
�50�    �1�                                ��������	                                    Vol.50,   No.1 

2021�      1�                      RARE METAL MATERIALS AND ENGINEERING                        January   2021 

 

�����2020-02-19 

���	����	
��
� (1908085QE219)������������� (201904a05020010, 1804b06020370, 201904b11020020)�

��	
��
����� (51671002) 


��
��  !"!1996�#!$%#!��&'(�)*�+,-./01�2�34567��89:!�� ;<= 243002!

E-mail: 1343697741@qq.com 

  

����� YSZ/NiCrAlY ����	
 Al-Si 

��
��� 

 

�  �

1,2

����

1,2

���	

3

�
  �

1,2

��
�

1,2

 

(1.  ��&'(� )*�+,-./01�2�34567��89:!�� ;<= 243002) 

(2. ��&'(� >?2@�&A��BC!�� ;<= 243002) 

(3. ��;D2�34EFGHIJKL!�� ;<= 243000) 

 

�  ��MNO Al-Si P�QRSTUVWXYZ34[
\!]#^_AB� Al-Si `abccdX7efgh�X

Al-Si`Zij[kl(mnopqQrAPSs01t YSZ/NiCrAlYQR!��tumvwx YSZ(Y-Si-Zr)QRyz{

|}~�����X�����QRXV�����Y Al-Si`a�Z��[}�2�!��umvwX��!�p`

�X������QR���������)�V���[gumvw(Ar)� 40 L/min  !QR¡¢£¤¥X2�¦

§��¤(X���¨©¤ªX����[g 1000 «M¬­ 100 h� YSZQRX@�}~��!®¯°±�!���

¡²�V[³´!µ¶·g 700 «`¸ Al-Sia�Z 50 h�!g YSZQR�`¸ Al-SiP�X@�¹G�>º»¼½

�¾¿ºÀÁ>Â!ÃÄ Al-Si`a¹GÅÆ*QRÇ7\SÈÉÊgQR2�!2� APS 01 YSZ/NiCrAlYQR�

ËGWÌÍÎ Al-Si`a�Z!ÏÐ��V� Al-Si`acd7eX¤GÑ�XÒÓQRÔT[ 

����(mnopqQ�YSZ������V�����Al-Si`Z 
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DEFG"��� Al-Si����#HIJKLMG!

N"OP�QRSMG!TU�@, Al-Si VWXY

Z[\]O�^��_R�!`abcEd+ef!

gh^�ijk Al-Si VWilmn7o���%p

q��rs�tu
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­�� 8YSZ®

¦ 1973 K��V� Ti���ð*!YSZ(Y-Si-Zr)��

Ê�����BC�!gh YSZ �V� Ti ���ì

í�êë!ö÷�¦ 140°~165°��

[13]

>�	!

YSZ/MCrAlY ��W
­M � Ni�Co � Ni+Co®&

¦u, 1200 
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��
©�����Çß4��

MG���()*+!hd+efáÓþ��ø

[14,15]

>

�a!YSZ/MCrAlY��W
¦·�V� Al^��¢

£��ÁÂ> 

�¢£Ã+�����¬�6Ä YSZ/NiCrAlY

¡���W
!¢£¤�Þsk YSZ���ä� !

�"�¸�� �bcD YSZ���
�BC�!�

Æ#$ YSZ/NiCrAlY��¦
� Al-SiV�X�^�

%�!�¯°��¦
� Al-Si ��V�X�^�¡

�*+&'($)*> 

1  �  � 

�+,Ã+�����¬�¦-.� 15 mm×15 

mm×5 mm� 310S­0Cr25Ni20®/0W12ï34Ô

W�6Ä YSZ/NiCrAlY��>¦¬�� !ú5	6

¦78X§9:; 30 min!<=Æk��Ñ%¬>?

(>+,ô@ NiCrAlY§9A���¬�BC­XD

E���®F�G��´µ!ô@ 8%� Y

2

O

3

BC ZrO

2

BC­8YSZ!HIJ2D�¢£E®F�K�¯°2

F�>¯°�qG���Ã+ Oerlikon Metco �

UniCoatPro

TM

�����¬�
LÑ%6Ä!E¬M

NO� F4MB-XL>¦�PEQ¬�Rþ#Ø�ST

�!�õ¢£ 30!35!40!45 L/min 4$¤�Þsk

��ä� !�"q¸�� �bc!E¬�Rþ±

� 1��> 

k 4$ï�¤�Þs6Ä� YSZ��Ñ%ä� 

!�jÉ oUD¸�� �V!�ôÊ��� � 

 

 1  !"#$% YSZ/NiCrAlY %&'()*+ 

Table 1  Process parameters of plasma spraying YSZ/NiCrAlY 

coatings 

Parameter YSZ NiCrAlY 

Power/kW 40 33 

Current/A 600 460 

Voltage/V 67 72 

Feeding rate/g·min

-1

 30 32 

Spraying distance/mm 80 120 

Ar flow/L·min

-1

 30, 35, 40, 45 40 

H

2 

flow/L·min

-1

 12 8 

Gun speed/mm·s

-1

 500 800 

���W¤�Þs>�¶¢£ YSZ���
�BC�!

kd+�W¤�Þs6Ä���Ñ%
�BC�+,>

¦ 1000 
��õk YSZ��Ñ% 25, 50, 75, 100 h


�X�!¢£E��ä� !�"�Y�UDZ[p!

\º��¦
����"]�^_>�Æ!d+�W¤

�ÞsRþ6Ä YSZ ��5	!�`�� »ú5	

a��bcde>úEfÒ 700 
� Al-SiV�X�P

50 h!¢£YSZ/NiCrAlY����V�Al-Si^�� > 

�+,Ã+g	 hi­EDS®� Phenom XLj

klm.nk�����o��p�ä�qrUDs

t�uÑ%¶�vwx�(�ykùz� Rigaku 

Ultima  X� {}|{i­Cu}!Kα

1

{}!λ=0.154 178 

nm!lm��� 10°~90°!lm©�� 10°/min!~�

� 0.02°>®k��Ñ%jÉ�VwRenishaw�ä��

���hi­�����/��� 532 nm!����

-.� 1 cm

-1

!�5�þ¦ 100~1000 cm

-1

���®Ñ

#~�C��X�jÉ ow�+ Image J �a?(

�Gk��o�Z[pÑ%��!ô� 10�ï�M�

�6��þ� 300×o��a�CZ[pg����w

Ã+ä4�6.�� 5,4­WDW-5E®k���

��
�Ñ%�5!��©�� 5 mm/min>�+,�

* GB/T8642-2002��¬�����
���C�Ã

+�� 6Ä��¡!G�¢� E-7 �>EX!��

¡Ã+£¤� 25 mm�¥¦5	¡!§��¡qk�

¡¨M� o!����
��5¡o��6Ä

YSZ/NiCrAlY��>ú��¡�k�¡9© E-7�G

�!Y 120 

�ª� 3 hÆ«�¬� 24 h6o��

¡>v$���5 3­����wÃ+ MH-5LD�ä

Y��k���Y�Ñ%�5!�5d+®¯°�±

²�³!´µµ¶� 300 g!�µø� 15 s!ô� 12

·ï�î�5����U¸¹º���¹> 

2  ����� 

2.1  ������ 

� 1"ï�¤�Þs� YSZ�»����qr>

9©��qr� 1aáUÇËd+¤�Þs� 30 L/min

6Ä� YSZ ����¼���é¦�s�Z[q½

¾äÏÐ!h	M��V¿¼!¬�BC�V�%¹

ïW>½¾äÏÐ¤P"§,¦VÀÁ��ÂªÃÄ

ÅÆø!¦�*¸F+�!Õ�ÇÈÉläÏÐgÊ

Õ�XJ=¿Ë�Ìqo

[16]

>� 1d X¤�Þs�   

45 L/min�����Né¦�s�M��V�¿¼!

��rsêë>Ék, Í!¤�Þs� 35 q 40 

L/min� YSZ����M�V�¿¼þsêÎ!BC

�V�%¹Ü�!��ÜÏÊ,�ÐÑË!�� 1b



� 1�                            �  n×nopqQ YSZ/NiCrAlYQR©Î`¸ Al-Si�Z����                  Õ293Õ 

q 1c>kç 4$¤�6Ä���!¤�Þs� 40 L/min

6Ä� YSZ������V�¿¼qÏÐþs�Î!

VÀÑË��Ð>��qr�Ò�ÐqÏÐÎ���"

·� Al-Si V�^�_R�KLxt�#>§,���

¬��Ó("d+���«ÞúÓµBC´�ÌV�

�ÍÔV�¾ÕÆ?ÖÌÔW�qo��>BC×PY

©´�V��ØÙÔWÁ�����ÚÛqo��

[17]

>

¤�Þs����C¶BCÑÒ���«ÞÆ���

q:ß©�!Ü��Ü��¤�ÞskBCVÀ�Ñ

Ë�	bc>¤�Þs©�!BCÑÒ���«ÞÆ

�:ß©�u!ØÙÔWø�¸��!BCVÀ�ï

Ì�ÐÑË>¤�Þs©�ø!BCÑÒ«ÞÆ:ß

©�
!´�ø�Ý!¼���ÌÞ�´�V�!6

Ä���é¦�s��V¿¼>x�!¤�Þs� 35

� 45 L/min 6Ä� YSZ ����rs�êë!¦¤

�Þs� 40 L/min6Ä� YSZ����rs��>

 

 

 

 

 

 

 

 

 

Ø 1  ÙÚumvw01X YSZQR2�ÛÜ 

Fig.1  Surface morphologies of YSZ coatings prepared at different main gases flow rates: (a) 30 L/min, (b) 35 L/min, (c) 40 L/min, and  

(d) 45 L/min 

 

ï�¤�Þs� YSZ �»���o�qr±� 2

��>`���o�qr�ßÌ��Xé¦ãà�Ï

Ð�á£ÏÐDZâ>YSZ ¯°�� NiCrAlY G��

��ãä!������45��>���Øä�"ð

å���V� Al-Si^��OPRþ!æõ"��X�

á£ÏÐ!ÍÎ��á£ÏÐ� Al-SiV�åæÖ�&

'¶ç��9Â!Ña^�ÌÔW´µ>9©Z[p�

C!¤�Þs� 30, 35, 40, 45 L/min� YSZ��Z[

p­%®�õ� 7.18±1.22, 6.60±1.04, 5.15±0.76�

7.45±0.55>èã¤�Þs�é´!���Z[pêë

�Æé�>YSZ�����qr­� 1®�VX&Ì!

¤�Þs���kBC�V�%¹DÑËì��	b

c>¤�Þsí�øù×ØVÀÑËï»�Ð!7oê

êî�ÏÐqZ[qow¤�Þsê�ø!BCV�ï

Þ�!���Æqo�s��V¿¼!ï	qo���

¿¼�¿¼��Nùé¦ê��Z[!x�¤�Þsï

ð©�Nïð©�!ï�ñò[18]ÁÂ�Ô�#Ø>�

2a q 2b �õ�¤�Þs� 30 q 35 L/min �6Ä�

YSZ��!2$���ó	êî�ôõ±ÏÐq�Z!

h�� !�"ê�ö÷!x�ï 2$Rþ6Ä� YSZ

��ïø�+,� Al-SiV�^�+,>a¦¤�Þs

� 40 L/minø6Ä� YSZ����Øä!ôõ�Î!

áUF�óô��úE�@,
�Al-SiV�X¢£E

�^�%�!�� 2c> 

 

 

 

 

 

 

 

 

 

Ø 2  ÙÚumvw01X YSZQRÝ�ÛÜ 

Fig.2  Cross-sectional morphologies of YSZ coatings prepared at different main gases flow rates: (a) 30 L/min, (b) 35 L/min,  

(c) 40 L/min, and (d) 45 L/min 
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ï�¤�Þs� YSZ ���p�qr±� 3 �

�>`p�qráUùÊ!���¬� YSZ����

¾�"!������ú��û¾ü!ï"���¬

����Ô�æv�#

[19]

>��é¦ã��ÏÐ!ï

"§,�����¬��¬�Ó("V�¼����

ÚÛ>��ÏÐýÎ!ðå¶¼��V�%¹ý�!

��ýãä

[20]

>þ¶��ÏÐ!�é¦Z[qû¾ü

ü¼����£äÏÐ>p�qr »£�¼ðåZ

âDäÏÐ�ÒWqrq��!Ña�p���Øä

�>¤�� 30�35 L/min � YSZ ��p�qr��

3aq 3b!2$���ö÷îZ!ó	êî�ôõ>k

ç  2 $¤�Þs6Ä���!¤�Þs� 40 D 45 

L/min��­�� 3cD� 3d®Øä�	¶º��&�!

��ÏÐï�º�>�a!Éê,¤�Þs� 45 L/min

6Ä� YSZ��!¤�Þs 40 L/min6Ä� YSZ�

�û¾üü¼Ü´ú�> 

x�!�����¬� YSZ ���ä� !

�"�V�¹!¤�Þs� 40 L/min 6Ä� YSZ

����Øä!áUF�� Al-Si V�Ö�+,�

�ô��>  

 

 

 

 

 

 

 

 

 

Ø 3  ÙÚumvw01X YSZQRÞ�ÛÜ 

Fig.3  Fracture morphologies of YSZ coatings prepared at different main gases flow rates: (a) 30 L/min, (b) 35 L/min, (c) 40 L/min, and  

(d) 45 L/min 

 

2.2  ��	
 

� 4�� 5�õ"ï�¤�Þs6Ä� YSZ��

� XRD�hq Raman�h�>�ß XRD�há�!
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2

!gó	Îs� m-ZrO

2

!áU�
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�bc>��!9© Raman�hÑ#~�Vá�!�

þ� 153�250 cm

-1

F
����ß��, t-ZrO

2
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v�!334�477 cm
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F
����ß��, m-ZrO

2
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-1

�, t-ZrO

2
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2

�æv�!
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q
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�hÔ�#Ø!�­`+¶¤�Þsk���É o

	º�bc> 

2.3  ��
� 

Y�q��
�"����� �OPRþ�

#>� 6"ï�¤�Þs� YSZ���Y�q��


�>9©�VY�þ*!ÇË��Y�è¤�Þs�

�
êé�Æë�!¦¤�Þs� 40 L/minø!��

�	�
�Y�>kçä�qr��V�¹!¤�Þ

s� 40 L /min6Ä���¼�V�%¹��!��

Øä��
!Ñ#~`º¶���Øä����Y� 

 

 

 

 

 

 

 

 

 

 

 

Ø 4  ÙÚumvw01 YSZQR XRDØß 

Fig.4  XRD patterns of YSZ coatings prepared under different  

main gas flow rates 
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�	
�Øä��
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Ø 5  ÙÚumvw01 YSZQR Ramanàß 

Fig.5  Raman spectra of YSZ coatings prepared under different  

main gas flow rates 

 

 

 

 

 

 

 

 

 

 

Ø 6  ÙÚumvw01X YSZQRá�©}Pâ� 

Fig.6  Hardness and adhesive strength of YSZ coatings prepared 

under different main gas flow rates  

 

2.4  ����
 


�BC�"�v��
�� �OPRþ�#!

ðå¶��¦��
���ä� !�"q� ]�!

ÑabcÌ�����ef

[22]

>ú¤�Þs� 40 L/min

6Ä�YSZ��¦ 1000 
�Ñ%ï�ø��
��?

(!U¢£
�����ä� !�"q¸�� >�

2q� 7� 1000 
ï�ø�� YSZ��Z[pDY�

qo�qr>áUÇËèãX�ø��é´!���Ø

ä���&
!à�ÏÐ�á£ÏÐUDZ[þstu>

9©�� YSZ���Z[p­�� 2®!�ºèãX�

ø��é´!���Z[p
�tÏ�!ï���o�

qr��¹#Ø>kYÅï��?(ø�� YSZ ��

Ñ%Y��5Æá�!��Y�èX�ø�Ô�
�t

Ï�>��ü¯°�Y�¤P��,ü¼-.�É oq

Øä�>*ÉKñòÁ×!¦�?(©ì!��Y�tu

á "§,�BÕ®�ÉÊ��Éq��É�]

[23]

>x

�!èã�?(ø����!ÊË¶��Y�tu�

ðZË�>�¢£+,��� 1000 
!�
,?@A

¦V� Al-Si�X�����>¦ 100 h��?(+,

Æ!��X� YSZ � NiCrAlY q NiCrAlY �ÔW�

��Õ��"BC	]�!��Ê���
�BC�> 

2.5  ��� Al-Si �� 

��¢£�º!¦¤�Þs 40 L/min �6Ä�

YSZ ���	Øä�ä� !�"q�W�¸��

 !��ËÊê��
�BC�!�¢£ YSZ���

� Al-Si V�^��C¶Ô >� 8 q� 9 �õ"¤

�Þs 40 L/min 6Ä�5	KMq!M YSZ ���

@¦ 700 

� Al-SiV�X 50 hÆ���o�qr

DÉ*st EDS��u�> 

9©o�qráUÇË!�6ÄÕ��Éç��

o�����@	Çl]�>§, Al-Si ��� YSZ

��"�º�ï�!�����V� Al-Si �ö÷�

M�ÊË¶ 2 $#=!#$" Al-Si V�ÂªÆ��

�bc��­�� 8a®!ï"5	KM����V�

Al-Si�ö÷���w$#$" Al-SiV�ÂªÆ��

�45%�!	º��Õ�­�� 9a®!ï"5	!

M��¦&'O¸�F+��V� Al-Si �ãäö÷

��¹

[24]

>9©5	KM��o�� EDS h�¹á

U��!Al�Sist¥X�u,(�ê)#=�� YSZ

������­�� 8b q 8d®!ï"§, YSZ ¯°

��kV� Al-Si ���ïìí7o�

[24]

>a5	�

!M��!¦&'O¸�F+�!Al�Sist¥X�

u,��X!g@	åæÑ YSZ ����M­� 9b

q 9d®>Y�Zr st¥X�u,(�ê)#=­��

8cq 8e�� 9cq 9e®!áU�ÊYÅ¶ 50 h�V�

Al-Si ^�Æ!��)�b�	R!Al-Si V�@	å

æÑ YSZ���M!¦��� Al-Si���Õ�N@

	ÇËð*��é¦!N*"+!Al-SiV�'½,¦

YSZ �����>���¹�º!���¬� YSZ 

 

 2  1000  �

��

�,-./0123' YSZ%&456789 

Table 2  Porosity and hardness of YSZ coatings sintered at 1000  �

��

� for different time  

Time/h 0 25 50 75 100 

Porosity/% 5.15±0.76 5.08±0.83 3.97±0.59 2.66±0.71 2.27±0.74 

Hardness, HV

0.3

/MPa 8349±771 9426±881 8789±1103 8364±785 7152±772 
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A r: 35 L /min
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Ø 7  1000 «±ãäÙÚå} æX YSZQRÝ�ÛÜ 

Fig.7  Cross-sectional morphologies of YSZ coatings sintered at 1000 « for different time: (a) 0 h, (b) 25 h, (c) 50 h, (d) 75 h, and  

(e) 100 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ø 8  ¶·ç7 YSZQRN¹g 700 «`¸ Al-SiaB 50 h�Ý�ÛÜ©è¼X EDS¾¿�éê 

Fig.8  Cross-sectional morphology (a) of YSZ coatings at the top of sample in molten Al-Si at 700 « for 50 h and corresponding EDS 

mapping of Al (b), Y (c), Si (d), and Zr (e) elements 
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Ø 9  ¶·ë7 YSZQRN¹g 700 «`¸ Al-SiaB 50 h�Ý�ÛÜ©è¼X EDS¾¿�éê 

Fig.9  Cross-sectional morphology (a) of YSZ coating at the bottom of sample in molten Al-Si at 700 « for 50 h and corresponding EDS 

mapping of Al (b), Y (c), Si (d), Zr (e) elements 
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Abstract: Hot dip Al-Si alloy coating is an efficient corrosion resistant technique. However, there are serious Al-Si corrosion problems in 

some parts of the production line, such as sunk rolls, which are in direct contact with the Al-Si alloy melt. In this research, YSZ/NiCrAlY 

protective coating system was prepared by air plasma spraying (APS). The influence of main gas flow rate on the microstructure, 

mechanical properties, high-temperature stability and Al-Si alloy corrosion resistance of YSZ (Y-Si-Zr) coating were also investigated. 

The results show that the spreading uniformity, coating density and mechanical properties of the droplet firstly increase and then decrease 

with the increase of main gas flow rate. The coating exhibits the best surface smoothness, maximum density and optimal mechanical 

properties when the main gas flow rate is 40 L/min. The interface structure of YSZ coating is stable. The porosity decreases, and the 

density significantly increases after heat treatment at 1000 °C for 100 h. In addition, no diffusion or reaction zone is found at the interface 

between YSZ coating and Al-Si alloy melt when the coated sample is immersed in the Al-Si alloy melt for 50 h. Al-Si melt does not 

penetrate into the coating, but is blocked on the YSZ coating surface, indicating that APSed YSZ/NiCrAlY coating can effectively resist 

Al-Si melt corrosion, which can be used as one of the most potential protective coatings for parts contacting with high temperature Al-Si 

melt. 

Key words: air plasma spraying; YSZ; mechanical property; high-temperature stability; molten Al-Si corrosion 
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