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ABSTRACT Thermal spray technique is one of the key techniques in remanufacture engineering.
The thermal sprayed coatings are commonly used in remanufacturing applications, their initial per-
formance and service lifetime are critical to the success of remanufacturing. In the present paper,
structural integrity, lifetime and failure mechanism of plasma sprayed coatings were investigated. The
influences of hydrogen gas flow, spraying powder and powder feed rate on porosity in coatings and their
mechanical properties were described. The rolling contact fatigue (RCF) experiment was conducted
to develop a method of life time prediction and to reveal the failure mechanism for plasma sprayed
coatings. The results show that the structural integrity of coatings can be obviously influenced by
spraying process and an optimal design of spraying process can remarkably promote the coating per-
formance. For this purpose, the S–N curve was established based on the large sample space to be used
to easily predict coating lifetime. It is found that corrosive pitting, spalling and hierarchical failure are
the main failure modes, those results from asperity contact, subsurface defect propagation and shear
stress distribution, respectively.
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Fig.1 Four frame images of electrode tip during high ve-

locity electric arc spraying[4]

@,'6 [5], A&%N, 06.,>(#&!5 @I*
'=%'(#I+ B$, OC6!%(#?06., 
JDD(#Æ=BK. (#.,+L'POKJ, ;06
.,#,K (%,K/PM) '6, (#.,?06., 
I+@E2I+5=E=AB, 13>(#5B$@IH
BMC. /00*'., (# Æ==/( 200—300 N,
D %?<(# /O3, PQÆ06 1F75=P(
>00*'.�IB( E1. (#Æ=K, +I!'Æ
8 @I!Q?9( *F=, >(#&!5G1�I3
R!#( @I*', G+I!3Æ8:+, �# (Q
N/�!S�)O=Q#P)O8: *Q@;I-@,,
CR, 06?(#I:,+R"& I7JH, 6K=�
B$I#. RTI:@, @,8=K(I-@,8=,
S5HQ25ST#U !I.

'?0+T!/06 @,8=, VU�VS3(#
?06.,I:�IWTPI71,?. H+, >FH0
0IJ, I>(#&!00+6U! Ni Q Al :40
6, /> 660—680 N7�IXK V/L/, >Æ8;
@(#&!I&, V/L/UVWJ+77:, ,X5 
/#Y7/?(#I:�IL/, >LK&LW5Z�Y
/Æ1, CEXW37I-@,, ?;!/?06?(#
 @,8= [6].

2 RF23969GHIJ
YM�!&", 2*/10100!3.14180

00(234&"; &!06, /?(# @,8=5
HQ)*!I. S%, &!06 S,)*"�D/)*
$�P=�Z/@,8=1+6L[/Z#, ;M/06
 @[N+"/Z#.



� 11 � O\V] : ���^WNX\[X_^\]PTQU^RYOV`S] 1357�

'06 @[N+"P^6!QN06@[.:_
QT'HQWR-�!IDaS"!V_" UV'=.
'234�# &!06;W, /QT6!L06. 
`X2LTY4@[QT, 97A`a?06LAÆF
"�4L[ [7]. %a(X [8−10] #3.141800
NiCrBSi 06'Zb'9, #06`XU!VW[='
P^[Y, '3+#200-U!Z:#4G='06@
[N+" UVbX0(?Zb.
2.1 >;KLM?ZNOP

U/((c=5\ 5\[#'06 `XU>(
]%d:>0(e\, U/YG= Weibull 5b'+,
+c5T" =f0(]eF5\, 5<";=9 H2 +

#200-U!Z:#?06`XU F^. @ 2 &A?
95%  [_^=>, H2 +#'06`XU 8\]!Z
`] UV [8]. Vg, H2 +#=9R#>, 8\]!Z`
] 5H!>HA=69, S^#h/, 06 `XU_
G H2 +# _6;HK. H2 +# _6&`!/63 
010a!4181 /CU!/a, ?;!/00i7
 Æ=, ?;!/i7 Æ`'=, 3i7HX5G[b
!c=, :#&`GHK?`X4@[QT dI [11,12].

@ 3 &A?>[_^=' 95%  \U>, 00-U

E 2 ��
��� H2 ��
b [8]

Fig.2 Variations of characteristic value and mean value of

the coating porosity as functions of H2 flow rate[8]
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Fig.3 Variations of characteristic value and mean value of

the coating porosity as functions of power[8]
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Fig.4 Variations of characteristic value and mean value of

the coating porosity as a function of powder feed
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Fig.5 Variations of micro–hardness (a) and Young’s mod-

ulus (b) of the coating with H2 gas flow rate[9]
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Fig.6 Variations of micro–hardness (a) and Young’s mod-

ulus (b) of the coating with spraying power[10]
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Fig.7 Variations of micro–hardness (a) and Young’s mod-

ulus (b) of the coating with the powder feed rate[11]
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Fig.9 S–N curves for the CrC–NiCr coatings[7]

�j=f'(m, o�V_97pnAIp, %+5(I
,  $�W-I@.
3.2 \]aqbc

23406 $�oO%-�o�2.,lq (%
bX.U#3.141800 CrC–NiCrKJPM06'
k, 2*'� &06 EG5\, qh06 =Bjr
� o3. 2*� EGAi, pE 06=Bjr� 
3H6!,W'� 2rm� !56� [19].

@ 10 AZ?pE W'3n [7]. ?+#3n/h,
06&! W'ts�_;o 5b4*. W'6!@(
06?'prtq6K=B7, 06&!uv==, :$
Y/ p"O3!=Brs LAup#D_&  q
0-=Brs;CE. �v5, qq�/# &! >>
+c uv=. +$>06=Bjr�j*'., rut
 tsr=?06&!=Euv=H]BK, 06&! 
Ls#&'?rtq6K=B. >=Brs37 uG 
&!LAup, '>Ls# fddIU/ wt/Æ.
15B/ LAwt/ÆQeCELs#?06 51,
37 q.  q dIo3V�=R69, +LAwt!
us4. +w q>=BrsdI, 1K q'06=B
jr�  J/=R69, 6!rx( q(<206r
=!&!uv= F^206[=4. >�jvR, 1K 
qV�?Ls#yBt>u8; _G7: $#, 1K 
qV�>=Brsu876, 37+6) pxv. >1
5\U>, 06)HV�@(t# &;61� [20].

@ 11 AZ?pE rmt3n [7]. Vg, rmt
CA3ns�w3%sw3, ;]EF+L<(=Bz=,
rmty/y!HB=+, F1&! F1B<. F(r
m�  37o3, DJO>>G+c xt, %h.u
'1@� =/X@CA wt/Æ:CE, ;@06-
/ LA/Æ:CE. >;CjmJ/>, 06-/LA
QT mn'>>B( /Æ.., Y3LATY vI

E 10 
�wv���wu��vx [7]

Fig.10 Morphology of pitting corrosion caused by surface

abrasion[7]



�1360  ������ � 47 �

!Wb. 15LATY WbIwV�%_o , +w6
yTY6Kz=, V�'w06&!lJWb, )HCE
066c@[y6jT, 375w5b. GB, >;Cj
mJ/>, 06k&!37B( wtÆJ/. 1] w
tÆ=Q#306756rm, SV�'>Y/l[:�
B( p"O3. 1] p"O3V�'CE06-/[
e6 r1. :#, 06-/ cÆi7?06 r1A
V�%06rmt37 +6Cx.

@ 12 :A'pE 56� 3n [7]. ^#56,

E 11 y��
���{vx [7]

Fig.11 Morphology of surface spalling[7]

E 12 |������{���vx [7]

Fig.12 Morphology of cohesive delamination (a) and adhe-

sive delamination (b)[7]

J!56!6-56 2 53H: J!56L06?J!
jT, 06+#r1; 6-566!%L06-/jT, S
/37?H xz 56rs, 97AHrm� zUY.
Zb&",;6OCUVG56�  37. fI, 06
-/LAXf =EK"!06-/ LAQT(<V
�UV56�  dI7:; /k, 06!(# J!c
4V�UV56� dI 3n. >06J!$, 25'
u8G@(00*'CE x{?!LAQT, ,0UV
06!(# @,8=. ;], @(06?(#.,�B,
>J!rs'>>B( zz/Æ=zJ; 2k, >=B
/ÆJ/>, 06-/ )(wt/Æ l[V�UVG
56�  z=.

4 9d
(1) #dG=&`UV06@[N+", _G H2 +

# _6, `XU>H, [=!h"a#I"/&?<; _
G-U _6, `XU>H, [=!h"a#_(; _G
Z:# _6, `XU"/, [=!h"a#I?<&_
(; 00i7 Æ`c4![e65b%UV`XU!L
AÆF"� 6!OC.

(2) jr$� Weibull 5bie! S–N ieV>
+c /Æln-nAGW-=Bjr$�.

(3) W'2rm!56%pE 06=Bjr� 3
H, W'6!%@(&!uv=B47, rm%@(06
>&6QT>=B/Æ{�>:$ � , 566!%@
(06-/ wt/Æ:�� .

|e,-

[1] Xu B S. China Surf Eng, 2010; 23: 1

(���. ��
���, 2010; 23: 1)

[2] Xu B S. Remanufacturing Engineering and Its Applica-

tion. Harbin: Harbin Institute of Technology Press, 2005:

1

(���. 
���������}. yz�: yz��y��
{||, 2005: 1)

[3] Xu B S, Zhu S H. Surface Engineering Theory and Tech-

nology. 2nd Ed. Beijing: National Defense Industry Press,

2010: 1

(���, ~}{. 
�����|���. | 2 |. }}: �}

�y{||, 2010: 1)

[4] Zhu Z X, Liu Y, Xu B S, Ma S N. Trans China Weld Inst,

2005; 26: 1

(~�z, } {, ���, ~~�. ~��~, 2005; 26: 1)

[5] Wu Z J. Thermal Spray Technology and Applications. Bei-

jing: China Machine Press, 2005: 1

(|�~. �������}. }}: Æ}�y{||, 2005: 1)

[6] Piao Z Y, Xu B S, Wang H D, Pu C H. Tribol Int, 2010;

43: 252

[7] Zhang X C. PhD Thesis, Shanghai Jiao Tong University,

2007

(�~�. ����������|�, 2007)



� 11 � O\V] : ���^WNX\[X_^\]PTQU^RYOV`S] 1361�

[8] Zhang X C, Xu B S, Xuan F Z, Wang H D, Wu Y X, Tu

S D. J Alloys Compd, 2009; 467: 501

[9] Zhang X C, Xu B S, Wu Y X, Xuan F Z, Tu S D. Appl

Surf Sci, 2008; 254: 3879

[10] Zhang X C, Xu B S, Tu S D, Xuan F Z, Wang H D, Wu

Y X. Appl Surf Sci, 2008; 254: 6318

[11] Pfender E. Surf Coat Technol, 1987; 34: 1

[12] Bianchi L, Leger A C, Vardelle M, Vardelle A, Fauchais P.

Thin Solid Films, 1997; 305: 35

[13] Gawne D T, Liu B, Bao Y, Zhang T. Surf Coat Technol,

2005; 191: 242

[14] Sampath S, Jiang X, Kulkarni A, Matejicek J, Gilmore D

L, Neiser R A. Mater Sci Eng, 2003; A348: 54

[15] Gnaeupel–Herold T, Prask H J, Barker J, Biancaniello F

S, Jiggetts R D, Materjicek J. Mater Sci Eng, 2006; A421:

77

[16] Chwa S O, Klein D, Toma F L, Bertrand G, Liao H L,

Coddet C, Ohmori A. Surf Coat Technol, 2005; 194: 215

[17] Zhang X C, Xu B S, Xuan F Z, Wang H D, Wu Y S, Tu

S D. Wear, 2008; 265: 1875

[18] Zhang X C, Xu B S, Xuan F Z, Tu S D, Wang H D, Wu

Y X. Appl Surf Sci, 2008; 254: 3734

[19] Zhang X C, Xu B S, Xuan F Z, Tu S D, Wang H D, Wu

Y X. Int J Fatigue, 2009; 31: 906

[20] Holmberg K, Matthews A, Ronkainen H. Tribol Int, 1998;

31: 107



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


