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ABSTRACT According to the present experiment results about the transformation from β–AlFeSi
to α–Al(FeMn)Si phase in Al–Mg–Si series alloys, the model and kinetics of phase transformation,

and microstructure evolution at 555 � were systematically investigated. The results show that,
the homogeneous temperature T can give a significant effect on the transformation kinetics, and
with increasing T , the transformation rate increases fast. The nucleus radius of α phase only
affects the breakthrough time along the thickness direction of β phase. The distance l between
two α phases mainly has an influence on the dissolving of rim for β phase. The thickness of β
phase normally has a greatest influence on the phase transformation β → α, especially for the
breakthrough stage of β phase, with increasing the thickness of β phase, the main transformation with
longer time in the whole phase transformation process can changes from rim dissolving of β phase

* ��LL�.Db&n 2112030 L2V+O?p6|=MNL:0q 2012Z–07 I?PkH*"� : 2012–10–15, Pk=%*"� : 2013–01–09U�v
 : 2Uo, q, 1984 y7, "G7
DOI: 10.3724/SP.J.1037.2012.00608



y 4 � 1Tnr : Al–Mg–Si �O�'Æ[BC0 β → α !B��BCG� 429�
to breakthrough along the thickness direction of β phase. The breakthrough time of β phases with the
thickness of 0.1, 0.2 and 0.3 µm is above 5, 10 and 15 h, respectively, which corresponds with the real
experiment results. In addition, if the thickness of β phase is smaller than 0.3 µm, the transformation
rate f(α) easily reaches above 0.9 after homogeneous heat treatment at 555� for 16—24 h. Therefore,
the importance of optimizing casting process to make sure the thickness of β phase below 0.3 µm,
is the same as the homogeneous heat treatment for the better controlling the phase transformation
β → α.
KEY WORDS Al–Mg–Si alloy, homogenization, phase transformation, kinetics, modelingfH�>J℄�Epr5, �>q 6xxx �WQÆpI�T�$6+ [1]. u{W�QQÆ;QÆ�_2Ew Si, � Fe y$/�fp℄�, �� Al stp&��Su, h�i�Ew�Jp Fe(/J�Z.{ 0.8%)[2]v<T_�A�29AZp~6F β–AlFeSi #, w;^�fw2JpGMF α–Al(FeMn)Si #pK� [3−6].u{�0Z#p℄�_F7m%QÆX�pNQ<u�P$M$5K℄=Xt [7−9], JI��A [7,10,11] �j, ��9FMG^pQ?3., )u�BZp~6F

β #D����9 α #, �<we{$�WQÆNQ<upp).u{ β → α �WD�DE�)�℄	��;u℄hQÆA� (m�J FeM Mn EJ) te�#9 [12−15], )Nu6��M5ax��9FM�'r℄3.Ms℄�{~u�89A�Mp)NQ<u)�<we. hW, Sw�R�{6+x� 6xxx�WQÆ)�℄DE2 β → αD��DEr℄I�. o
, d��>q 6xxx �WQÆpA�s℄�r3��R?℄h$53.t[��;MJI�, fJw9Z! Fe #p3.MD�DEp6+I�!��wÆm [16−18]. hW�3Vw�Q?^lw�P$:7� β → α #D��DEt�;�{6+pI�, #5$I��{�>qWQÆ,Pp��Mkq~<wW�p[�Vq.

1 ��da���pz
1.1 ��e>NQÆA� (/J�Z, %) ��Mg 0.75, Si 0.77,

Cu 0.44, Fe 0.20, Mn 0.091, Al |J. �,P��.q 99.9% p)U Al, 3VU Mg M Zn, 2uQÆ Al–

20%Si, Al–50%Cu, Al–20%Fe, Al–10%Mn t. hQÆ?v$G!� A�)�X, � 720 �}$s�A�℄8[<p'lt. )�℄P�G^� 15 mm×15 mm×

15 mm, R?	�.!?^lw�AM#}�;��, �R?;u��A� 8, 12, 16, 20M 24 h, ℄I�#D�DE ()�℄�R?X).q[\R?). ZAK9b��'=X℄h#PAt.qdwu�Y (EDS) p SUPRA

55 :�3.h�� (FE–SEM) �;��.

1.2 y~��q{
SEM (p:7�j, Akuz�p β #�~6FP

$, ;R�'��	, B)K�p�uF, ZJ��� (}
1a), �Q EDS ����K|�� Al71.8Fe13.4Si14.8,��� [9,19] Æmp β # Al5FeSi #. [wI��A [11,14,18,20,21] �j, �)�℄DE2, α #R�_�
β #p��a�g9K, �X$=, RXB��9, H#D�DE2 β #_J=��*9{,&, fV��*/℄ ��$�8�℄. u{ β→α #D��9-7#�, �;RvD β #2 Fe * α #p9-:�A, u
Fe 9-9Ap{�:%�_&� β #pD�5`. �{
β #� α #�Sp��, #D�p��D, i{�n�
∇c = csβFe − csαFe (�2, csβFe � β #� Al s	gR

� 1 �j Al–Mg–Si P1�A β–AlFeSi "8ag 555 ��Q> 8 h W α–Al(FeMn)Si "o�&�6
Fig.1 SEM images of initial β–AlFeSi phases (a) and α–

Al(FeMn)Si phases after short time homogeneous

heat treatment at 555 � for 8 h (b) in Al–Mg–Si

alloys
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Fe p{�, csαFe � α #� Al s	gR Fe p{�) �, β #�sh α #�sup�Pgd, � Fe p9-p4M5avm, �n β #2 Fe* α#9-$f5,��J; fJ�{ β #� α #p��S��, T�J β#�s#Z�Pp��, u{ Fe � Al s2p8&�M9-a�)�<., �n Fe *�+ Al st)p9-��D�<., x;u{ β #�sp#��PgdT., hW�>np β→α #D�DE2, β #V��*pw.#�{ β #=��*pw.�/℄Y\. �W}��>NDE2Twh:7, � 555 �, 8 h 	;)�℄R?X, α #_� β #09K!$= (} 1b). .!J�� [9,11,14] M�>N�A:7, ���+ β → α #D�/℄�� 2 +DE, i β #p�	,&M α #9K=DE, �M0r(a\jM?�, } 2 FKM β → α#D�DEF}. )} 2a M b hF, u{ β #��R,&a��5, #kp Fe M Si _$9-l Al s2, W)�&/�_{�0(a`l α #R	9K{�,

α #9K#Xp=DE;RvD�Q9-l Al s2p Si, Mn M Fe t�;, W;p β → α #D�DESs9-3., �_O�DE�T�EM Fick �DE9-�X [20,22−24].NM β #�),&R��8 α #9KM=�W;7#�, ^wW4J� β #�6QK�,�8 α #p9K=, ��2_j+ β #R�� α #9K}"��8&T (} 2b—e), �X7 �
g;^p α #=DE.$D$;9K�X, α#p=�)/ �J�99-,

� 2 β → α "C�CDk6Eb|
Fig.2 Schematic of the model for the whole phase trans-

formation β → α (d is the thickness of β phase. r1

is the radius of α phase. r2 is the distance between

the center of α phase and the rim of β phase. r is

the distance from the center of α phase)

(a) initial β phase

(b) multiple α phases on a β–plate phase

(c) the breakthrough stage of β phase

(d) the dissolving stage of the rim of β phase

(e) β–plate phase transform fully to α phases

� β #p,&u{V�$�)/℄ �J>F9-.�M0��x�; β → α #D��DEI�, �9-DE/℄TKhps4: (1) D�DE29-�Z*V�{��9p<Z; (2) β–AlFeSi #,&	gh α–

Al(FeMn)Si #=	gp8=_O Stefan =X; (3) u{ Si p9-�ZM{��){ Fe, 7s4��+D�DE2, Si p{�$�; Mn ;R℄�{s2, /Y\��D�DEaZpm%, hW, s4 β → α #D��DEDE;Ru9-aZ�up Fe �_3.; (4) 9-:2,R{�$f;u�8�℄, ��k9-DE.{0Xs4, .!�k9-p Fick zW�X, &/�_p9-�E/�`��
∂c

∂t
= D∇2c = 0 (1)D2, c �&/{�, t �9-;u, D �&/9-�Z.W�, {0Xs4 (} 2), �{ α #K4=DE,i�99-��, D (1) /D℄�:

∂c

∂t
= D∇2c =

D

r2
[
∂c

∂r
(r2

∂c

∂r
)] = 0 (2)D (2) 2p{��'/�`� [25]:

c(r) = −
r1r2(c

s
βFe − csαFe)

r(r2 − r1)
+

csβFer2 − csαFer1

r2 − r1
(3)D2, r �$ α #24p�*u$, r1 � α #p	�, r2� β #�)� α #�4u$.u{9-"w�*<, β #�)&�a��5, �V��*��℄S., hW, / �WDEW{~7p>��9-, 7D (1) /D℄�:

∂c

∂t
= D∇2c =

D

r
[
∂c

∂r
(r

∂c

∂r
)] = 0 (4)D (4) 2p{��'/�`� [25]:

c(r) = csαFe +
(csβFe − csαFe)

ln(r2/r1)
ln(r/r1) (5)W�, {0Xs4, β–AlFeSi #,&	gh α–

Al(FeMn)Si #p=	gp8=/ �_O Stefan =X, i:

(cpiFe − csiFe)
dpi
dt

= DFe
dci
dn

(i ∈ {α, β}) (6)���D (3) � (5) �j ∂c/∂r, !V
dci/dn=∂c/∂r, e+D (6) i/nl α M β 	g	X�E:

dpα
dt

=
DFe

(cpαFe − csαFe)
·
dcα
dn

=
DFe

(cpαFe − csαFe)
·
∂c

∂r
(7)
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dpβ
dt

=
DFe

(cpβFe − csβFe)
·
dcβ
dn

=
DFe

(cpβFe − csβFe)
·
∂c

∂r
(8)D2, cpαFe M cpβFe ���F α #M β #2p Fe {�;

pα M pβ ��� α #p8=	gM β #p,&	gl α#24p$=; n �1u?J; DFe � Fe � Al s2p9-�Z. csαFe=0[20], cpαFe=39.9%[26], cpβFe=33.9%[26].u{s4 β #,&	g� α #p=	g#up�_9-_O Arrhenius �DE�T�E, y/n:

csβFec
s
βSi = Aβexp(

−Qβ

RT
) (9)!�� [20] Æm, β #� Al s	gRp

Si {� csβSi 
t{ Al s2p Si {� c0Si, i
csβSi ≈ c0Si=0.510%[20], (
hK Aβ=59×103[20], e`u Qβ=111×103 J/mol[20], R �m��s<Z, T �D��DE	�. }℄00Ze+D (9), i/kbK 540,

555, 565 M 580 ��p csβFe, ��A)� 1 hF. !�� [27] Æm, $x	�� Fe p9-�ZT_O Arrhe-

nius�E,� Fe� Als2p9-e`uQFe=183.4×

103 J/mol, (
hK D0Fe=5.3×10−3 m2/s, }�00Ze+D (10), i/kbK 540, 555, 565 M 580 ��p
DFe, ��A)� 1 hF.

DFe = D0Feexp(
−QFe

RT
) (10))A�dFZ f(α) � β → α #D�psd�Z,��`D�

f(α) =
V (α)

V (α) + V (β)
=

4
3πr

3
1

4
3πr

3
1 + π[(l/2)2 − (r2)2]d

(11)D2, V (α) � α #psd, V (β) � β #psd, d � β#pV�, l � α #K4u$ (>n� β #%�). EQD
(7), (8) M (11) /SIx�4 f(α) �)�℄;u t, )�℄	� T , α #K4.Mu$, h�B β #G^#up�J9�, ℄h0Ix���00Z� β → α #D�DEM�DEpm%t.[ 1 lLq%y
��q cs

βFe
� DFe '

Table 1 Calculated values of cs
βFe

and DFe at different tem-

peratures

Temperature, � cs
βFe

, % DFe, µm
2/s

540 0.00857 0.00878

555 0.01154 0.01435

565 0.01399 0.01971

580 0.01851 0.03131

Note: cs
βFe

is the equilibrium concentration of Fe in the

Al matrix on the interface of the β particle. DFe

is diffusion coefficient of Fe in the Al matrix

2 f
��}
2.1 y~��sjh�u{fH)�℄	��β #9FMG^p�℄, α #K4.hu$T_�8W�p�℄, $D.!�� [15,

20], �3VwA� 2 +~7p α #K4	�, (i r0=

0.05 µm M r0=0.50 µm) ℄h 2 +~7p α #K4u$ (i l=3.0 µm M l=12.0 µm) r℄��. x;, �M0rÆOxI�,+h_pm%=X, �lwkb;hA�p�B β #G^T��~7, iV� d=0.05 µm M
d=0.50 µm. �Q#}℄h#9pI��A [20], I(A� 540, 555, 565 M 580 ���)�℄	��α #K4.�α #K4u$h�B β #V�� β → α #D��DEpm%=X.} 3 FKM f(α) �)�℄;u t p�J9�. u}
3 /℄*K, h α #K4	� r0 &�β #V� d h α #K4u$ l #x;, i�)�℄	��8�℄, f(α)–t � p�℄�H!��F#^, fJfH	�p�℄ β → α#D�aZ�8�=�℄, R�	��), `l#x f(α)&h?;u�	, )�{ d &�.p β #, )�℄	�d9) 15 �, f(α) `l#x&h?;uw2
 1/2, �;R�h�{9)	��n β #	gp Fe {� csβFe �)
(� 1), i� β → α #D�p��D ∇c = csβFe − csαFe�, Y�ra β → α #pD�, x; Fe p9-�Z
DFe f	�9)��rT/ra β → α #pD�. fJ�{ d &�p β # () d=0.50 µm), )A)�℄	��u, NMm% β → α #D℄aZ#�, ^%�&�J�u6D℄�� (} 3a), hW, �M0I0(ax� β #u6���x�℄� α #, IB β #G^3.℄h)�℄3_s℄)��7R.u} 3 /℄*K, α #K4	�� β → α #D�p�s�℄=Xm%$. fJJ���/℄��, α #�BK4�, α #K48=� β #&T��h?;u�	, m��{V�� β #p&T��0rj�. �Ju{ α #K4G^�, α #� Al s#u�P	ggd�, ��i9-uzW�p�7�, u6�r Fe p9-J, Y�ra α #K4p8=M β #p&T. h�
α #K4	� r0 p.�)�℄	��QÆA�℄hIB β #9b)w9�, m�J)�℄	�pm%, .!�� [20] Æm, �.� 540—580 �)�℄DE2�℄S., /x α #K4	� r0 � β → α #D�p�sm%$.u} 3 /℄*K, h α #K4u$ l u
3.0 µm �rl 12.0 µm ;, β #&T��h?;u+#x, � f(α) `l 0.9 h?;u��=�r. /x, α#K4u$ l � β → α #D�DE2 β #p&T��m%$, ;Rm%�	&�DE, m���+D�DEhq;um%�, ��>Ju{K4u$�K4ZJ%�
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Fig.3 Kinetics results of phase transformation β → α under different conditions at T=540 � (a), T=555 � (b),

T=565 � (c) and T=580 � (d) (1: r0=0.05 µm, d=0.05 µm, l=3.0 µm; 2: r0=0.05 µm, d=0.05 µm, l=

12.0 µm; 3: r0=0.05 µm, d=0.50 µm, l=3.0 µm; 4: r0=0.05 µm, d=0.50 µm, l=12.0 µm; 5: r0=0.50 µm,

d=0.05 µm, l=3.0 µm; 6: r0=0.50 µm, d=0.05 µm, l=12.0 µm; 7: r0=0.50 µm, d=0.50 µm, l=3.0 µm; 8:

r0=0.50 µm, d=0.50 µm, l=12.0 µm)9E, �X�;RS)�℄	�pm%. )�℄	��),

Fe 9-�5, β #�)M�gp{���a{`l α #9Kuz, α #9KZJ�r, Y�� α #K4u$ l w., hW�)�℄	�W�puz�, α #K4u$ l JW�p, ���� [20] pÆmW+.} 3 ^/℄*K, fH β #V� d p�℄, ��
β → α #D��DEpm%�<�=. m�JfHV�p�r, β #&T��h?;uj�r=, f(α) `l 0.9h?;uT�=, � β #&T��h?;u� f(α) `l
0.9 h?;up��9{�. hW β #V�u�=m%
β → α #pD�DE, iV��r, f(α) `l 0.9 h?;u�rS�, ��_�D�DEu℄ β #�	&����;*℄ β #&T���;D�. β #p&TJ}=uF β #D℄�FFp;R��, )A=uF β #�D�DE2$�8$, ��}�℄,Ppr3<uhR3�q<u. hWvDz83_ps℄:3. β #pV��W�G^��t, �Q#kp)�℄�R?�/&/QÆpP$�<u.

2.2 �����sj`W�N 0Xkbl7pw/<M/+<, �g��h.�pQÆ,P�;M#9)�℄R?M����. �QQÆ#}℄h0�?^lwh.qp�R?	�, A�	� 555 ��QÆ�;)�℄R?, �R?#
^�Ak,P�;M#kp8��� (DSC), �A�j, %�.q�W	�$_�8u$}#D1�+. QÆp)�℄	��
555 �, p α #K4	� r0 hK4u$ l �W	���℄�., /Y\�� β → α #D��DEpm%, hW
α #K4	� r0 /A� 0.25 µm[20]. �K4u$vD� 555 ��R? 24 h X#S α ##uu$p{k��,����)&
� 6 µm. W�, u{ β #V�fz8uz�℄p8f�, ��W�℄%��#D��DEwm%, hW|�A�3_ – #D��DE – )�℄3_#up�J9�Sw�R����$xV� β #� β → α#D��DEpm%.vD��AkP$��, β #V��'� 0.1—

0.5 µm #u, )�f2� 0.3 µm, hWA� β #V



y 4 � 1Tnr : Al–Mg–Si �O�'Æ[BC0 β → α !B��BCG� 433��� 0.1, 0.2, 0.3, 0.4 M 0.5 µm �;lwkb, ��A)} 4 hF. u} 4 /℄*K, fH d p$�r, β #&T��h?;u�:�=, f(α) `l 0.9 h?;uT�=, � β #&T��h?;u� f(α) `l 0.9 h?;up��T9{�. �{V�� 0.1 µm Sxp β #
(} 1b), � 555 �, 8 h )�℄R?X, WV�p β #[��8$, W�A� d=0.1 µm plw�A#Q,ih t >5 h i/$ (} 4). xP�{V�� 0.2 M
0.3 µm Sxp β #, u} 5 /!, $;u�} 4 ?^�4p�A)�<Q, d=0.2 µm ;, )�℄;u t >

10 h i/$, d=0.3 µm ;, )�℄;u t >15 h i/$t. W�, u{>NQÆhE β #V�)�)R� 0.3 µm Sx, u} 4 /!, h d=0.3 µm ;, f(α) `l 0.9 h?;u
� 24 h, �� 555 �, 24 h )�℄R?X, ~F β #[���D�AFF�'p,AF α #
(} 5d), >N�A�IxN M�DElw�A..!0�?^M>NI�, /xfH β #V�p�
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Fig.4 Kinetics results of phase transformation β → α at

555 � under different thicknesses of β phase
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Fig.5 SEM images of samples after homogeneous heat

treatment at 555 � for 12 h (a), 16 h (b), 20 h (c),

24 h (d)

r, � β → α #D����;h?p)�℄;u_�=�r, �NM_j+�AZ℄F7, �r89A�, ^_�n#D�Sr�;t, hWQ?3.z83_0Z� 9A�/u�p
~F β #TJ�<7Rp.

3 r}
(1) .![wp>N�ApKM β → α #D�DEl7}, R� β #�)�8,&X��)�8 α #p9KM=, �X_� β #�6QK�,�8 α #p9K=, �_j+ β #R�� α #9K}"��8&T, &T#X_7 �zW��;^p α #=DE.

(2) )�℄	� T � β → α #D�p�DEm%S�=, 	��), D�aZ�5; � α #�BK4p.*\�m% β #&Tp;u; α #K4u$ l ;Rm%D�DE2p β #p�	&���; � β #pV��
β → α #D�DEpm%R, m�J&T��, fHV�p�r, D�DEu β #p�	&��;j�D*u β#&T�;jp�D�8D�.

(3) h β #V���J 0.1, 0.2 M 0.3 µm Sx;�8$h?)�℄;u��{ 5, 10 M 15 h, ��>np>N�A�<Q. W�, β #V�.{ 0.3 µm;, � 16—24 h S(a`lD℄Z f(α)≥0.9, hW, NMs℄)�℄DE��0Ix3. β → α #D�#�,QÆp$AuzTk$�J� stp β #V�.{
0.3 µm.\w	
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