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Strength Analysis of Particle-Reinforced Aluminum Composites
with Length-Scale Effect based on Geometrically Necessary
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Abstract

A finite element based microstructural modeling for the size dependent strengthening of particle reinforced aluminum
composites is presented. The model accounts explicitly for the enhanced strength in a discretely defined “punched zone”
around the particle in an aluminum matrix composite as a result of geometrically necessary dislocations developed
through a CTE mismatch. The density of geometrically necessary dislocations is calculated considering volume fraction of
the particle. Results show that predicted flow stresses with different particle size are in good agreement with experiments.
It is also shown that 0.2% offset yield stresses increases with smaller particles and larger volume fractions and this length-
scale effect on the enhanced strength can be observed by explicitly including GND region around the particle. The
strengths predicted with the inclusion of volume fraction in the density equation are slightly lower than those without.

Key Words : Particle-Reinforced Aluminum Composites, Geometrically Necessary Dislocations, Length-Scale Effect,
Dislocation Density Associated with Particle Volume Fraction, Finite Element Analysis

1. M B

PAEE F471A B A (particle-reinforced metal
matrix composites, MMC)= &4 7435HA] &2 7]
A A (matrix)ell ¥3te] F2 H|F =9} VAN EE
Z7] W&o AFar 9 g &5 Aol Fa
F-Eo AFEET It Arsenault 9} Shi[l], Lloyd[2]
T v A7AEN s, MMC o At A
717F ZhobAw 2 A =7} F7bEe 2ad up 9}
ool BERAE ¥ F 94 T o IR
st 71 A Aol EHAAT Wi dLox =
A

FF-58ol A4 E-(plastic relaxation)FAA U

shddigtn 7iAlF- st} oied
437 AL S
DA A s ista 7] A8, E-mail: suhy@hnukr

* oo

482 /Bt 2 M B EHX/H 187 65, 2009

2k T B (punching)¥ & A9 HEQL A2
FRHATR1~3]. o] A= olv] FAHH S
27 A 9 (statistically stored dislocation, SSD) #J°l F
MM oz FAEE 7|5t a4 49 (geometrically
necessary dislocation, GND)Z} & TH4).

AEH LAlolBEToZE dAte] A7]d ¢
E3e A= ABRE AR vEd F U=,
GND & n#doz2H uA 7oA YA} =7
of &t FIUTE AT 4 A HUuoh
DEA #HeBoRE BEF A7 7R &
b7 $Ho] =x A W 1 799 WAL,
= wgg Pl FBe wol 3HE AL A

2

al



71t g A9le) g ol EHg mes

Hate THl A4 0] E(strain-gradient plasticity, SGP)
o] =[S, 6], SGP & w3 Aoju} AA] w4
2 EdoMe wEg FulE Adste] 77 9
& aRE Hud F vl FE oy, 2gA)
@9 Ao ¢, GND 7t A AA FAHEU
st RE8EE Adelr] wEd 2§A e
aHske FRHo 2 E3
= A% YA =

£ A79 A8 AFEM, Suh T[8]% Shibata S[9]
o] AMers WA A7 A3} Ashby[4] FHo] A
E 4 FEeasd AT EYo)Ql Abaqus[10]9]
A FE7)A BEFAGA Hiee T3 =
B4 $8 WIHE 37 a9E ngdty o=

i £ melvh 9tk 2 AN E suh B
[8]°] &8t Ashby FEY AYgUEA g,
Taya[11)7} AZHE ud3te] AA S DrAe

A BAAR FE 37 dF aRE
wRHG,
2. 0|2 ¥ =AY

2.1 M9 HE

T4 2FAE AxY W AA A
QAGAFY FolFoz N8 W Ao AE
do] PR o] AFIHo| o AR
AEshd $8e s dAste] A7) A1

s

3
of BAYEch Tanaka T[12]<2 Eshelby ©]&[13
| A FF9 H¥ Fo At
HhA 3}% T 2 (prismatic loop)7} WA FH =
4& AE3 2T, Taya 5[111S Eshelby ©]
]%3}&1 EHGAGY dolgor wFEHE
T8 3 B (eigenstrain) S T Y3HA A 3= 7Hu——
HEFoaM T4 Rk(spherical particle)Z -l
s AE £ o5 79T 5N
o] SHEA 2sty] wWiol, Shibata H{9]&
HE BEsta, A4UE AT A e
AT oZN Taya (1119 AFE ¥
’\]33\‘;}. olEY I gAY AHEL HA
=18
7

r&m =
S rﬁz 2 fo 24 o oo L

O:

At 2 AFexe &

WA 45 BRoE 2HA FEdA

%L<>ﬂ A 9k Z:M Shibata

7+ .
g2y As=2 s
Al AFIE TS BROE AT 015
A r B e H 29
i =V[B(1-2Pf)+\/B (1-2Pf) +16(Ty/G)PB] o
, iz, G)
A7) A
_(+w)|aaaT]
= - 2)
g
. 2(1-2v)32 +2G) )

1+v

(- v)[(l f)(3/1+2G)( )+3{f(31 +2G7)+(1- f)(31+2G)}}

e

Ae 35 ¥ Aa=q¢,-q,, i=

a,, a,, 4, 2, Gand G
e EHFAS, dAet 714
a5 A 1A A e
= XA Y Zelsr]olt)
dgol &9 o9 4£49
o] ¥&stA Heol GND 7+
2 A

2
)
)
~

o rlo

WA 271, 5 gAY AA
A -

A)

N
-Lr‘-:*
hincs
®
N,

or N H

&

Ir

k)

=

==~
=
&
3
N

3
o

1

o

oft

g HU ox,
2
ok

P o0
oX,

o

o P
&%)
Ho o
_
=
N

U Oé’, 2‘
o _VbL
2
aft o
XN
2. 5o
ol
0?4
L)
to

X

a8
AN o [ SV A o

o2
18, ox

.
o
ot
QL
Iy
i
&
o
i

A7) A A&

oo B otaf o g o N w o

o Hoox 2 [0 fo i

52
=

r<r()” @)

= 94 24999 anNeE s g
& B3 A356-T6 o A%, dA A=F87)
25% =7t 25 A5k ofdl A A
FH ANANE 5-20%= MH3AT AUE , =
I AA G Aolgtoz 93 WALGES Z7] ¢
3t HAEH o 22X FZolE AAAY
ARoZ Ui Aoz APt Taya S[11]
dArel AHEE uysted AL YA F A

239 2 A% n e e 2o}

do 9 fo

R A MIIB A X/ 187 ®M63, 2009¢1/483



4.r-a
”T:T (%)
o174
r 3
(3]
¥
@' =A@ AT| == [l4+v+2:(1-2-v)-(f - A-D] +1
3 (L”j (1-v)
¥r
e 2-n,-(1-2v) i
1+v 3(1+v
1-v)|3fn +(1-
e o]
3 +2d 14y E
! 20 1-2v" E
:3Z+2;: 14y
o 2u 1-oy
o714 E'and E E 727 YA}t JAAY @
ASeIT o] e TEF] TH YR 79
9l GND 9% p, & U534 Zo] =8t
o n.-2-mw-r
G = (6)
g-ﬂ«(r;—f)
A7]14 b & Berger ¥E] 0] ™, Arsenault S} Shi[l]

KR
°

9 A= e
DL

4439, £ $de e 2ol

o =0,+aGby/p; @)

z‘g.g %E.:]O]Eq Hansen[14]°]

=

UFuF O
AHE-3HA T SiC,/A356-T6 %
%—?— ﬂﬂ—mLJL@%Qﬂl%@

AAEE of 4= AHu 2 3719
FAE Fig. 19 BAh 5 um |3k 4= A7)
A A 2t g g 32 5 dn o
A YA A7 AAH I} Z2rEE A9 E
%ﬂﬂﬂ%ﬂﬂﬁﬁﬁﬂ.m#}zﬂ%ﬂt
12} 3717t S7VEE FAIEREHA 2held &
= 3}\:} Arsenault S[15]% 20% SiC /AlllOO

£ TEM o2 #AI=H, 92 217]7} =}

@
do rIf

o o
—

2

=
L

oo
&ﬁ

-

o

1__

&}
=
A

J m;

484 /=2 M3 B E X /M 187 H6Z, 20094

N

&8

Dislocation Density x10°m™}

oo

A
18

Nolme praction T2

Fig. 1 GND density vs. particle size and velume
fraction calculated from equation (6)

GND in
Matrix

{ I

Fig. 2 Finite element meshes of an axisymmetric unit

Paticle Matrix

&

i

cell with perfectly bonded interface
obEF % Fig. 1 3} frARSHA AHEET Fobd
B3Ekgith Fig. 1 o] 2S] ALY 27
2o A717} ZpolAEH Suh =
o ArFH o Z ZolA =
3} H(1E B3], GND B e
M ASS B Aow

o
=
- 0]
T o
A A H
1

e 5 3]‘:}.

2.2 Rotea A

ABE SiC/A356-T6 EFAE HAA}AoH,
Abaqus & 283t FoiA &9 Ad(unit cel)E &
A5 3k FUA &9 AL 3 JAE &
Zk AR 7HRskaL o]E THA ZAF LR Y



7154 A5 Agol 9@ Polane 3

92 Agse FUFHE B4
24 vad ddst) as
o

)

O

=
ko ol 2
-

la o]
da
3]
=
T
o [‘2,
ITne e g
o yo '
o
o
g O
= 1°
e
‘B
MEEE
™ i j& o
2 o
o £ a:)
Tk - oot
DB 3R ox g o o

ol g o ¥

o
(1)(_:
o
2 ¢
rL
1
o
fru
i
-
L
=

(true stress)S
A Zolzm
strain)Z A 33}
L5 FELE
Aoty B Ze 042 $H AA ¢
7b AS5EHE AR 1A A Abolof whx shedcH

SiCY Ah+=

A356-T6 &FrlF IF 71X A=
Ao 2 7133, WA Burge)ME pE 0.283nm
= HASG 71N A g8 ¥ aAdAS, =
skFH), dBZAFE 22 208MPa, 76GPa, 0.33,
2 23.63x10%ColtHi6]. FE 28 - LW g
o] FAAL, Lloyd2]e] AFSAXNZEE Qu &
[16]°] " (fitting)ste] €& HolEE 4359t}
5q4A Az 5, 3z A9 Hoy dgexs=
474C 2 7138k}

of

3. 34 % EE

A7kel AAWIL 15%, 27174 7.50m 2 16um
gAY 188 - AdgE o5 o
AA2)2 Fig 39 Btk vnE ¢ste] GND
AHAEERA 2ol B ALH, 9

2N o> o

N

|

et GND 7}
177 A8t 2 5
I wlRtA =2 Y=}
AE #elg & 9l
F A AH AN

Hilsle frE53E F
L dESE wke) ol T oA A

NG

gl

U N | (=P o Y VN (<)

R £ N K2

o fo

3@ ob K

o8 o o
i

350
300
= 250 |
g e
o 200 -
'] ;
g
® 150 /) | ——With GND, D =16 um
2 ¢ |-~ With GND,D=7.5 um
= 100 // ~ = No GND {Classical Plasticity)
[ X Lloyd(1994), D=7.5 um
50 [ f = Lloyd(1994), D = 16 um
****** Matrix only
0 . : ‘ ‘
0 0.002 0.004 0.006 0.008 0.01 0.012
True Strain
Fig. 3 Comparison of numerical and Lloyd’s[2]
experimental composite true stress-true
strain curves for particle sizes of D = 7.5um
and 16pm
L e —— ]
o g
oS e
g BT i
| semme® i)
= 300 -ﬁﬂa---ﬁf"'ﬂ-- e
@ A" =
] -
i F,
5 200 | 2t =D =05um , f=58%
® ] —~—D=1um,f=5%
S 3 ——D=dpm,f=5%
- ri ——D=32pm,f=5%
100 [ #f =edenl) = 0.5 pm , =20 %
& ==-D=1um,f=20%
wMemD =4 pm, f=20 %
-=+=-D=32um,f=20%
0

0.002 0.604 0.006 0.008
True Strain

0.01

Fig. 4 Predicted composite flow stresses for a fixed
particle size with different volume fractions
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