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บทคดัย่อ 
 

  งานวจิยัน้ีเป็นการวเิคราะห์การช ารุดของเพลาสวงิ ซ่ึงผลิตมาจากเหล็กกลา้ผสมต ่า
ทนแรงดึงสูงเกรด AISI 4340 ซ่ึงใชใ้นระบบส่งก าลงัแบบหมุนเหวีย่งของรถขดุไฟฟ้า ประโยชน์ท่ี
ไดจ้ากงานวจิยัน้ีคือสามารถเลือกกรรมวธีิการเช่ือมซ่อมท่ีดีท่ีสุดท่ีจะน ามาใชใ้นการเช่ือมซ่อมเพลา
สวงิได ้หลงัจากเพลาสวงิช ารุดมีการตรวจพินิจผวิรอยแตกของเพลาสวงิพบวา่รอยแตกเร่ิมตน้จาก
บริเวณฟิ ลเลต เม่ือท าการศึกษาหาสาเหตุเพื่อแกปั้ญหา ผลจากการวเิคราะห์ค่าความเคน้สามารถ
พิสูจน์และน าไปสู่ทางออกของปัญหาได ้โดยศึกษาในเง่ือนไขเพลาสวงิรับภาระเตม็ก าลงัขณะ
ท างาน พบวา่บริเวณท่ีมีค่าความเคน้สูงท่ีสุดเป็นบริเวณเดียวกนักบับริเวณท่ีเพลาแตกขาด ความเคน้
สูงสุดขณะท่ีเพลาเกิดการเปล่ียนแปลงภาระกะทนัหนัถูกเช่ือวา่เป็นสาเหตุเบ้ืองตน้ของการแตกลา้
และการลุกลามของรอยแตก จากการวเิคราะห์การช ารุดยนืยนัวา่สาเหตุมาจากการท างานท่ีภาระไม่
ปกติ ทา้ยท่ีสุดจะท าการแนะน ากรรมวธีิการเช่ือมซ่อมท่ีเหมาะสมท่ีสุดในการซ่อมเพลาสวงิ 
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ABSTRACT 
 
  This research is to analyze the failure of swing shaft made of high strength steel 
AISI 4340 and use in the swing power transmission system of Electric Shovels. The advantage of 
this analysis is to select the best welding process to repair the shaft. After having fractured 
surface, visual examination of the fractured surface indicates cracks initiated from the fillet 
shoulder. To find out the cause of fracture of the shaft, the analytical solution was carried out to 
investigate the stress of the shaft under full loading during working.  Result of stress analysis 
reveal that the maximum stress area was at the fractured regions of the damaged shaft. The 
maximum stresses predict under shock loading was believed to be the cause for fatique crack 
initiation and propagation of this failure. The failure analysis confirmed that the fatigue fracture 
of the shaft was caused by abnormal operation. Finally, some advices to select the best welding 
process are discussed of this swing shaft.  
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 1 

 

 

 

1.1  

 

 (Open cut coal mine) 
(Electric Shovel) 

P&H 2100 BL  1.1 (Bucket) 11 4  14 
 2  350 

15-20  

 

 
 

1.1 (Electric Shovel)  P&H  2100 BL 

 

 



 
 

 
(Power Transmission System)  

(High Strength Low Alloy Steels)  AISI4340 
(Ultimate Tensile Strength) (Impact Strength) 

(Dynamic Load)  1.2 
 (swing power transmission 

system) (swing motor) 
(swing gear)   

 
 (Fatigue Crack) 

 

 

 
 

 1.2  

 

(Welding Repair Process) 
(Welding Resurfacing or Build-Up) 



 
 

 American Welding 

Society (AWS)  

(Fatigue failure) 1.3  
 

 20  53  16 
(bearing)  4  1  

 

 

 
                  
             1.3 (crack) (fatigue) 

 

(Heat affect zone) (Propagated)  

 

 

 

 



 
 

1.  

2.  

3.  

4.  

5.  

 

 

 (Shielded Metal Arc Welding Process) 

  (Over 

Capacity) (Misoperation) 

 (Welding Processes) 

                

3 1.  (SMAW; shield 

metal arc welding) 2. (MAG; metal active 

gas) 3. (FCAW; Flux Cored Wire Arc Welding) 

  
 

 

 

 

 

 

 



 
 

1.2  

 

1.2.1  AISI 4340 

 AISI 4340  

  1.1  

  AISI 4340 

 

 (Forging) 1800 -

2250oF  

  CCT (  1.4)   

   
1.1 AISI 4340 :  (2546) 

 

Elements Composition (%wt) 

Carbon 0.39 

Chromium 0.80 

Manganese 0.74 

Molybdenum 0.23 

Nickel 1.72 

phosphorus 0.024 

Silicon 0.19 

Sulfur 0.019 



 
 

 
 

 1.4 CCT AISI 4340 

: Welding handbook (1997) 

 

1.2.2  (SMAW, MAG, FCAW) 

                 (SMAW, MAG  FCAW) 

(Weld Metal)  (HAZ; Heat 

affected zone) (Fatigue)  

                       (Resurfacing) 

(Shielded Metal Arc 

Welding Process) 

 (Over Capacity)  
(Misoperation )



 
 

 (Welding Processes) 

(SMAW) 1.5 

(Hydrogen)  HAZ 

(MAG) 1.6 

(FCAW) 1.7 
Hydrogen 

 

Ar Ar+CO2 (Welding Parameters) 

(Flow Rate, l/min)  

(Metal Transfer ) (Short Circuit) (Spray 

Arc Transfer) (Pulse Arc)  (Penetration) 

(Bead Appearance) 

( ) (Deposition Rates) 

MAG  FCAW 
 

 

 
 

1.5 (SMAW) 



 
 

 
 

1.6 (MAG) 

 

 

 
 

1.7 (FCAW) 

 

1.2.3  

 (Ultimate Strength

(fatigue) 

  

(Fatigue Failure) 



 
 

 (Mechanical 

Failure) 90 

  Albert (1829) (Repeated 

Load) 2 

Dislocation 

Inclusion 

 
(Reversed Load) 

Poncelet (1839) Wohler (1871) 

(Rotating Bending) -

(Stress  Log Cycle to Failure, S-N Curve) 

 Ewing and Humfery (1903) 

(Monotonic) 

-and-Fro Slip Plastic Deformation 

Particularly at a Local Level)  Paris (1960) 

 

 

 

 

 

 

 

 



 
 

1.2.3.1  

a)  (Cyclic Load) 
 (Amplitude) 

 1.8 1.1 1.4  

 

 
 

         1.8      

         :  (2550) 

 

 

                                 = +2                                           (1.1)  

 

                          = 2                                                                     (1.2) 

                       =                                                                     (1.3)    

    

                        =                                                                      (1.4) 

 

b)  (Stress Concentration Area) 
 (Stress 

Raiser)  1.9  (Notch)  



 
 

(Fillet)  (Hole)  (Groove)  (Crack) 

 1.10 

 

 
 

               1.9  

            : Peterson (1974) 

 

              
 

               1.10  

             : Xiaolei and Zhiwei (2008) 

           
c)  (Materials Properties)   

(Chemical Composition) 
   (Forming) 

 



 
 

 

1.11  

      
 1.11  

:  (2550) 

 
 A=  B= +  C= D=   

E = F =  +    G =    

 H=  

 

1.2.3.2  (Fatigue Strength) 

 Wohler (1871) 
 (Alternative Force) ( ) 

-

S-N Curve 1.12 



 
 

  S-N Curve 3 
(Low Cycle) Fuch and Stepens 

(1980) 0-1,000  (fatique strength) 

1,000  

(fatique strength) 0.9 Sut  

(static)  

                 Dieter (1986)  1,000-1,000,000 

 (fatique strength) 
 (fatique failure)  

(fatique strength) 
(finite life) 

                3  (High Cycle) 
1,000,000  (fatique strength) endurance 

limit  endurance limit 
(infinite life) 

 

 
 

       1.12  S-N Curves  

: http:// highered.mcgrawhill.com    8/01/53) 



 
 

1.2.3.3  

 

Soderberg, Gerber  Goodman 

3  1.13 

 

 
1.13  

 : http:// highered.mcgrawhill.com,  8/01/53 

 

  1.13 failure lines Soderberg, Gerber Goodman 
Solderberg line  (conservative) 

 Gerber line 

(nonconservative) 

Goodman  

Goodman 2  
 

                                                Fatique failure; 
..

1

SFSS ut

m

e

a =+
ss

                                            (1.5) 

 

                                                Static failure; 
..SF

S y
ma =+ss                                                  (1.6) 

 

Load line  (0, 0) 



 
 

(Fatigue Crack) (Stress 

Concentration Area)   
(To-and-fro slip or plastic deformation, 

particularly at a local level) 

Beach Mark 

Over load 

1.14 

 

 
 

1.14  

: George (1993) 



 
 

1.2.3.4  

 2 

 

1. Total-Life Approach 

 2 

1) Strain-Life Approach Low Cycle 

Fatigue 2) Stress-Life Approach (S-N Diagram) 

High Cycle Fatigue 

 2. Deflect-Tolerant Approach 

 

 Stress-Life S-N Diagram 

100 
Elastic 

 

 Stress-Life S-N Diagram 

(S) (N) S-N Diagram 
Rotating Bending  S-N Diagram log-log 

(Se) 

1,000,000  

 (high-cycle fatigue) 103 

106  L (

) e  ( ) B
Rr AN=s   A 

 y B  
 

 

 

 



 
 

1.2.3.4  
 

 1940 
1943 

1956 Turner , Clough ,Martins 

Topp 2 

(direct stiffness method) 
1954-1960 

 Clough  1960     

                

                      

 ( node 

)  (boundary conditions)  (constraints)  
(supports) 



 
 

  

,

(CAD/CAM) 

 
(nonlinear) 

3 
  

 
 

 

 

 

 

 

 

 



 
 

1.3  

 
1.3.1  

G Magudeesawaran et al (2008) 

AISI4340  (Quenching and tempering) 
2  (SMAW) 

 (FCAW) 2

(SMAW)

(FCAW) 

(heat input)  

Shyan Lee and Tian Su (1999)  (Quenching and 

tempering) AISI4340 100,200,250,30,400,500 650

 (tempered martensite)

 

 

1.3.2  

Feng Tseng and Shin Lin (2008) 

1.15

 3     1. (carburizing) 

(Quenched and tempered) 2.  (high rolling 

temperature and induction hardening power) 3.  

(induction hardening)  spline  (bearing set )



 
 

(carburizing) (Quenched and 

tempered) 2

3

spline  (bearing set) 

(fractograph)

 ( Torsional Fatigue ) 

 

 
 

1.15   

 

Xiaolei and Zhiwei (2008) 

(stress 

concentration)  Beach mark  

 (Overload)  



 
 

 Dumitru et al (2007) 

 1.16 

 46.80 

 

 
 

1.16  

 

                     Bonnen and Topper (2007) 

 (Bending -Torsion)  (Torsion) 
 (Bending -Torsion) 

 (Torsion) 1.17 

 (overload)  1.18 



 
 

 
 

1.17   

 

 
 

1.18  

 

  Li et al (2007) (steering Shaft) 
(Slushy vehicle) 

(Overload impact) (torsional 



 
 

Deformation)  1.19  

1.20 

 

 
 

 1.19  

 

 
 

 1.20  
 

Atxaga and Irisarri (2009) 
 (crack) 

(key way) 

 1.21, 1.22  



 
 

   
 

          1.21                       1.22  

 

 Bhaumik et al (2002) 

(crack) (keyway) 
 1.23  1.24 

 

                
 

         1.23 (keyway)             1.24 (crack) (keyway) 

 

         Cleland and Jones (1997) 

(splines) 

 1.25 



 
 

 
 

 1.25  

 

Xiaolei and Zhiwei (2009) 

 Groove 

 

fillet  Groove bearing sleeve 

assisted pushing bearing fillet 

(stress concentration area)

1.26  1.27  1.29  

 

         
 

 1.26  



 
 

               
 

 1.27  1 

 

 
 

 1.28  

 



 
 

 
 

 1.29  sleeve bearing 

 

Ranganath et al (2004)  
(Swing Pinion Shaft)   swing pinion  

1.30  
 pinion plane shear  1.31 

 

 1.32 

 

 
 

 1.30  



 
 

 
 

 1.31  

 

 

 1.32  

 

Bayrakceken (2006) 

 1.33



 
 

 1.34  

 1.35  

 

 
 1.33 

 

 
 
 

 1.34  

 

 
 

 

 1.35  



 
 

Fuller et al (2008) 

AISI304 free body diagram 1.36 

fillet  Kt=1.48 

 

 
 

 1.36 free body diagram  

 

1.3.3  

 Vooward et al (2004) 
 AISI 4340  shot peening chromium plated shot peening 

 1.37 S-N 
curve  1.38  AISI 4340

 shot peening chromium plated  420 MPa 
shot peening  800 MPa 



 
 

         
 

 1.37  

 

 
 

 1.38 S-N curve AISI4340  shot peening 
chromium plated shot peening 

 

G Magudeesawaran et al (2008) 

 

1.39a  1.39b  (1.7) 
 

ANS n =                                                                              (1.7) 



 
 

S  N     n A 
 

 

 
 

1.39 S-N Curve   a.) Unnotched specimen   b.) Notched specimen   [16] 

 

1.3.4  

 Yuan Lin et al (2008) 
 (ATV) 

 (1.8)  (1.9) 
 (1.10)  (1.11)   

 

                                      
N
R

=T
p2

60                                                                      (1.8)   

 

                                           
acos

2

pD
F

T
=                                                                       (1.9)   

  

                                        ( ) ( ) ][
16 22

3max TCMCMC
d tmm ++=
p

s                                 (1.10) 



 
 

 

                                           ( ) ( )22

3max

16
TCMC

d tm +=
p

t                                                  (1.11) 

 

 Cm    Ct    Spline Shaft 

        P   N    

        F    M   

        D   
 

 
(Fatigue Strength) 

Shock load (
)  ( Critical Stress )  

(Crack)  (Spline)  
 1.40  Splines shaft ( )  

 16, 096  (element) 18,753 (node)  1.41 

 

 

 
 

 1.40 Spline Shaft  16, 096  (element) 18,753 (node) 

 



 
 

             
 

 

 1.41  

 

Jianping and Guang (2008) 

 1.42 
  1.43  key slot 

 1.44 
 1.45  S-N curve  1.46 

 

 

 
 

 1.42  



 
 

 
 

1.43  

 

 

 
 

 1.44  

 



 
 

 
 

 1.45  

 

 
 

 1.46 S-N curve  

 

 

Time (S) 

(Cycle) 



 
 

TOPAKCI et al (2008) 

1.47 
 1.48 1.49 

(fatigue limit) (safety factor) 

 

 

                          
 

                         1.47  

 

 
 

 1.48 1 2 



 
 

 

 

 
 

 1.49 2 3 

 

 (2550) 
 1.50  

 1.51 
 1.52 

 1.53 

(Circular fillet shoulder)  
(Tapered fillet shoulder) (Tapered fillet shoulder) 

 (Circular fillet shoulder) 

 Relief Groove (

)  



 
 

               
 

                    1.50                          1.51  

 

  
 

 1.52  

 

       
 
            1.53  

 

 

 

 



 
 

Cheng Chen and Biau Tsay (2002) 

 1.54 

 

 

 
 

             1.54  

 

1.4  

 

1.4.1 
AISI 4340  

1.4.2 

 

 



 
 

1.5  

 

 

   
(Swing shaft) AISI4340   

  (welding process)  (wire) 

 

 

*    (SMAW) 
  AWS A5.5-96 E11018 -GH4R 

  EN 757-1997 E696 Mn2NiCrMoB42H5 

                           *    (MAG) 

 AWS A5.28-ER110S-G 

   EN 12534 Mn3NiCrMo 

                           *    (FCAW)   

AWS A5.29-E110T-K4 

                          EN: 1999 12535 69 5 Mn2NiCrMo B3 H5 

 

1.6  

 

1.6.1  

1.6.2  

 



 
 

 
 

 2 

 

 

 

 

  
 

AISI 4340 

/  

 

 

 

1.  

2.  

3.  

4.  

5.  

6.  

7.  

8.  

 

2.1  

 

 



 
 

 
 

2.1  

 
2.1.1   

  

 (maintenance) 

  (fracture surface) 

  

  

 

2.1.2  

  

  

  

 

2.1.3  

  

 (Fatigue testing machine) 
  

 

2.1.4  

  

  

  

 

2.1.5  

  
 

 

 



 
 

 
 

2.2  

 

2.2.1  
  3  

 Ulead Video Studio Converter 

 Gear Trax, Shaft Component Generation, 

Involute Spline connection, Solidwork Modeling, Solidwork Motion, Autodesk Inventer, 

Google Sketch up Pro, Photowork, AutoCAD 3D, 3ds max 

 MD Solid, Cosmoswork, Solidwork Simulation 

MSC. Patran, MSC. Nastran, MSC. Marc 

 

2.2.2   

  BK Precision 325  2.2 

 
 
 

 
 

 2.2  

 



 
 

 
 

2.2.3 Digital Tachometer  

 Digital Tachometer TC-811B 
2.3 

 

 
 

2.3 Digital Tachometer TC-811B 

 

2.2.4     

 

 
 

2.4  

 



 
 

 
 

2.2.5   

  2.5 

(Rotating Bending) 4,200  Ratnakar enterprises 

 
 

 
 

        2.5 

 

2.2.6  

 

 
 

2.6  

 

 

  Start/Stop 

   

 

 



 
 

 
 

2.3  

 
2.3.1 2.7

 
 

            
 

2.7  

 

2.3.2 

 2.8 

 



 
 

 
 

 
 2.8  

 
2.3.3  

 
(2.1) 2.1 

 
 (2.2) (2.3)  

(2.4)  (2.5) 

 

 2.1  

 

   

 1 20 84 

 2 15 60 

 3 13 32 

   

 

 

 



 
 

 
 

  ( )
746

effIV
hp

³
=R                    (2.1) 

  

  2
3

2
3 nn

N
N

=                    (2.2) 

 

  
N
R

=T 000,63                (2.3) 

  

  
R

FAT

T
=

2               (2.4) 

 

  030tanATAN FF =               (2.5) 

 

 P           eff     

        n                       FAT     A                 

        T                                                   FAN   A   

 
                    

 2.6  2.7 
2.8 

 

  RFATxy ³=M                 (2.6) 

 
  RFANyz ³=M                (2.7) 

 
   22

yzxyall M+M=M              (2.8) 

 

2.9  2.10 

 2.11 



 
 

 
 

 

  [ ]22
3minmax

16
, T+M°M=

dp
ss             (2.9) 

 

  22
3minmax

16
, T+M°=

dp
tt              (2.10) 

 

  22
, 3 aaea tss +=               (2.11) 

 

 at as   
 

 2.3.4 

(Spline) 2.2  
 

2.2 (Spline) 

 

EXTERNAL INVOLUTE SPLINE DATA 

FILLET ROOT SIDE FIT SPLINE-PINION(A) SPLINE-PINION(B) 

NUMBER OF TEETH 31 27 

PITCH 4/8 4/8 

PRESSURE ANGLE 300 300 

BASE DIAMETER 170.459 mm 148.463 mm 

PITCH DIAMETER 196.850 mm 171.450 mm 

MAJOR DIAMETER 203.200 mm 177.800 mm 

FORM DIAMETER 202.996 mm 164.414 mm 

MINOR DIAMETER 185.240 mm 160.020 mm 

 

 

 



 
 

 
 

 
  

 Shaft 

Component Generation 
  

2.9  2.10  
 

     
 

 2.9  

 



 
 

 
 

     

 
 

 2.10  

 

 2.3.5  2.11 
 2.12 

  

 

 3 (Solidwork) .prt 

  (Camnetics Gertrax) 

 ( Involute Spline 

connection)  (Shaft Component Generator)  

 3 (Autodesk Inventer)

.iam  

  

Fixed Bearing support 

External loading 



 
 

 
 

 
 

 2.11  

 
 

  
               

 2.12  

 

 Swing Pinion 

  Retainer 
Plain Bearing 

Swing Shaft 
 Swing Gear 



 
 

 
 

2.3.6 

(Fillet Shoulder) 

 

 

  CAD  Para solid *.xmt 

  (Import) (Swing Shaft) 
100%   

 (mesh) 

Mesh

Tet10 (  4 10 ) 

 (Mesh) 
 2.13 

   (Swing shaft) support 1

(Plane Bearing) 

Fix

 Spline   node 

  

  AISI4340  

 (Properties)  

  MSC. Nastran (Post- Processing) 

 MSC. Patran (Pre-Processing) 
 (Principal Stress)  (Vonmises Stress) 

 

 



 
 

 
 

 
 

 2.13  (mesh)  

 

 2.3.7  (Fatique Testing) (
AISI4340)  3  (SMAW, FCAW, MAG) 

100 ( )  (P) 
1  2.14 

2.3   

 1. AISI4340   

 2. 3

(SMAW) (MAG) 
(FCAW)   



 
 

 
 

 
 2.14  

 

  2.15 

 

                     
 

 2.15  



 
 

 
 

   
 

 

 

  
 

 1.  

 2.  

 3.  

 4.  

                  

 5.  

 6. F (N)  

                (Wohler) 

 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 2.3  

 

   

 

 

 (do) 
 (Lo) 
 (Lc) 
 (Lt) 
 (R) 

(N) (N.m) 32

3dÖp  )(
2mm

Ns   N 

 35.2   350  

 40.2   400  

 50.3   500  

 60.3   600  

 70.3   700  

 80.4   800  

 

6 6 

ASTM E739-91 
 

 

2.3.8 (Least square 

criterion) 

y=a0+a1x 
2

2
bxay =

(logarithmic transformation) xbay logloglog 22 +=  



 
 

 
 

( )ä ä
ä ä ä

-

-
=

222 ~~

~~~~

ii

iiii

xxn

yxyxn
b    ( ) ( )xaya ~~~

12 -=     2
~

2 10aa =     

 
  2.12   

 

                                                                 2
2

bxay =            (2.12) 
 

2.3.9  
  2.4 

 
  

 2.4  

 
 

(MPa) (MPa) (MPa) 

AISI4340 1044 918 375 

FCAW 760 680 370 

SMAW 840 780 355 

MAG 900 800 360 

 

2.3.10  Marine equation 
2.13  

 

                                                                                      (2.13)  

 

'eS   

 

 

'efedcbae SKKKKKKS =



 
 

 
 

2.3.11  Stress life approach (S-N 

diagram) High Cycle Fatigue 

1 

stress concentration cycle 

loading  2.14 
 2.48  S-N Curve 

 

 3  
 

                                       B
RRN=A s                                                               (2.14) 

 

 A B  S-N Curve 

 2.48 2.5  

 

 2.5  

 
(MPa) 

 
( ) 

MMA MIG/MAG FCAW Base Metal 

300 - - 6,713,160 - 

350 1,166,063 1,582,570 1,467,630 - 

400 203,481 202,039 804,931 435,609 

500 86,168 39,854 105,401 - 

600 52,474 - 216760 85,546 

700 4,270 3,663 51,210 13,025 

800 - - 1710 11,831 

 

 

 



 
 

 
 

2.3.12 
 

 
 

2.16 3 Shaft 

Component Generation Involute Spline connection 

 Autodesk Inventer .asm 

  

 

 
 

 2.16  

 

 

 



 
 

 
 

2.4  

          

 

  

  

  

 

  

  

  

   
 

 

2.5  

 
2.5.1  

  

  

  

 

2.5.2  

  

  

  

  (Stress Analysis) 

 (Analytical Solution)  

 (Finite Element Analysis) 

 

 



 
 

 
 

2.5.3  (Specimen) 

 (Weld metal)  

 (Weld metal) (base metal) 

 
2.5.4  (Swing Shaft) 

  (Fatigue Mechanism Analysis) 

 (Fatigue Criteria Analysis) 

 (Fatigue life prediction) (Swing shaft)  

 

2.5.5  

  



 
 

 3 
 

 
 
 

 
 4 

 
 

3.1  
 
                     

3.1  45 

(Multi-Origin) 

(Fillet Shoulder) 3.2 

Beach mark

(Over Load)  

 

(High fatigue stress) 
 (Low cycle fatigue)  (Plastic 

deformation) (To-and-fro slip) 

 (Low fatigue stress) 
 (High cycle fatigue) 

 



 
 

 
 

3.1  
 

 
 

3.2  
 



 
 

3.2  
 

 
3 

/  
 

/

 AISI 4340 
 AISI 4340  

 3.1 

(S-N Curve)   3.3 - 3.7 

  

  

 3.1   

(MPa) 
( ) 

( ) 
MMA MIG/MAG FCAW Base Metal 

300 - - 6713160* - 

350 1166063 1582570* 1467630* - 

400 (1) 203481 202039 804931 435609 

400 (2) 180793 180793 815756 746380 

500 (1) 52474 39854 105401 - 

500 (2) 64230 184415 47150 107616 

600 (1) 86168 3663 216760 85546 

600 (2) 103394 1574 49008 - 

700 (1) 4270 510 51210 13025 

700 (2) 1377 895 15763 15763 

800 - - 1710 11831 



 
 

 

 
 3.3 AISI 4340 

 

 

 

 
 3.4 AISI 4340 

/  

(M
Pa

)

( )

MMA

(M
Pa

)

( )

MAG



 
 

 
 3.5 AISI 4340 

 

 

 
 

 3.6 AISI 4340  

(M
Pa

)

FCAW

MP
a

Base metal



 
 

 
3.7  

/ AISI 4340 

 

3.3  
 
  3 

(Analytical Solution)  (Beam Equilibrium) 
 (Shaft Component Generation) 

 (Finite Element Analysis) 

 Name plate ( )  95 
515  

full- load  450  

515 

 86% (2.1) 

 60 

 (2.2) 

MP
a

( )

MMA

MAG

FCAW

Base metal



 
 

2.3 

 3.2 

 3.2  

  ( )  ( - ) 

 1 122.6 3,484 

2 30.65 13,934 

3 12.45 34,304 

 

Tangential 

125,876    2.4  Normal 45,815  
(2.5) 

3.8  

(2.6) (2.7) (2.8)  128,530 

-   34,104 -

 156 MPa 81MPa 

 2.9 2.10  (2.11) 
 170 MPa  

 

              
 

             3.8  



 
 

 Shaft Component Generation 
 157.6 MPa 

  3.9  

 172 MPa  
 

 
 

                3.9  Shaft Component Generation 
 

 
 2.4.6  3.10  3.11

  Kt torsion (

) 1.16  Kt bending (

)  1.40  192 MPa 

  

 



 
 

 

 
 3.10  

 

 
 

        3.11  
 
 
 



 
 

3.4  
 

Stress life approach (S-

N diagram) High Cycle Fatigue 
cycle loading  3 

  

 

3.4.1  
 

    
 2.4  Goodman 

3.12-3.15  Goodman 
 1.5 

 
 

 

  AISI 4340  3.12  

 

 
 

3.12  AISI 4340 

 

ys  

ys  

uts  

es  

'
es  



 
 

 
 3.13 

 

 
 

 3.13 

 

 

 
 3.14 

 

 
 

 3.14 

 



 
 

 /

3.15 

 

              
 

 3.15 /  

 

 

3.4.2  
 3.16-3.19 

 2.4.10 0.24 

 
3.1  3.4  

 

 AISI 4340                        
( )2.903loglog

16919.0

1

10
-

-=N
s             (3.1) 

                         
( )4.308loglog

09214.0

1

10
-

-=N
s

            (3.2) 

                          
( )9.560loglog

12721.0

1

10
-

-=N
s

            (3.3) 

                          
( )7.532loglog

13232.0

1

10
-

-=N
s

             (3.4) 



 
 

 3.3 

 

 

 3.3  
Process of welding A B 

AISI 4340 903.2 -0.16919 

MIG/MAG 308.4 -0.09214 

FCAW 560.9 -0.12721 

SMAW 532.7 -0.13232 

 

 

 

 

  AISI 4340 3.16  
 

   
   

                        3.16  AISI4340 

 



 
 

 
3.17  

 

       
           

    3.17  

 
 

3.18  
 

       
 

 3.18 

 



 
 

 /

3.19 

 

     
 

   3.19 /  
 
3.4.3  
         3 

Shaft Component Generation (SCG) 

 (FEM) 170 MPa, 172 MPa 192 MPa  
 

 3.4 

 

3.4  
Process of welding Classical method SCG FEM 

AISI 4340 11,317 Cycle 10,584 Cycle 4,497 Cycle 

FCAW   4,397 Cycle   4,006 Cycle 1,141 Cycle 

MIG/MAG   2,370 Cycle   2,169 Cycle    674 Cycle 

SMAW      203 Cycle      179 Cycle     35 Cycle 

 



 
 

3.5  
 
 

(Full load) 

  
(Static loading)

 
(Dynamic) 

 

  AISI 4340 

  AISI 4340 87 MPa  

 

  
3

450 

3 
 

 



 
 

 

 192 MPa 

  
 

 
(S-N Curve)
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4 

 
 

 
 

4.1  
  
 

 
 

 3 
 /

 

  
 
 1) 

/  

 370 MPa 360 MPa  355 MPa 
 2) 

 1,141 Cycle of Loading 20,000 
 

/  40.93% 96.93%  
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4.2  
  
 1) 

 

 2) 

1,141 cycle loading 20,000 
 3500 1 

 

 3) 

 

 
 

 4) 
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2.16 

4.1  111 MPa  159 
MPa 

 28,761 Cycle of loading 
59 %  
 

 
 
 

 4.1 Shaft Component Generation 
 

 383,012 472,380 
169 MPa 4.2  20,056 Cycle 

loading 2.125  
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 4.2  
  
 5) shot peening 
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  AISI 4340 

 

 

 .1 AISI 4340 

 

C% Mn% Si% P% S% Mo% Ni% Cr% 

0.39 0.74 0.19 0.024 0.019 0.23 1.72 0.8 

 

 .2 AISI 4340 

 

(MPa) 1044 

(MPa) 918  

Quenched & Tempered (%) 16.2 

(%) 42.9 

(HV) 320-340 

 

:  Krupp Hoesch Stahlexpost GmbH       

 Test Certificate No. 5/24496        

 Date: 05/1201995         

 Test required: AS PER DIN 50049-3.1B 

 

 
 AISI 4340 

   AWS A5.5-96 E11018- G H 4R (EN 757-1997 

E696Mn2NiCrMoB42H5)  
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 .3  

 

C% Mn% Si% P% S% Mo% Ni% Cr% 

0.05 1.5 0.4 - - 0.5 2.0 0.4 

 

 .4  

 

(MPa) 840 

(MPa) 780 

(%) 20 

(Charpy-V) Joule 110 20 C 

<5 ml/100g 

 

 /  AWS A5.28-ER110S-G (EN 12534 

Mn3NiCrMo)  

 

 .5 /  

 

C% Mn% Si% P% S% Mo% Ni% Cr% 

0.1 1.6 0.6 - - 0.25 1.3 0.25 

 

 .6 /  

 

(MPa) 900 

(MPa) 800 

(%) 19 

(Charpy-V) Joule 190 20 C 
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  AWS A5.29-E110T-K4 (EN: 1999 12535 69 

5 Mn2NiCrMo B3 H5)  

 

 .7  

 

C% Mn% Si% P% S% Mo% Ni% Cr% 

0.05 1.40 0.40 0.005 0.015 0.50 2.40 0.50 

 

.8  

 

(MPa) 760 

(MPa) 680 

(%) 15 

(Charpy-V) Joule 27 -51 C 

 

 

 

 

  



93 

 
 
 
 
 
 

 
 

 
 
 

   
 

(Carbon Equivalence) 
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CE = C+ 
( + )6   +  

( + + )5   +  
( + )15  

 

 CE = 0.87 

 

 Welding Technology Institute of Australia (1989) 

12  

 

-1  

 

   

1 < 0.30  

2 0.30-0.35  

3 0.35-0.40  

4 0.40-0.45  

5 0.45-0.50  

6 0.50-0.55  

7 0.55-0.60  

8 0.60-0.65  

9 0.65-0.70  

10 0.70-0.75  

11 0.75-0.80  

12 > 0.80  
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 AISI 4340 P&H 2100BL          
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 P&H 2100BL AISI 4340 

.1 

 

-1 AISI 4340 

 

  ( )  

1 Center gudgeon pin 1,600,000 2543 

2 Final drive shaft 980,656  

3 Final drive gear 1,561,704  

4 Final drive pinion 1,852,000  

5 Lower roller 538,640  

6 Second reduction shaft 570,000  

7 Shipper shaft 2,206,495  

8 Shipper shaft pinion 1,300,000  

9 Swing pinion 680,000  

10 Swing shaft 650,000  

11 Front idler shaft 150,000  

12 Lower roller pin 120,000  
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AISI 4340  
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57 42 

74 49 -1 

 

-1 AISI 4340  

 

  

  

 

 ( ) 

1 Final drive shaft 01 02 03 05 06 

07 08 09 10 11 

12 15 16 17 18 

19 20 23 24 

05 06 08 11 16 01 02 03 07 09 

10 15 18 19 

13,729,184 

2 Final drive gear 01 02 03 01 02 03  4,685,112 

3 Final drive 

pinion 

02 04 05 06 07 

08 09 10 12 14 

15 19 20 21 22 

08 09 10 12 14 02 03 04 05 06 

07 15 

22,224,000 

4 Second 

reduction shaft 

16 17 16 17  1,140,000 

5 Shipper shaft 

pinion 

05 20 21 26 30 

32 

 05 20 21 30 32 3,361,940 

6 Swing shaft 07 08 21 22 23 

25 26 27 30 32 

35 37 

07 08 25 32 35 37 3,900,000 

 57  17  25   

 49,040,236 
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(Expected life) 

 

 

.1  

 

  ( ) 

( ) 

 

( /

) 

1 Final drive shaft 980,565 33,000 28.02 

2 Final drive gear 1,561,704 35,000 44.62 

3 Final drive pinion 1,852,000 33,000 56.12 

4 Shipper shaft 2,206,495 20,000 110.32 

5 Shipper shaft pinion 1,300,000 20,000 65 

6 Swing shaft 650,000 20,000 32.5 
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  (Regression analysis) 

(Least square 

method)  

 

 .1  
 
 Basquin 

 

 

               Rs = A B
RN                                                           ( .1) 

 

log ( .1) 

 

  ( )Rslog = ( )RNB+A loglog                         ( .2) 

 

- 2 

 

 

  Y = aX + b             ( .3) 

 

Y = log Rs  

  a = B 

  b = log A 

 

a b n  
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 a = 
    ( )( )

 2  ( )2                                                                                                  ( .4) 

   
 b = Y   aX                                                                                                                         ( .5) 
 

 
 

.1 AISI 4340 

 

AISI4340 
life stress 

n=4 x y x~=logx y~=logy (x~)2 (y~)2 (x~y~) 
435,609 400 5.639097 2.60206 31.79941 6.770716 14.67327 
85,546 600 4.9322 2.778151 24.32659 7.718124 13.7024 
13,025 700 4.114778 2.845098 16.9314 8.094583 11.70695 
11,831 800 4.073021 2.90309 16.5895 8.427931 11.82435 

sum 546011 2500 18.7591 11.1284 89.64691 31.01135 51.90696 
 

a = 903.2    

b = -0.16919      

 

 ( .6) AISI 

4340    

 

      
( )2.903loglog

16919.0

1

10
-

-=N
s

         ( .6) 
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   .1 S-N Curve AISI 4340  

 

.2  

 

FCAW 
life stress 

n=7 x y x~=logx y~=logy (x~)2 (y~)2 (x~y~) 
6,713,160 300 6.826927 2.477121 46.60693 6.13613 16.91113 
1,467,630 350 6.166617 2.544068 38.02716 6.472282 15.68829 
804,931 400 5.905759 2.60206 34.87799 6.770716 15.36714 
105,401 500 5.022845 2.69897 25.22897 7.284439 13.55651 
216,760 600 5.335979 2.778151 28.47267 7.718124 14.82416 
51,210 700 4.709355 2.845098 22.17802 8.094583 13.39858 
1,710 800 3.232996 2.90309 10.45226 8.427931 9.385679 

sum 9,360,802 3,650 37 19 206 51 99 
 

a = 560.9    

b = -0.12721      

 

y = 3763.3x-0.169

R² = 0.9372

0
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 ( .7) AISI 

4340  

 

      
( )9.560loglog

12721.0

1

10
-

-=N
s

         ( .7) 

 

 

  
 

   .2 S-N Curve  

 

.3  

 

MAG 
life stress 

n=4 x y x~=logx y~=logy (x~)2 (y~)2 (x~y~) 
1,582,570 350 6.199363 2.544068 38.4321 6.472282 15.7716 
202,039 400 5.305435 2.60206 28.14764 6.770716 13.80506 
39,854 500 4.600472 2.69897 21.16434 7.284439 12.41654 
3,663 600 3.563837 2.778151 12.70093 7.718124 9.900878 

sum 1,828,126 1850 19.66911 10.62325 100.445 28.24556 51.89408 

y = 2337.1x-0.127

R² = 0.8696

0
100
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a = 308.4    

b = -0.09214      

 

 ( .8) AISI 

4340  

 

                                                     
( )4.308loglog

09214.0

1

10
-

-=N
s

                                                          ( .8) 
 
 

 
 

 .3 S-N Curve   

 
 
 

y = 1285x-0.092

R² = 0.9825

0
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.4  

 

SMAW 
life stress 

n=5 x y x~=logx y~=logy (x~)2 (y~)2 (x~y~) 
1,166,063 350 6.066722 2.544068 36.80512 6.472282 15.43415 
203,481 400 5.308524 2.60206 28.18043 6.770716 13.8131 
86,168 500 4.935346 2.69897 24.35764 7.284439 13.32035 
52,474 600 4.719944 2.778151 22.27787 7.718124 13.11272 
4,270 700 3.630428 2.845098 13.18001 8.094583 10.32892 

sum 1,512,456 2550 24.66096 13.46835 124.8011 36.34014 66.00924 

 
a = 532.7    b = -0.13232      

 

 ( .8) AISI 

4340  

 

                                                     
( )4.308loglog

09214.0

1

10
-

-=N
s

                                                          ( .8) 
 

 
 

 .4 S-N Curve  

y = 2219.7x-0.132

R² = 0.9114
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Marine equation                                               

 

¶  Ka  b
uta asK =  

 

 

Surface  
finish  

Factor a 

S
ut  

kpsi
 
 

Factor a 

S
ut

  MPa  
Exponent  

b  

Ground  1.34  1.58  -0.085  

Machine or cold-drawn  2.70  4.51  -0.265  

Hot-rolled  14.4  57.7  -0.718  

Asforged  39.9  272  -0.995  

 

 

aK = 4.51(1044)-0.265 = 0.715 

 

 

 

¶  Kb   51.1=bK d -0.157 

 

 

 d/0.3) 0.107 = 0.879d 0.107 0.11  d  2 in  

Kb 0.91d 0.157 2 < d  10 in 

 (d/7.62) 0.107 = 1.24d 0.107 2.79  d  51 mm  

 1.51d 0.157 51 < d  254 mm 

 

 
 Kb = 1.51(203.3)-0.157 = 0.655 

'efedcbae SKKKKKKS =



110 

¶  Kc  0.59 

 

 
 1 bending 

Kc 0.85 axial 

 0.59 torsion 

 
 
 
 

¶  Kd  Kd=SR/SRT    

1 

 

 

 Temperature (C0) SR/SRT 

Kd 20 1 

 50 1.01 

 

 

 

¶  Ke  Ke=1-0.08 az     

0.868 

 

Reliability % Tranformation Variate az  Reliability factor Ke 

50 0 1.000 

90 1.288 0.897 

95 1.645 0.868 

99 2.326 0.814 

100 3.091 0.763 
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K = 24.0868.0159.0655.0715.0 =³³³³=K³K³K³K³K edcba  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   

 
 

 

 

 

 

 

 

 

 

 

 



112 

 
 

.1   Camnetics Geartrax  Mode Spline spline  

         2.2 Solidwork 

 

 
 

.1 .1 
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.2   Solidwork  Mode Part Swing Shaft   

        .prt  Technical drawing  

 

 
 

.2 .2 
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.3   Save CAD File Parasolid File . xmt   

         

 

 
 

.3 .3 
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.1  Pre-Processing  Patran  

         File/ new   New Database  

        Swing  OK Swing.db 

 

  
 

.1 .1 
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.2   Post-Processing  Nastran Analysis Code 

        Analysis Type  Structural   OK   

        File/Import  

 

   
 

.2 .2 
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.3   CAD   save  

        Parasolid  .xmt    Apply  

         Entity Types 

 

 
 

.3 .3 
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.4    Function Geometry 

 

 
 

.4 .4 
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.5  Load & Boundary Condition   Node  

         New Set Name Fixed 

 

 
 

      .5 .5 
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.6   Fixed Input Data 

 

 
 

.6 .6 

 

 

 

 

 

 

 

 

 

 



122 

.7   Translations <0,0,0>  

 

 
 

.7 .7 

 

 

 

 

 

 

 

 

 

 



123 

.8    Select Application Region  

 

 
 

.8 .8 
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.9    Select Geometry  Add Node 

         Application Region  OK  Apply 

 
 

 
 

.9 .9 
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.10    Load & Boundary Condition    

          Support Input Data  

 

 
 

.10 .10 

 

 

 

 

 

 

 

 

 



126 

.11  Translation   < 0,0, >   X    Y   

           Z  Analysis Coordinate Frame Coordinate 1  

           OK 

 

 
 

.11 .11 
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.12   Select Application Region  

 

 
 

.12 .12 
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.13    Add    Application Region   

          Node Solid  Body OK Apply 

 

 
 

.13 .13 
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.14  Load/Boundary Condition    Total Load Input Data   

            Type Element Uniform Support  Load Target  Element 

          Type 3D  Select Application Region Support  

           Apply 

 
 

 
 

.14 .14 
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.15   Load/Boundary Condition   

           <125876,45815,0 > Analysis Coordinate frame Coordinate 0  OK 

 

 
 

.15 .15 

 

 

 

 

 

 

 

 

 



131 

.16   Select Application Region    Add  

           OK  Apply 

  

 
 

.16 .16 
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.17  Function materials  material  Isotropic  material steel 

           

 

 
 

.17 .17 
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.18   Elastic Modulus Poisson Ratio  Input Option 

          OK Apply   

 

  
 

.18 .18 
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.19    Function Properties 3D Solid Homogeneous   

           Standard Formulation Shaft 

 

 
 

.19 .19 
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.20    Material  Steel  OK 

 

 
 

.20 .20 
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.21 Function Properties Select Application Region  

         Drag mouse Add  OK Apply 

 

 
 

.21 .21 
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.22 Function Element Node  

 
 

 
 
 
 

.22 .22 

 
 
 
 
 
 
 
 
 

 
 



138 

.23 Function Element Node  

 

 
 

.23 .23 

 
 

 
 
 
 
 
 



139 

.24 Function Element action create  Object mesh Type Solid 

Tet 10 Apply 

 

 

 
.24  .24 

 
 
 
 
 
 
 



140 

.25 Function Element  MPC Node  

 

 
 

.25 .25 

 
 
 
 
 
 
 
 



141 

.26 Function Element  MPC Node   

 

 
 

.26 .26 

 
 
 
 
 
 
 
 



142 

.27 Function Element Action  Create Object MPC Type Rigid (Fixed)  

          Apply 

 

 
 

.27 .27 

 
 
 
 
 
 
 



143 

.28  Load/boundary Condition  Action  Create Object force Type  Nodal 

New Set Name Moment1, Moment2, Torque1, Torque2 

 

 
 

.28 .28 

 
 
 
 
 
 
 



144 
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