10

Fe.C «a-Fe

C=0.736 exp(_4850

)

T(K) 627 FesC 10nm 100nm 1000nm a-Fe

alFe,C
0.71)/m* FesC 23.4cm’/mol

= InC, = 2My
C RTpr RTpr

+InC,

Cr Coo r o0 M P
M/ y R=8.314J/mol-K
627 900K Fe.C o-Fe

_4850) = 0.736exp(—@
T 900

FesC 10nm a-Fe

-6
In C, =C,= 2x24.4x10 ><0.7il9 0463
3.36x10 8.314x900x10x10

C, =0.00534
FesC 100nm a-Fe

n_ G _c_ 2x24.4x107° x0.71
3.36x10° " 8.314x900x100x10°°

C, =0.00352
FesC 1000nm o-Fe

In C, _C - 2x24.4x107° x0.71
3.36x10°° " 8.314x900x1000x10°°
C, =0.00338

C, =0.736exp(

)=3.36x107°

=0.0463

=0.00463

a—f 7><10°kIm* ol

0.6J/m’ (D) ® (D)
20

AG" =jA"/3 A

o2 A=)
AG,

r* = 2y :ZXOEmzl.?lxlO’gm
AG, 7x10

AG™ = yA" [3=0.6 x4z x (1.71x107°)? /3] = 7.35x10 %]
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M)

a AG

AG =a’AG,, +6a’y

0 a
dAG )
——=3a°AG,, +12ay =0
da v 7
at - A _4x06 ) 43x10°m

T AG, 7x10°
AG” :%;A* :%6(a*)2y =2x(3.43x107°)? x0.6] =1.41x10™"J

(D) ® (D) 20 AG
AG = z(D/2)? x (D/20)AG,, +[27(D/2)* + 2z(D/2) x (D/20)]y

_ % D°AG, + D%y

80 20
0 D
988 _ 37 peag, + 22Dy =0
dD 80 10
pr=_88 7 _ 8x06 o ,c1.10%m

3 AG, 3x7x10°
* v *y\ 3 11 *y\ 2
AG" =—(D*)®AG, +==(D
80( )"AG,, 20( ) 7y
= [-%><(2.51><10*8)3 x 7 %108 Jr%x(z.mxlo*‘)2 x0.6]J

=(-4.35x10™ +6.50x107°)J = 2.15x107°J

J/mol Xo a Xa

A-B a Xo a Ty
DC C G*

G;Zo =(1- Xo)ﬂZ(xo) + Xoﬂg(xo)

o
/’tBUCo)

T

¥
lumx.»

«
Hia

=P
‘IJ.“ X
¥

Haxy

—
_tumxa

o
/u.\i.n)




g
D G)‘(’;

G;Tﬁ = (1= Xo) Haexy + Xota(x,)

"

AG;(?QW = G;lo+ﬂ =Gy =1 Xo)tarx,) + Xottax,) — (1= Xo) Hag) — XoMs(x,)

= (1— XO)(IUZ(XH) _,uz(xo)) + XO (Iug(x,,) _/ug(xo))

i’ =G +RTIna” a i @

Alx)) ag(x,)

ay ag
AG“"“*’B:RT{(l—xo)In A% 4 x4 In B“a)}
a a

o ﬂ AG Z)*)tl'-%-/f

. 1-
AGE = RT| (1— %) IN=—2 4 x, In e
1-x, Xo

a p u” =GP +RTInx” + 2(1-x")’ Q
AG;:mﬂ = (1= Xo)(Hacx,) — Hagg)) T %o (Ha(x,) — H(x))

AGE*P = RT[(l— xo)lni_ X

“+ Xg Inx_a}‘*‘g{(l_ Xo)(xi - X§)+ Xo(l_ Xa)2 - Xo(l_ Xo)z}
0 Xg

1-x X
=RT| (1—x,)IN=—"% 4+ x, In=% |+ Q(x_ —X,)?
|:( O) l—XO 0 X0i| ( a 0)

2) B X AG (b) FK
K G
B
Gy, = (L= Xp) Hage,) + Xptax,)
F G/
v
po_ a a
Gy, = (L= Xp)ta,) +Xplp(s,)
Xﬂ AG|

4G, = G:; _Gfﬂ =(1- X )ﬂZ(xa) + Xﬁﬂg(xa) -(1- Xﬁ')/uZ(xo) - Xﬁﬂg(xo)

= (l— Xﬂ)(:uZ(X,,) _,uz(xo)) + Xﬂ (:ug(xa) _lug(xn))

u’ =G” +RTIna’
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AG, = (1-x, )ﬂ:(xa) + X/;,Ug(x,,) —[(Q=Xp) tta,) + X5 Hgxy)]

a o
=RT|(1-x,)In ) |y g 2et)
- B a B

o
Alx)) Ag(x,)

a ﬂ Xﬁ

1-x X
“t+ X, In—&
1-x, Xy

4G, =RT{(1—xﬂ)In

a B u’ =G? +RTInx” + Q(1-x")?

4G, =(1- X/})(IUZ(XU,) - #Z(xo)) + X, (ﬂg(xu) - ﬂg(xo))

1-x X
AG, = RT{(l— X,)In . £ 4 X, Inx—”}h(){(l— X5 )(X2 = x3)+ X, (1-x%,)* =X, (1-x%,)*}
0 0
1-x, X, 2 2
=RT| (1-Xx,)In - +X, InX— +0[x; +2X5(X — X, ) = %]
0 0
a f 600K x,=0.1 x,=0.02
x,=0.95 alp 0.5)-m™ 10°m*mol™
1)
)
(3) 50nm r*
(4)
1) a p 600K AGn
1-x X
AG,, =RT| (1-X,)In <+ Xy IN—=
1-x, 0

AG,

=8.314x600 (1-0.1)In 12002 6110902 |y molt = —420.331.m ™
1-0.1 0.1
AGy
AG, = AGy __ 420;§3J -m~* =-420.33x107°J-m"®
A 10
AGim

1-x X
AG, =RT|(1-x,)In 2 4+ X, In—=
Im |:( ﬁ) 1—X0 B X0:|
1-0.02 0.02
1-0.1

=8.31x 600[(1—0.95) In

AGY

10-4

+ 0.95Inﬁ}l .mol™ =-7.6x10°J-mol™



7.6x10°

e J-m®=76x10°J-m"®

(2)
2x05

. 2y
,
7.6x10°

T AGY
a p
Xo—X, _ 0.1-0.02

-x, 0.95-0.02

m=1.31x10°m

()
=0.086

fﬁ:x
s

50nm (50nm)*

(e L
X
r Ve

J -

r r

nVe

3x0.086

3
prs 1021) m=1.37x10"%m
T X0 X

3f
r— i
[472’

‘e 1.37x10°°

= WI’* = 1045I’*

4) AG

4nrn/3=f,

AG = AG, f, +nAy =[-420.33x10° +8x10% x47(1.37x10°)? x0.5]J - m®

=-3.26x107]-m™®
nAy=8x10"x4m(1.37x10®)?x0.5J-m®=9.43x10%-m

5. Al-Mg Mg

Al 0.143nm

a 0.32nm
Mg
AG, = 4G5V

1)

Ayg —ap _ 0.16-0.143
0.143

=0.1189

5 =
ap

Al

V= %ﬂrj, = %;;(0.143 x107%)* =1.225x10*m?

10-5

J-mol™?

eV/
G=2.5><10"Pa Mg



AG, =4G5S =4x2.5x10" x(0.1189)% x1.225x10 %] /at =1.73x 102 J/at
eV 1.602x10™%)
AG, =1.73x107%/1.602 x10°eV/at = 0.108eV/at
J/at N J/mol

AG, =1.73x107 x6.025x10% J /mol =10.4 x10%J/mol

%721‘3 x4GS? +4ar’y,,

4Tfr2(7m'7co)

r
4 * * *
370 )’ < 4GS +4r(r") yy = 47(1")* (Vin = Veo)

r* _ 3(7/in _7/co)
- 2
4Go

r t nr't 2nr?
2mrt

P tx4GS? +2ar’y , + 2atty,,

27"'-2(7/in _7co)+2ﬂrt7/in

t

A} 4GS + 27 %y o + 21ty = 220 (Vi — Vo) + 270 Y

A x 4GS =272 (v — 7o)

t = (yin _yco)
- 2
2G6
7.Al-Ag  Al-Cu Al Ag Cu Al
Ag Cu 143nm 1.44nm  1.28nm o
0.5Jm” 0.05Jm” Al
G=2.6><10"Pa Al
Al-Ag 5= Fag = Tal :1.44—1.43:0007 5<0.05,
Iy 1.43

*

r
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r'= 3(7/in _72/00) _ 3(0'51_00'05) > m= 2.65x10"m
4GS 4x2.6x10' x (0.007)
Al-Cu sotouln 128-143 4,0 50.05
My 1.43
t*
tr = (7in _7/200) — (05_10005) . m = 7.85X10—10m
2GS 2x2.6x10" x (0.105)
8. a B ap 0.5km? da 0.6J-m™
1 B o« 0 f(6)
) 4 a 5 D §D=10" In(15/15)
I3
Wp  «
0
kx
cosé = Yaa _ 06 _ 0.6
2y, 2x05

2

@ =arccos0.6 =53.13°

f(6)
f(0) = %[2 —3c0s8 +cos® 0] = %[2 —-3x0.6+(0.6)°]=0.208
4 AG) =7.6x10%)-m?
AG’

G*_167r 73 _ 167 0.5°
3 (AG))* 3 (7.6x10%°

I [d)“ { (f, - fj)AG*}
PR B exp -
L kT

2
I3

J=3.63x107"%)

KT 1.38x107% x 600
=10"° xexp(347.22)

3-2 _ * _ -18
:(dfj exp{—(fz f,)AG }:105xexp(—(0'208 1)x3.63x10 )

|n:—2 =In107° +347.22 =335.7

3

1mm inm  1000K a Aa 0.5J/m?
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0.05/m* a y 60° AG, =5%<10°/m* «a ¥

10°m? D t D/t=10

r t t=r/5 nrit=nr’/5
2nr? 2nrt=2nr’/5
r AG

3 2
AG :%AG,V L2y, +2%7m

2
OAS _ 3 AGY +aary, + 22y, =0
or 5
o 4Ax5y nt/47/in _ 4X5X0'05+A;X0'5m _2%10°m
3AG, 3x5x10
AG AG
*\3 *\2
AG* = (') AG) +27(r" )y, + 2ﬂ(5|’ ) Yin
-933 -9y2
:[_wxsxw%zm(zxm-g)z xo.os+wxo.5p
=1.26x107"%J
a ¥ 60° f(6)
f(0) :%(2—3cos¢9+cos3 0) =0.5% (2 —3c0s60° +cos’ 60°) = 0.3125
¢ ) o
= 2o _2x05 5 107m
AG 5x10
AG;,
3 3
AG: =167 7 n_— 167 (0'5)8 _—8.37x107%)
3 AG, 3 (5x10°%)
AG;
AG; = f(9)AG; =8.37x107"* x0.3125] = 2.615x10J
( ) l2 ( ) I3
* _ *® -9 -18 _ -18
I—Z:(Ejexp _AG, —AG :1073 ex (_2.615><10 7231.26><10 )=1.8x10°
I, (L KT 10 1.38x107% x1000

10-8



10. 4 fcc G=5><10"Pa 1=0.3 0.14nm

10%cm™ 10
Inl /1)
( ) r
1
= 2A7(31V 1i{1+ 2??:}2
A=Gb?/4n(1-V) 4 7=0.5J-m? AGY =7.6x10%)-m™

*

r

1

2 v 2
rr=—2_|1+ 1+—szerl
2AG/ 27y (1-v)

10 -942 g2
0.5 [li{1_5x10 (0.14x10°°) ><7.6><10} ]m

T 2x7.6x10° 272 x(0.5)%(1-0.3)
r'=6.2x10"m 3.75x10'm r'=6.2x10"m 3.75x10 ™ m
o
2 *
AG" = [2(r" 2 AGY + 27"y —— 2 in(yjar
4z(l-v) 1,

10 -9y2 -10
[47(6.2x10"°)? x 7.6 x10° + 87(6.2x100)? x 0,5 210 (0.14x107)” x6.2x10", | 62
47(1-0.3) 3.75
=2.36x10%]
V=102 0 fcc a=4/2b
4 Q

2=2a%/4=(2b)*14=(2x0.14x10°)*/4=1.94x10""m?
V=102=1.94x10%m* Vg
V, =Vp=1.94x10" x10" =1.94x107*®
4 600K AG.  8.37x10™%

Iy I3

L * -18 _ -18
01 iy BB AGT | g gqeye 2363107 ~837x10
I, KT 1.38x107* x600

=-81.57+725.84 = 644.27
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11. r—>a 1150K 900K  o—Fe

120kJ/mol ~0.248nm
AG*?7=A+BT+CT*+DT*+ET* (J/mol)
/K A B C D E
740 T=860 -269693 1294.373 -2.288242 1_7794><]_O_3 -5.156663><10_7

860 T=940 5442896 -24104.31 40.02958 -2.953537>=<102 8.167968>10"°

940 T=1080 243631.7 -932.2832 1.350039 -8.736977>=<10* 2.126265>10"7

1080 T=1240 587297 -1967.562 2.473726 -1.382798><10_3 2.898708><10_7

1150K  RT=8.314x1150J/mol=9561.1J/mol AG“>”

AG*”7=[587297-1967.562x1150+2.473726(1150)*-
-1.382798x107%(1150)%+2.898708x10'(1150)*]J/mol
=26.23J/mol

900K RT=8.314x900J/mol=7482.6J/mol AG*>”

AG“7=[5442896-24104.31(900)+40.02958(900)*-
-2.953537x107%x(900)%+8.167968x10°x(900)*] J/mol
=695.87 J/mol

AG*?7<<RT

AG”™* AG,, D, AG”™
v=B exp| — ~—
KT KT kT d

Dy~b® vexp(-AGm/RT) d~b 1150K

3
) =0.248x107° x10% ﬂexp(—M)m/s

8.314 x1150 8.314 x1150

v=bv

AGT™ AG,
exp| —
kT kT
=2.41x10"°mls

900K

yoa 3

v~by 28 exp| — AGy ) _ 0.248x10° x10% 09287 exp(— 12010 ym/s
kT kT 8.314 x 900 8.314 %900
=2.5x10"°m/s
12. w(C)=0.25% Fe-C y  800°C a a y
a % aly %
0.04mm C()=0.32% C(a)=0.02%  800°C »Fe
1.34%=<10%cm’s? « 7 a
a 1% a

a n t
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w(C)

0.32
]7 = al‘\j Dt
@ 0.25
a, = © —C
(C,-C,)"(C, -C,)"
0.02
n
C,-C -
—C, Jot 0.32-0.25 1.34x10°® Jtem/s

7 (C,—-C,)¥*(C, -C, )" (0.25-0.02)%2(0.32 - 0.02)*
=3.08x10*tcm//s

a a ( )
« 0322025 _ ;3409
0.32-0.02
d h f* d h
. _3d*h _3h
fo=—g=—
d d

h :% fed :%x0.13.33><0.04mm =3.11x10%m

7=h t
n , ,3.11x10°, »
t= = $=1x10"s
(3.08><10"4) (3.08><10"4)
13. 282°C  p—a X
X | 0.04 0.18 0.49 0.89
t/s | 1260 2000 2820 3900
Avrami n
Avrami X =1l-exp(-Bt") B «a X
X Avrami kt" =-In(1- X)

Ink+nint =In[-In(1- X)]

Int  In[-In(1-X)]
In[-In(l-X)]| -3.199  -1.617 -0.395 0.792

Int/Ins |7.139 7.601 7.945 8.269
( )

In[~In(L— X)] = —28.406 + 3.53Int

Poa nd
3~4

I[In(1X)]

- L . L . L L
47.0 7.2 74 7.6 7.8 8.0 8.2 8.4

Int /In(s)
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14, Avrami

n=3
n=1
exp(-kt")~kt" X= kt"
d
X
V=(vt)
X

AS=10°)m®  olp

1)
Avrami
2
Avrami
Avrami X =1-exp(-Bt")
()
v t V=47(vt)*/3
d3
3
x 4;zv3 o
3d
n=3
(2)
v t
d 3d?
2
x =30V, 3,
d d
n=1
15. A-B 500K r>atf
0.5J-m™ D=5>10""cm*s™t
200K 1500
Asc
_2TN, 2y
¥ AHAT  AS,AT
700
:&m:leO_sm 500
10° x 200
Js=3]sC 2°°A
=15x10"m
v

. 2D4C, i( _&j
faf (Cﬁ_Ca)j’s ﬂ’s

500K

C,= 02-01, 300+01=014 C,
500

oy Cﬂ Cya C;/ﬂ

c 97 1000-0875 C

7~ 800 =

a p /4

1-

10-12

. 0.95-0.9

x300+0.9=0.93

1-0.7

x500=0.5

AC=C,,-C=0.875-0.5=0.375

1000



0.93-0.7

s =———=0291 f,=1-f,=1-0.291=0.709
0.93-0.14

2DAC, 1 [ A,
vV=e—24"/-“~ —
f,f,(C,-C,) 4

2x5x107" x0.375 1
y)
=1.02x10°m/s

= (1—1)m/s
0.291x0.709 x (0.93-0.14) 1.5x10°7 3

S

16. A-B B A a 0.lum olp
05J}m? 100K « 10 m?s™
2x107'm*  1000K o« p 2% 90%
(1) 0.05um  1.5um
2 0.1um 0.3um
(D) v
__20M,C. 1(1 1
(C,-CORT (1 1
0.05um v
2x10 ™M x05x2x107 x0.02 1 1 1
= Im/s

8.314x1000(0.9-0.02) 0.05x107° '0.1x10° 0.05x10°
=-1.09%x10°m/s

1.5um v

~ 2x10"x05x2x107x0.02 1 [ 1
8.314x1000(0.9-0.02) 1.5x10°°0.1x10° 1.5x10°

=3.40%x10""m/s

Im/s

0.05um 1.5um

2 t 1

2RT(C,-C -
t=(FoF (Cy OC):[(0.3><10_6)3—(0.1><10"6)3]£><8'314(0'21 0.02)x10?708
3DC.V, 3 0.5x10™x0.02x10
=1.27x10"s
17. A-B a T.=800K  550KB
X6=0.4 - d?G/dx? =-95.32]

10-13



D2%=0x10 " cm’/s  DA® =2x10"“cm’/s Am=100nm

850K 550K
Am=100nm 100nm/2=50nm
X t X ~ /6Dt D
~ XXy d2G
D= (XADQB + XBD:\_\P)%E
= —(0.6x2x107% +O.4><9><10’16)M><95.32m2 st=-24x10"®m? s
8.314 x 550
50nm t
2 -94y2
t= (0/2) _ (5010 )718 s=173.6s
6D 6x2.4x%x10
800K 550K 173.6s
Y
800550 o1 _1 44K .5t
173.6
550K 800K 550K
550K
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