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� Ru-Re-W��¨Ça°ÝB γ'7Þß89à�� γ'

7B Alá¯à��ÉHâãläÇaåæ2çè|Õ

éçè�Ni-Al-Cr-W-Re-Ru��[\CD����ê.

ë2 �ìíî³NØï������ LEAP 4000X 

Si��: 1073 K läÇa 256 h �ð[��

Ni-Al-Cr-W- Re-Ru �¡�¨�CI^_�`[\ W�

Re� Ru:67�Cñ�ò/óô¡S��^_�`[

\WXõö�÷ø[\ Ni�=°±ã��=ù©��

���¡úû�ü�OTýþW�Re� Ru�WX� γ

7�÷���N�γ'7AFCG����¯���. 

1  �  �  

���¯ Ni�Al�Cr�W�Re� Ru���,-

�¦�&|�¯≥99.99%�d	&
��X�BX

�_��qå�¦�� 19 mm�Ð�B�j����

CS Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru(at%)�Yw�

�������.ìíî�� γ � γ'67�¡�¨�

�¨8þ:vw������#�NB�º��H�

�.����¦�æ�� 1573 K�d� 20 h��¡

���æ�� !"# 1503 Kd� 3 h��¡�÷

$%��÷$%å&'#(�.)å*��C+S 10 

mml�,���¦-�X�� 1073 K��æ���

:�&&
d	��d� 256 h��¡Ça$%�Ça
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hN.%/X�@0*,�X�S 0.2 mm×0.2 

mm×10 mm�123�4�qå:(��³N6T.

Ó56@0

[16]

���3����,��3789:;

�<2 40 nm.CI��� LEAP 4000X Si��=�¯

(40.0±0.3) K�>�<2 6.7×10

-8

 Pa�?�@6Al 355 

nm�@6BC�y 20 pJ·pulse

-1

�BCD: 200 kHz.

³N IVAS 3.6.4EFCI³¹�GG��¡ØïH9

ã3IJ�.³NKL�¯ú|Struers Duramin 5��

yïM�¯�500 gNO�eP 5 s.:QºwRS�
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LEAP 4000X Si^³¹ 117 M���_ 1a� 1b

�S Ni-Al-Cr-W-Re-Ru���ØïH9_.H9A`

\a< 1 nm�bcdb 3.5 nm

[18, 19]
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 1  ������ Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru ���

���������� 30 nm��� !"#��$%

&'()*�+, 

Fig.1  Reconstruction of all dataset (a) and a slice of data, ~30 

nm thick taken from the bulk dataset displaying only one 

refractory element of Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5  

Ru(b) 
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��kYCD: γ7.Ça 256 hå�γ'7uva�Ø

ïH9BQ�ªwx γ'7�^�� γ'7yz�uv�

Gy�Þß89{|�¡YúCI._ 1b�f}GG

¹B�TJ~¯� 30 nm��GG¹�O��KjO

Z^_��[\.67�=©�2��0

[20]
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�2�á¯=Oµ.©_ 1b ��g�����W *

+Cñ: γ'7�g Re� Ru*+Cñ: γ7. 
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���Ça 256 h
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7�=6µá¯CD9��=[a< 0.1 nm.���

|Distance=0 nmæ��j γ� γ'67�=ô��γ7ô

2��Oµ�γ'7ô2��Oµ.γ/γ'�=�_ 1ZjO
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� 2  ��	
�� Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru���

� γ/γ'��� !"��#$ 

Fig.2  Concentration profiles across the γ/γ' interface of each 

element of Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru aged at 

1073 K for 256 h 
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� 1  ������ Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru �	


�����
����� 

Table 1  Elemental compositions (at%) of γ- and γ'-phases 

and partitioning ratios 

/

i

K

γ γ

′

of Ni-10.0Al-8.5Cr- 

1.0W-0.5Re-0.5Ru  

Element γ-matrix γ'-precipitates 

/

i

K

γ γ

′

 

Ni 80.81±0.083 76.323±0.121 0.944±0.003 

Al 6.873±0.064 17.448±0.107 2.539±0.007 

Cr 10.368±0.053 4.082±0.056 0.394±0.035 

W 0.636±0.017 1.676±0.036 2.634±0.126 

Re 0.645±0.017 0.242±0.014 0.374±0.031 

Ru 0.669±0.017 0.229±0.014 0.343±0.029 
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Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru
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Fig.3  Experimental partial RDF vs. radial distance, r, out to the 

tenth nearest-neighbor distance in γ'-precipitates for 

Ni-10.0Al-8.5Cr-1.0W-0.5Re-0.5Ru  
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Al-Al

�/
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��- !"���

W

�

Re
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γ'(L1

2

)-

�;!�

Al

�

[24, 25]
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2.2  ���� 

2.2.1  Ni ���� 

��8 2�mMde���{���� γ/γ'!��

����!���;���� NiTU���-���

�s���,��!� Ni�� ¡de#80.81at%$

-�`�3TU¢���£¤ 2.1 nm���¥e�¤

0.66 at%�nK¦§mRl Ni-Al-Cr�¨©

[26, 27]

���

ª«�;!¬	£�®¯�°y±²���P³m

M´µ¶·R��������� Ni ²¸��

Ni-Al-Cr-W-Re-Ru��£«¹º 256 hi�&»��

� Ni TU?@¢��¼\7jk� W�Re 	 Ru ½

¾�¿ÀÁ	ÂÀÁº2�Ã=0�W�Re 	 Ru �

kÄ�ÅÆÇ Ni���!�´µÈÀ�NO Ni TU

� γ/γ'!�� γ!��PÉÊË��§mRl Ni-Al-Cr

����Ni�´µÌr- 6.06×10

-18

 m

2

·s

-1[15]

�jku

vlwmMi�Ni ����´µÌrÍÎ 3.81×10

-18
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mM��²¸ Γ

i

Ï¡Ð-Ñ��Ë#A$ÒÓm

M i �TU²¸rÔ�nÕÖ¬×���mM²¸9

Ø²de���{ÙÚ

[28, 29]
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= = ∆ −
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7
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XÜ���

k

i

C

7mM

i

�ÝÞde���0ß9à�
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�

γ

!���²¸

7
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�â°È�stRl�ÀÁãÈ�äå�æ-çèé

5!�
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Distribution of Alloying Elements in a Ni-based Superalloy after Long-time Aging 
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Abstract: Distribution of alloying elements of a Ni-based superalloy after long-time aging was studied by LEAP 4000X Si. Elements like 

Ni, Cr and Re preferentially partition to the γ phase, while Al and W have a preference for γ' phase. A local accumulation of Ni is found on 

the matrix side at the γ/γ' interface, leading to a reduction of interfacial free energy. The sum solute elemental concentration is ~25at% and 

the experimental partial RDFs of Al-R (R=Re, Ru or W) exhibit negative correlation at first-NN distances in precipitates, indicating that 

refractory elements substitute preferentially to the Al sublattice sites. The solid-solution strengthening effect of refractory elements and the 

increase in precipitates volume fraction result in an increase in microhardness, compared to the base Ni-Al-Cr alloy. 

Key words: Ni-based superalloy; atom probe tomography; elements distribution; strengthening 
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