s, elapsed time=10u S)
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Fig.5-1 Laser microscope observation results of Al,Os
(Impact velocity=1.91km/s)
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Fig.5-2 Simulation results of Lagrange and SPH method
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Fig.5-3 Stress distribution of Al,O3 (Lagrange method, impact velocity=1.91knvs)

-72 -



| P.STRESS1 (kPa)
4. 728e+Hl6

3.833e+06
2.93%:+06
2.044e+6
1.160e+16
2 852e+05
-6.393e+05
-1.534e+16
-2.428e+06

-3.323e+16

-4 217 e+

(@ 0.4u s

P.STRESS.1 (kPa)
7 635e+HI6

5.987e+08
4.338e+0B

2.680e+06

1.041e+06

5078605
4
?
45
B ,':: ‘ -2.256e+406
(R 39050406

-5.553e+0B

-7.202e+1B

-8.850e+08

" P.STRESS.1 (kPa)
7.6550e+16

(c)12u s
Fig.5-4 Stress distribution of Al,O3 (SPH method, impact velocity=1.91km/s)
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Fig.6-1 Evaluation method of the damage
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Fig.6-4 Effect by the change of Hydro Tensile Limit

(c) Hydro Tensile Limit=-2.62x 10" (kPa)

Table 6-1 Crater size by the change of Hydro Tensile Limit

Hydro Tensile -2.62x 10° -2.62x 10° -2.62x 10’
Limit kPa
Front radius mm 1.3399 0.76469 0.43672
Front depth  mm - 1.0287 0.66516
Rear radius mm 2.3386 0.63813 0
Rear depth  mm - 0.7144 0
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(8) D1=0.01

(b) D1=0.1

Fig.6-7 Effect by the change of D1

L]

Table 6-2 Crater size by the change of D1

D1 0.01 0.1
Front radius mm 0.76469 0.59261
Front depth  mm 1.0287 0.66643
Rear radius mm 0.63813 0
Rear depth  mm 0.7144 0
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