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ABSTRACT Based on the classical nucleation theory, and considering the effects of heat tempera-
ture and preservation time on precipitation, the γ′ precipitation model in nickel–based superalloy was
established. In combination with the characteristic value data of γ′ precipitation which was got by
isothermal aging experiment of GH738 alloy, the relative accuracy of simulation result was verified.
Results show that the classic dynamic model of the precipitation can better forecast that γ′ phase of
multiple complex nickel–based alloy system mainly precipitate by uniform nucleation. Further, precip-
itation model was combined with four typical superalloys GH80A, GH738, U720Li and DD407. The
effects of the contents of Al, Ti and its ratio change on the precipitation of γ′ were calculated and
analyzed. Results showed that the better role of Al than Ti on equilibrium content. Under the premise
of equal amount of Al + Ti, the increasing of Ti had a greater contribution to the driving force of
precipitation and complete precipitation time, and increased the volume fraction of the beginning of
precipitation, but reduced the size of precipitated phase.
KEY WORDS classical nucleation theory, super alloy, precipitate, simulation��, 5
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m,HL?f0_�QmwEYo�=. 4_��Ær)#Z",�Q��Lr�Q;+,Hm γ′ AI fZ"mYbZ�, γ′ Am�Yo fA, �Vq�N_zBW
Z"mYZ��g6}Zm. 
�N Al o/V
Ti mÆr)#Z"Q γ′ A,HL?m{	f0|�#H, >r�A2Pmmf0: Wang p [1] r� 2D {T{	~xa Ni–Al Z"Q γ′ �℄AzT�mjfL?;



�662 ��i�_�� s 48 5
Wangp [2] S 3D{T{	~xa Ni–Al Z"Q γ′ �℄Amj<Ej, ,{	mL?Q;iga'WBW�$V4?�℄+mpm�f
 γ′ �℄Aj<Ejm�C,!eNSw�=Wj<{T%Xal?. �m, S,wPm,A�+m)3'�m��4s�=�/H γ′AmjfEj, > Gale p [3] ,f0 Ni–Al–Cr Z"Q<N u��
 γ′ A,HEjm�CT, e5LWlf0aZ"mVTV4℄L?, 5br�,wVTPmV4℄7[, ;4�aaZ";��f
 γ′ A,HEjm�C. Mao[4] S,wPmf0wT��Ær)#Z"
Rene88DT V U720Li Q γ′ Am,HEj, !{	~xaM1vk
 γ′ A,HEjm�C. Booth–Morrisonp [5] S,wVTPmf0a Ni–Cr–Al Z"Q<N u��
7{A,H�Ybm�C, �J�x, r�,wVTPm~xjgmVTm_�L!b�5�t X I>Cu{/_jgm7{Am_s�r�&Z, {S,wVTPmA~�K~xjg7{A,,HL?Qmm_�f. a~Fm�h�f0
G8� γ′ A,HEj,>W,
#�Z"Q γ′ Aj�Ejmf0rJFL?f0 fAYoV; u Al V Ti 
#�Z" γ′ A,HX��9m9:?�, .�
�h.
�Ær)#Z"�BjCmWlf0�h[� [6−10], A�[�TWld�%X, >Cuy- (SEM),�Iy- (TEM) V X I>iI�, (XRD) p, aWlf0��1<Z. Æ�Ær)#Z"7LPL?Q7{AVTV,Hvk[E, #LWl#�[Pr.H7{A,HzT��fmEj, L{	~xA�Pr<87{A,HT��9Fm���fL?. �M, �3mr�,w��{Tm�V, ,0�f0#�Z"�0 γ′ A,H�9mrJF, L?f0 f u
 γ′ A��,H�9m�CEj, �Lf γ′ 7{Am�BjC�9K~�5Pmx3.

1 $���
,wPmQ7{A,,HL?Qm7Yb-�Y�4℄�[zj<L?pm�fEj%X0��m�,. {TQ��g?_ (Z"�℄�4-A;�Vl�0m) Æ7Yb~x� Thermo–Calc 'j, M�, {TQJzgm uHB0mÆ�Yb� Dictra ~x'j, FkEu�m(Æ?a{Tg?_mA<Z, PÆ�)a~x�J�Wll?�Jm_3Z. �%|{Tm�t_~,wPm�rJ, �ZFk�~xm7YbV�Ybm3, ,�?%X0�~x�,, %w&�WlA�Z, �M, |�Vm{T�~��hmA�04�:ZVA<Z.,{	7{A,HL?T, ,Æ?{	~xL?�W�,H^FAwKm��4, \o5
7{A,H7Yb

-�Y�,HA�r��t�<z,HhY%XT�NBfLP, %Æ
7{Am_s��BW℄IV�v�m%XNBf~x, Luk,HAmm_s��BW℄IV�v�mp�9FW8
7{A,HL?�f�9m{	, PÆkRjg7{A,HL?m,w��{T.

1.1 v�=:z*�C)���:zR��0
�ÆrZ", ;i� �*�0Q7{A,H7Yb-�Y, 
�Z"j � n m�0, �` �v7{A,H7Yb-�Y ∆Gv �
∆Gv =

RT

Vp

n
∑

i=1

[xβ
i · ln(

aα
′

i

aαi
)] (1)[Q, R �~���3_; T �Z"TK#�; Vp �7{Am�v; xβ

i �7{AQj i m<N��; aα
′

i �7{A�0,HTr�Qj i ml�; aαi �Z"Qj imEZl�.f0 [11−14] �x, 
�Ær)#Z", Pr�,Hm
γ′ A�r�;;+�0. 7{A�r�;;+�tT, kV;bZ��2, ,HT\oB� bZ��2, |~3� bZ���m�7{A,HmhY. ;+��Q.HmbZ��� Gel �

Gel = 4Gδ2dVp (2)[Q, G �Z"�!bZ{_; δd �7{A�r�mX��.,'�7{A,HL?md�VT4VVTkT, I'j;+��mbZ���, g\~x��t�m�f.;+�tm�t�Æ℄'�<;: w'�_��ttv��mÆ!b�"�|1Nm�_; w'�_��v��mÆ7{A��AV;t�|1Nm;+bZt��. Æ�;��f|��m;+�tm��t� σch �
σch = nszs(Cα − Cβ)

2∆H

NA
(3)[Q, ns �` tvFm!bm; zs ��tF`,!b|V;m�T!b�m, , fcc m (111) tFp� 3; Cα �r�Q<N um��; Cβ �7{AQ<N um��;

∆H �7{A,Hmn�f; NA � Avogadro 3m. bZ���|��m��t� σel �
σel = 4Gδ2dam (4)[Q, am �r�m'+3m. �M, ;+��m��t�

σco �
σco = σch + σel (5)

1.2 v�=:z#��x|�0/3,wVTPm, 7{A,HT�0gdÆ�m�
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∆F (r) = (∆Gch +∆Gel)
4

3
πr3 + 4πr2σco (6)[Q, ∆Gch �7{A,H�0m Gibbs dÆ�m�q;

∆Gel �,HL?Q��mbZ���m�f; r �7{A,HTm'T�.. F[
 r 'e.�� 0 T, �\,H-�Y<Pp�,HhY, A~x7{A,Hmd�'TBW R∗ �
R∗ =

−2σco

∆Gch +∆Gel
(7)�[ (7) ^?[ (6) jH7{A,Hmd�VT4 ∆G∗�

∆G∗ =
16π · σ3

co

3(∆Gch +∆Gel)2
(8)VTk I }��r` T�` �v�V;mTPm�, }_uk℄��YbmUo+m, AL'�7{A,Hmd�VT4z<N u,Z"r�QmHBwl�jg, I m�Y[�

I = nVA
∗v0exp(−

∆Gm

RT
)exp(−

∆G∗

RT
) (9)[Q, nV �\` �vQ�=V;TPm!b Lm;

A∗ �d�TP�t��f!bm!b Lm, Ær��7{Amr��<6}; v0 �!bm6��k; ∆Gm �\!b�zwl�.;iOATP�&^TPm4℄vk, .#�p#�TK�47{ATP4℄7[�
r =

√

r20 + 2D
C0 − Cα

Cβ − Cα

t (10)[Q, r �&^OATP#�TCm�.; r0 �d�VT�.; D �<N!bHB0m; C0 �Z"<NEZ��;

t �TKT�.7{A�0,HT, OA�&�℄�Tmm_, aMT0�954�[)mg�t�, {0�9#'}. �	Ig�t�, =W�~℄=W4℄�I=W<�m�[Qf, {kU, Gibbs–Thomson K�, /3 Ostwald hfPm [15,16] A~jg#�V^m7{A,�NQfTm�8BW r �
r(T, t)3 = 3

√

r(T, t− 1)3 +
8DσcoVmC∞

9RT (Cβ − C∞)
t (11)[Q, C∞ �7{Am+k�.�(<℄T�tF�Am��. Fj\�m_, 7{A�0,Hb, ��v�mr�Æ�#�, z`7{ABWm#�4℄, 7{Amg=

Wm�WÆ	H.r�7{AVTkV4℄vk, JohnsonVMehl[17]k-�Ha^#℄��Yb+>mmb�Y[, ,~x7{A℄��YbL?T�KVTkV4℄vk_^F"#zT��fÆ�f, �T7{AVr�A�'�.FA�, "VTrt,:,Z"�zs�$. 7{A,Hm�v�m X �
X = 1− exp(−

1

4
Av3It4) (12)[Q, A �7{AmV^0m, &^T� 4π/3; v �7{Am4℄vk.
�VTkV4℄vkzT��fm$F, 7{A,Hm�Yb7[�

X = 1− exp(−Btn
′

) (13)[Q, B V n′ �.6�℄�LTm+m, 
��tDM4℄m$F, n′ .F, 1—4 A�, 
�HBDM4℄m$F, n′ .F, 1/2—5/2 A�.

2 �/��L,D��r�7Yb~x� Thermo–Calc 'jZ"�℄�4-A;�Vl�0m, �TS�Yb�Dictra~x'j uHB0m, L Matlab ��%X?℄K~, �V�5
Ær)#Z"7{A,Hm��{T. S {T
7{A,HL?m7Yb-�Y�,HhYz7{A,H�9 (>�v�m�m_s�VBW℄Ip)%XNB~x. �%|�VmÆrZ"Q7{A,HL?m,w��{TYog?>� 1 |\.^ 4 TwTÆr)#Z" GH80A, GH738,

U720Li V DD407 m�f0
G, � 1 .H 4 TZ"

4 1 +v��zSP6z�+GK>lz�f>�
Fig.1 Precipitation process simulation flow chart of precip-

itated phase based on classical dynamic model
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Table 1 Chemical compositions of four superalloys

(mass fraction, %)

Alloy Al Ti Cr Mo Co W Ta Fe Si Mn C Ni

GH80A 1.72 2.37 19.37 – 0.04 – – 1.02 0.08 0.02 0.07 Bal.

GH738 1.37 3.22 19.78 4.72 13.82 – – 0.04 – – 0.04 Bal.

U720Li 2.50 5.00 16.00 3.00 14.70 1.25 – – – – 0.015 Bal.

DD407 6.00 2.00 8.00 2.25 5.50 5.00 3.50 – – – – Bal.mfb;�, 4 TZ"m Al+Ti N_P 4% 0�g 8%,

Ti/Al �FP 0.33 0�g 2. %w&^ GH738 Z",
1080 �?< 4 h oTb, 760, 800 V 850 �TK 0.5,

4, 16 V 50 h. ,Fkp#TKLPbmbm, ,LDHZ|�sM�D�y��DVy�#U, kbL2�ICuyb7�- (FESEM) B0 γ′ AVq, ,B0L?Q
 γ′ AmVq�BW℄Iz�$%X�~/_.

3 �L2!
3.1 �7+? γ′ =:zB5~�0&'MEP?℄\g?m�_�G�r� Thermal–Calc 7Yb�~x|jm#�#�47{A�℄�;�VA�#�-j l�0m; r��Yb� Dictra jgm-j HB0mVHBwl�; 7LP#�VT�; Z"m�! ��t73mpA�+m. /37{AVr�Q u;��f~x�J, .H GH738 Z"��, 760,

800 V 850 �%Xp#TKT γ′ A,HL?m7Yb-�Y��v�mVm_�f, >� 2 |\. � 2a �x,

760 �%Xp#TKT,H-�Yk℄,  #�4TKT�� 13.5 h T γ′ A�v�m(�^}F, 	MT�9�
γ′ Am�0,HT�; 800 �m�0,HT�� 9.3 h,

850 �T� 12.5 h. 760 �T,H-�Yk℄, a�0,HT�k4, 850 �m� 800 �m,H-�YI, �0,HT�.�4. � 2c 7\7{Am_s�,�&�0,HTYgk℄F, zb9Z	I, 4_Æ�7{A,�0,Hb, ��v�mr�Æ�#�, z`7{A#�4℄Qf, 7{Amm_k#�	H. �T, 7{A=Ws�z#�mO)Æ�q, 4_Æ�#�O)r�Q<N umL�V�k�q, 7{A,Hm-�Y4�, eK7{AmVTk�q, kRYj#�$)7{Am_s�$q.�l?~F{TV~x��mA<Z, ^ GH738Z", 1080 �Æ# 4 h ?<LPoTb (1080 � γ′ A|�0j< [18]), ��, 760, 800 V 850 �p#TK#�T�, !
 γ′ A%X SEM B0 (� 3 |\). �~7{ATK 0.5, 4 V 16 h b,H�v�m, �Wl/_F�{	�J
� (
� 2b), ℄3mFA&, {	�J�Wl�Jr�&Z. �T, /3{TA~~xHzTK#�VT��fm γ′ ABW4℄Ej, >� 4 |\. �T
4 2 GH738 Y!+"Æ"�o"SJS γ

′ �+GK>lz��I
Fig.2 Simulated precipitation of precipitated phases at dif-

ferent isothermal aging temperatures

(a) thermodynamic driving force

(b) volume percent

(c) number densityLWlB0�~� 3 Q γ′ A/_BW, !�{T~xm
γ′ ABWA
� (� 4). A�8 γ′ A4℄(^{	�J�Wl�J&Z\P. �xr�,w��{T~xjgÆ
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4 3 "Æo"SJ
�3, SJ"ÆS�al γ
′ �Up

Fig.3 Microstructures of γ′ phase after aged at 760 � for 0.5 h (a), 4 h (b), 16 h (c), 50 h (d); 800 � for 0.5 h

(e), 4 h (f), 16 h (g), 50 h (h); 850 � for 0.5 h (i), 4 h (j), 16 h (k), 50 h (l)

4 4 "Æ"�o"SJS γ
′ �AVl.^E�}wE

Fig.4 Measured and calculated size of precipitated phases

at different isothermal aging temperaturesr)#Z"Q γ′ ABWm~x�J_A<m.

3.2 γ′ =:zB5~�q
:�I>G.FkLWlm3l?a,w��{T~xÆr)#Z" γ′ A,HX��JmA<Z, 4tSM{T
wT)#Z"Q γ′ Am,H�9%X
��,, �\#�Z";�
 γ′ A,Hm9:?�VEj.^ 4 T Al+Ti V Ti/Al N_�#�mwTÆr)#Z" GH80A, GH738, U720Li V DD407 m��,
G. ,~xT}�,Hm�v�mYg��℄��v�mm 99% T7{A�0,H. � 5 �4 4 T)#Z"m7{A�0,H+>. /3VTPm, ,TK#��qT,)#Z"Qmr�L�V��), 7{A,H-�Y�

4 5 4 S("Y!6z��/+G*=
Fig.5 Complete precipitation curves of four superalloys), a<N!bmHBvk�o; TK#�O), 0�&7{AA�℄�#�, <N!bHBvk�E, ar�mL�V��q, 7{Am,H-�Y4�, �M, 7{Am,Hvkz`#�m4�<850�b�qmL?, {Z"m�0,H+>< C T.Æ�rT)#Z"m;�V uN_#�, �M�
�m-TK#�47{A,HT�s#wm. Æ� 1 A�, DD407 V U720Li Z"Q Al+Ti gN_�), ��� 8% V 7.5%, M�, DD407 Z"QN� 3.5% m

Ta, Fk u� γ′ AmUoj; u. A�Æh, GH738V GH80A Z"Q�?m Al+Ti gN_�q, ���
4.59% V 4.09%. ~x�J7\, , 630 �~F%XTK, U720Li Z"m7{A,HvkkE, DD407 Z"N
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owL. W�F

U720Li Z", 1220 �Æ# 4 h Y γ′ A�0j<b eoTEvM1, 
zbmjCVq%XB0 (� 6), A
, 1Im γ′ A|,,H, >MEvM1s#��M γ′Am,H. y5 DD407 Z"m γ′ AV; u� U720Lio�, a,3mTK#�)�b3m,H0E, �MA~8�, �0,HT�##� Al+Ti mN_;<A�, A�g��}�C�u��.�%w&�,��C�uV�C?�, 
 4 TZ"m,H-�Y%X~x. � 7 � 4 TZ"7{A,H7Yb-�Y+>. A
, �xA�#�4 U720Li EZ,H-�Yk℄, �N� DD407, GH80A V GH738 EZ,H-�Y�I. y5 U720Li EZ-�Yk℄, a,
600 �T γ′ A�0,HT�� DD407 04. #�O)g 650 �, 2 TZ"m�0,HT�.�A (
� 7b).�M, `P�w�u;i[�0tuk γ′ Am,HX�.� 8.H 4 TZ"��, 2 T#�4 γ′ ABWV�v�mm
��J. , 600 �TKE� (� 8a), U720LiQ γ′ A4℄vkkE, 4� U720Li Z"E� γ′ AEv,H"�~�Mm8GA� [19], TK# 50 h b, DD407Q γ′ ABW5L U720Li, g�Æh DD407 V U720LiZ" γ′ A4℄�E, GH80A V GH738 �o. �#��)J 650 �T, γ′ A4℄0E (� 8b), px γ′ A4℄
#�v%. � 8c ��a 4 TZ", 600 �4,H γ′ Am�v�m, A� DD407 V U720Li Z"Q γ′ A<; uN_�), ,H γ′ A0�, Æ GH80A V GH738 Z" γ′ WbA
�H; 
�� 8d (650 �) A~�8, γ′ A,H�v�mz#��f#℄.� 9 �#��f
 GH80A Z",H-�YzBWm�C. , 600 �, #��q, r�AmL�V��℄, >
GH80A7{A9Z,H-�Y�℄, z`#�FO, L�V�4�, EZ,H-�Y�q; -�Y�qJ,HhY~4'}F, 7{A,HL?|�;, >,H-�Y&gY'}FTmT�{�Z", #�4�0,HT�.

GH80A Q γ′ A, 700 �~44℄ho, TK#�O

4 6 U720Li Y!�/i;�dnSa�AiB
Fig.6 Microstructure of U720Li quenched by brine

J 750 �T, γ′ A4℄v, �x GH80A Q γ′ ABW
�#��fP�v%.3~F�,A�, γ′ A,HX�m�C�uA��A�Cm�ZX�, Al+Ti N_��C γ′ Am,H-�Y, a�C�###G1<� Al+Ti gN_m�H. 4A�� Al o Ti 
 γ′ A,HX�m9:�#�mm?���.

3.3 Al � Ti Æ � γ′ =:zB5~SKw��;0`�t�um�C, \DM Al V Ti ;���, ,;i Al+Ti gN_�f$FTY Ti/Al �FÆ�#�, �m,;i Ti/Al N_��f$FTY Al+Ti gN_Æ�#�. ,{	 Al+Ti gN_�fT, K} Ti/AlN_�F#�, � 1.38; �m,{	 Ti/AlN_��fT,K} Al+Ti gN_#�, � 4.09%.� 10 ��� Al+Ti gN_�fz Ti/Al N_��f
 GH80A Z", 650 V 700 �TK#�47{A,H-�Ym�C+>. A�, Al+Ti gN_0�V Ti/Al�0�8k�) GH80A 7{A,H-�Y, "zTKT�g4, -�Y4�0E. %w&A�, ,g_#�m��4, Ti/Al �0�Yj-�Y0��E, px Ti 
7{A-�Ym9:� Al ℄.I�C7{A,H-�Y, Al V Ti ;��fg�C�℄�47{Am,H_. � 11 .H Al+Ti gN_V
Ti/Al �
 GH80A 7{A�℄�,H_�Cm~x�

4 7 4 S("Y!+ 600 U 650 �Sl+G,�X
Fig.7 Driving force of four superalloys at 600 � (a) and

650 � (b)
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4 8 4 S("Y!+ 600 U 650 �+G�8*=
Fig.8 Size (a, b) and volume percent (c, d) curves of four superalloys at 600 � (a, c) and 650 � (b, d)

4 9 GH80A Y!+"Æ"�36z�+G,�XyAV�e*=
Fig.9 Driving force (a) and size (b) of GH80A at different temperatures

4 10 Al U Ti :��e	 GH80A 6z�+G,�Xl�B
Fig.10 Variational driving force of GH80A precipitated phase with different components of Al+Ti at 650 � (a)

and Ti/Al at 700 � (b)



�668 ��i�_�� s 48 5J. A�, z`TK#�O), GH80A 7{A�℄�,H_4�, "4�(^��. Al+Ti N_O)V Ti/Al �	I, ��Y GH80A Z"7{A�℄�,H_0�. �MA~8�, 
�7{A�℄�N_Æh, Al 
7{AN_0�m9:o� Ti ℄.� 12 .H Al V Ti ;��f
7{A�0,HT��Cm~x�J. Al+Ti N_0�Y7{A�℄�,HN_0� (� 11a), a0��<, ew�t Al+Ti N_0��)a7{A,H-�Y (� 10a), ,A�TK#�4, ,H-�Ym)qD�6}7{A�0,HT�m4�, > Al+Ti N_0�YZ"Q7{A�0,HT���. 4w�m�� 10a Q Al+Ti N_�)mZ"Q-�YzTKT�4�0Em�8wK. z` Ti/Al �0�,7{A�0,HT���, 4� Ti/Al �0�RY7{A,H (� 10b) V7{A�℄�4,HN_	H (� 11b)|eKm�0,HT���m�JwK. �M, A��H,, Al+Ti g_#�m��4, Ti N_0��
 γ′ AmEv�0,H��℄m9:, Æ Al NA.Z"7{A,H-�YFO, �T�0,HT���, A�7{A,,HL?Q, 7{ABW4℄�h, �m, �℄�7{A,HN_�fT, sk��7{A,H
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4 11 Al U Ti :��e	 GH80A 6z��\�+G}��ll�B
Fig.11 Variational mole concentration of GH80A precipi-

tated phase in equilibrium state with different com-

ponents of Al+Ti (a) and Ti/Al (b)

�v�mm�f. � 13 V 14 ��.Ha Al V Ti ;��f
 GH80A Z"7{A,HBWV�v�m�Cm{	�J. A
, , Al+Ti g_ApT, Ti N_m0��Yj7{A,,HE�m�v�m0�, ÆBW	I.eFA~8�, , Al V Ti N_
 γ′ Am�C?�F, TiYo�C,Hm-�Y, YjEZ,Hm_0�, ,HT�VBW	I. >Æ TiN_0��k
 γ′ AmEZ,HX��0�D�m�C, ÆMA~�ay5 DD407m Al+Ti g_� U720Li ) (Æb3 Ti/Al o)H�3# 6 �), ab3m�0,HT�.o�E. W�F� 6mWl�Js�x, #C*.WTM1�[, U720LiZ", γ′ A�0?<bEvM18�#��M�,H, 4A�� U720Li ��)m Ti/Al ���.LFk�JA��H, Ti/Al �O)o Al+Ti gN_0�, 8Y γ′ A,H7Yb-�Y0℄, "-�Yz`7{A,H4�v, 7{A,HT���, �0,H+>4z, 4mkYj,Hm γ′ ABW�I, �S� γ′AjCm1f. 0� (o	H)Ti N_k�T�� Ti/Al�V Al+Ti gN_0� (	H), Æ0� (o	H)Al N_
 Ti/Al �V Al+Ti gN_ 2 ,�_m�C_A�m.�M8� Ti N_�f
�Ær)#Z" γ′ A,H-�Y��0,HT�VBW℄Im�C� Al 0x7, Æ AlN_�f.
 γ′ Am,H�v�mm�C� Ti x7.

4 12 Al U Ti :��e	 GH80A 6z��/+GS�l�B
Fig.12 Variational complete precipitation curves of GH80A

precipitated phase with different components of

Al+Ti (a) and Ti/Al (b)



s 6 � Q�pn : �p'!X γ
′ ?*Fk*u�~yRx�� 669�

4 13 Al U Ti :��e	 GH80A 6z�+GAV�B
Fig.13 Variational size of GH80A precipitated phase with

different components of Al+Ti at 650 � (a) and

Ti/Al at 700 � (b)�a%w&�, Ti V Al N_
 γ′ A,Hm?�m#��C, ~ U720Li Z"�T, � Al+Ti N_P!Zm 7.5% (Al=2.5%, Ti=5.0%) ��T�qJ 5.5%

(Al=1.83%, Ti=3.67%) z� Ti/Al �P 2 � 1 �qJ
1.5 � 1 (Al=3.0%, Ti=4.5%), ��;�#�, {	;�|:b�0,H+>�f$F, >� 15 |\. A
, 	H
Al+Ti N_o�q Ti/Al �3W�)a U720Li Z"�0,HT�, �qa γ′ A,Hvk, EjZ� GH80A Z"�JwK, pxÆ GH80A Z"jgm Al V Ti 
 γ′A,HX�m�CEjA`�w
Ær)#Z".�M, ,%XÆr)#Z";�K~T, A;iL"� TiV Al N_z�TI�CZ" fA,HX�, ��CEj�:

(1) Ao0� γ′ AmN_ ({�v�m), .0� Alo Ti mN_8A, a Al 
 γ′ AN_m9:� Ti ℄;

(2) Ao0� γ′ AmEZ,Hm_ ({0�VTk),.o,g_w}m��4, �) Ti N_m�T;

(3) Ao	H γ′ Am�0,HT�, .o,g_w}m��4, �) Ti N_m�T;

(4) Aonj�℄BWm γ′ A, .A,g_w}m��4, �) Al mN_ ({	H Ti/Al �);

(5) Aonj1Im_�m γ′ A, .,0�g_m

4 14 Al U Ti :��e	 GH80A 6z�+G�u�l�B
Fig.14 Variational volume percent of GH80A precipitated

phase with different components of Al+Ti at 650 �
(a) and Ti/Al at 700 � (b)

4 15 Al U Ti :��e	 U720Li 6z��/+GS�l�B
Fig.15 Variatioanl complete precipitation curves of U720Li

precipitated phase with different components of Al

and Ti��4, �) Ti/Al m�F.

4 �!
(1) �VaÆr)#Z"7{A,Hm,w��{T, ,)3'jA�+mm��4, A�P�/� �*ÆrZ"�07{A~8'VT�Ym,HL?.

(2) L{T~x GH738 Z"#�7LP�47{ABWV�v�m, !LWlf0a GH738 Ær)#Z",p#TKL?Q γ′ A,HBWV�v�mpm�fEj, ~xF�Wl/_�Jr�wK, �xS7



�670 ��i�_�� s 48 5{A,HL?m,w��{T, A~{	~xÆrZ" γ′Am,HX�.

(3) S{T�Z 4 TwT)#Z"~x�,a AlV Ti ;��f
� γ′ A,HX�m�C. �J�x, 

γ′ A�℄�N_Æh, Al m9:� Ti ℄; Æ, Al+Tig_#�m��4, Ti N_0��
 γ′ Am,H-�YV�0,HT���℄m9:; !Yj7{A,,HE�m_0�, BW	I.u�8;
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