
Effect of Austenite Stability on Phase Transformation and Fatigue 
Performance of Stainless Steels after Various Mechanical Surface 

Treatments 
 

 
M. Wollmann, M. Mhaede, L. Wagner 

 
Institute of Materials Science and Engineering, Clausthal University of Technology, 
38678 Clausthal-Zellerfeld, Germany 

 
 
Abstract 
Metastable austenitic stainless steels are known to stress-induced martensitically transform 
during cold working. Two austenitic stainless steels; AISI 304 and AISI 316Ti, which differ 
with regard to their austenite stability due to their chemical composition were chosen for the 
present investigation. Cold rolling to various degrees was done and the transformation to 
martensite was recorded in both alloys by X-ray diffraction spectra. 
Shot peening (SP) and ball-burnishing (BB) were applied and the resulting changes in near-
surface properties were characterized by micro-hardness depth profiles and residual stress-
depth profiles. The shot peening and ball-burnishing caused changes in high cycle fatigue 
(HCF) performance of the two alloys with different austenite stability will be compared and 
contrasted. 
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Introduction 
The good combination of mechanical, fabrication and corrosion resistance properties makes 
austenitic stainless steels one of the most favoured construction materials [1].  Austenitic 
stainless steels with the approximate composition 18% chromium, 10% nickel and additions 
of molybdenum, titanium or niobium are today widely used in components designed for 
elevated temperature applications like boilers, super heaters and chemical reactors. 
Additions of titanium or niobium prevent precipitation of grain boundary carbides and 
contribute to precipitation hardening by the formation of carbo-nitrides [2]. The contents of 
chromium and molybdenum improve the corrosion resistance of the material, but also make 
the austenite unstable with respect to formation of chromium-rich carbides and intermetallic 
phases. These intermetallic phases detrimentally affect the mechanical properties when 
using standard austenitic stainless steels at elevated temperatures and also reduce their 
corrosion resistance by removing chromium and molybdenum from the austenitic matrix. 
This work aims to investigate the effects of plastic deformation on the austenite stability of 
AISI 304 and AISI 316Ti as well as the enhancement of the HCF performance by applying 
SP and BB. 
 
Experimental Methods 
Two commercial austenitic stainless steels AISI 304 and 316Ti were received in plate form 
with thickness of 30 and 20 mm, respectively. Chemical compositions of the steels are given 
in Table 1. The tensile properties of the two alloys were given in Table 2. Materials were uni-
directionally hot rolled at 800°C to a final thickness of 10 mm which corresponds to 
deformation degrees of  φ = 0.6 and 1.0 for AISI 304 and 316Ti, respectively. The rolled-
plates were recrystallized at 1050°C for 0.5 hours. Hour-glass specimens with 6mm 
minimum gage diameter were machined with the load axis perpendicular to the rolling 
direction. Part of these specimens was shot peened using a direct pressure blast system 
and spherically conditioned cut wire (SCCW14) having an average diameter of 0.35mm. 



Peening was performed to full (100%) coverage at an Almen intensity of 0.20mmA. Other 
specimens were ball-burnished by means of a conventional lathe using a device by which a 
hard metal ball of ∅ 3 mm (HG3) is hydrostatically pressed onto the rotating specimen 
surface using a pressure of 350 bar. Moreover, some specimens were electrolytically 
polished (EP) to serve as reference.  
Micro-hardness depth-profiles were measured on the SP and BB samples. For estimating 
the near-surface deformation degrees, hardness measurements were done on material cold 
rolled to certain deformation degrees. Residual stresses were determined by means of the 
incremental hole drilling method using a drill with 1.9 mm diameter and strain gage rosettes. 
The oscillating drill was driven by an air turbine at a rotational speed of 2×105 rpm. From the 
measured back strains, the residual stresses were calculated by linear elasticity concepts. 
Fatigue tests were performed in rotating beam loading (R = -1) in air at a frequency of 50 s-1.  
 

 
Table 1: Chemical composition in wt.%  

 
Alloy C Si Mn P S Cr Mo Ni N Ti 

AISI 316Ti 0.024 0.50 1.57 0.038 0.015 17.75 1.949 10.2 0.080 0.23 
AISI 304 0.022 0.470 2.146 0.035 0.026 19.10 0.364 8.7 0.098 0.004 

 
 

Table 2: Tensile properties of the tested alloys 
 

Alloy Condition YS  
(MPa) 

UTS  
(MPa) 

εF = 
 ln (A0/AF) 

AISI 316Ti 
As-received 365 620 0.44 

Hot rolled at 800°C  680 785 0.18 
Hot rolled at 800°C + 0.5 h at 1050°C 215 595 0.42 

AISI 304 
As-received 320 655 0.47 

Hot rolled at 800°C  620 785 1.43 
Hot rolled at 800°C + 0.5 h at 1050°C 270 660 0.97 

 
 
Experimental Results and Discussion 
The microstructures of AISI 316Ti before and after cold rolling are illustrated in Figure 1. 
While Figure 1a represents a typical equiaxed grained austenitic microstructure of the 
undeformed (φ= 0) condition, after cold rolling (φ= 2.25) the grains are highly deformed and 
elongated in rolling direction. Similar results were also obtained for AISI 304. 
 

        
 a) φ= 0 

    
 b) φ= 2.25 

 
Figure 1: Microstructures of AISI 316Ti 



 
The effect of cold work on the hardness of both AISI 304 and AISI 316Ti is shown in Figure 
2. With an increase in the degree of deformation by cold rolling a very marked increase in 
hardness from about 125 and 140 to 450 and 500 HV10 was measured on AISI 316 Ti and 
AISI 304, respectively. This strong strain hardening is mainly due to the very low stacking 
fault energy (SFE) in these materials in which plastic deformation is characterized by the 
dissociation of perfect dislocations in Shockley partial dislocations and the formation of wide 
stacking faults [3, 4]. The observed somewhat more marked strengthening in AISI 304 may 
be caused by higher degrees of strain-induced transformation of the austenite to martensite. 
However, in contrast to [5] were no martensite transformation was observed in AISI 316, the 
investigated alloy AISI 316Ti of the present investigation underwent intensive martensite 
transformation as illustrated in Figure 3. 
 

 
 a) AISI 316Ti 

  
 b) AISI 304 

 
Figure 2:  Relation between hardness and deformation degree in cold rolling 

 

 
Figure 3: X-ray diffraction spectra of undeformed (φ = 0) and highly deformed (φ = 2.25) AISI 

316Ti 
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The microhardness-depth profiles after BB and SP are shown in Figure 4. Maximum 
hardness values at the surface are very similar after BB and SP in both AISI 316Ti (Fig. 4a) 
and AISI 304 (Fig. 4b). As expected, the penetration depths of increased hardness after BB 
are much greater than after SP (Fig. 4). Comparing the near-surface hardness values in BB 
(Fig. 4) with hardness measurements after certain amounts of plastic strain as illustrated in 
Figure 2, it is obvious that local deformation degrees in BB and SP reach values of ϕ = 1. 
Similar results were reported in earlier work [6] and are also in agreement with the 
observation of ultrafine grain sized near-surface microstructures being typical for severe 
plastic deformation treatments [7, 8]. 
The residual stress profiles of both alloys (Figure 5) indicate penetration depths of residual 
compressive stresses after BB much higher than after SP. However, residual compressive 
stresses in the near-surface areas after SP were higher than after BB.  
 
 

 
a) AISI 316Ti 

 
b) AISI 304 

Figure 4: Microhardness-depth profiles 
 
 

 
a) AISI 316Ti 

 
b) AISI 304 

Figure 5: Residual stress-depth profiles 
 
The HCF performance of both AISI 316Ti and AISI 304 is markedly enhanced by BB and SP 
compared to the reference EP (Figure 6).  
The superior HCF performance of BB is explained by the residual compressive stress field 
reaching to depths much greater than in condition SP which leads a more effective retarding 
of micro-crack growth into the interior. In addition, the very low surface roughness of 
condition BB as opposed to SP leads to a retardation of fatigue crack nucleation resulting in 
most marked overall HCF strength improvement.  
Part of the observed improvement in fatigue performance after BB and SP could also be 
attributed to local strain-induced martensitic transformation in the near-surface regions. 
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According to the very high local deformation degrees observed, this strain-induced 
martensitic transformation was also found in SP and BB specimens as illustrated in Figure 7.  
 

 
a) AISI 316Ti 

 
b) AISI 304 

 
Figure 6: S-N curves 

 

 
Figure 7: X-ray diffraction spectra on the BB and SP surface of AISI 316Ti 

 
More work is needed to establish to what extent the strain-induced martensitic 
transformation during BB and SP contributes to the observed HCF improvement relative to 
the reference EP. 
 
Acknowledgements 
The authors would like to thank E. Maawad, M.Sc. for his experimental assistance in XRD 
measurements.  
 

200

250

300

350

400

450

500

550

600

650

S
tre

ss
am

pl
itu

de
,M

P
a

103 104 105 106 107

Cycles to failure, NF

BB
SP
EP

200

250

300

350

400

450

500

550

600

650

S
tre

ss
am

pl
itu

de
,M

Pa

103 104 105 106 107

Cycles to failure, NF

BB
SP
EP

-1000

0

1000

2000

3000

4000

5000

6000

7000

40 50 60 70 80 90 100 110 120 130 140

2-Theta (°)

In
te

ns
ity

 (c
ou

nt
s/

se
c)

BB
SP

Martensite
Austenite

-1000

0

1000

2000

3000

4000

5000

6000

7000

40 50 60 70 80 90 100 110 120 130 140

2-Theta (°)

In
te

ns
ity

 (c
ou

nt
s/

se
c)

BB
SP

Martensite
Austenite



References 
1) N. Parvathavarthini, R.K. Dayal, Influence of chemical composition, prior deformation 

and prolonged thermal aging on the sensitization characteristics of austenitic 
stainless steels, Journal of Nuclear Materials 305 (2002) pp 209. 

2) M. Schwind, J. Källqvist, J.-O. Nilsson, J. Ågren and H.-O. Andrèn, σ-Phase 
precipitation in stabilized austenitic stainless steels, Acta mater. 48 (2000) pp 2473. 

3) Tae-Ho Lee, Eunjoo Shin, Chang-Seok Oh, Heon-Young Ha, Sung-Joon Kim, 
Correlation between stacking fault energy and deformation microstructure in high-
interstitial-alloyed austenitic steels, Acta Materialia 58 (2010) pp 3173. 

4) J. Talonen, H. Hänninen, Formation of shear bands and strain-induced martensite 
during plastic deformation of metastable austenitic stainless steels, Acta Materialia 
55 (2007) pp 6108. 

5) D. Kirk, N. J. Payne, Transformations induced in austenitic stainless steels by shot 
peening, ICSP 7 (A. Nakonieczny, ed.), (1999) pp 15. 

6) S. Yi, M. Wollmann, T. Ludian, L. Wagner, Analyzing the near surface deformation 
gradients due to shot peening and ball-burnishing of alpha brass and stainless steel, 
ICSP 10 (2008) pp 169. 

7) I. Altenberger, B. Scholtes, U. Martin, H. Oettel, Cyclic deformation and near surface  
microstructures of shot peened or deep  rolled austenitic stainless steel AISI 304, 
Materials Science and Engineering 264 A (1999), pp. 1 

8) H. M. S. Sin, M. Janecek, M. Wollmann and L. Wagner, Effects of Severe Plastic 
Bulk and Surface Deformations on Fatigue Performance of cp-Cu, ICSP 11 (J. 
Champaign, ed.) this conference  

 
 
 
 


	Keywords: Austenitic stainless steel, shot peening, ball-burnishing, strain-induced martensitic transformation, X-ray diffraction patterns
	Introduction
	Experimental Methods
	Figure 7: X-ray diffraction spectra on the BB and SP surface of AISI 316Ti
	Acknowledgements
	References


<<
  /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 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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
    /Arial-Black
    /Arial-BoldMT
    /ArialMT
  ]
  /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 0.40
    /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


