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Abstract 
Due to increasing productivity and fluctuation of roll torque, premature failure of shear pin of 
flange yoke assembly of stainless hot rolling mill occur and cause significant production loss. 
UNSM treatment was applied to the neck groove of the shear pin as an alternative to 
existing solutions to prevent premature failure and increase service life. 
Proper process variables of UNSM technology are determined which can give the strongest 
fatigue strength by the comparison of S-N curve of rotary bending test result. The surface 
roughness, hardness and compressive residual stress of three kinds of test specimens are 
analyzed together with SEM analysis of fracture surface. Real shear pins had been 
produced by the highest fatigue strength condition and installed to the hot mill stand for 
validation. They had been passed 270 days of operation. 

 
Introduction 
The flange yoke assembly of stainless hot mill stand includes a special safety device which 
is called shear pin. It is designed to transmit the torque from electric motor to the roll. 
However, it should break in the case of a mechanical overload to prevent electric motor 
damage. As a sacrificial part, it is a mechanical analogue of a fuse in the electric circuit. The 
pin is made from AISI 1045; the diameter of the rod is calculated to withstand a normal 
working load, but allow the shear break when predetermined torque is reached. This built-in 
controversy makes it hard to ensure high fatigue properties for shear pin. Moreover, 
increasing productivity and fluctuation of the torque make service life even shorter. To 
achieve at least 120 days (average for the industry) of service life manufacturer used a 
shear pin treated with shot peening. Nevertheless, premature failures took place causing 
significant production losses. 
Ultrasonic nanocrystal surface modification (UNSM) [1] is a patented technology in South 
Korea which can be described as ultrasonic cold forging technology (UCFT) [2]. UNSM 
produces harder surface hardness and smoother surface roughness comparing with other 
mechanical surface nanocrystal treatments. It is therefore worth investigating the 
mechanicals properties of materials subjected to UNSM. Li et al. [3], Roland et al. [4], Dai et 
al. [5], and Tian et al. [6] respectively reported the effects of surface nanocrystallization on 
fatigue behavior. In the present work, a nanostructured surface layer was prepared by 
means of UNSM in a medium carbon steel S45C, an AISI 1045 analogue, which is also 
normally used in axes, gears, and splines of compressors, pumps, and steam turbines. The 
micro hardness, surface roughness and residual stress were measured. The effect of the 
UNSM technique on the fatigue behavior of S45C was investigated. 
  
 
 



Experimental procedures  
The test specimens were made of a medium carbon steel S45C. It is a Japanese equivalent 
to AISI1045, which is easy to obtain for the purpose of doing research in South Korea. Table 
1 shows chemical composition (in wt %) and some mechanical properties for both steels. 
The power output of the ultrasonic generator is about 1 kW; the ball diameter was 2.38 mm; 
the ball was made of tungsten carbide (WC). Kerosene was a lubricant. The static load was 
30 N, and the vibration amplitude was 30 μm. The total load acting on the specimen was the 
sum of the static load and the sinusoidal function of the dynamic load. Table 2 shows the 
UNSM treatment parameters. 

 
Table 1. Chemical Composition and Mechanical Properties for AISI1045 and S45C. 

 

 
Table 2. UNSM Treatment Condition. 

 
Type of specimen UNSM C1 UNSM C2 UNSM C3 

Number of strike (times/mm2) 34,000 45,000 68,000 
 

Before UNSM, all specimens were polished using sandpaper from grade 120 to grade 2000. 
To investigate the effect of the nanostructured surface layer on the fatigue behavior of S45C, 
rotating bending fatigue tests on the four groups of samples (untreated, C1, C2, and C3) 
were conducted at ambient temperature using a dual-spindle rotating bending fatigue test 
machine. The frequency of fatigue testing was 52.5 Hz, and the stress ratio was R=−1. The 
fracture surfaces were examined using scanning electron microscopy (SEM). The crack 
length was measured using the laminated film method. Finally, the actual shear pins were 
manufactured and field tested based on these results.  
 
Results and Discussion 
Investigation of Nanostructured Layer 
Fig. 1a shows the microstructure of the untreated S45C specimen (pearlite and ferrite, with 
the grain size of about 30 μm). The nanostructured surface layer after UNSM C3 is shown in 
Fig. 1b. Fig 1c of UNSM C3 shows the 30 μm thickness for nanocrystalline surface layers at 
their fatigue fracture surface. Nanocrystalline surface layers with the thickness of 2 μm, 12 
μm and 30 μm were produced by UNSM C1, C2 and C3 respectively, as shown in Table 2. 
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Figure. 1. Microstructures and Features of S45C: (a) Before UNSM; (b) UNSM C3; (c) 

Nanostructured Layer on Fatigue Fracture Surface Observed by SEM, UNSM C3. 
 

Micro-Vickers Hardness Distribution 
The micro-Vickers hardness along the depth from the UNSM treated surface layer was 
measured for cross-sectional samples. The microhardness of the untreated S45C specimen 

Mass % C Si Mn P S Cu Ni Cr σy, 
MPa 

σuts, 
MPa 

% 

AISI1045 0.45 - 0.72 ≤0.04 ≤0.05 - - - 505 585 12 
S45C 0.45 0.21 0.71 ≤0.030 ≤0.035 ≤0.3 ≤0.2 ≤0.2 490 690 17 



was about 220 Hv, as shown in Figure 2. The values of microhardness of UNSM C1, C2, 
and C3 were 324 Hv, 407 Hv, and 436Hv respectively. The microhardness of UNSM treated 
specimens rapidly decreases at about 60μm and then decreases more gradually down to 
235Hv at a depth of 400μm. 
 

 

Figure 2. Distribution of micro-Vickers Hardness Before and After UNSM. 
 

Residual Stress of Fatigue Specimens 
There are many reports on the residual stress variation by depth [1, 2, 3, 4, 7]. Table 3 
shows the residual stress measurement results at about 20μm below the surface acquired 
by X-ray scattering technique using diffraction pattern of the Fe (2 1 1) crystal plane obtained 
by Cu Kα radiation. Residual stress increased 8, 12 and 18 times for UNSM C1, C2 and C3 
respectively. 

 
Table 3. Residual Stress on Fatigue Specimens. 

 
Processing method Last polished by grade 

2000 sandpaper 
UNSM C1 UNCM C2 UNCM C3 

Residual stress, MPa -20.5 -162.8 -244.1 -366.7 
 

Observation of Surface Roughness and Surface Features 
Table 4 shows the observation of surface roughness before and after UNSM treatment. 

 
Table 4. Surface Roughness Before and After UNSM. 

 
Group No treatment UNSM C1 UNSM C2 UNSM C3 

Roughness (Ra), μm 0.225 0.149 0.146 0.10 
 

Fatigue Characteristics 
Rotary bending test was performed to investigate the fatigue characteristics of S45C after 
UNSM, which are shown in Figure 3. From S–N curves, it can be concluded that as the 
vibration strike number increases, the 107 cycles fatigue limit gradually increased. The slope 
of the S–N curve is also reduced. UNSM C3 improves the fatigue strength by as much as 33% 
for S45C. Figure 4 shows the SEM micrograph of the fatigue fracture surface of S45C after 
UNSM. 



 
 

Figure 3. S–N curves of S45C after UNSM. 
 

   
C1, 450 MPa, 1.45×105 

cycles 
C2, 450MPa, 8.16×105 

cycles 
C3, 450 MPa, 2.26×107 

cycles 
 

Figure 4. Fracture Surface of S45C after UNSM. 
 
Figure 5 shows the surface crack growth speed for S45C under a fatigue stress of 475 MPa. 
The surface crack growth speed diagram shows that the nanostructured surface layer does 
effectively restrain crack initiation. The fatigue endurance limit is typically controlled by the 
number of fatigue cycles to initiate a dominant crack, which could account for 90% of the 
total fatigue life [8]. In this test, the same phenomenon has been observed with UNSM as 
well.  

 
Figure 5. Surface Crack Growth Speed (σ = 475 MPa). 

 
Field Test 
Shearing pins were produced from AISI1045 to manufacturer’s specifications as shown in 
Figure 6. The neck groove of the shear pins were treated by UNSM technology with 
parameters chosen based on this research (UNSM C3), and were installed into the flange 



yoke assembly of stainless hot mill stand to be tested under practical working conditions. 
Under circumstances of normal production operations they withstood 240 days period.  
 

 
 

Figure 6. Shear Pin. 
 

Conclusions 
(1) The surface microhardness of S45C increased following UNSM and the hardness of 

UNSMC3 was about twice that of the coarse grained matrix.  
(2) Compressive residual stress has been induced by UNSM. As the vibration strike 

number of UNSM increased, the value of residual stress also increased. 
(3) UNSM C3 with the maximum vibration strike number had the lowest surface 

roughness and intergranular microcracks caused by UNSM have been observed on the 
surface of S45C after UNSM. 

(4) Fatigue endurance was improved by as much as 33% (UNSM C3) for S45C. Cracks 
initiated at the intergranular microcracks on the surface and then extend along the tip traces 
of UNSM which are considered as process defects. 

(5) The nanocrystal surface layer has the effect of retarding the initiation of fatigue 
cracks. In S45C, the efficiency of crack resistance is more than 48%. 

(6) The results of research on S45C can be easily transmitted to AISI 1045 regarding 
UNSM treatment and can be applied in the field with 100% fatigue improvement.  
 
References 
[1] C.M. Suh, et al. Improvement of fatigue characteristics of engineering materials by UNSM 
(Ultrasonic Nanocrystal Surface Modification) technology, AMDP2008, Beijing. 
[2] C.M. Suh, G.H. Song, M.S. Suh, Y.S. Pyoun, Fatigue and mechanical characteristics of 
nanostructured tool steel by ultrasonic cold forging technology, Mater. Sci. Eng. A 443 (2007), 
101. 
[3] D. Li, H.N. Chen, H. Xu, The effect of nanostructured surface layer on the fatigue 
behaviors of a carbon steel, Appl. Surf. Sci. 255 (2009), pp.3811-3816. 
[4] T. Roland, D. Retraint, K. Lu, J. Lu, Fatigue life improvement through surface 
nanostructuring of stainless steel by means of surface mechanical attrition treatment, Scripta 
Mater. 54 (2006), pp.1949-1954. 
[5] K. Dai, L. Shaw, Analysis of fatigue resistance improvements via surface severe plastic 
deformation, Int. J. Fatigue 30 (2008), pp.1398-1402. 
[6] J.W. Tian, J.C. Villegas, W. Yuan, D. Fielden, L. Shaw, P.K. Liaw, D.L. Klarstrom, A study 
of the effect of nanostructured surface layers on the fatigue behaviors of a C-2000 superalloy, 
Mater. Sci. Eng. A 468–470 (2007), pp.164-168. 
[7] T. Wang, D.P. Wang, G. Liu, B.M. Gong, N.X. Song, Investigations on the 
nanocrystallization of 40Cr using ultrasonic surface rolling processing, Appl. Surf. Sci. 255 
(2008), pp.1824-1828. 
[8] S. Suresh, Fatigue of Materials, Cambridge University Press, New York, 1991. 



<<
  /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


