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Abstract:
NIFS workshop on “Application of Micro-Indentation Technique to Evaluation of

Mechanical Properties of Fusion Materials” were help in Toki on October 9, 1996,
as a part of the activity of NIFS collaborative research on “Advanced Technologies
for Small-Volume Mechanical Property Testing of Fusion Reactor Materials”. The
major topics at the workshop included the application of micro- (and nano-)
indéntation technique to evaluation of tensile stress-strain property, interfacial
mechanical property of composite and joining materials and hardening of this
layers in ion-irradiated materials. This report compiles the abstract and
viewgraphs for each presentation.
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I, #ARBROEEEFR (1]

e Indenter ()
(D Linear indenter :_
EFRHEHH = EFFOTHEAMAESC L b F—&, \78/
8 or a (semi-apex angle: EFTHAN1 /2) :
(8 /7 = #AICEE)HERM /S - HEEE L RO E P HE]
® Pyramids
Vickers (square-based: § =68 ), Berkovich (triangular-based: § =57.5 )

¢ Cones
® Wedges (knife-edge indenter)

@ Nonlinear indenter
FETHHKAFEHN = EFTOESEAFPARSICE VEL = oh — EdliR
® Spheres
® Cylinders (flat indenter) : FF¥JME (mean contact pressure) »—3iE
KFTE A M
® Solid of revolution

Paraboloid of revolution, Ellipsoid of revolution

— 3 —
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WS (H) : Mean contact pressure (P)

P. = P A; = H P : applied load,
A, : projected area of indentation, X5d, SEM

@) MtEED A, DFER( ?
@ BEAPEIRD A DT 7 MICROHARDNESS

. HFN ON POLISHED VC—2
AR - AHEHETHHy, HC (Robert, 1986) 25.4 MICRONS THICK

w  OPTICAL

« SEM

Wl&l’:ﬁé@ﬁmi soeo s 1.1 CORR
h (penetration depth, indentation depth) = =
& - I TEME % {1 etk 200 ' -
h = h e + h P h & (‘:. h [ od m%g& ]
23 =0 100 200 300
LOAD/GRAMS

h. :elastic displacement — SHtEFEE
h, :plastic displacement = ZEfEZoR)E

1. MARBRORERER (3]

e X&)y - Mtk (°4), h. = h
(D Conical indenter : 8
P = ZE*h?anf “»
E* : reduced or combined tip/substrate modulus
1/E*= {(1—-v *}E. + (1 —v*)/Es

H = P/A, = E*cotd /2
{Ay = wa? = 7 h*an*d)

@ Spherical indenter : R . _
P = (4/3)h**R'7?E":Hertzian contact

H= P/Ar = (4/3xR'"?) h'?E"
(Ae = ma® = g7 hR)

(3 Cylindrical flat indenter : R
P = 2E"Rh

H=P/Ar = 2E™h /n R
(AP=HRZ) ’
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@ Jung et al. (1995)
® square-based diamond indenter 300 | T T
(6 =445 , 68 )

E./{1—v.*) =10'% Pa
® E* = (dP/dh}{(x/A)' /22 250 |-
A= (Zhr-tanﬁ )2

E* = (dP/dh){ = )" *cotf 4 he

E[GP3q

® h, : initial linear unloading % #}4# 200 |-
o XE&F - MANET 11
vs =0.28 =+ Es OFf
o JEMAHF(O) & (A, [DNE: 150 _1'00 ; 1:]0 -
A hieFEEEE, 0.11 dpa .

O:~Y7AiFEA, 185 appm
EHUIIERRSH, BRI L DHERRBREER
(Ehrlich, 1986)
- Es {327 D5 RHABEEER L L CHW,
- Es 13 61TRKTE L7cvs,
- Es {1BEHT L - TR

I, ARBRORKEHH [5]

500
B EHIEER
__ 400
@ Gondi et al.(1991) e
® Cylindrical flat indenter Z
o 300
(R=0.4 mm)
alignment T.% 200
¢ ZAL#EE (0.1 m/min
e RERE : AI-99.8 % JEIEENES 100
® T : 17 kg
% 100 200

t (s)

Fig. Representative curve for Al
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e ABE/NMEROTEETEM - Nano indenter (Ultra-micro hardness tester)

@ Gerberich et al.(19%)
® Three-sided pyramid (28 =65 ) 0.00025

FEF 35 13BRE4L (tip radius R = 66nm)

® [BM continuous microindentation device 00002
with atomic force microscope (AFM) . 0.0001s
[or#3#E, P :0.1 «N, h:0.1 nm) T
L . S 0.0001
® (Quasi—displacement control
{dh/dt = 1.5 - 5.0 nw/'s) 510
Load control 2 uN/s (0.2 g/s) o baxrt
@ Typical load-displacement trace o 0.01 002 003 004
.. Depth, ym
(Fe-3wt%Si single crystal,
%ﬁ?ﬁf@ ; :F‘tﬁfﬁtﬂg 4 nm) Fig. Typical load—displacement traces showing upper
® Clear upper & lower yield points and lower yield points and a reasonable fit by Hertzian

elasticity to the initial portion of the curves.

Fit by Hertizian elasticity

11, $#ARBRIC & SRR AOFMME [1]

(D David Tabor (1951)
@ For diamond pyramid indenter
DPH (Hv) ~ 3Y, (representative yield stress)
Y.=o,at e=co + 0.08 (e,:prestrain) : MIB{LL % WIBAED
® For ball indenter '
MH ~ 2.8 Y.
Y.=¢, at €= 0.2(d/D)
{d: diameter of permanent indentation, D : ball diameter)

BIEERBIC L VWS IFFMTE 24, MAKBRIC L VBRICHIZFHETSE 2\,

@ Cahoon et al. (1971)
Emperical equation: ¢o = = DPH(0.1)""*/3 (m: Meyer hardness coefficient)

oy —ZREFEREFF AW 2BHACHARRBRN T — 7 4R,
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@ Robert et al. (1976)

D= boll diamelter
‘L= jood
d = chordo! diometer

=
L [fd]mZ :
77 A’ﬂ,—'/ D=orbitrory

L L H
0 67/ o im-2

|
!
i
!
. i
./ | L=ad™ D= consfant
s 1
! .
|
i
log / Di / .01 Y A ond m ore maferral constants

Fig. 1 = Meyer discovered this relationship in 1908. The authors
direcily related the maierial consiant A 1o the 0.2% offset vield strength.

Hoyt (1924) : A gives the resistance | =>| EREFIHFARBOAIZL S
to the metal to initial penetration. o N

I, #LARRIC L 2ERICHOFHE [2—2]

@ Robert et al. (1976)

yoerd strenglh,

® EF : &R (D = 1.588m) ﬂy-'f;ﬂ:'_
e i Kl : 8§ 34HEM o
AR - e s
 (As-received) oL

o HBR)y : REIHEIES I & FiT(LT) s
ReMA RS & EiE(TL) o

® o, . : EBIFETNO. 2% h
(LT 24 & TL 24N ) T
e A :IKARER Z: |
o Co ey |
ag y — 325A (R - 09’?) e 20 8 88 8 W ﬂf::m.fgamfa.l;i:mim 220 240 250 280 30
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@ Jaramillo et al. (1986)

o HPAKER : BRNET (4 =30" , 153 m)
0.00125 mm+s™'

® Ni-200 (99.5% Ni), 70/30 brass
(FERESF, LT, TL)
® FIERAR : EiR, 107 57!

H = g=(3.6¢o.z);y+(1.459il30) (in MN/m?)
(R* = 0.857)
H vs o, plot : REZ L7\,

(H~ 36¢(= 3(o, + Ac))

SO0 go-80% CA ANN, N
49 —Cold ratied LB T a
00 0 =Mi=200

®  — 70730 Bran . [+ .M" 2 *

Theory ol
L. Jorrion

2000 |- Theory af Mill, Lo

Load 7projactad areq iMN/m?}
L

----- ] | 1 1
200 a0 600 80O

Yield strass (MN/mT)

Fig. Load-projected area ratio vs yield stress
experimentally determined for Ni-200 and 70/30 brass and
theoretical predictions [7]. Black symbols: Ni-200; hollow
symbols: 70/30 brass; A cold rolled, longitudinal; {J cold
rolled, transverse; O cold rolled and annealed for 1 h.

I $ARERRIC & SRR ol [4—1]

® Yasuda et al. (1992, 1994)

¢ H;ARER : triangular-based pyramid
indenter (268 = 115° }
DUH—50, &i#BMERT (#R)

<+ 0.06 ~ 50 gf
«0.13 ~ 6.4%107" g/s
- 30 s fRFF

Hi(kg/mm*) = BP/h?
P : applied load -
h : penetration depth under load
B : geometrical constant

[EIEARTIZZE L7 ]

3.2THv(0. 1)" (Rl )
3.2Ta (P, (P} 0. 1)"

H

aHon(P)Y & TR LAREA n )0 FTilH L2

200 Jog 3.5 1.0g 055 |
@ 0.258
0.2g)
& 150 _0.15g
-E 0.1g
]
= 100
w
1 Q Ni-923
=7 ® Ni-1273
S s0 e
-4
T!'Ni-B
0 ¥ Ni-15
0 100 200 300 400
Ultra-microhardness
K}
D Al
D * Cu
f % o Ni
' °§9§
=] 3 s §
= at
= 2 g
i3 =
1 8
0 . 1 "
0.01 0.1 1.0 10 100

Load/g
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® Yasuda et al. (1992, 1994)

400
/l
oy [ Na) Al /;
nf aa Cu /,/
E 100 s o Ni . ,/
w rd
i sy
g i 0
3 i
2 200] ,
”

2 /7
~ A
(=] /E
2 100 VA
R B
s
I

ol” . . .

0 100 200 300 400

Experimental 0.2% yield stress (MPa)

Fig. A comparison of o, obtained by the ultra-microhard-
ness (closed marks) or the Vickers hardness (open marks)
tests and tensile tests. The broken line indicates a correspon-

dence of oy, between both values of hardness tests and
tensile ones.

1. {ARRIC L SRR s (5]

® Zeng et al. (1996): Vickers indentation for brittle materials

P vs h curves include much information on the material properties.

% 3-dimensional FEM analysis
+ Elastic analysis
+ Elastoplastic analysis

For low strain hardening at large strain where sinking-in occurs,
P=119h?0, (1+o./0,){(tanZ2 ) *{ 1 +In( Etan22 /30 ,)}
¢, - engineering compressive yield stress

oy - compressive stress at 30% plastic strain

The curve fitting function —+ constants of ¢,, ./,
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® Yasuda et al. (1992, 1994)

@ Atkins & Shi (1989) : H v OfTEKFFE I M TEL % K,

300
ACuZ0 n=0,04
W Cus 022
O Cud 0.26
+ Cula) 0.55
QO CuA 058
200+
\é\
E | N a
T N T
i e e S
100 ~o, \_\\
I Ny ;‘;“"D_
M\ —— g
0. L el anil i axnl 1. FETTTY
0. 0.1 1 10 100
Pig)
Flg. Examples of load dependence of Hum of

CuA, Cud, Cub, CU20 and Culal specimens. The
values of n were obtained by tensile tests,

0.6

ol
D Al
* Co
&

Strain-hardening exponent

100 2060 300

-(dHum [dlog P)ous
Fig. The relationship between the slope of H,, -log P
curves, S, at a load of 0.15 g and the strain-hardening expo-
nent, n, for nickel and aluminum together with copper 4]
The solid line is determined by the least squares method for

400

Eq. (7).

I, AR L AMIELIEK (n) OFE [(1-2]

® Yasuda et al. (1992, 1994)

500

400t

300

200F

Ultra-microhardness

100

04

0.3
Strain-hardening exponent

0.1 0.2
Fig. The relationship between the ultra-microbardness,
H,m» at a load of 0.1 g and the strain-hardening exponent, n.

The solid lines are determined by the least square method for
Eq. (11).

1.2
o Al
* Cu
Ni

Lo

Hum () Humg (P)

02}

0.0

0.2 0.4 0.6

Strain-hardening Exponent

0.0

Fig. The value of Hy (P)/H,,(P) as a function of the
strain-hardening exponent n for copper, nickel and alu-
minum. The value of H, . (P}/H,,(F) at a given n are
obtained from measurements of H,. at various P. The solid,
broken and dash—dotted lines correspond to Eq. (16), (15)
and a modified constitutive equation (see text), respeciively.
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@D Lucas et al. (1981~1984) [based on Tabor (1951, 1970) , FKX]
® Ball indentation test

jGh:e = Po/¥=4W,/xd*¥ (W:load, d:.cordal diameter)

W
Full plasticity p/y = 2-8
Lasupien Al Al

L)

ta) L&) o Dnset of plasticity pfy = 1-1

: Approi. values of 2 {cm)
o0l 002 0-04 0.-05 0;10
I 10 100 1000
W tkyg)

FIG. —Indentation of a rigid-plastic solid by a spherical indenter: {a) onset of plasticity below the surface at a contact
pressure, p. of approximately .1 Y; (b) at a higher load, "full” plasticity is reached and the plastic flow extends to the free
surface {at this stage p = 3Y), (c) mean indentation pressure. p. as @ function of load, W, plotted as p/Y against log W. The
figure also shows that the radius, a. of the indentation increases by a factor of about ten as the deformation passes from the
onset of plasticity to full plasticity. (The results are for a hard sieel sphere 10 mm in diameter pressed into the surface of a fully
work-hardened mild steel specimen of yield stress Y = 77 kg/mm ~2 2

I, #ARRICL B EMBROFE [1—2]

@ Lucas et al. (1981~1984)

w
® Ball indentation test 1
H:o = P/ ¥=4W, xd*V¥ INDENTER
1.07 0 =1
y=431.07+Sny 1 <9 = 262
W max o > 26.2
SPECIMEN
§ =0.53, ¢ =0430/E¢,
Woar = 2.8, | |
K =547TWI[I/E, + {/E;], | |
E | = elastic modulus of the indenter, | l
E, = elastic modulus of the test material, I ll
£:e=0.2d,7D IE d i SPECIMEN
DATUM

_ {0.5 KD {h% + (OASaf)?lI”3
k3 + (0.5d)2 — h,D

INDENTATION \\.

g = K €, " -1 AFTER LOADING
= INDENTATION DURING LOADING
To, 2= K (0002)"
ce = Kn-" FI1G. . —Schematic illustration of the featirres of a ball indentation.
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@ Haggag et al. (1989—~1994)
@ Ball indentation test @ g#ht,

True—Stress/True—-Plastic—Strain

g fCAATCINDATAATO-FIN-.011 - AFC_T3Y,) -

Automated Ball Indentation (ABI) Test e

‘ CYCLE
NO. 3

LoabD (P)

Pypmm———-

GISPLACEMENT (h)

MATERIAL

NCE d
REFERE ' Nl

SURFACE

7/

INDENTATION PROFILE
AFTER UNLOADING -

Vol :
// INDENTATION PROFILE
"//.DURING LOAD APPLICATION .

LEETT T
F |

L} opr bosa dos  nos

o ot ota Bad Bl 0.l

Trus Plavic Sirein

True—Stress/True—Plastic-Stirain
Fig [EALTCIABATANATE-PFW -.61L — ATE_TSSL)

I

=

rern {WPR]

Lag Taus du

-4 -2 ~1a ~L4 -1 -8
Lay Trus Phantie Birsin

I, #ARBRIC L 2l EBROFEER [2-1]

@ Gondi et al. (1990~1994)
® #;AEX : cylindrical flat indenter
(R = 0.5 mm)
AR E—ERR
B — T B
i —E B
HE: q=P/7xR* vs &§(=h)
d& /dh = 0.1 m/min
« ZKER ) ¢ AISI steel, 99.8% Cu

- ER O ARR

- AR EEER

‘aq, = 30, (o, 5RHAR)
PR I 3 A

3000

1000

25004

20001

q (mPa)

15001

+750

(MPa)

+500 ©

1250

0

50

100 150 200 250
0 (pwm)

2 3 4 5
e (%)




1. fLARRIC L S h EWMGOFE [2-2]

@ Gondi et al. (1990~1994) 10 -
@ {H;AKB% : cylindrical flat indenter

(T4 = R) m

B —ZAE QDT TDZEICHB-> THOEH2H

g ©z:Normal stress

051 q

o/
i
a
e
L

T : 45° shear stress 0 e 4
G,
«7{2z*= 0.6R T, BAflE r*=0.3q ‘

r*=0.302 0, THIHLS sl /7

gll1-—-2v z .

= — +{1+ V)-"——— -1.0 . .
’ 2[ 7 7 (p2+23)"" o . 5 10 15
3 z/0
3 z .
) 2, .12 Fig. Trends of the normal {z,, o,) and 45° shearing stresses
(P +z ) {r} along the z-axis of the tested material for uniform load q

applied by the cylindrica! indenter sketched top right in the
figure,

. AR L 2BA3IERS (UTS) Ol [1]

e UTS : A/ TFEH)DRKAM, oy

T
@ David Tabor (1951) ’
06}

H 12.5n\? ALUMINUM PRESENT
Tv = (-ﬁ)(l - n)( 1- n) osf NICKEL {EQ 8}

DURALUMIN —l STEEL

NICKEL

[ev = n/(1 — n)] :EEfA 04 _STEEL COPPER

ULTIMATE STRENGTH / HARDNESS

03}
® Cahoon ( 1972) o EXPERIMENTAL POINTS
oz OF O'NEILLS!
cu = _fi_( n )" |
7 2e\0.217 arl

. . ] ] ] L
fev = n] :BAEHS 00 o 0.2 o3 04 05 05
. STRAIN HARDENING CCEFFICIENT

Fig. —Relation of ultimate strength to hardness and strain
Wy ¢ = Ke," 2KE hardening coefficient. '

« HE& n OFHEAEE

e EEFERIEI: X1
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® cy=n (o Ke," #{KE)
@D Jaramillo et al.(1986)

o MIENEA S Ni-200 (99.5%Ni), T0/30 brass,

~— (a)

1000

a8oQ
90%. C.R. RED.

40% CR. RED.

600 20w

Annealed

Eng. stress (MPa)

200

Longitudinol

P IR LIE R OFHE = £

ZHtE?

o SIRHER : iR, 107° s

050

Work hardening exponent

Q25

0 0.25 05
L I l l Uniform elongation
I, #FARBIC L AB)—MUFnaEE [2]
@ Jaramillo et al.(1986)
® Knife-edge indenter ( #=30", 3mmb3) & iy :,i::gg
® Pile-up SHUTIEH (Mayer et al., 1983) 3, . Long 70730
® Ni-200 (99.5% Ni), 70/30 brass U o° e
(FEREHE, LT, TL) g
® £y & h/r OBE (EBRX) AR 3
(h: pile-up height, r : pile-up width) a%er
In(h/r) = —~(0.1950.067)-(8.81+0.35) e y .
[#Xols] D.f:l [+] O.f?D 0,310
Rz = 0.972 Uniform elongation
Fig.  Ratio //r vs uniform elongation v in Ni-200 and

E)— Rk & W, pile-up OIEATE LT
pile-up OE X AHHEL s,

70/30 brass (where 4 and r are height and width of pile-up

region, respectively).
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o Hv ORBREERGFELIRRRT — & (R34, B, WEEE) Lok
@ Oku et al.(1970)

maER (W, Mo) :Hv=3 [o,+Ac(0.08)]
L VAR = 0,>A o (0.08)

moo: (a) Tungsten 1000} { b) Molybdenum
35 A [ ‘
g—‘:\.»A\’""

. l_;,.r-% 500}

500}

e L007K (11}

200} 200}

|
o
~
!
N g x
5
100F i b.i/
L »x ;
3 -
H

100

Stress or hardness (kg/mm!?)
Siress or hardness (kg/mm?}

[ -} :

sol . 50}, O Vickers hardness lsokg)
© Vickers hardness {(20hg) = [ . - - ng,_b) ;_:
. - - {10%g) - | & - - twg) —
& Yield sireas d, " ® Yield stress J100 =
Q Feaclure alresy 0 e O Fraclure siress L
20F A Reduclion el area ; 201+ & Reduction ef area -
© ®

i 450
i \; '5
- = . =
10} u 10F g
" do g R -2 g 2
L3 1 1 A 1 L 1 [ 4
1 ) i 1 i, 1 [
0 2 & 6 8 10 12 14 0 2 4 6 8 10 2 4
10007 T {11*K) 10000 T (31°R)

HASRERICIADBTTOMME [1-2]

o Hv NRBIBEKGFELFRERT — 7 (BefRodE, WoiRsaE, WrmiliE®R) Lok
D Oku et al.(1970)

g%l KAeE#: Hv=3 [o,+A0(0.08)], o,=Ac(0.08)

1000} (e ) Mild steel (5541) 1000-{d ) Low alloy steel (Collul -28)}
© ¥ichers hardness (10kg) \
L o Yield siress
- @ Fracture siress < ]
L. -8 Reducll ] -
500 -8 Reduc on:". b 500 "
L o 3 -
| - x =
oy i @ |
€ 200} E 200f T o
g s °
— - o
n 100 n 100
v 3 ¢ [
1 v
- T l,a 4
2 sof - £ 50 S‘
5 _ 5 ¢}
" w
b4 " n © Vickers hardness (204p]) g
s P v @ Yield stress <
= - o OFraclure slreas
W ¥ 1100 : n 201 & Reduclion ¢l area h |°°g‘\
)
c H_&—o—u__on\& g
s — s Jso %
ok a 50 E 10k | . 50 3
9
1 1 1 1 ] 1 0 u':' 1 1 1L 1 1 1 (i} ‘E
0 z [3 6 8 10 12 14 0 2 4 6 B 10 12 14
10007 T (V1K) 10004 T (1/°K)

l
|
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® Hv ORBRBEERTGFHEE >+ MVE—BERRBRT7 -5 (R=FINX—) LD

@ Oku et al.{1970) : 84
60 ] &
(o] ¥ e 8
L) - -
s w I00§$
5“
4s0
5.6(- §§
3
o J.‘u.
£
< sl 15
- %
| X E
£l B —O— Unimadioled diod
--@~ hvodialed (27 x10 neafMe
B —— Unimadialad ’E'-‘
—— ' :'i
5.2}- ——— L .
=, D L D-Longitndinel g
| d DT D-Tronsverse B
l‘- —_—
50 é L J' 1 -é I | 1 ] 1 It2 1 I40

I, #ARRICEADBT

Tkt (2]

UMY 7 — 2R3 ORBRIB KT
TEMT4Z7 (#3mm)

@ Kurishita et al.(1991)
¢ Fe0.22vt3Cu (EABHHMETNAE)
® fijHE : d (indentation diagonal) #*
3/5~60u mIie B k5 IR,
® X (a) :BE& Tum
(b} 250 e m

1

500

 (a)

Hy

100

5ol

20

[ (b)

Hy

100

sol

20
2

L

8
177 (x10™)

10

6 12
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fArtE

AP./ Ah (TEHLEIC AL Ok

® Gondi et al.(199%)

® Cylindrical flat indenter

(R=0.5 m, dh/dt=0.1 mmw/min)

® MANET : 310 mm

® Y —EHRENDIREKTIENY & e

T (°C)

0
£
3 5| 100
1]
Q.
2
104
ho
g LS50
e
o 151
~1
PIoE o e W —— 0
-200 -150 -100 -50 0 50 100 150

fig.  Ductile to brittle transitionIn dotted line the

results of Charpy tests and in full line the average

work-hardening (reversed scale} at the various tem-

Derarires.

. fARBRICIADBTTONE [4—1]

BEhE v 72— AFES(H, . )DRRIBEERFE

@ Jung et al.{1994, 19%)

® |ET : Pyramids ( 8 =44.5, 68 )

® HPEl  MANET-11 (12%-Cr martensite)

FERRGIA & FRGTHE

Fig. Microhardness versus

temperature of MANET Il
unirradiated (o) and
irradiated to displacement
doses of 9.6:10°4 (V)
1.3:10-2 (A), and 1.1-10-1
{m). Included are specimens
which were  homogeneously
implanted with helium to
atomic concentrations of 7.9
(%), 36 (/AA) and 185 appm
o, corresponding to
displacement doses of
5.4-10-4, 2.5.10°3, and
1.3-10-2 dpa, respectively.

H (GPal
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@ Gondi et al.(19%) 1000
e Cylindrical flat indenter 500 al
(RZO.S m) - 3180 MPa
® AISI steel, Cu-99.8% (FLE10 mm) 600 2930
o % :115~2% kg 4001
o . 2550
E 200 5380
@ Jung et al.{ 19%) o © 1950 MPa___ bl
o i/ NfrEk : sharp indenter OEH 800 1820
® [£-F : square b.ased pyramid 600 1690
(6=44.1) a0
400 {—
® Li & Warren (1993) 200
® Nano indentation creep model o .
(S HLT) 0 20 40 60
t (min)
1T, AR L 2B FtEOFME [1]
) 1.0 T T T | 7
%)\ HEiEY, - sharp indenter M {#EH
E 0°C_ _eammemn
@ Jung et al.(1994, 19%) z T
® £ 1 : Pyramids ( & =44. 1') é o5k ’J‘SV "_--—"'-‘_’o_—-"—-};)oocycles._
o #kl: MANET-11 (12%-Cr martensite) = | 7. T100.€
JEMETH 5
® HE:05N g 3
e 5 :-100C, 0C, 80C go’c .
® 80'C TnZ Y —7HEE i o ==t
lime {10%s)



n, TNEESRZENERMLARRE MROLEE (1)

* D E 7 ERE & B

1. RBREELLEBTERTwEL &,
fl:—196C ~ 1000TC

B,

@ 3 L G0N 5. x BR,
~ —- {a)
A1 o ) - ERCLEBHC IS HIEGUR T E&omnnzﬁfaﬁlﬁﬂolﬁ%(a)&ﬁiﬁﬂﬂ;:'x&!(b)
dJy = 0 + o. ‘
o RBWBEOBEERIC L AERR
- BEIIEALRGELEY Iy J Y
(GOHBEKRFEZBL THA) 7
0. sfeENBEEERIC L 2EHARA (a) (v) ()
- BEICE TR A
T|T~HE
o NDRBRREERFEOHTHEICL S &m‘;ﬁ NN
oil=a,) Lad=0.) DB T X%
T0@E il ot AKD
= AR DIFR L 2 AIEENRE (@)
] £ 4+ ORI ILAE

M, FREEERE £ HEHEEIMEARGR) BROLEE (2]

* VEL AL Bl (RE) I —
@ D BT T .
o H, nmEEHEFHE

@ BREFIDEERIE £
@ 7)) —7¥BOME (BR)

o (B AEARINMIA SRR B |

—p pump

4M& : Jung et al. (19%)

4—— furmace

2, FEE, BAHEHIE-TEETE

3. ¥4 7V 78R, RV
FIE - OB IRBRA T RE

IR HDORKBRDOREY, HBEIKE L HE

Patly UoiAREREE T TISMR :

[%fﬁ{tﬁﬁgﬂﬂﬁﬁﬂ, Kurishita %] £ - ¥ tabls
' B

Z O F B NMBARRRBIC B LY

vibration - |solated table
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TREAR IS B0 B BT BT AR L DB REAE T TR

SUNERIASREGADO LR - BMIEWRAOER HAEKXEWHKR LWEED

HE  PARBEIC L » THUNMEBOBBROFELTET 57 00% O RO ETE
M ENTEE, ZOPTLHE/IEKERVEY A 2 AFARRBRIEZ, RAO-E4HdH
FRODHLIENPTEDLEVIKRERBREW>CVDH, AT, TORBEZEN
L., EBbICRBEELECL Y, INRBRAOER - BMESHETHEZRYI T
LM 1IODBENTHD, R, BHECOMEBRIZK R RVBLR & RNEORERT
MBaoER  BEFEFHEEZITI>IFEEL LT, B 1 | F(@Ball Indentation
Intergranular Fracture)l 54 %I D22 L #BHYE LTS,
Eﬁ%:wm&#4QWWﬁﬁ%MTﬁMidﬁﬁo.4mm®E%%mw6&ﬁloou
mIRE OB RIS T D EIBFHECEIBIG S, LR 2O TE 5, Bol, R
(Y 7 v 2 B EERE. TRICHEDICAHET., 27 v /B ETLERAESZETE
LYERF SN ENS, THICE Y., BRBRICE DR - BERETF NI BAAD T
&L RERKIBRAYE L 0 O mIREE O BRI OREHZ DV THRIA & R - TEhEhifia
REAITO ZEICE Y, IR ERIROE « BBEAE & i U CErlid 2 Z L AT L 72 B,
F2, EHPIC AR - SO R DA ORI ATTIE L, RN OEREHEIIR R 0
K - TR <RI 2 D b MmO R TV A A, MBS IS FET DB ORI LT
MUARBRZIT) Z L0 L0, RADERE - BB E ORI R - BEKEEENONCT D
ZELAETH D, Lo T, BHEAEE VI B THEELMBUZH L T, I bDrHY:
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F(LERALPICT D Z Lk, BEMCoBBREIICETH D,

B WTRGERKET & LT, 8 Y VAT A —3 FO 0. 4mm BO LD vy,
WUNRBMTIC X 2HR L LTiE, Al-3Mg 8@ KU Fe-Mn-Cu-C @& VT, [F—HR%
FCARBR EFIRRB LTV, FAEFADLROMLEER., MUEFRR TR L
Too R, I3 v 0 BECHIEHETHEZ DENEHR L. sIRVRRIBIT S —
MR A & OMEE RS, £/, B1 I FIEOBHERL LT, RE25EYA
R FHO3HIED 1 0 0 R 0 R RDERBM o REFOIEBEH & AV T, KRN EHRIC
BOTHARBRZITO., AbhMIEENR, MERBRDY 7 v 7 BERLTIITHE
IICIET 2RI,

R BPABRAERTR, $o00UBRERT I LICL->T, MARBTRDML
LB EFRROSERICRVWIRRESRG O, SIERB» L RDIMITELRERS
RIEFREE L LV —EAB LR, o, B CREREAD 559 BIZ, BMEST
4.26 FicEh TN 2N FEINE, /2, B 1| FIEERTIE, R LA L
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Results

Important Factors for Reliable ABI Tests

2. Compensation of non-linearity in unloading curves.

80

Al-3Mg
[ t=1.0mm
60 D=0.4mm
z .400"(:, 1h
o
<5 Y
g e
-t v
20 ¢ ’
iEayy
0 20 40 60 140

Depth, 4/ um
urhoadede TLE 1% o rhe toad. .

TFFEDER

REBFBUVEREFIA IV LRAREICLD
KAV HERFHBEMOBR

¥ T T ¥ I T - 1 T T T 'I T
i (a) [0 Fe-Mn-Cu-C(as-machined) (b)
| FAY Al-3at% Mg (as-machined) B o -
B Fe-Mn-Cu-C {as-machined)
05 — ,-(.)'5 | @ Fe-Mn-Cu-C (annealed) ]
— = A Al-3at%Mp(as-machined
g F . % | W Al-3at%Mg(anncaled i
g 5
£ |- -
3 2 L N
= = -
:' ~ 1 =
1 I\ L 1 I. 1 1 1 ) /] I 1
0.0 0.0
0.0 0.5 0.0 5

n{ Tensile ) n { Tensile )
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400~ Al-3Mg D/D/D,Dfﬂ—i}ﬂo_%
b _\
B 200
—O0— Indentation

- Tensile

. I .
00.0 0.1 & 0.2
&

True stress-true strain curves obtained in the cyclic ball indentation and
tensile tests on Al-3at%Mg.

o
Lh
T

& = 1.23x10'053%

Fe-Cr-W-C \

i

" Fe-Mn-Cu-C

£, = 7.41x10%¢4%°

0.09 0.1 0.2

&
| TP TBE
Correlation between the critical strain, £, where stress decrease started

and the uniform elongation, £, or the fracture elongation, & in the
tensile test.
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True Stress, o /Pu
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FERER

B REH & 2BV NRIPARBREROF L ®

e Y
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respectively.
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SEM fractographs of the (110) crystal.: (a);'with surface
layer and (b); after removing the surface layer by 7.5 um by
chemical etching. |



SEM fractographs of the (111) crystal. (a); with surface
layer and (b); after removing the surface layer by 7.5 um by
chemical etching.
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Transmission electron micrographs of the (111) crystal.
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TiC Coated by CVD orPVD processes

PVD: ion plating, 500V at 673 K
CVD: at 1273K
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Vickers hardness plotied against depth of Vickers indentation.
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Fractured surfaces along the center of Vickers indentation.
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Optical micrographs of Vickers indentations.
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Acoustic microscope images of Vickers indentation on CVD-coated surface.
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Acoustic microscope images of Vickers indentation on PVD-coated surface.
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Unit

-Specifications

SEM

Resolution of SEI

3.5nm

Magnification

x10 to x300,000

Micro Indenter

Error of Indentation Position

within £0.5um

Range of Test Force

0.01 to 100gf

Load Contro!

Electromagnetic

Loading Speed Control

0.02 to 100gf/sec

Displacement Measuring Range

0 to S0 um

Measuring Accuracy

10nm

Measuring Mechanism

Capacitance Type

Penetration Speed Control

0.05 to 50um

Applicable Tests

Regular Penetration Test
Penetration Depth Control Test
Continuous Penetration Test

Institute of Advanced Energy, Kyoto University




The Picture of SEMITEC

Indenter Tip  EuEg—
Specimen p———

Micro Indenter Module

Vacuum Chamber

Institute of Advanced Energy, Kyoto University



‘Schematic Illustration of SEMITEC

Micro Indenter Module

SEM Module

=it

Air Lock

Surface Profile Monitor

Q lon Beam !
Specimen

lon Sputter Module
& Surface Profile Monitor Unit

Institute of Advanced Energy, Kyoto University

CISi
Atomic
Ratio

Oxygen
Content
(wt%)

Density
(g/cc)

Tensile
Strength
(GPa)

Tensile
Modulus
(GPa)

Standard
SiC Fiber
(Tyranno CG)

1.3

13

2.4-2.6

3.0-3.5

180-190

Standard
SiC Fiber
(Nicalon CG})

2.55

3.0

200

Low Oxygen
SiC Fiber
(Hi-Nicalon}

280

Stoichiometric
SiC Fiber
(Nicalon Type-S})

Institute of Advanced Energy, Kyoto Umversuty




Schematic Flow of Specimen Preparation
and Shape of Indentor Tip

Mechanical

SiC/SiC Sliced by
= = PR T —“‘—" f

Low Speed

Diamond Saw i/ Grinding
Graphite Plate about 700 um abogt 100 um
Thickness Thickness
Specimen Groove Inclination Angle of Side Triangle

Specimen Holder Indentor Tip /‘ A

Schematic Drawing of Fiber Push—Out Process
and Indentation Curve

initial
cndition

final
condition

Load {g)




| oad vs. Displacement of Indenter

debonding
&

Load (g)

sliding

Pushed-Out SiC Fiber from SiC/SiC Composite
-Tyranno Hex— e

e Protruded Side
indented Side :

h Q) (Pushed-Out Side

(Pushed-In Side) of the same Fiber)

WA R TR

RS

Push-In Depth = Push-Out Height = 1.4um



Load vs. Displacement of Indenter
_~Hi=Nicalon—

debgnding
sliding

)

Displacement of Indenter ( um

Pushed—Out SiC Fiber from SiC/SiC Comp05|te
—Hi—Nicalon—
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Fiber : Matrix Precursor

Mesophase Pitch-based Carbon Fiber| Green Coke 80%
Fiber Diameter = 8.5~12.3 ym | Phenolic Resin 20% | -
Tensile Young's Modulus 490GPa

Tensile Strength 3GPa
UD C/C Composite .
__ HTT(K) | Fiber V(%) | Density(gicm®)
i 1473 45.2 1.62 .
1873 45.0 1.68
2273 46.6 1.71
2773 48.9 1.82

Dept. of Materials Science, The Univ. of Tokyo




Schematic Flow of Specimen Preparation

Fiber Direction .
Sliced by I
Low Speed Mechanical
Diamond Saw @)):D] Grinding
: - about 200um under 120um
Resin Acrylic Pipe Thickness Thickness

Specimen Groove Inclination Angle of Side Triangle |
Remove Resin
w g
and Acrylic Pipe \( i
Specimen Holder Indenter Tip '?

0 NN 1 L AL
Schematlc Flow of Spemmen Preparetion
and Shape of Indenter Tip
LR R THES R N (A

initial condition




Effect of Groove Width on Indentation Test
of Fiber in C/C Composites

L UD-C/C Composites Groove Width
[ (HTT=1873K) Opm  20pm  100um

Specimen Thickness = 80um

plateaus
1+ |

| 1 o 2I T 3 4
D:splacement of Indenter (um)

Degartinent of Walerials Smm The Untuernsity of Fobyo

Pushed-Out Carbon Fiber from CIC Composite

HTT =2273 K (F24 73)

) Protruded Side
A Cueetath
of the same Fiber)

tilt : 60 deq.

Push-In Depth = Push-Out He|ght =0.87um




Condition of Finite Element Model 1 for Indentation Test
of Fiber in C/C Composites

indenter Tip Analysis Model Axis Symmetricat FEM Model

Specimen Size : Radius 2500 ym, Thikness 80 ym
Radius of Fiber: 5 um

indenter Tip : Cone with 136° of the Apical Angle
Thickness : 2um  {from Fiber Volume Fraction) Y
of Carbon Layer - b ¢

" Elastic Properties of Each Element

Fiber : Ex:500GPa vxy:0.01 Gxy:10GPa
Ey: 8.9GPa w:z:0.20 Gyz:20GPa
Ezz: 8.9GPa vzx0.01 Ga:10GPa
Density 2.08 Mg/m 3

ver - E: 89GPa v: 0.30
Carbon Layer :
aron Sayer Density 1.70 Mg/m 3
o Exc150GPa vxy:0.20 Gwy:8.9GPa

Eyy: 8.9GPa wy::0.30 Gyz:15GPa
E:xz: 8.9GPa vx:0.20 Guc8.9GPa
Density 1.68 Mg/m 3

Depantvent of WHatertals Selence, e Univeratty of Tokys

Effect of Groove Width on Distribution of Stress-yy
- Depth of Indenter = 2 pm -

Groove Width = 20 ym Groove Width = 100 pm
Th i I

Depantment of Wlaterinls Selence. e Untvensity of Tobys



A Modlfled Indentatmn Characterlstic Curve
- Load vS. Square of Indentatlon Dlsplacement - 2

UD-C/C Composites

[ P Push—Out

Radiusof Fiber : r

2 "3
Displacement of indenter (um)

.PPm'h—Oul — ]:)Pu.rh—(Ju.f

Areaof FiberSurface 2-7-r-h

InferfacialShear Strength : oy =

. Depantuant of Witertals: Seliess, e Univcrsidy of Tokyo
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Grogve (width = 20pm)

Fibers located at the Crack was induced from

center of the groove both ends of specimen

were loaded and over the groove and

pushed out. specimen was broken into
two parts.

Experimental Procedure

Pushed out fibers
were observed by
SEM and surface
profilte measurement
apparatus.

Dept. of Materials Science, The Univ. of Tokyo

HTT =2273K HTT = 2773K

The Univ. of Tokyo '




HTT =2273K —— HTT = 2773K

" The Univ. of Tokyo

Schematic Drawings of Fiber-Matrix Interface

Growth of Graphite Layer
HTT = 2273K HTT = 2773K

The Univ. of Tokyo |




Specification of Micromap

Fep T e R MR IRl G e L U IR L 2 e A e T
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B00(H) x 472(v)i#E &

A SR

213" CCD

TEMS

05ALLTF

L%

EEhRBREE

0.2 ALLF

N

SRR

Nikon Optiphot-M stand, CFDI and CFTI objectives

Sl X

2.5x, 5x, 10x, 20x, 40x, 50x

{&

x10

x50

A SR

F— 8B YAHHR
KERBAE
Working Distance
R iRE
REFTRRS

AEE

750x640um
1.35um
0.55um

4 0mm

4 4um
20um

0.25

150x128pum
0.27um
0.25um
3.4mm
0.91um
3um

0.55

Dept. of Materials Science, The Univ. of Tokyo

Surface Profile of Fiber

R A

-200




Surface Profile of Pushed-out Fiber
N Pushed-in Side)

R e R (R e

WAVE LENGTH 5529A
Zoum 50

*"Dept. of Materlals Science, The Univ. of Tokyo

Pushed-out Fiber Surface Analy3|s
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wn
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23 r Fy
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Height (nm)

=]
-

3 2 1

Distance from Pushed-in Side Surface (um)
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(a) bonding layer between C/C composite and molybdenum plate
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(b) bonding layer between molybd enum plate and copper material

Photo. Magnified pictures of bonding layers of CX-2002U/Cu before thermal shock test.

— 1160 —



e

AB4BE8 47 15KU “Z288 1SFmm

(a) inside the area of arc discharge heating

AB4B46 1SKU ®208 1Smm
(b) an area near the outside edge

Photo. Magnified pictures of bonding layers between C/C
composite and molybdenum plate after thermal shock test.
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Photo. Magnified pictures of bonding layers between molybdenum
plate and copper material after thermal shock test.
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An improved technique for determining hardness and elastic
modulus using load and displacement sensing indentation
experiments

W. C. Oliver
Meials and Ceramics Division, Oak Ridge National Laborarary, Oak Ridge, Tennessee 37831-6116

G. M. Phare .
Department of Materials Science, Rice University, P. O. Box 1982, Houston, Texas 77251
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FIG. 20. A schematic representation of joad versus indenter displace-
ment showing quantities used in the analysis as well as a graphical
interpretation of the contact depth.
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FIG. 24. The computed contact areas versus contact depths for all six
materials. The error bars are two standard deviations in length.
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FIG. 27. The load dependence of the hardness calculated using the
new analysis procedure for all six materials. The error bars are two
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