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ABSTRACT Fe–Ni base austenitic alloys have been widely used as structural materials in the
hydrogen environment, which is strengthened by the precipitation of γ′[Ni3(Al, Ti)]. η phase is present
after solution treatment in some modified alloys, which is detrimental to hydrogen resistance perfor-
mance of alloys. In order to eliminate the η phase and optimize the alloy composition, the precipitation
behavior of η phase in Fe–Ni base alloys with different Ti and Al contents was investigated in the range
of 900 � to 1030 � using OM, SEM, TEM and EPMA. The results show that the formation ability
of η phase is related to the content of Ti and Al. Increasing the (Ti+Al) content or the Ti/Al ratio
in the alloys promotes the precipitation of η phase. Moreover, the η phase does not exist in alloys
with the lower (Ti +Al) content or Ti/Al ratio, but still presents in the alloys with higher (Ti+Al)
content and Ti/Al ratio after the standard solution treatment at 980 �, which is due to that the η
phase precipitates at the expense of the γ′ phase existing at higher temperature. In situ microstructure
observations indicate that η phase and elemental segregation can be eliminated by the optimization of
solution treatment condition.
KEY WORDS Fe–Ni base alloy, η phase, solution treatment, precipitation behavior
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�'&�'()(4-..,-*5) [5] �.&/0+*
+ [6] /), γ′ � ��6���7,0����,1,
H 08� 7,9:122�3'&. 3 γ′ �-, Fe–
Ni ����&.�4�;4"�<7/50�1%η �

� [1,7,8]. η � ��6�6��7,����,1, H
4"�77,=:, 8������'&�' [9,10], �-
B '>56 η ��<7/5, 9123 η �:.�0/

73 [11,12].
01, Fe–Ni ���� η ��4?@�89:�"
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��� Ti � Al D3�E>, ,9��F�?;�A2
;* (980 @A: 1 h, ;B) B4C� η ��/5, G8
73�����'&�'. <7, 4? Ti � Al D Fe–Ni
���� η �/5<��73, => η ���:/5'

*, #/"�*?=��A2;*6�%H���<7, 9
1$���'&'5.

E4?$ Fe–Ni �����������4?D@,
6F6 4 >!#0% Ti � Al D3���, G���
(AI (OM)%78&I (SEM)%B9&I (TEM) �
&/=? (EPMA) �H/IJ, 4?60%A2:�C
(Ti+Al) D3� Ti/Al ,>�D η �/5<��73,
�*5���� η �:6%@���2H ;;*@A
KL*<��.

1 ��BC
*+��G� 25 kg D=JÆ>?@F, ���

30Ni15Cr1.3Mo0.25V0.2SiFe (E3HD, %) ����,
��0%3� Ti� Al6',�6F6 4>�� (A1—4),
�E2H�/ 1 FG. ��2HA5�, HMG� Ti/Al
,�%, (Ti+Al) D30%� (Ti+Al) D3�%, Ti/Al
,0% 2 >D,IN, $HMBO Ti/Al ,� (Ti+Al)

D3D η �/5<��73. C��� A1 ��E2H
�@F� Fe–Ni ����������.

*+��GPF 1160 @DH�;* 12 h B, Q
2R;I2JK 15 mm �S!. G�HELEFJK
15 mm, M 10 mm �KLIJ, HM� 900, 930, 980 �
1030 @N<A2;* 1 h, GB;B.

GIJ/,TH�IOB, � 10%(�PHD) QK
2M�&RSL 2 min, &J� 0.1 A. GSLB�IJ
� Olympus GX51 M OM � XL–30FEG M SEM N

<ATNOTO, R� Image Pro. Plus6.0 KUN5 η

���PHD. G� EPMA–1610 M EMPA DIJ�
�POHUN<H/. G� EM400 M TEM N<NOT
O�?L&/P9H/, TEM IJG�&RQMJ6F,
&RM� 10%(�PHD) �NKVW2M.

2 ���Q R!
2.1 (Ti+Al) S"T Ti/Al U η #$V%&W'(

I6R���ATNO�S 1 FG. OX, T<�
(Ti+Al) D30%� A1 � A3 �� (S 1a � c), ;�
Ti/Al ,0%� A2 � A4 �� (S 1b � d), D�VM
��X<, P<7YH; � A3 ��� SEM U�+#T

Y 1 VW���Z��W� Ti/Al �
Table 1 Mass fractions of elements in experimental alloys and the ratio of mass fraction of Ti to that of Al

Alloy Ti, % Al, % Ni, % Cr, % Mo, % V, % Si, % B, % Fe, % Ti+Al, % Ti/Al

A1 1.88 0.36 30.8 14.87 1.31 0.24 0.19 0.0008 Bal. 2.24 5.22

A2 2.01 0.99 30.9 14.80 1.32 0.24 0.19 0.0008 Bal. 3.00 2.03

A3 3.13 0.60 30.8 14.79 1.32 0.24 0.19 0.0008 Bal. 3.73 5.22

A4 2.73 0.22 30.9 14.91 1.33 0.24 0.20 0.0006 Bal. 2.95 12.41

) 1 QZX���[\�R
Fig.1 OM images of as–rolled A1 (a), A2 (b), A3 (c) and A4 (d) alloys and SEM image of as–rolled A3 alloy (e)
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O]/5� (S 1e).
S 2 � 900 @A2;*B���ATNO. OX, �

4 >���DC�U^^/5�; S 3 �S 2 �/5��
TEM H/$`. !S 3 O_, S 2 ��U^^/5��
hcp $%� η �, ?L&/P9`* η � ��6�
<�E^�,_� {001}η//{111}γ, 〈100〉η//〈110〉γ. /
2 Æ560%��� η ��PHD�N5$`. OX, 6
Ti/Al ,a (Ti+Al) D3�a�, ���/5 η ���

PHDa�. $�S 2 �/ 2 O_, _ (Ti+Al) D3
� 2.24% &, η �0DHHU�S!IJ��`Lb (S
2a), �PHDa" 1%; _ (Ti+Al) D3a`] 3.73%

&, η �DHHU�S^IJ�<7� (S 2c), �PHD
a�] 14%; _ Ti/Al ,� 2.03 &, η �0DHHU�
S!IJ��`AaLb, �PHDa" 1%(S 2b); 1
_ Ti/Al ,$�] 12.41 &, η �DHHU�IJ�<7
;, �PHDa]6 6%(S 2d).

S 4 � 930 @A2;*B���ATNO. !S
4a � b OX, 6:A2:��$�, "- (Ti+Al) D3
�- Ti/Al ,����T η �/5.  c�b��, �
(Ti+Al) D3�� Ti/Al ,����4OTO] η �,
�S 4c � d FG, �"�HcV� SEM U�OTO]
η �DHHU�S^IJ�<7; (S 4e � f), C�P

) 2 b 900 �	�
Æ 1 h ���bc[\
Fig.2 SEM images of A1 (a), A2 (b), A3 (c) and A4 (d) alloys after solution treated at 900 d for 1 h

) 3 b 900 �	�
Æ 1 h � A2 ���� η 	� TEM c�dWedeXfgdYhi
Fig.3 TEM bright field image (a), corresponding selected area electron diffraction pattern (b) and its indexing (c)

of the cellular η phase in A2 alloy after solution treated at 900 d for 1 h
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HDHM� 4% � 2%(/ 2).  900 @A2;*�,,
A1 � A2 �� η �2f, A3 � A4 � η ��D3eZ,
j η ��g[R+# .>�. fg$�h\O]k, A

Y 2 Z�X�b����	�
Æ��� η 	�hiWi
Table 2 Volume fractions of η phase in different alloys as–

rolled and after solution treated at different temper-

atures

(volume fraction, %)

Alloy As–rolled 900 d 930 d 980 d 1030 d

A1 0 <1 0 0 0

A2 0 <1 0 0 0

A3 0 14 4 <1 0

A4 0 6 2 <1 0

2:��" 930 @B, A1 � A2 ���08# η ��

/5.
S 5� A3 � A4 ��F 980� 1030@A2;*B

�ATNO. !S 5a � b OX, 980 @A2;*B, ��
IJ�� η �0DHHU�S!�`AaLb^ (jgF
GLb^), C�PHDa" 1%; _:�$�] 1030 @
&, ���lTO0] η ��C� (S 5c � d).

e�Fj, η ��g2 ���� Ti � Al D3_
E�,. �%,A2:�C, � (Ti+Al) D3� Ti/Al
,���� η �/5D3"m, k)$� (Ti+Al) D3
a Ti/Al ,8a� η ��/5`l; ���55 η ��

�7A2:� ��� (Ti+Al) D3a Ti/Al ,#,,
980 @A2;*B, A1 � A2 ���0/5 η �, 1 η

) 4 b 930 �	�
Æ 1 h ����bc[\
Fig.4 OM images of A1 (a), A2 (b), A3 (c) and A4 (d) alloys and SEM images of A3 (e) and A4 (f) alloys after

solution treated at 930 d for 1 h
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) 5 A3 � A4 ��
 980 � 1030 �	�
Æ��bc[\
Fig.5 OM images of A3 (a, c) and A4 (b, d) alloys after solution treated at 980 d (a, b) and 1030 d (c, d) for

1 h (Rectangles in Fig.5a and b denote the regions with η phase)

�� (Ti+Al) D3k�� A3 ��� Ti/Al ,k��
A4 ���4G/5; _A2:�$�] 1030 @, A3 �
A4 ���DT η �/5.
2.2 η #W$Vf*

�lG η ��/5�4, D%,IJN<-^NO
TO. $ A3 ���a, ?FCKSIJ�b,�`no
g� 200 μm×200 μm �Lb, � Vickersh�5:.�
mmN<?n, ip� 930, 980 � 1030 @N<A2;*
1 h B;B, DIJ�NOg[N<TO, R/� EMPA
H/?L^�POHU, $`�S 6 FG. OX, IRI
J�, ?nL��`Lb= Ni � Ti, c Fe � Cr, Al +
#)(d/, j Ni � Ti �2EHe_Da" 1, f4
:..d/#, [17−20]; F 930 @A2;*B, ?nL�
150 μm×150 μm �qn^/56 η �, P 5 Ni � Ti
�=:5@ (S 6b); F 980 @A2;*B, η ��/5L

boak 30 μm×30 μm, k)A2:�$�B, rH η

�2R, Ni � Ti =:Lboa (S 6c); F 1030 @A2
;*B, !"?L^� η �2R, ?LLb^�POd/
l6c2f (S 6d). S 6 FG$`k), Ni � Ti �=
:Lb� η ��/5Lb, 6A2:��ms$�, η �

mo2R, �" η ��/5:�&, ���� η ��PO
d/2f.

S 7 ���F0%:�A2;*B� SEM U. O
X, � 930 � 980 @A2;*B, A1 � A2 ���+#

TO] γ′ � (S 7a); 1� 930 � 980 @A2;*B
� A3 � A4 ���lTO]6 γ′ ��C� (S 7b �
c); 1030 @A2;*566 A3 � A4 ��� γ′ ��/
5 (S 7d). S 7 FG$`k), γ′ ��/5:� ��
� (Ti+Al) D3$) Ti/Al ,#,. Headley � [21] D

Ti D3� 2.15%, Al D3� 0.20% � Fe–Ni ����
γ′ ��/5<��4?/), γ′ �08� 900 @$�/
5. j�E@��, D"� (Ti+Al) D3 (A3) � Ti/Al
, (A4) ���, ppF� 980 @A2;*, 4'TO]
γ′ ��C�. 9S 8 FG� Al � γ(Ni) ��2R�g
H [22,23] O$h5, Al � γ(Ni) �2R�6:�i�1
a�, _ Al D3�"2R�&, γ′ �OC�, _ Al D3
`" 8% &, � 980 @C γ′ �4'C�. Ti � Al ��
γ′ � ([Ni3(Al,Ti)]) �g2PO, ,tj�, g 90% �

Ti $) 80% � Al �&.�4�N- γ′ �, R!7:.
���� [24]. <7, � (Ti+Al) D3 (A3) � Ti/Al
, (A4) ����, γ′ �O�k�:�C�. Maniar
� [25,26] �4?��POD Ni20Cr �k;��� γ′ 2
R:��73&, l 5$� Ti � Al D3, 8)($�
γ′ ��2R:�, p γ′ �'�k�:�C�.

!S 6 )S 7b � c O_, ��FA2;*B, � Ni
� Ti PO�=:Lb/5 γ′ � η �. _��� Ti D3
n>�&, Ti O$uq γ′[Ni3Al] �� Al, 1.2rsR
� [Ni3(Al, Ti)], rs� γ′ O$o>� η �. S 7b �
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) 6 b����	�
Æ� A3 ��� η 	�Rd��Wv� EPMA �


Fig.6 SEM images of η phase and EPMA results in a selected area in as–rolled A3 alloy (a) and after solution

treated at 930 d (b), 980 d (c) and 1030 d (d)

) 7 ��� η 	� SEM c
Fig.7 SEM images of η phases in different alloys after different solution treatments

(a) A1 alloy after solution treated at 930 d for 1 h

(b) A3 alloy after solution treated at 930 d for 1 h

(c) A4 alloy after solution treated at 980 d for 1 h

(d) A3 alloy after solution treated at 1030 d for 1 h
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) 8 Al 
 Ni ���q�lt
Fig.8 Solubility curve of Al in Ni[16,17]

c (G� η �U^pnTO])(�c γ′ �Lb, k)
�:;;*&,  .6 γ′ → η �o>, η ��/5w`

�$2r γ′ ����. 1$����� (Ti+Al) D3a
Ti/Al ,, γ′ O�k��:�C�, � A3 � A4 �� η

�'�k�:�C��89-<.
D" Fe–Ni ����k, A26��?LÆ�23

���d/, xq η �/5�:�c�, s'�u�<m
no. D"� (Ti+Al) D3 (A3) � Ti/Al , (A4) �
��r0'G�?;�A2:� (980 @), 9*+$`O
_, 1030 @A2;*'>xq A3 � A4 ��� η ��

/5)POd/.

3 �+
Fe–Ni ��:��� η ��g2 ���� Ti �

Al D3_E�,, $���� (Ti+Al) D3a Ti/Al ,
8a� η ��/5`l. � 980 @N<A2;*, A1 �
A2 ���0/5 η �, 1�"� (Ti+Al) D3� A3 �
��"� Ti/Al ,� A4 ���4G# η �/5, j�
!"$����� (Ti+Al) D3a Ti/Al ,, γ′ O�k
��:�C�, η �2r���� γ′ /5w`. η �/5

�Lb� Ni � Ti �=:L, 6A2:��$�, η �m
o2R12f, %&, POd/5@l2f.
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