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ABSTRACT Microstructure and pitting corrosion resistance of UNS S32304 duplex stainless steels
welded joint with plasma–arc welding (PAW) were studied by means of OM, SEM, energy dispersive
X–ray spectroscopy (EDX) and potentiostatic electrochemical technique. The results show that the
microstructures of the heat–affected zone (HAZ) and fusion zone differ from the base metal greatly,
with ferrite fraction greater than 70%. Furthermore, a lot of nitrides are precipitated at the interface
between ferrite and austenite phases and inside the ferrite grains. Consequently, pitting corrosion
resistance of the welded joint declines obviously and pitting preferentially occurs at ferrite phase in the
high temperature HAZ near the fusion line.
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/7831-9�(89Æ (HAZ) �/5Æ (FZ) ��
(). 6 HAZ, :$�/0/5; (FL) �%%(89Æ,
-064':1*3(5 1300632%%8 5 s ;32,
63(�%%6/7, HAZ -07�'7<����0
"����, &'���Æ3�89'; 64;�256
/7, ����9<6����Æ44Æ317=:. 6
FZ, -04&5=1/), :;>66>?()7;��
��, 6;@�256/776>��"=:���. �
,&'6/�A?8325�6/, /), HAZ � FZ 7
���B����0"85C<, ,;@25D����
�A9B9, =A�:C���()8>'&?5;�*
,$� (:�,<$) 2-.$� (:<D%$) E9F
E [4−7]. =G, &'6/76 HAZ � FZ ,�=:�;
)(, σ �, χ �, Cr �=)(�>?���.>?�H
&IFE989����"*,$�2-.$� [8−13].
=J-9�=:��D�@K��,&'6/7<'%
%2&''=@,'�%#>#&?�. ? �&';�
��/������ >A5:C, LLMK%�(?@,
AB, %�(?@8&??�253@, 256/7, 5;
9':@, 600 632%#8,�&?;B:)5( σ

�� χ ��=:, :$�C,%5;A9�DG���
��BNH3'+ [8,10]. �,���1 N �CA#4%
#FEBO3B9, PB [4,6] A' 6���&'6/7
E6 Cr �=)(=:�,�$. Ramirez . [14] C�

&����CQ &'6/�(DE, IBC Cr2N 32

D#>?���::�J&CQ PB, KLF', F6
1350 6GM;N Cr =)(6���12 α/γ �4=

:, �,=)(#����4G�$4G�&?>?��
��EB,6=)(#����4GD�. >?����
γ2 7� Cr, Mo � N A9 BF���9, D@K6&
;��()�C?(676/7D�, :+H&4&;(
@H [13].

�����&';0�.IDO&�6'PR1G
QR%��9, (-%�&'3@�/IHJ , JB,
S< HAZ �KL; .IDO�9K#', OE%#%, M
I�$+, 10—12 mm S#�0,�%LM, �A?&I
�G�D, &'3#8, 13T@%, )$"D' [15−17].
N.IDO&C�����()�",$��89�P
BNJU-OH.

PVQ0WK5.IDO&C����� UNS
S32304 CQ&';, Q0TX+�O (OM) �LP-O
(SEM) �R&''=���(), &'Q0U-YQ4
�,%# (critical pitting temperature, CPT) VPB
&'J;MI"�,$��"), NS&''=",$F
OÆ5, CAT<=�,$�")#5;�<6��7�
<U�J&.

1 G�HI
PZ005?S 4 mm � 2304(UNS S32304) �

�����V, $)X�< (J9<),%) ?: Cr 23.23,
Mo 0.42, Ni 4.8, Mn 1.49, Cu 0.3, N 0.12, C 0.016,
Si 0.38, S 0.001, P 0.025, Fe [9. UNS S32304 �
����F(K;6 1040 6>C@H 4 min ;�*Æ
+#? 610 MPa, RQ+#? 655 MPa, RQ\Q@
? 26%.

Q0WK5.ID�O&C UNS S32304 ����
�CQ&', &'-S 165 A, TL>U 3.2 mm, &'
3@ 3.0 cm/min, .IDR?S9? 4.8 L/min � Ar–
2%H2 W5R, %XR�WXR�7? Ar, S9<Y?
15 � 20 L/min.

-)XZM6 PAR–STAT 2273 -)X1MN2C
Q, Q0[O�S-Y�&, ZP-Y? Pt, \ -Y?
]�[\-Y (SCE),1M-Y?&''=05 (^V FZ
� HAZ).6-)XPZJ, ]8MI^?0 1000� 1500
]T4_W;CXT, 0YZ`_a0UV_b;c^d
0, ? _Q6ZM6/7:`+**,, eVa [18] 7
�`VCMICQ @H. MI�"�,$�76$6
1 mol/L � NaCl Cb7� CPT *[a, ScdY-
SK#? 100 μA/cm2 'WC)�%#? CPT[19]. X
]81M-Y\@ 1 mol/L NaCl Cb7, 6 –0.9 V �
-YFeYY) 5 min, 3bB1M-YFG�f)(;
fMI6R*,-YFÆS 10 min ;, 81M-Y6
750 mV U-YFdYY), &'8Cb3 (1±
0.3) 6/min �3@Y%, c]dY-SK# – %#Z
;, gdY-SK#2YS 100 μA/cm2 ', I@PZ
1 min ;[Q. PZJ2PZ6/7h@BCb77%i
N2 j O2. C&A?MI, S99d 3 ?PZ, \ CPT
�:7TM?PZKL.

Q0 OM� Phillips XL30 FEGg SEM�RMI

���()D^. 6 30%KOH(J9<)) Cb70 2 V
-hCMICQ-)X*_ 15 s ;, 0 OM �R���

7����������. 8MI\@ 10%(�e<))
�k]Cb70 7 V -h-)X*_ 30 s ;, 0 SEM
�R Cr �=)( [20]. Q0 X ^;�_i (EDX) Z9
Cr, Mo � Ni �A9. 0 Fischer Feritscope MP3–FE
���iZS&''= FZ, HAZ �-07�����A
9 (�e<)).

2 G�UV�WX
2.1 YZ���[

` 1 f: F.IDO&; 2304 ������&
Æ5���()D^. ,g, -0��()�la���
��ja�C,H������(�, ��Æ3mk(K
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_ 1 2304 �

�� PAW ���f
�
����
Fig.1 Microstructures of different zones of DSS 2304 PAW welded joint

(a) base metal (b) HAZ (c) FZ near the fusion line (d) centre of the FZ

`B19, D�9gD�h`aÆ3 (` 2a); HAZ J#
? 500—600 μm, :` 2b 7`dWi, oe FL # HAZ
::�fI, ,8 HAZ <?b HAZ(7 HAZ �0 HAZ
S7<, Dg6&'6/7Fh�(676/ (pT%#,
h@':, 3(�253@) �&, /B��()�&, 0
HAZ �,F/0 FL, $pT%#F%, gA5pT%
#', qÆ5670)?���, &'���Æ3�89
', 6256/7, ���9<6����Æ44Æ31
=:; 6 FL r0� FZ, Æ�=1\B19, D�Ea
����Æ3, B6 FZ 7oÆ5, cD�.d���Æ
3, =G, b,=`, 6 FZ 7E66���Æ4D��Æ
4��� (GBA), �Æ4���B���Æ31rh`
a19� Widmanstätten ��� (WA) 326���
Æ317D��Æ31��� (IGA) 3 e3�&�Dj
J����7=:���� (` 2c � d). 2304 ���
��&''= FZ, HAZ �-0�:7���A9<Y?
76.0%, 68.9% � 47.7%, ,g, 6 FZ � HAZ, ���
�A9'+i%, :$�6 FZ, ���A9A5 76%,
-07��A9�C,:C, ����A9? 47.7%.
2.2 fgh i

` 2 i: 2304 �����-02&''=

�U-YY)Z;. ,g, -0 CPT (C)-SK#?
100 μA/cm2) ? 33 6, B&''=� CPT ? 23 6, F

_ 2 �������
�����kp
Fig.2 Potentiostatic polarization curves of the as–received

DSS 2304 and PAW joint (potential is 750 mV, so-

lution is 1 mol/L NaCl, heating rate is 1 s/min)

'05F6 PAW &';"*,$�'+FE. ? C&
';�,CQH@�PB, Q0 SEM �R 0 HAZ 7
��,D^, KL:` 3 Wi. 6` 3a Wi����Æ
317,3j5A?>U'8? 100 μm �Æl�,k,
&'b,gAJqÆl�,k; �` 3b Wi�Æl�,
ks'r,3j5, 6�,=1@, ���67=1CA,
j�Fga����, m'60 HAZ 7, ���(- 
���H(�"�,$�.
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` 4 f: AJtgqÆl�,�D^. J`7,
3=`, -�ltg�qÆl�,, Al�D�,���
Æ317�qÆl�, (` 4a), =AlcD�,���
�4@, #Va [21] 7OH�KLA?.
2.3 !kghÆlmn"�opq#

������*,$�#$)X(�-J, 7;0�

_ 3 m��p HAZ r
s����n
Fig.3 Morphology of stable pits in HAZ near fusion line

(a) and its magnified image (b)

_ 4 ts����n

Fig.4 Morphologies of metastable pits in ferrite (a) and at

the boundary between ferrite and austenite (b)

,g9 Cpren = CCr+3.3CMo+20CN (CCr, CMo � CN

<Y? Cr, Mo � N �J9<),%) *Fi5;�<C
�,$��89. �,5;s�6��7�<U�&, �
���N Cr � Mo, ����cN Ni � N, /)��
������� Cpren Au�&, t?������",
$� Cpren T,$�A�WoS [19,22,23]. F 1 f: 
2304 �����&''=�&Æ5�������75
;s�A9� EDX KL. �, EDX C N Z9�pq
#$, /), PV6�rs N A9�JGFC5;s�A
9#05�"�,$��J&MS$<=. �F 1 ,u,
6 FZ � HAZ 7, �,05�Y%�253@mt;8,
Cr, Ni � Mo 6=JÆ57�<tu-A5:C (#-
0 ,), Cr � Mo 6����7A9,%, Bn N 6�
��7�CA#H%,���, /), � Cpren ,u, &'
'=7�����(- ����H(�"�,$�, #
Va [24] �KL�&. )G,  , FZ � HAZ ����
7 Cr � Mo �A9, ,3u8 FZ  HAZ (-H%�
"�,$�.
2.4 Cr pvn$

6Fug�����7, o3 Mn � N vp Ni *
ÆS����, $7 NA9�w3A`G�vG%���
���+#, =A`Gb�G%����"*,$�. A
B, N �w38,�&?&'6/76 HAZ � FZ 7=
:=)( [4,6,25].

�,6 30%NaOH Cb7-)X*_���R5=
)(�=: (` 2a—d), /)vxF 10% �k]Cb7
CQ-)X*_;0 SEM �R, KL:` 5 Wi. J-
0� SEM r7,3Uw,�R5Æ4D^, u-'+�
�,4vx$CA (` 5a), F'�E6=:�=)(; B
J HAZ � SEM r7,3Uw,�R56���Æ31
����/����4@E6'9�,k (` 5b), F'6
=JYyE6=)(�=:. C qÆl�,D^` (`
4), ,3=`qÆl�,�=)(=:�YyE6�q:
@, ,3u8qÆl�,,�v1,=J=)(=:�
@ [6,26].

z 1 2304 rxwywxyyswtu{xvwzxyw|{
w}yy|x

Table 1 Alloying element concentrations in austenite and fer-

rite in DSS 2304 welded joint

(mass fraction, %)

Position Phase Cr Mo Ni Mn Si

FZ Austenite 22.65 0.37 4.89 1.55 0.45

Ferrite 23.42 0.43 4.77 1.35 0.31

HAZ near Austenite 23.08 0.39 5.45 1.50 0.38

fusion line Ferrite 23.30 0.40 4.54 1.36 0.36

Base metal Austenite 21.69 0.34 5.59 1.61 0.44

Ferrite 24.89 0.45 3.99 1.32 0.36
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_ 5 yzz}z
��� HAZ 
 SEM z

Fig.5 SEM images of base metal (a) and HAZ (b) after

oxalic acid etching

3 UX
(1) UNS S32304 �����.IDO&' (PAW)

'=���()#-0� =1 R'"), 6(89Æ
(HAZ) �/5Æ (FZ) ���A9D6 70%, ��(
) >E9{C, &', ���Æ3"{', 6���Æ4
����17-{'����D�.

(2) �, PAW &'�A?83256/, 5;s�
Cr, Mo � Ni .*�2{|, 5;s�6&''=��
�7A9||�', �E6N~`}.

(3) &''=U-YQ4�,%# (CPT) ? 23 6,
B-0� CPT ? 33 6, m' PAW &'������

�"�,$�'+}), 6/0/5;� HAZ 7, Æl
�,"]=16���Æ31, qÆl�,c6���#
���Æ44���Æ31D0.
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dowski R, Böhni H, Speidel M O. Corros Sci, 2001; 43:

707

[24] Kordatos J D, Fourlaris G, Papadimitriou G. Scr Mater,

2001; 44: 401

[25] Cervo R, Ferro P, Tiziani A, Zuzzhi F. J Mater Sci, 2010;

45: 4378

[26] Ha H Y, Kwon H S. Electrochim Acta, 2007; 52: 2175



<<
  /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


