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Abstract 

The aim of this PhD project is to investigate the fatigue crack propagation behaviour in an 
additive manufactured high strength titanium alloy, Ti-6Al-4V. Test specimens were made by 
the Wire+Arc Additive Manufacture (WAAM) process. The research focus is the fatigue crack 
behaviour (crack growth rate and trajectory) near interface between WAAM and substrate 
materials. The challenges are the understanding and assessment of the effects of residual 
stress, microstructure change and anisotropic material properties as the result of rapid heating 
and cooling, and rapid solidification cycles in additive manufacturing. This PhD project has 
focused on numerical modelling and simulation of fatigue crack behaviour. Specimen 
fabrication and experimental tests were conducted by our collaborators in linked projects. 

Finite element method (FEM) was employed to evaluate the influence of anisotropic Young's 
modulus and yield strength properties on the crack tip stress intensity factor and crack tip 
plasticity. Residual stress distribution in the compact tension, C(T), specimens were obtained 
by FEM based on experimentally measured residual stress in a much larger WAAM-substrate 
wall, from which the C(T) specimens were extracted. Residual stress profile was also 
established by an analytical approach for another WAAM-substrate wall, from which the 
fatigue crack growth rates (FCGR) for pure WAAM material were measured. Based on these 
calculations, fatigue crack growth rate and life were predicted by empirical methods from the 
Linear Elastic Fracture Mechanics, namely the modified Paris law and the Harter T-method. 
Residual stress effect is accounted for by the superposition method, via the effective R ratio 
parameter.  

Key findings and main conclusions are: (1) the difference in the stress intensity factor is less 
than 1% when considering the anisotropic material properties. Therefore, the influence of 
anisotropic material properties on the crack growth driving force can be neglected. (2) After 
extracting a C(T) specimen from a larger wall sample, retained residual stress in the C(T) 
specimen is much reduced; consequently the stress intensity factor due to the residual stress is 
also small. (3) Residual stress free assumption is not valid for C(T) specimens which provide 
FCGR data for pure WAAM material. (4) The Harter T-method is better when predicting 
FCGRs in WAAM material and residual stress effect should not be ignored. (5) Predicted 
fatigue crack growth life for the specimens containing WAAM-substrate interface have a 
difference about 25% compared to experiments. Predicted fatigue crack deviation angles for 
various crack locations and orientations are consistently larger than the experimental 
measurement, as the crack closure has reduced the effect of mode II stress intensity factor. 
 



II 

Acknowledgements 

I would like to thank the China Scholarship Council for sponsorship of this work. 

I would like to acknowledge Professor Xiang Zhang, Professor Michael Fitzpatrick, and Dr. 

Abdul Khadar Syed for supervising this work. 

I would like to thank Dr. Sanjooram Paddea at The Open University for their important 

experimental work on residual stress measurement. Thanks must also go to Dr. Jikui Zhang 

for his helpful discussions. I would also like to thank the Welding Engineering and Laser 

Processing Centre at Cranfield University for manufacturing the test specimens and MSc 

students for conducting part of the experimental work. Finally, the support of my wife has 

made it possible for me to conduct this 40 month PhD study. 
 



III 

Contents 
 
1 Introduction ......................................................................................................................... 1 

1.1 Why WAAM Ti-6Al-4V? ............................................................................................ 1 

1.2 Why damage tolerance? ............................................................................................... 4 

1.3 Challenges, research questions and approach .............................................................. 5 

1.4 Aim, objectives and scope ........................................................................................... 6 

1.5 Thesis structure ............................................................................................................ 8 

2 Literature Review ................................................................................................................ 9 

2.1 AM processes ............................................................................................................... 9 

2.2 Microstructure in Ti-6Al-4V ...................................................................................... 12 

2.3 Mechanical properties of Ti-6Al-4V .......................................................................... 17 

2.4 Residual stress measurement techniques ................................................................... 27 

2.5 Fatigue crack growth rates of Ti-6Al-4V ................................................................... 30 

2.6 Summary of literature survey .................................................................................... 46 

3 Experiments Used in This Project ..................................................................................... 49 

3.1 Introduction ................................................................................................................ 49 

3.2 The WAAM process ................................................................................................... 49 

3.3 Samples made by WAAM .......................................................................................... 50 

3.4 Residual stress measurements .................................................................................... 52 

3.5 C(T) specimens for FCGR tests ................................................................................. 59 

3.6 Fatigue crack growth rate tests .................................................................................. 62 

3.7 Optical microscope (OM) observation ...................................................................... 67 

4 Residual Stress Analysis.................................................................................................... 70 

4.1 Introduction ................................................................................................................ 70 

4.2 Modelling residual stress in Wall-Bi120 .................................................................... 71 

4.3 Evaluation of retained residual stress in C(T) specimens .......................................... 75 

4.4 Inputting directly residual stress into C(T) specimen ................................................ 82 

4.5 Evaluation of Residual Stress by Analytical Approach ............................................. 84 

4.6 Measured transverse residual stress ......................................................................... 102 

5 Calculation of Stress Intensity Factors ............................................................................ 104 

5.1 Introduction .............................................................................................................. 104 

5.2 Isotropic material under applied load ...................................................................... 104 



IV 

5.3 Influence of anisotropic Young's modulus ............................................................... 111 

5.4 Influence of bi-material Young's modulus ................................................................ 113 

5.5 Influence of yield strength on LEFM applicability .................................................. 114 

5.6 Stress intensity factors due to residual stress ........................................................... 118 

6 Prediction of Fatigue Crack Growth Life ....................................................................... 125 

6.1 Introduction ............................................................................................................. 125 

6.2 Fatigue crack growth rate model ............................................................................. 125 

6.3 Fatigue crack growth life in the Type A and C specimens ...................................... 134 

6.4 Crack trajectory in Type B, D and E ....................................................................... 142 

7 Conclusions and Future Work ......................................................................................... 146 

7.1 Conclusions ............................................................................................................. 146 

7.2 Future work ............................................................................................................. 148 

 
References ………………………………………………………………………………… 149 
Appendix A  Published papers………………………………………………………………160 
 
 



V 

List of figures 
Figure 1-1 Wire and arc additive manufacturing (a) set-up (Martina, 2014 p.28) and (b) WAAM 
fabricated part (Addison et al., 2015) ...................................................................................................... 3 
Figure 1-2 Hybrid manufacturing strategy (a) flap track (Kazanas, 2011) and (b) QTD-series insert 
drills (Alec, 2015) ................................................................................................................................... 4 
Figure 1-3 Crack growth history in response to cyclic loads (FAA, 1993) ............................................. 5 
Figure 1-4 Schematic diagram of research approach .............................................................................. 6 
Figure 2-1 Schematic of WAAM process equipment (Martina et al., 2012) ......................................... 10 
Figure 2-2 Schematic of EBM process equipment (Murr et al., 2009) (1) Electron gun assembly; (2) 
EB focusing lens; (3) EB deflection coils (x-y); (4) powder cassettes; (5) powder (layer) rake; (6) part; 
(7) build table ......................................................................................................................................... 11 
Figure 2-3 Schematic of SLM process equipment (Thijs et al., 2010) ................................................... 11 
Figure 2-4 Schematic of SLS process equipment (Gibson et al., 2010 p.104) ...................................... 12 
Figure 2-5 Three types of microstructure in Ti-6Al-4V of wrought products: (a) fully lamellar (Filip et 
al., 2003), (b) equaxied (Zhai et al., 2016), (c) bimodal (Boyce and Ritchie, 2001) ............................ 13 
Figure 2-6 Anisotropic mechanical properties in Ti-6Al-4V sheet (Zarkades and Larson, 1968): (a) 
Young's modulus, (b) yield strength, and (c) ultimate tensile strength. ................................................ 14 
Figure 2-7 Microstructure of WAAM made Ti-6Al-4V: (a) macrostructure showing columnar prior-β 
grains and white bands (Wang et al., 2011), (b) microstructure on white bands, (c) microstructure 
between the bands(Wang et al., 2013) ................................................................................................... 16 
Figure 2-8 Pole figures for WAAM made Ti-6Al-4V: (a) reconstructed β texture and (b) α texture 
( Antonysamy, 2012 p.185). .................................................................................................................. 16 
Figure 2-9 S-N data (test results and best-fit curve) for Ti-6Al-4V of extrusion in MA condition at 
room temperature, longitudinal direction, unnotched specimens (Rice et al., 2003 p.5-69) ................. 19 
Figure 2-10  Stress strain curves of the as-built and polished SLM made Ti-6Al-4V (Formanoir et al., 
2016) in X-direction (a) and Z-direction (b). ......................................................................................... 24 
Figure 2-11 Schematic parameters of lamellar microstructure: D: prior-β grain size, d: colony size of 
the α + β lamellar, t: thickness of α lamellae (Sieniawski et al., 2013) ................................................. 30 
Figure 2-12 Effect of stress ratio R on FCGR for wrought Ti-6Al-4V, comparison between bimodal 
and equiaxed microstructures. Re-plotted from AFGROW .................................................................. 32 
Figure 2-13 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed condition, 
a) by Fedderson & Hyler (1971), b) by Shih & Wei (1973) .................................................................. 33 
Figure 2-14 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed condition 
(Harrington, n. d.) .................................................................................................................................. 34 
Figure 2-15 Fatigue crack growth rates data for Ti-6Al-4V of wrought products in mill annealed 
condition showing R ratio effect. ΔK is between 20 to 40 MPa√m. Data are re-plotted from Fedderson 
& Hyler (1971), Shih & Wei (1973), and Harrington (n. d.). ................................................................ 34 
Figure 2-16 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed condition 
by Dubey et al. (1997) ........................................................................................................................... 35 
Figure 2-17 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed condition 
by Shademan et al. (2004), the microstructure D is mill annealed condition, (a) R = 0.1, (b) R = 0.25, 
(c) R = 0.5 and (d) R = 0.8. .................................................................................................................... 35 
Figure 2-18 Fatigue crack growth rates data for Ti-6Al-4V of wrought products in mill annealed 



VI 

condition showing the R ratio effect. ΔK is under 30 MPa√m. Data are re-plotted from Dubey et al. 
(1997) and Shademan et al. (2004). ....................................................................................................... 36 
Figure 2-19 Fatigue crack growth rates data for mill annealed Ti-6Al-4V of wrought products showing 
variability (Donachie, 2000 p.109). Data are for 6 heats of plate.......................................................... 37 
Figure 2-20 Fatigue crack growth rates data for mill annealed Ti-6Al-4V of wrought products showing 
variability. Data are re-plotted from Fedderson & Hyler (1971), Harrington (n. d.), Shademan et al. 
(2004), Shih & Wei (1973), and Dubey et al. (1997). ........................................................................... 37 
Figure 2-21 Fatigue crack growth rates for SLM made Ti-6Al-4V tested at R = 0.1 by Hooreweder et 
al. (2012)................................................................................................................................................ 40 
Figure 2-22 Fatigue crack growth rates for SLM Ti-6Al-4V tested at R = 0.1 by Cain et al. (2015)  (a) 
the XY specimen orientation, (b) the XZ specimen orientation, (c) the XZ specimen orientation, (d) the 
AB condition, (e) the SR condition and (f) the HT condition. (AB: as-built, SR: stress relief treatment, 
HT: heat treatment) ................................................................................................................................ 41 
Figure 2-23 Comparison of fatigue crack growth rates data for SLM Ti-6Al-4V tested at R = 0.1 in as-
built condition. As planes of specimen are parallel to the layers during depositing, this can be regarded 
as no residual stress. Fedderson & Hyler 1971 is wrought Ti-6Al-4V data. Data are re-plotted from 
Fedderson & Hyler (1971), Cain et al. (2015) and Van Hooreweder et al. (2012). ............................... 42 
Figure 2-24 Comparison of fatigue crack growth rates data for SLM made Ti-6Al-4V tested at R = 0.1 
in as-built condition. Residual stress measurement was not conducted. Fedderson & Hyler 1971 is 
wrought Ti-6Al-4V data. Data are re-plotted from Fedderson & Hyler (1971), and Cain et al. (2015).42 
Figure 2-25 Comparison of fatigue crack growth rates data for SLM Ti-6Al-4V tested at  R = 0.1 in 
heat treated, SR: 650°C for 4 hours, and HT: 890°C for 2 hours. Fedderson & Hyler 1971 is wrought 
products data. Data are re-plotted from Fedderson & Hyler (1971), and Cain et al. (2015). ................ 43 
Figure 2-26 Microstructure of EBM Ti-6Al-4V. (a) layer thickness was ~700 μm (Edwards et al., 
2013), (b) layer thickness was ~100 μm (Murr et al., 2009), (c) layer thickness was ~100 μm (Facchini 
et al., 2009). ........................................................................................................................................... 44 
Figure 2-27 Fatigue crack growth rates for EBM Ti-6Al-4V tested at R = 0.1 by Edwards et al. (2013).
 ............................................................................................................................................................... 45 
Figure 2-28 Fatigue crack growth rates for EBM made Ti-6Al-4V tested at R = 0.1 by (a) Greitemeier 
et al. (2016) and (b) Zhai et al. (2016). (AF: as-fabricated, HT: heat treated, 950°C for 1hour plus 500–
600°C for 3–8 hours, HIP: hot isostatic pressing, at 920°C and 1000 bar for 2 hours, annealed: 710°C 
for 2 hours ). .......................................................................................................................................... 45 
Figure 2-29 Comparison of fatigue crack growth rates data for EBM Ti-6Al-4V tested at  R = 0.1 in 
heated treated and as-built. Fedderson & Hyler 1971 is wrought Ti-6Al-4V data. Data are re-plotted 
from Fedderson & Hyler (1971), Edwards et al. (2013), Greitemeier et al. (2016), and Zhai et al. 
(2016). ................................................................................................................................................... 46 
Figure 3-1 Cut planes in Wall-Bi120 for contour measurement, (a) schematic cut plane (unit: mm); (b) 
photos of Wall-Bi120 and cross section view of cut plane .................................................................... 52 
Figure 3-2 Cut plane in Wall-T110 for contour measurement (unit: mm) ............................................. 53 
Figure 3-3 Position of C(T) specimens in Wall-Bi120 and cut planes in C(T) specimens for contour 
measurement, Type A, B and C specimens in terms of the crack position (unit:mm) ........................... 53 
Figure 3-4 Steps of the contour method for residual stress measurement (Paddea, 2015) .................... 54 
Figure 3-5 Measured residual stresses in Wall-T110: (a) 2D stress map, and (b) 1D stress distribution 
along the centre line (average value in the thickness) ........................................................................... 56 



VII 

Figure 3-6 Measured residual stresses in Wall-Bi120: (a) 2D stress map and (b) 1D stress distribution 
along the mid-thickness line .................................................................................................................. 57 
Figure 3-7 Measured residual stresses in type B specimen: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line .............................................................................................. 57 
Figure 3-8 Measured residual stresses in type A specimen: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line .............................................................................................. 58 
Figure 3-9 Measured residual stresses in type C specimen: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line .............................................................................................. 58 
Figure 3-10 Positions of uncracked ligament in residual stress field of Wall-Bi120 are similar, whereas 
released stresses in notch zone for type A specimen are higher. ........................................................... 59 
Figure 3-11 Geometry of C(T) specimen (unit: mm) ............................................................................ 60 
Figure 3-12  Position of C(T) specimens, type AL and PL, in Wall-T145 (C(T) specimen thickness =5 
mm) ....................................................................................................................................................... 61 
Figure 3-13 Position of C(T) specimens for fatigue crack growth rate testing, Type A to E, in Wall-
Bi120 (C(T) thickness =6 mm) ............................................................................................................. 62 
Figure 3-14 Crack surface of A3 specimen show the smooth surface begin at about a = 40 mm, (a) one 
crack surface with one side face, and (b) two crack surfaces ................................................................ 63 
Figure 3-15 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type A........................................ 64 
Figure 3-16 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type C........................................ 64 
Figure 3-17 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type B........................................ 65 
Figure 3-18 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type D ....................................... 65 
Figure 3-19 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type E ........................................ 66 
Figure 3-20 Fatigue crack growth rates in Ti-6Al-4V of wrought products ......................................... 66 
Figure 3-21 Fatigue crack growth rates in WAAM made Ti-6Al-4V. Specimens are extracted from 
Wall-T145. Data are replotted from appendix in Lorant’s thesis (2010). (PL: crack propagates parallel 
to the layers; AL: crack propagates across the layers) .......................................................................... 67 
Figure 3-22 Macrograph of the Type A, B and C specimens. ............................................................... 68 
Figure 3-23 Optical micrographs of the WAAM deposited material in Wall-Bi120 ............................. 69 
Figure 3-24 Optical micrographs of crack path when the crack propagates in (a) the substrate of Wall-
Bi120 and (b) the WAAM made material ............................................................................................. 69 
Figure 4-1 Comparison between the experimental results and FE output of the longitudinal residual 
stress (Liljedahl et al., 2008) ................................................................................................................. 72 
Figure 4-2 Procedure of inputting measured residual stress field in Wall-Bi120 sample by using 
SIGINI ................................................................................................................................................... 74 
Figure 4-3 Comparison of obtained longitudinal residual stresses with experiments ........................... 75 
Figure 4-4 Geometry change and residual stress redistribution during extracting type B and C 
specimens (direction 1: longitudinal direction; direction 2: transverse direction; b, c, and d figures 
share the same spectrum) ...................................................................................................................... 77 
Figure 4-5 Finite element mesh for residual stress analysis with mesh size 2 mm × 2 mm ................. 78 
Figure 4-6 Mesh convergence study for retained residual stress in C(T) specimen, type C ................. 78 
Figure 4-7 Comparison of longitudinal residual stresses between FEA and the contour measurement, 
along crack path in Type A specimen .................................................................................................... 79 
Figure 4-8 Comparison of transverse residual stresses between FEA and the contour measurement, 
along crack path in type B specimen ..................................................................................................... 80 



VIII 

Figure 4-9 Comparison of longitudinal residual stresses between FEA and the contour measurement, 
along crack plane in type C specimen ................................................................................................... 80 
Figure 4-10 Longitudinal residual stresses along crack path in type A specimen ( position used in life 
prediction).............................................................................................................................................. 81 
Figure 4-11 Longitudinal residual stresses along crack path in type C specimen  (position used in life 
prediction).............................................................................................................................................. 81 
Figure 4-12 Positions of uncracked ligament residual stress field of Wall-Bi120 shows that type A 
specimen is not moment balance. .......................................................................................................... 82 
Figure 4-13 Inputting directly residual stress into C(T) specimen (1: longitudinal; 2: transverse) ....... 83 
Figure 4-14 Comparison of retained residual stress by directly building residual stress and building 
residual stress field in large sample + element removal, type B specimen, transverse residual stress. . 83 
Figure 4-15 Configurations of parts made by WAAM: (a) different height in the wall samples, (b) 
vertical substrate, (c) crossed walls, (d) curved wall ............................................................................. 85 
Figure 4-16 Published residual stress profiles for “T” section WAAM made walls, (a) full length of 
residual stress profile, (b) detailed stress near top of substrate (a&b share the same legend) ............... 86 
Figure 4-17 Analytical model for determining the changing of residual stress distribution in both the 
actual substrate and the virtual substrate due to adding a new layer ..................................................... 90 
Figure 4-18 Analytical model for determining the changing of residual stress distribution due to 
removing the virtual substrate which represents the effect of clamps ................................................... 91 
Figure 4-19 Residual stress distribution for “T” section WAAM made wall with 14 mm thick virtual 
substrate and various WAAM wall heights ........................................................................................... 94 
Figure 4-20 Residual stress distribution for “T” section WAAM made wall with 33 mm thick virtual 
substrate and various WAAM wall heights ........................................................................................... 95 
Figure 4-21 Residual stress distribution for “T” section WAAM part with 83 mm thick virtual substrate 
and various WAAM wall heights ........................................................................................................... 96 
Figure 4-22 Possible three types of residual stress profile in “T” section WAAM made parts ............. 97 
Figure 4-23 Influence of the material yield strength on the residual stress profile (Mercelis et al.,   
2006). ..................................................................................................................................................... 99 
Figure 4-24 Predicted residual stress profile in Wall-T145 ................................................................. 100 
Figure 4-25 Finite element model for residual stress analysis of C(T) specimens in Wall-T145 ........ 101 
Figure 4-26 Retained residual stresses in C(T) specimens extracted from Wall-T145 (AL and PL) .. 101 
Figure 4-27 Relation of stress component direction and line of measurement points: (a) longitudinal 
stress normal to the line of measuring points, (b) transverse stress parallel to the line of measuring 
points, (c) transverse stress normal to the line of measuring points (not practical for contour; not 
available from published neutron measurement) ................................................................................. 102 
Figure 5-1 Uniform radial stress to simulate the pin loading in FE model of C(T) specimen ............ 105 
Figure 5-2 Virtual Crack Closure Technique (VCCT) for two-dimensional FE model using eight-noded 
element (nodal forces and nodal displacements in the x–axis are omitted for clarity) ........................ 106 
Figure 5-3 Two-dimensional plane stress FE model of C(T) specimen .............................................. 108 
Figure 5-4 Convergence trend for C(T) specimen (Δa is mesh size around the crack tip).................. 108 
Figure 5-5 Comparison of the crack tip stress intensity factors: FEA vs. closed form solution .......... 109 
Figure 5-6 Geometry of the short C(T) specimen (unit: mm) ............................................................. 110 
Figure 5-7 Comparison of stress intensity factors for short C(T) specimen ........................................ 110 
Figure 5-8 Coordinate system for Eq. 5-7. .......................................................................................... 111 



IX 

Figure 5-9 Influence of orthotropic Young's modulus in C(T) specimen on the crack tip stress intensity 
factors ................................................................................................................................................... 112 
Figure 5-10 Influence of bi-material Young's modulus on the crack tip stress intensity factors, for Type 
A and C specimens, using the microstructure interface. ...................................................................... 114 
Figure 5-11 Two-dimensional FE model of C(T) specimen with fine mesh at the crack tip ............... 115 
Figure 5-12 Plastic zone size calculated by elastic-plastic FE analysis, K = 19.77 MPam22T ................. 116 
Figure 5-13 Positions of specimens in Wall-Bi120 and corresponding positions of FE modells in 
residual stress field, type A and C ........................................................................................................ 119 
Figure 5-14 Mode I stress intensity factors due to residual stress in type A and C specimens ........... 120 
Figure 5-15 Two-dimensional FE model of C(T) specimen with seam crack ..................................... 121 
Figure 5-16 Positions of FE modells in residual stress field, Type B, D and E specimen .................. 122 
Figure 5-17 Mode I and Mode II stress intensity factors due to residual stress in Type B, D and E 
specimens ............................................................................................................................................ 122 
Figure 5-18 Position of FE model in residual stress field, AL specimen ............................................ 123 
Figure 5-19 Mode I stress intensity factors due to residual stress in AL specimen............................. 123 
Figure 5-20 Positions of FE model in residual stress field, type PL specimens .................................. 124 
Figure 5-21 Mode I and Mode II stress intensity factors due to residual stress in type PL specimens 124 
Figure 6-1 Experimental da/dN vs. ΔK data and AFGROW m for calculating fatigue crack growth rate 
for various R ratio (some m are omitted for clarity) ............................................................................ 129 
Figure 6-2 Combined dataset including m and da/dN vs. ΔK for R = 0.1 for the substrate and WAAM 
made Ti-6Al-4V .................................................................................................................................. 130 
Figure 6-3 Harter T-method calculation procedure ............................................................................. 132 
Figure 6-4 Fitted modified Paris equation and experimental da/dN vs. ΔK for R = 0.1 for WAAM made 
Ti-6Al-4V and Ti-6Al-4V of wrought products .................................................................................. 134 
Figure 6-5 Positions of the WAAM-substrate interfaces in the C(T) specimens, Type A and C ......... 135 
Figure 6-6 Stress intensity factors, Kapp,max and Kres, in the C(T) specimens, Type A and C .............. 135 
Figure 6-7 Effective stress intensity factor ratios for the C(T) specimens, Type A and C .................. 136 
Figure 6-8 Comparison of da/dN vs. a in the Type A specimen, between predictions by the Harter T-
method, the modified Paris equation and that ignoring residual stress and three experimental results
 ............................................................................................................................................................. 138 
Figure 6-9 Comparison of a vs. N curves in the Type A specimen, between predictions by the Harter T-
method, the modified Paris equation and that ignoring residual stress and three experimental results
 ............................................................................................................................................................. 138 
Figure 6-10 Comparison of da/dN vs. a in the Type C specimen, between predictions by the Harter T-
method, the modified Paris equation and that ignoring residual stress and three experimental results
 ............................................................................................................................................................. 139 
Figure 6-11 Comparison of a-N curves in the Type C specimen, between predictions by the Harter T-
method, the modified Paris equation and that ignoring residual stress and three experimental results
 ............................................................................................................................................................. 139 
Figure 6-12 Geometrical interface and microstructure interface in C2 specimen ............................... 141 
Figure 6-13 Effective stress intensity factor ratios in C(T) specimen, AL type .................................. 142 
Figure 6-14 Predicted crack deviation angle for C(T) specimens, type B, D and E ........................... 144 
Figure 6-15 Three examples for fatigue crack deviation angles, B1, E1 and D3 specimens. ............. 144 



X 

List of tables 
Table 2-1 Minimum value of ultimate tensile strength, yield strength and elongation for MA and STA 
conditions Ti-6-4 plate (AMS 4911J, 2003), in both longitudinal and long transvers orientations; 
thickness range 4.8–19 mm, room temperature ..................................................................................... 17 
Table 2-2 Measured ultimate tensile strength, yield strength and elongation for MA condition Ti-6-4 at 
room temperature ................................................................................................................................... 19 
Table 2-3 Young's modulus and fracture toughness for wrought Ti-6-4 at room temperature .............. 19 
Table 2-4 The minimum value of ultimate tensile strength, yield strength and elongation for AM made 
Ti-6-4 (ASTM Standard F2924, 2014) (in stress relieved or annealed condition), X, Y, and Z-principal 
direction, at room temperature............................................................................................................... 20 
Table 2-5 Measured ultimate tensile strength, yield strength and elongation of SLM and EBM made 
Ti-6-4 at room temperature .................................................................................................................... 21 
Table 2-6 Measured fatigue performance of SLM and EBM made Ti-6-4 at room temperature .......... 22 
Table 2-7 Measured fracture toughness of SLM and EBM made Ti-6-4 .............................................. 23 
Table 2-8 Measured Young's modulus of SLM and EBM made Ti-6-4 at room temperature ............... 23 
Table 2-9 Measured ultimate tensile strength, yield strength and elongation for WAAM and SDM Ti-6-
4 at room temperature ............................................................................................................................ 25 
Table 2-10 Measured fatigue performance of WAAM and SMD made Ti-6-4 at room temperature .... 26 
Table 2-11 Fracture toughness of WAAM Ti-6-4 in as-built condition (Zhang, X. et al., 2017)........... 26 
Table 3-1 Experiments used in this project............................................................................................ 49 
Table 3-2 Process parameters for fabrication of Wall-Bi120 (Hills, 2014) ........................................... 51 
Table 3-3 Chemical composition of Ti-6Al-4V wire (wt %) (Martina et al., 2012) .............................. 51 
Table 3-4 Final geometry of all wall samples ........................................................................................ 51 
Table 3-5 Fatigue crack growth rate testing parameters (W = 70 mm, R = 0.1 for all) ......................... 62 
Table 4-1 Detail for published residual stress profiles .......................................................................... 87 
Table 4-2 Published values of the maximum residual stress for butt-welded Ti-6Al-4V ...................... 93 
Table 5-1 Measured Young's modulus for WAAM Ti-6-4 (Lorant, 2010 p.79) and values in FE model
 ............................................................................................................................................................. 112 
Table 5-2 Yield strength in WAAM Ti-6-4 (Lorant, 2010 p.79) and values used in FE (unit: MPa) .. 115 
 
 



XI 

Nomenclature and abbreviations 
 
 unit  
ν - Poisson's ratio 
σUTS MPa ultimate tensile strength 
σYS MPa yield strength 
σL MPa Stress in a new layer 
σRSv MPa Residual stress in virtual substrate 
θ ° Deviation angle of crack 
a mm the distance from center line of applied load to crack 

tip distance 
crack length 

ai-1 mm ith crack length 
Δa mm Increment of crack length 
da/dN m/cycle Fatigue crack growth rate 
B mm Thickness of C(T) specimen 
C  Material constant in Paris law 
d mm Neutral axis position 
E GPa Young's modulus 
E1, E2 GPa Young's modulus in 1, 2 direction 
e  % elongation 
G N/m Strain energy release rate 
G12 GPa Shear modulus 
ha, hs, hvs mm Height of AM made part, actual substrate, virtual 

substrate 
I m4 Second axial moment of area 
KI,  KII MPa√m Stress intensity factor in mode I, mode II 
KIC MPa√m Fracture toughness in mode I 
KQ MPa√m Conditional fracture toughness 
Kapp,max, Kapp,min MPa√m Stress intensity factor by maximum, minimum applied 

load 
Kmax, Kmin MPa√m Maximum, minimum Stress intensity factor 
Kop MPa√m Stress intensity factor at which the crack re-open 
ΔKeff MPa√m Effective stress intensity factor range 
ΔKapp MPa√m Applied stress intensity factor range 
Kres MPa√m Stress intensity factor due to residual stress 
ΔK MPa√m Stress intensity factor range 
L mm Length of wall specimen 
M N m Bending moment 
m  Material constant in Harter T-method 
n  Material constant in Paris law 

Plastic constraint factor 
N  Number of cycles 
ΔN  Number of cycles over increment of crack length 
P kN Applied load 
R  Ratio of applied load 
Reff  Ratio of effective stress intensity factor 
rp mm Crack tip plastic zone size 
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U  ΔKeff/ΔK 
W mm Width of C(T) specimen 
Wa, Ws mm Width of WAAM made part, width of substrate 
1D  One-dimensional 
2D  Two-dimensional 
AL  Across the layer 
AM  Additive manufacturing 
CFRP  Carbon fibre reinforced polymer 
C(T)  Compact tension 
EB  Electron beam 
EBM  Electron beam melting 
EDM  Electrical discharge machining 
FCGR  Fatigue crack growth rate 
FE  Finite element 
FEM  Finite element method 
FSW  Friction stir welding 
GTA  Gas Tungsten Arc 
HAZ  Heat affected zone 
HIP  Hot isostatic pressing 
LEFM  Linear Elastic Fracture Mechanics 
MA  Mill annealed 
M(T)  Middle tension 
MTS  Maximum tangential stress 
OM  Optical microscope 
PL  Parallel to the layer 
PWD  plasma wire deposition 
RA  Recrystallization annealed 
SLS  Selective laser sintering 
SLM  Selective laser melting 
SDM  Shaped metal deposition 
STA  Solution treated and aged 
TIG  Tungsten Inert Gas 
VCCT  Virtual Crack Closure Technique 
VPPA  Variable Polarity Plasma Arc 
WAAM  Wire and arc additive manufacturing 
WELPC  Welding Engineering and Laser Processing Centre (in 

Cranfield University) 
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Chapter 1 Introduction 

1.1 Why WAAM Ti-6Al-4V? 

High strength titanium alloys, especially Ti-6Al-4V, have been used in aircraft primary 

structures, such as empennage attachment fitting on the Boeing 777 (Boyer, 1992), pylon on 

the Boeing 787 (Hale, 2006) and the rudder actuator housing on the F-22 (Pike, 2016). Before 

the carbon fibre reinforced polymer (CFRP) composites were widely used in commercial 

aircraft, the Boeing 777 airframe had 8.3% titanium alloys by weight (Boyer, 1992). For the 

new generation commercial aircraft, e.g. the Boeing 787, there are 50% CFRP composites, 

and titanium alloy has reached 15% by weight (Hale, 2006) for its good compatibility with the 

CFRP. Aircraft from the Airbus company, A350XWB and A380, consist of 14% and 6% 

titanium alloys by weight (Zanin, 2012), respectively. The Boeing 787 aircraft designers 

selected titanium alloy according to the operating environment and loads that a particular 

component would experience. They considered that “titanium alloy can withstand comparable 

loads better than aluminium, has minimal fatigue concerns, and is highly resistant to 

corrosion” (Hale, 2006). It is known that 90% of the titanium alloys used on aero-structures is 

Ti-6Al-4V (Zanin, 2012). 

In the aerospace industry, parts are often machined from forgings. This traditional 

manufacturing method is often costly in terms of machining operation to make the final 

geometry and the large waste of materials. The aerospace industry often uses the buy-to-fly 

ratio to describe such waste. The buy-to-fly ratio is the weight ratio between the raw material 

used for making a component and the weight of the component itself. In general, the buy-to-

fly ratio for aircraft components is 5–20 if using the traditional manufacturing methods; in 

other words, more than 80% of raw material is scraped off the component (Allen, 2006). As 

the high prices of both titanium alloys and machining operation for titanium alloys (hard to 

machine), titanium components become very expensive for the aircraft industry. 

One way to overcome such expensive titanium components is using the additive 

manufacturing (AM) technology. AM process makes a component in an additive approach 

instead of cutting off materials (subtractive approach). In this way, the buy-to-fly ratio can be 
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reduced to nearly 1; and hence the cost of component will be reduced. The application of AM 

to aircraft components has attracted many research attentions. For example, a winner of the 

Round I of GE's Alternative Manufacturing of Aviation Castings Challenge was Burloak 

Technologies of Ontario, in Canada, which won a proposal that included design optimization 

to enable use of the AM to create a component offering 50% of weight and cycle time 

reduction compared to the baseline production method. Another winner, the buyCastings.com 

of Miamisburg, in American, combined the AM with other processing techniques to lower the 

product cycle time and reduce inspection requirements due to improved material qualities. So, 

both winners considered the AM technology as their innovative manufacturing methods 

(Anon., 2015). 

The term AM includes many different technologies of fabricating a part using a layer by layer 

strategy (ASTM Standard F2792, 2012). However, not all of them are suitable for the 

aerospace industry in terms of making large parts. Some of them have been regarded as 

candidates, e.g. selective laser sintering (SLS), selective laser melting (SLM), electron beam 

melting (EBM) (Murr et al., 2012) and wire and arc additive manufacturing (WAAM ) 

(Uriondo et al., 2015). Among them, the WAAM process has much higher deposition rate 

(Martina et al., 2012) and is capable of building large scale parts (>10 kg) (Williams et al., 

2016). So, WAAM made titanium parts are the most promising application of AM technology 

to the aerospace industry. In general, WAAM set-up consists of a combination of arc welding 

torch and wire feeding unit, which is mounted on either a robot or a computer numerical 

controlled manipulator, see Fig. 1-1a. A WAAM fabricated part is shown in Fig. 1-1b. 

The advantages and benefits of WAAM include: 

• WAAM can fabricate parts without using mould, thus saving the cost for moulds and 
the time for preparing them and leading to shorter lead time and reduced cost. 

• The buy-to-fly ratio is significantly reduced. Both the costs for raw material and 
machining operation can be saved. 

• WAAM can produce functionally graded parts (Shen et al., 2016). When WAAM 
deposits different materials upon one part, each material may be used for its best 
properties. 
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• Small production batches are possible, and design changes will cost less. 

• Lower level of porosity comparing to the powder based AM products (Wang et al., 
2013). 

The limitations of WAAM are: 

• Current WAAM processes cannot provide a good surface and dimensional precision. 

They need further machining of the surfaces to obtain these quantities. 

• Residual stress exists in parts. 

 
Figure 1-1 Wire and arc additive manufacturing (a) set-up (Martina, 2014 p.28) and (b) WAAM 
fabricated part (Addison et al., 2015)  

Generally, AM process can deposit materials on a substrate. For more economical 

manufacturing, the substrate can also be used as part of a component. This is called hybrid 

manufacturing strategy. The study about hybrid manufacturing with the WAAM process has 

also been studied in Cranfield University (Chen, 2012). A case study of flap track is shown in 

Fig. 1-2a. Even in some area, real parts have been available. QTD-series insert drills which 

are made by Mapal, a German-based company, are shown in Fig. 1-2b. The tool shank is 

machined conventionally and the drill is made by AM. 

When using hybrid manufacturing strategy, an interface between AM fabricated alloy and 

traditional fabricated alloy will inevitably exist. This research is focused on the damage 

tolerance performance of such inevitable feature, i.e. interface between WAAM fabricated Ti-

6Al-4V and wrought Ti-6Al-4V. 

 

(a) (b) 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of the 

thesis can be viewed at the Lanchester Library, Coventry University.



Chapter 1                                                                                                                              Introduction 
 

4 

   
 

Figure 1-2 Hybrid manufacturing strategy (a) flap track (Kazanas, 2011) and (b) QTD-series 
insert drills (Alec, 2015) 

1.2 Why damage tolerance? 

It is essential for the airworthiness of the civil transport aircraft to fulfil the damage tolerance 

requirement, which is intended to ensure that if fatigue, corrosion or accidental damage 

occurs, the remaining structure can withstand reasonable loads without failure until the 

damage is detected. This means that the damage has to be contained, e.g. grow slowly and 

remain small enough not to cause a catastrophic accident before the damage could be detected 

and action could be taken in the routine inspection. 

One of important aspects in the damage tolerance analysis is the capability of predicting 

fatigue crack growth life. When an initial defect exists in a structure, cracks may initiate from 

it and grow under cyclic loads. If the crack size is longer than a detectable length, then this 

crack can be detected by non-destructive inspections. If its size is shorter than a so-called 

“critical crack size”, the structure can still carry working safely even with this crack. Once the 

crack reaches the critical crack size, the structure may be broken under normal service load. 

The fatigue crack growth life is defined as the number of cyclic loads when crack grows from 

detectable length to the critical crack size, see Fig. 1-3. Based on this fatigue crack growth 

life, an inspection regime can be set up to ensure the detection of damages and prevent the 

structure from catastrophic fracture (FAA, 1993). 

(a) (b) 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of 

the thesis can be viewed at the Lanchester Library, Coventry University.
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Figure 1-3 Crack growth history in response to cyclic loads (FAA, 1993) 

1.3 Challenges, research questions and approach 

Performing damage tolerance analysis for WAAM fabricated parts is very important for 

application of WAAM technique on aircraft structures. There are some challenges. WAAM 

made material is different from traditional metal materials in terms of having anisotropic 

mechanical properties (e.g. Young's modulus, yield strength, fracture toughness and fatigue 

crack growth rate), inhomogeneous microstructure, as well as containing process induced 

residual stresses. 

According to the Linear Elastic Fracture Mechanics (LEFM), fatigue crack growth rate 

(FCGR) in materials and part is governed by the crack growth driving force i.e. stress 

intensity factor, and material resistance to crack growth, that is obtained experimentally and 

represented by a set of material constants in empirical equations. Crack growth driving force 

is influenced by residual stress, Young's modulus if the property is anisotropic. Yield strength 

will affect the effective crack growth driving force due to crack closure effect. On the other 

hand, material resistance to crack growth is governed by the microstructure characteristics and 

can be measured by fatigue crack growth experiments. So, these challenges can be separately 

accounted for when developing predictive tool for fatigue crack growth rates in WAAM 

fabricated parts. Research approach used in this process is shown in Fig. 1-4. 

So, the key research questions of this project are: 

• Can fatigue crack growth life be accurately predicted at the WAAM-substrate interface 

of Ti-6Al-4V parts? 

Some materials have been removed from this thesis due to Third 
Party Copyright. Pages where material has been removed are 

clearly marked in the electronic version. The unabridged version of 
the thesis can be viewed at the Lanchester Library, Coventry 

University.
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• What is the significance of the residual stress, anisotropic mechanical properties and 

bi-material microstructure on fatigue life prediction method? 

 
Figure 1-4 Schematic diagram of research approach 

1.4 Aim, objectives and scope 

This research aims at developing a predictive method for damage tolerance analysis of 

WAAM made parts, in particular the calculation of fatigue crack growth rate and life, and 

therefore promoting the application of the WAAM technology to aircraft primary structure as 

well as guiding the research of WAAM technology in terms of improving the material 

properties in durability and damage tolerance. 

Key Objectives: 

1) To conduct a complete and comprehensive literature survey on the following topics: a) 

different AM technologies for making metallic alloys, b) advantages and limitations of 

each AM process, c) microstructure characteristics of AM built titanium alloys, d) 

residual stresses arising from the AM process, the magnitude and distribution, and 
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measurement methods, e) mechanical properties especially the fatigue and damage 

tolerance properties, i.e. fatigue strength and fatigue crack growth rates, f) fatigue 

crack growth rate data in Ti-6Al-4V of wrought products and AM made Ti-6Al-4V 

that account for the microstructure effect and will be used in the fatigue prediction in 

Objective (7). 

2) To define a theoretical framework for this project, i.e. theories and methods to be used, 

in particular, a) the application of finite element method in fracture mechanics, b) 

empirical method for crack growth rate calculation by incorporating the influences of 

residual stress and bi-material properties. 

3) To conduct fatigue crack growth rate measurement for wrought Ti-6Al-4V as a 

baseline material data to compare with the test results of AM made specimens. The 

latter is available from collaborators' work. 

4) To study the influence of anisotropic elastic modulus in WAAM built titanium alloys 

on the crack tip stress intensity factor calculations. 

5) To evaluate the magnitude and distribution of residual stress that is retained in the test 

specimens used in this project. The evaluation is based on test measured residual 

stresses in a much larger WAAM build sample, from which the test specimens are 

extracted. 

6) To determine the crack tip stress intensity factors owing to the applied load and AM 

process induced residual stresses, using the methods defined in Objective (2). 

7) To predict the fatigue crack growth rate and life of WAAM made Ti-6Al-4V 

specimens containing an interface between the wrought and WAAM metals, in two 

material orientations and three different initial crack positions. 

8) To analysis the significance of residual stress, anisotropic elastic modulus, and bi-

material microstructure on predicting fatigue crack growth rate. 

Scope: 

Fatigue crack growth behaviour in Ti-6Al-4V alloy made by the WAAM technology is 
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investigated. It is focused on developing a calculation method for predicting fatigue crack 

growth rate in AM specimens that contain both process induced residual stress and 

microstructure changes. The predictive model is demonstrated by predicting fatigue crack 

growth rate and path in novel AM specimens that contain an interface of two different 

materials (WAAM made Ti-6Al-4V and Ti-6Al-4V in wrought products; hence bi-material 

properties in the models), which is a practical design scenario. Calculation of the stress 

intensity factors has taken account of the aforementioned influential factors. The prediction of 

fatigue crack growth life is for the constant amplitude load condition and use available 

generic empirical equations for the crack growth rate. Material mechanical properties, i.e. the 

elastic modulus, Poisson's ratio, yield strength, and fatigue crack growth rates, are obtained 

from the literature or collaborators' work. 

1.5 Thesis structure 

This thesis is organised in three main parts. Part 1 (Chapter 1-3) presents the context, 

background, state-of-the-art literature survey, and experimental data from related research 

projects for the PhD research. Part 2 (Chapter 4-6) gives the development of FE models, 

calculation procedures and results of predicted fatigue crack growth rate and life. Part 3 

(Chapter 7) covers key conclusions and recommended future work. 

In Part 1, the context, background, research questions and objectives for this PhD are given in 

Chapter 1. The knowledge used for the research, and the state-of-the-art literature review are 

given in Chapter 2. Chapter 3 describes the experiments and key results, which were 

performed by the project collaborators and used in this thesis for validation of the FE models 

developed in this thesis. 

In Part 2, the development of FE models for calculation of stress intensity factors and 

modelling results are described in Chapter 4 (evaluation of WAAM process induced residual 

stresses retained in the test specimens) and Chapter 5 (i.e. influence of anisotropic material 

properties and stress intensity factor due to residual stresses). The prediction of fatigue crack 

growth life for the bi-material specimens is presented in Chapter 6. 

Part 3, Chapter 7 summarises the final conclusions and recommendations for future work. 
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Chapter 2 Literature Review 

This chapter focuses on the detailed literature review on additive manufacturing (AM), 

various AM processes with particular attention Wire and Arc Additive Manufacturing 

(WAAM) and the microstructure, mechanical properties (static and fatigue), and fatigue crack 

growth performance of Ti-6Al-4V produced by AM. The mechanical properties will be 

compared with Ti-6Al-4V of wrought products and the reason for poor and better 

performance of WAAM made Ti-6Al-4V will be discussed in detail. In addition, residual 

stress measurement techniques used in this project will be presented in detail. 

2.1 AM processes 

AM is a novel near-net-shape fabrication technique to produce solid components. The 

materials to be deposited are melted by a focused heating source, such as plasma, electron 

beam or laser and the melted material build a layer. The materials can be of powder or wire. 

Each layer is a section of a final component. After building all layers, the final three 

dimensional component is fabricated. AM technologies for metal parts, e.g. wire + arc 

additive manufacturing (WAAM), electron beam melting (EBM), selective laser sintering 

(SLS) and selective laser melting (SLM) were reviewed in this section. Attention focused on 

heating sources, feed metals, temperature and atmosphere of building. 

2.1.1 Wire + arc additive manufacturing (WAAM) 

WAAM uses an electric arc as heating source to melt the wire material (Martina et al., 2012), 

as shown in Fig. 2-1. The process is carried out in an inert gas environment to prevent 

oxidation and contamination. One advantage of WAAM is the lower contamination of wire 

than powder during feeding process (Mok et al., 2008). Porosity might occur due to the poor 

quality wire (Wang et al., 2013) and was not observed in work of Wang et al. by preventing 

contamination. This process has much high deposition rate, 1.8 kg/h (Martina et al., 2012), 

and is capable of building large scale parts (Williams et al., 2016). The significant heat input 

leads to high residual stresses in WAAM made parts and several methods have been employed 

to reduce the influence of residual stress such as symmetrical building, optimising part 

orientation, and high pressure inter-pass rolling (Martina, 2014). The substrate for WAAM Ti-
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6Al-4V is a hot rolled Ti-6Al-4V plate that will be firmly clamped during the deposition 

process to reduce the deformation due to repeated thermal cycling of the substrate during 

deposition (Martina et al., 2012). 

A similar process is named Shaped Metal Deposition (SMD) in investigation carried out by 

some researchers(Baufeld and Biest, 2009). SMD uses a tungsten inert gas welding torch as 

heating source and metal wire is fed during deposition. Similarly, the whole setup was 

enclosed in an airtight chamber filled with argon. 

 

Figure 2-1 Schematic of WAAM process equipment (Martina et al., 2012) 

  

2.1.2 Electron beam melting (EBM) 

EBM uses a high-energy electron beam to melt the metal powder (Murr et al., 2009), as 

shown in Fig. 2-2. The metal powder forms a powder bed to feed the material. The process 

has to be carried out in a vacuum environment. There are two stages in the EBM process. In 

the first stage, the powder particles are preheated to sinter together. In the second stage, the 

powder particles are rapidly melted (Facchini et al., 2009). In general, the temperature of 

powder particles is maintained in a range of 600–700°C. As the powder temperature 

maintained at high-temperature throughout the process, process induced porosity and residual 

stresses are lower in EBM made parts.  

Some materials have been removed from this thesis due to Third Party 
Copyright. Pages where material has been removed are clearly marked in the 
electronic version. The unabridged version of the thesis can be viewed at the 

Lanchester Library, Coventry University.
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Figure 2-2 Schematic of EBM process equipment (Murr et al., 2009) (1) Electron gun assembly; 
(2) EB focusing lens; (3) EB deflection coils (x-y); (4) powder cassettes; (5) powder (layer) 
rake; (6) part; (7) build table 

2.1.3 Selective laser melting (SLM) 

SLM uses a high-energy laser beam to melt the metal powder. The schematic of the process is 

shown in Fig. 2-3.  

 

Figure 2-3 Schematic of SLM process equipment (Thijs et al., 2010) 

This process is similar to EBM with a difference on the energy source: a laser beam instead of 

an electron beam. The building process takes place in an inert gas environment (Edwards and 

Ramulu, 2015) and is maintained at a temperature about 90°C. Like the EBM, the metal 

powder forms a powder bed. In the SLM, the used metal powder can be recycled (Murr et al., 

2012) as the temperature is not as much high as that in the EBM. The thickness of each layer 

Some materials have been removed from this 
thesis due to Third Party Copyright. Pages 

where material has been removed are clearly 
marked in the electronic version. The 

unabridged version of the thesis can be viewed 
at the Lanchester Library, Coventry University.

Some materials have been removed from this thesis due to Third 
Party Copyright. Pages where material has been removed are 

clearly marked in the electronic version. The unabridged version 
of the thesis can be viewed at the Lanchester Library, Coventry 

University.
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is around 50 μm. Only 10–20% of the total energy is converted into the laser beam. One of the 

major concern in SLM is the development of porosity defects that will have adverse effect on 

the materials performance (Leuders et al., 2013). 

2.1.4 Selective laser sintering (SLS) 

SLS uses a laser beam to sinter the powder particles. The powder particles are partially melted 

in the SLS (Vayre et al., 2012). Schematic of the SLS process equipment is shown in Fig. 2-4. 

Sintering indicates the fusion of powder particles without melting. The thickness of each layer 

is ranging from 20 μm to 150 μm (Kruth et al., 2005). The SLS process takes place inside an 

airtight chamber filled with nitrogen gas. The SLS process carries out at a much high 

temperature which just below the melting point of the powdered metal material. 

 

Figure 2-4 Schematic of SLS process equipment (Gibson et al., 2010 p.104) 

 

2.2 Microstructure in Ti-6Al-4V 

2.2.1 Wrought products 

Ti-6Al-4V contains both α and β phases at room temperature. Heat treatment can influence 

the microstructure and mechanical properties of Ti-6Al-4V alloy. There are three types of 

microstructures in titanium alloys of wrought products. The term “wrought” includes forging, 

Some materials have been removed from this thesis due to Third Party Copyright. 
Pages where material has been removed are clearly marked in the electronic 

version. The unabridged version of the thesis can be viewed at the Lanchester 
Library, Coventry University.
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plate, extrusion, sheet and bar. Annealing from the β phase field (β annealed) causes a 

transformation from β to α phase. The microstructure contains lamellar structure with similar 

crystal orientation, as shown in Fig. 2-5a. When annealing from the α + β phase field 

combined with hot deformation, microstructure approaching equilibrium equiaxed primary α 

phase surrounding with retained β phase can be obtained, as shown in Fig. 2-5b. Mill 

annealing is a such heat treatment which is often given to Ti-6Al-4V of wrought products. 

Annealing from α + β phase (just below β-transus temperature, 980°C) produces a bimodal 

microstructure, as shown in Fig. 2-5c. 

 

Figure 2-5 Three types of microstructure in Ti-6Al-4V of wrought products: (a) fully lamellar 
(Filip et al., 2003), (b) equaxied (Zhai et al., 2016), (c) bimodal (Boyce and Ritchie, 2001) 

Due to the crystallographic texture presents in the α and α + β type titanium alloy (Rice et al., 

2003 p.5-2), hot-rolled Ti-6Al-4V can develop a texture when a crystallographic direction is 

closely aligned with the rolling direction. Such texture is well known for promoting 

anisotropic behaviour with respect to Young's modulus, yield strength, and ultimate tensile 

strength. Zarkades and Larson (1968) showed that for sheet form Ti-6Al-4V of 1.8 mm thick, 

the Young's modulus could vary by 30%  with direction, as shown in Fig. 2-6a. It is also worth 

noting that the anisotropy of Young's modulus is greater than for the yield strength and 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of 

the thesis can be viewed at the Lanchester Library, Coventry University.
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ultimate tensile strength. Zarkades & Larson (1968) also presented that the yield strength 

could vary by 17% with direction, and ultimate tensile strength 22%, as shown in Fig. 

2-6b&c. However, other Ti-6Al-4V products may not experience hot rolling as much as sheet, 

so they have not so strong texture and therefore anisotropic mechanical properties. 

Figure 2-6 Anisotropic mechanical properties in Ti-6Al-4V sheet (Zarkades and Larson, 1968): 
(a) Young's modulus, (b) yield strength, and (c) ultimate tensile strength. 

The source of anisotropic Young's modulus in Ti-6Al-4V of sheet form is texture. As the 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of the 

thesis can be viewed at the Lanchester Library, Coventry University.
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directional solidification in AM parts may also result in texture, it is expected that anisotropic 

Young's modulus exists in AM made Ti-6Al-4V. However, like the texture depends on the 

thickness of sheet in wrought titanium, the texture in AM made Ti-6Al-4V may also differ 

between each AM technologies.  

2.2.2 WAAM 

Ti-6Al-4V parts produced by WAAM experiences complex and repeated thermal heating and 

cooling cycles during the process. The combined effect of rapid solidification, directional 

cooling, and phase transformations induced by repeated thermal cycles has an influence on 

the microstructure of WAAM made Ti-6Al-4V. The macrostructure of the WAAM Ti-6Al-4V 

contains epitaxially grown large columnar prior-β grains up through the deposited layers, as 

shown in Fig. 2-7a. The columnar prior-β grains have an average grain width of 1 mm to 2 

mm and grow across layers for virtually the entire build height (Wang et al., 2013). 

Macroscopic bands are also observed in Fig. 2-7a. 

In the majority of the WAAM made Ti-6Al-4V, without the top 5 layers or 5 mm, the 

microstructure is α + β lamellar. At the same time, some colonies can be observed. The width 

of α lamellae depends on the relative position to the macroscopic bands. The microstructure 

graduated from a finer to a coarser lamellar microstructure, as shown in Fig. 2-7b, and the 

white bands coincided with the coarsest α lamellae. Between the bands, microstructure is just 

coarser α + β lamellar, as shown in Fig. 2-7c. 

The texture in WAAM made Ti-6Al-4V has been reported by Antonysamy (2012 p.185), as 

shown in Fig. 2-8. A strong <001>β texture could be seen, however, the α phase texture is 

weak in WAAM. Antonysamy gives the reason that sampling statistic is poor, i.e. the numbers 

of grains taken for analysis is not enough, as the grains size is very large in the WAAM made 

Ti-6Al-4V. The texture analysis in both EBM and SLM made Ti-6Al-4V also find the similar 

result. Formanoir et al. (2016) observed that a strong <001> β texture existed in the building 

direction of EBM made Ti-6Al-4V, however, the α texture was weaker than the texture of β 

phase. The reason given by Formanoir et al. is that up to 12 crystallographic α variants could 

form in each β grain during phase transformation, resulting in a substantial decrease in texture 

intensity. Simonelli et al. (2014) investigated texture in SLM made Ti-6Al-4V and observed 
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that α texture is weak. The reason for this given by Simonelli et al. is the multiple variants in 

columnar β grains.  

 

 

Figure 2-7 Microstructure of WAAM made Ti-6Al-4V: (a) macrostructure showing columnar 
prior-β grains and white bands (Wang et al., 2011), (b) microstructure on white bands, (c) 
microstructure between the bands(Wang et al., 2013) 

 

Figure 2-8 Pole figures for WAAM made Ti-6Al-4V: (a) reconstructed β texture and (b) α 
texture ( Antonysamy, 2012 p.185). 

Some materials have been removed from this thesis due to Third Party Copyright. Pages 
where material has been removed are clearly marked in the electronic version. The 
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By reviewing published microstructure for Ti-6Al-4V of wrought products and WAAM made 

Ti-6A-4V, the following findings can be drawn: 

• The anisotropic Young's modulus for sheet form Ti-6Al-4V is a result of texture due to 

hot-rolling. 

• The texture is not strong in WAAM, SLM, and EBM made Ti-6Al-4V. 

• The microstructure in WAAM made Ti-6Al-4V consists of large columnar prior-β 

grains with α + β lamellar, and some colonies can be observed. 

2.3 Mechanical properties of Ti-6Al-4V 

2.3.1 In wrought products 

Part of mechanical properties at room temperature for Ti-6Al-4V of wrought products can be 

found in published material specifications, i.e. AMS 4911. The mechanical properties are for 

mill annealed (MA) or solution treated and aged (STA) heat treatment conditions. So, there 

are two different heat treatment conditions for Ti-6Al-4V of wrought products and hence 

different mechanical property requirements for corresponding conditions. Since Ti-6Al-4V 

plate in MA condition was used in this research as the substrate material in WAAM made 

samples, the minimum mechanical properties for the MA condition in AMS 4911 are listed in 

Table 2-1. To understand the effect of heat treatment, mechanical properties for the STA 

condition are also listed. It can be seen that a difference about 200 MPa exists for the two 

different heat treatment conditions. Two orientations, longitudinal and long-transverse, have 

the same minimum values. 
Table 2-1 Minimum value of ultimate tensile strength, yield strength and elongation for MA and 
STA conditions Ti-6-4 plate (AMS 4911J, 2003), in both longitudinal and long transvers 
orientations; thickness range 4.8–19 mm, room temperature 

Heat treatment  σUTS 

(MPa) 
σYS 

(MPa) 
e  
(%) 

MA 895 825 10 

STA 1100 1000 5 

Two important aspects are noted:  

1) these data are the minimum values. The minimum value means that any measured 

mechanical property must be higher than the minimum value; otherwise the tested 



Chapter 2                                                                                                                              Literature Review 

18 

plate is unqualified products. To make a comparison of mechanical property between 

wrought Ti-6Al-4V and AM made parts, the minimum value should not be used. The 

reason is that actual mechanical properties for wrought Ti-6Al-4V are also higher than 

the minimum values. For this reason, measured mechanical properties for wrought Ti-

6Al-4V were summarized.  

2) each of these minimum values is for a specific heat treatment condition. As heat 

treatment can significantly alter the mechanical properties, about 200 MPa in 

minimum values requirement, the comparison should be made for the same heat 

treatment condition. To evaluate the advantage of AM technology, the way of 

comparing as-built condition AM made Ti-6Al-4V with MA condition wrought Ti-

6Al-4V is not correct. 

Measured mechanical properties for Ti-6Al-4V in MA condition in open literature are listed in 
Table 2-2. It is noted that both the ultimate tensile strength and the yield strength measured by 
Facchini et al. (2009) are lower than the minimum requirements in the aforementioned 
specifications. As shown later, mechanical properties for both EBM made Ti-6Al-4V and 
wrought Ti-6Al-4V measured by Facchini et al. are lower. This could mean that the variation 
in their experiments is large. In contrast to Facchini et al., mechanical properties for both 
EBM made parts and wrought Ti-6Al-4V measured by Murr et al. (2009) are higher. 
Therefore, the average of mechanical properties only includes the data from Donachie, Rice et 
al., and Wang et al. A margin between averaged mechanical properties and the minimum 
values are also shown in the same table. It can be seen that the actual averaged mechanical 
properties are higher than the minimum requirements by around 100 MPa in terms of ultimate 
tensile strength and yield strength. Such margin is very important for requirements to make 
sure at least 99% of measured data are expected to equal or exceed the required minimum 
value with a confidence of 95% (Rice et al., 2003 p.9-9). 
In addition to the static properties, fatigue and fracture toughness properties have great 
influence on material performance. In terms of plane strain fracture toughness, KIC, as the 
thickness of tested plate might not thick enough to obtain a plane strain condition, KIC is often 
measured from thicker forging and measured data are listed in Table 2-3. Young's modulus for 
Ti-6Al-4V is also listed in Table 2-3. It is noted that the thickness of forging or plate is not 
thin enough to produce enough texture and hence could not give rise to significant anisotropic 
Young's modulus. Therefore, Young's modulus for Ti-6Al-4V of wrought products (sheet 
excluded) is regarded as isotropic. The high cycle fatigue property for wrought Ti-6Al-4V in 
Metallic Materials Properties Development and Standardization (MMPDS) handbook (Rice et 
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al., 2003 p.5-69) are shown in Fig. 2-9. It can be seen that the endurance limit for Ti-6Al-4V 
of wrought products is about 520 MPa at room temperature. 

Table 2-2 Measured ultimate tensile strength, yield strength and elongation for MA condition Ti-6-
4 at room temperature 

Products σUTS  
(MPa) 

σYS  
(MPa) 

e 
(%) 

Heat treatment References 

Bar 870 ± 10 790 ± 20 18.1 ± 0.8 MA (Facchini et al., 2009) 

Forging 1230 1170 12 As-built, (1040°C 
forging ) 

(Murr et al., 2009) 

Forging 1290 1220 14 STA (Murr et al., 2009) 

Bar 945 890 – MA (Rice et al., 2003 p.5-
67) 

– 970 900 17 MA (Donachie, 2000 p.103) 

– 1069 945 10 MA (Donachie, 2000 p.24) 

Bar 1033 950 11.7 MA (Wang et al., 2013) 

Average  1005 920 14 MA – 

Margin ~110 ~100 ~3 MA – 

Table 2-3 Young's modulus and fracture toughness for wrought Ti-6-4 at room temperature 
E a 

(GPa) 

KIC 
b 

(MPa√m) 

Heat 
treatment 

110–117 44–66 MA 

a  Data from (Rice et al., 2003 p.5-53). b  Data from (Donachie, 2000 p.101). 

 
Figure 2-9 S-N data (test results and best-fit curve) for Ti-6Al-4V of extrusion in MA condition 
at room temperature, longitudinal direction, unnotched specimens (Rice et al., 2003 p.5-69) 

Some materials have been removed from this thesis due to Third Party Copyright. Pages 
where material has been removed are clearly marked in the electronic version. The 
unabridged version of the thesis can be viewed at the Lanchester Library, Coventry 

University.
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2.3.2 Powder based AM (EBM, SLM) 

ASTM F2924 specification gives the minimum value requirements for the mechanical 

properties of powder bed fusion AM technology, as shown in Table 2-4. Mechanical property 

requirements for all X, Y, and Z-principal directions equal to the requirements of wrought Ti-

6Al-4V in MA condition.  
Table 2-4 The minimum value of ultimate tensile strength, yield strength and elongation for AM 
made Ti-6-4 (ASTM Standard F2924, 2014) (in stress relieved or annealed condition), X, Y, and Z-
principal direction, at room temperature 

σUTS  
(MPa) 

σYS  
(MPa) 

e 
(%)  

Reduced Area 
(%) 

895 825 10 15 

The ultimate tensile strength and yield strength of EBM and SLM made Ti-6Al-4V reported 

in the open literature are listed in Table 2-5. The data were obtained by using machined and 

polished specimens, and the specimens were directly built rather than being extracted from a 

much larger part. Hot isostatic pressing (HIP) also was applied to some EBM made 

specimens. 

Murr et al. (2009) concluded that EBM made Ti-6Al-4V part was comparable in strength and 

elongation to the Ti-6Al-4V of wrought products. Facchini et al. (2009) concluded that EBM 

made Ti-6Al-4V in as-built condition has higher ultimate tensile strength and the yield 

strength than wrought Ti-6Al-4V in MA condition. Simonelli et al. and Formanoir et al. did 

not give conclusions about comparing between AM Ti-6Al-4V and wrought Ti-6Al-4V. 

By comparing the average mechanical properties for MA condition with the measured 

mechanical properties of SLM and EBM made parts, it can be found that EBM or SLM made 

Ti-6Al-4V in as-built condition have higher yield strength and ultimate tensile strength than 

that of wrought products in MA condition, but lower than wrought products in STA condition. 

As has been noted, mechanical properties measured by Facchini et al. (2009) are always lower 

in both wrought products and EBM made parts. In contrast to Facchini et al., data measured 

by Murr et al. (2009) are always higher. The average mechanical properties for STA condition 

is calculated by adding the minimum value in specification to the margin value, around 100 

MPa, which is obtained from MA condition. It seems that the major factor which influences 
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the mechanical properties of Ti-6Al-4V part is heat treatment condition rather than which 

processing is used to build Ti-6Al-4V parts. 
Table 2-5 Measured ultimate tensile strength, yield strength and elongation of SLM and EBM 
made Ti-6-4 at room temperature 
Process σUTS  

(MPa) 
σYS  
(MPa) 

e    
(%) 

Heat treatment References 

EBM 

 

1200 

1150 

1150 

1100 

25 

16 

As-built  (Murr et 
al., 2009) 

EBM 915 ± 10 870 ± 10 13.1 ± 0.4 As-built, 5 specimens (Facchini et 
al., 2009) 

EBM 870 ± 10 795 ± 10 13.7 ± 1.0 HIP, 5 specimens (Facchini et 
al., 2009) 

EBM 1060 997 8.8 As-built, Across layers,  

4 specimens 

(Formanoir 
et al., 2016) 

EBM 1120 1063 7.1 As-built, Along layers,  

4 specimens 

(Formanoir 
et al., 2016) 

SLM 1143 ± 6 978 ± 5 11.8 ± 0.5 As-built, Along layers,  

4 specimens 

(Simonelli 
et al., 2014) 

SLM 1117 ± 3 967 ± 10 8.9 ± 0.4 As-built, Across layers,  

4 specimens 

(Simonelli 
et al., 2014) 

SLM 1057 ± 8 958 ± 6 12.4 ± 0.7 Stress relieved,  

Along layers, 4 specimens 

(Simonelli 
et al., 2014) 

SLM 1052 ± 11 937 ± 9 9.6 ± 0.9 Stress relieved,  

Across layers, 4 specimens 

(Simonelli 
et al., 2014) 

SLM 1080 ± 30 1008 ± 30 1.6 As-built, Across layers,  

5 specimens 

(Leuders et 
al., 2013) 

average 1100 1001 7.7 As-built – 

Both SLM (Simonelli et al., 2014) and EBM (Formanoir et al., 2016) made Ti-6Al-4V exhibit 

a slightly anisotropic mechanical behaviour. Specimens that are loaded across layers have a 

lower yield strength and ultimate tensile strength than those along layers. Simonelli et al. 

(2014) explained that interlayer porosity is the source of such anisotropic mechanical 

properties, as tensile specimens that are loaded across layers have more number of layers.  

Fatigue and fracture toughness properties of AM produced Ti-6Al-4V has also been reviewed 

and are shown in Table 2-6 and Table 2-7. 
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Table 2-6 Measured fatigue performance of SLM and EBM made Ti-6-4 at room temperature 
Process Fatigue performance, 

(Max stress) 

Heat treatment, 
surface condition 

References 

EBM 

 

700 MPa, 

R = 0.1,  2 × 106 cycles 

HIPed,  machined 
surface 

(Greitemeier 
et al., 2016) 

EBM 391 ± 21MPa, 

R = -1,  2 × 106 cycles 

As-built,  machined 
surface 

(Facchini et 
al., 2009) 

EBM 

 

441 ± 42 MPa, 

R = -1,  2 × 106 cycles 

HIPed,  machined 
surface 

(Facchini et 
al., 2009) 

SLM 620 MPa,  

R = -1, 2 × 106 cycles 

HIPed,  machined 
surface 

(Leuders et 
al., 2013) 

SLM 240 MPa, 

R = -0.2,  0.2 × 106 cycles 

As-built,  polished 
surface, along 
layers 

(Edwards 
and Ramulu, 
2014) 

SLM 170 MPa, 

R = -0.2,  0.2 × 106 cycles 

As-built,  polished 
surface, along 
layers 

(Edwards 
and Ramulu, 
2014) 

SLM 100 MPa, 

R = -0.2,  0.2 × 106 cycles 

As-built,  polished 
surface, across 
layers 

(Edwards 
and Ramulu, 
2014) 

SLM 

 

700 MPa, 

R = 0.1,  2 × 106 cycles 

HIPed,  machined 
surface 

(Greitemeier 
et al., 2016) 

Greitemeier et al. (2016) concluded that the high cycle fatigue properties are greatly 

influenced by the presence of porosity in polished specimens. Leuders et al. (2013) found that 

the pores within the samples have a significant effect on the fatigue behaviour of SLM 

Ti-6Al-4V. Edwards and Ramulu (2014) found that the fatigue performance of SLM Ti-6Al-

4V were significantly lower than that of wrought products largely due to porosity and residual 

stresses. All published fatigue properties and conclusions show that the SLM and EBM made 

Ti-6Al-4V in as-built condition have much lower high cycle fatigue properties than wrought 

products in MA condition. However, HIP processing can improve the high cycle fatigue 

properties (Leuders et al., 2013). 

Fracture toughness for EBM and SLM Ti-6Al-4V reported in the literature have significant 

scatter. The fracture toughness of AM Ti-6Al-4V are not always higher than that of wrought 

products. This might be attributed to porosity, microstructure and residual stresses in AM 

specimens. Heat treatment and HIP processing might not improve the fracture toughness of 
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EBM made Ti-6Al-4V due to elevated temperature, 600–700°C, during building. Plane strain 

fracture toughness for SLM made Ti-6Al-4V is lower than that or wrought products in MA 

condition. 
Table 2-7 Measured fracture toughness of SLM and EBM made Ti-6-4 
Process Fracture toughness 

(MPa√m) 

Specimen size 

(mm) 

Heat treatment References 

EBM 

 

119 (KQ) W = 50, B = 25 HIPed (Greitemeier 
et al., 2016) 

EBM 106.5 (KQ) W = 50, B = 25 Annealed (Greitemeier 
et al., 2016) 

EBM 110 ± 8.9 (KQ) W = 80, B = 40 As-built, across 
layers, 5 specimens 

(Edwards et 
al., 2013) 

EBM 102 ± 7.4 (KQ) W = 80, B = 40 As-built, across 
layers, 5 specimens 

(Edwards et 
al., 2013) 

SLM 

 

52.4 ± 3.48 (KIC) W = 25, B = 12.5 As-built,  

10 specimens 

(Hooreweder 
et al., 2012) 

SLM 15–30 (KIC) W = 25, B = 12.5 As-built, 

6 specimens 

(Cain et al., 
2015) 

Currently, limited attention is given to Young's modulus of AM made Ti-6Al-4V. Available 

data of Young's modulus for SLM or EBM are shown in Table 2-8. It can be seen that the 

Young's modulus for SLM and EBM made Ti-6Al-4V are similar to that of wrought products. 

Anisotropic Young's modulus is not observed. However, available stress strain curves, in Fig. 

2-10, shown that scatter appears for Young's modulus in Vertical-Z specimens, which are 

loaded across layers. The reason for such scatter might also be the interlayer porosity. 
 
Table 2-8 Measured Young's modulus of SLM and EBM made Ti-6-4 at room temperature 
Process Young's modulus 

E (GPa) 

orientation Heat treatment References 

EBM 118 ± 5 – As-built (Facchini et al., 2009) 

SLM 119  ± 7 Across layers As-built (Simonelli et al., 2014) 

SLM 117  ± 6 Across layers Stress relieved (Simonelli et al., 2014) 

SLM 115  ± 6 Along layers As-built (Simonelli et al., 2014) 

SLM 113  ± 9 Along layers Stress relieved (Simonelli et al., 2014) 
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Figure 2-10  Stress strain curves of the as-built and polished SLM made Ti-6Al-4V (Formanoir 
et al., 2016) in X-direction (a) and Z-direction (b).  

By reviewing published mechanical properties for SLM, EBM and wrought Ti-6A-4V, the 

following findings can be drawn: 

• Both the EBM and SLM Ti-6Al-4V in as-built condition have higher yield strength 

and ultimate tensile strength than that of the wrought Ti-6Al-4V in MA condition, but 

lower than STA condition. 

• Both EBM and SLM Ti-6Al-4V exhibit anisotropic mechanical properties. Specimens 

that are loaded along layers have a higher ultimate tensile strength and yield strength 

due to less interlayer porosity. 

• Both EBM and SLM Ti-6Al-4V in as-built condition have much lower high cycle 

fatigue properties than wrought products in MA largely due to porosity presence in 

EBM and SLM made parts. 

• EBM Ti-6Al-4V have higher fracture toughness than that of wrought products. 

• Young's modulus for both SLM and EBM Ti-6Al-4V are similar to that of wrought 

products (sheet excluded). Young's modulus are isotropic for them, however, across 

layers direction have higher scatter than along layers direction. 

2.3.3 Wire base AM (WAAM, SMD) 

Measured ultimate tensile strength, yield strength and elongation for WAAM and SMD made 

Ti-6Al-4V in open literature are listed in Table 2-9. It can be seen that the ultimate tensile 

strength and yield strength for both SMD and WAAM Ti-6Al-4V are slightly lower than that 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material 
has been removed are clearly marked in the electronic version. The unabridged version of the thesis can 

be viewed at the Lanchester Library, Coventry University.
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of wrought products in MA condition. In general, the ultimate tensile strength and yield 

strength in along layers orientation are higher than that in across layers orientation. On the 

other hand, the elongation in across layers orientation is higher. The source of anisotropic 

elongation is prior-β grain boundaries (Wang et al., 2013). 
Table 2-9 Measured ultimate tensile strength, yield strength and elongation for WAAM and SDM 
Ti-6-4 at room temperature 

Process σUTS 
(MPa) 

σYS 
(MPa) 

e     
(%) 

Heat treatment, 
orientation 

References 

SMD 963 ± 25 890 ± 30 8 ± 2 As-built, 4 specimens, 
along layers 

(Brandl et al., 
2010) 

SMD 937 ± 20 860 ± 14 16.5 ± 2.5 As-built, 4 specimens, 
across layers 

(Brandl et al., 
2010) 

SMD 980 ± 10 915 ± 15 6.5 ± 2.5 600 ℃ /4 h, along 
layers, 4 specimens 

(Brandl et al., 
2010) 

SMD 975 ± 35 890 ± 17 12 ± 2.5 600 ℃ /4 h, across 
layers, 4 specimens 

(Brandl et al., 
2010) 

SMD 960 ± 30 898 ± 18 13.5 ± 1.5 843 ℃/2 h, along 
layers, 4 specimens 

(Brandl et al., 
2010) 

SMD 930 ± 20 855 ± 20 20.5 ± 2 843 ℃/2 h, across 
layers, 4 specimens 

(Brandl et al., 
2010) 

SMD 983 ± 22 – – As-built, along layers, 
6 specimens  

(Baufeld and 
Biest, 2009) 

SMD 953 ± 14 – – As-built, across layers, 
7 specimens  

(Baufeld and 
Biest, 2009) 

WAAM 910 800 13 As-built, across layers, 
12 specimens 

(Antonysamy, 
2012 p.271) 

WAAM 970 870 6 As-built, along layers, 
6 specimens 

(Antonysamy, 
2012 p.271) 

Fatigue performance of WAAM and SMD made Ti-6Al-4V in open literature are listed in 

Table 2-10. Both WAAM (Wang et al., 2013) and SMD (Brandl et al., 2010) Ti-6Al-4V have 

higher fatigue resistance than that of the wrought products in MA condition. No significant 

difference between orientations was observed. 

Fracture toughness of WAAM Ti-6Al-4V is listed in Table 2-11. This work was performed at 

Cranfield University, and the author took part in this work. Fracture toughness of WAAM Ti-

6Al-4V was comparable with or greater than that of the wrought products (Zhang, X. et al., 

2017). In general, the conditional fracture toughness for cracks which propagate across the 

layers are higher than that along the layers. The reason for this orientation-dependant 
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difference is banding. 
Table 2-10 Measured fatigue performance of WAAM and SMD made Ti-6-4 at room temperature 

Process Fatigue performance, 
(Max stress) 

Heat treatment, surface 
condition 

References 

WAAM >600 MPa,R = 0.1,  10 × 
106 cycles 

As-built,  surface roughness 
0.4 μm 

(Wang et al., 
2013) 

SMD >770 MPa,R = 0.1,  10 × 
106 cycles 

As-built, 17 specimens; 

843 ℃/2 h, 17 specimens, 
polished surface 

(Brandl et al., 
2010) 

 
Table 2-11 Fracture toughness of WAAM Ti-6-4 in as-built condition (Zhang, X. et al., 2017). 

Plane strain 
fracture toughness 

KIC (MPa√m) 

Conditional 
fracture toughness 

KQ (MPa√m) 

Specimen size 

(mm) 

Crack orientation Used wire 

73.2 – W = 70, B = 18.5 Across layers Grade 5 

– 70.9 W = 70, B = 18.5 Along layers Grade 5 

– 82.1 W = 70, B = 19.1 Across layers Grade 5 

– 74.3 W = 70, B = 19.2 Along layers Grade 5 

– 96.2 W = 70, B = 18.0 Across layers Grade 23 

– 95.1 W = 70, B = 18.0 Along layers Grade 23 

Young's modulus for WAAM Ti-6Al-4V are 117 GPa and 136 GPa for specimens that across 

the layers, 124 GPa and 123 GPa for along the layers (Lorant, 2010 p.79). It can be seen that 

WAAM Ti-6Al-4V has higher Young's modulus than wrought products. Again, high scatter 

appears for specimens that are across the layers. 

By reviewing published mechanical properties for SLM, EBM, WAAM and SMD made Ti-

6A-4V, the following findings can be drawn: 

• Both SMD and WAAM Ti-6Al-4V in as-built condition have lower ultimate tensile 

strength and yield strength than that of wrought products in MA condition. 

• A slightly anisotropic mechanical behaviour exists in WAAM and SMD made parts. 

Specimens that are loaded along layers have a higher ultimate tensile strength and 

yield strength. For both WAAM and SMD Ti-6Al-4V, the elongation in across layers 

orientation is higher. 

• Both WAAM and SMD Ti-6Al-4V have higher fatigue resistance than that of wrought 
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products in MA condition. 

• Both WAAM and SMD Ti-6Al-4V in as-built condition have comparable or greater 

fracture toughness than that of wrought products in MA condition. SLM Ti-6Al-4V  

has lower fracture toughness. 

• For WAAM made Ti-6Al-4V, cracks that are across the layers have higher fracture 

toughness than that along the layers. 

• WAAM Ti-6Al-4V has slightly higher Young's modulus than wrought products. At the 

same time, specimens that are loaded across layers have higher scatter in Young's 

modulus. 

2.4 Residual stress measurement techniques 

Residual stress measurement techniques can be divided into destructive and non-destructive 

methods (Withers et al., 2008). In practice, residual stress cannot be measured directly; 

instead the stress must be inferred from a measure of the elastic strain, displacement or 

secondary quantity, such as the speed of sound, magnetic signature, hardness, and fatigue 

crack growth rate (Bao and Zhang, 2010) that can be related to the stress. 

2.4.1 Non-destructive techniques 

Two mostly used non-destructive techniques are neutron diffraction and X-ray diffraction, 

which usually measure the elastic strain of specific atomic lattice planes. Both neutron and X-

ray diffraction provides the elastic lattice strains at a particular location through Bragg’s Law 

by measuring the change of the strained lattice spacing with respect to a stress-free reference 

lattice spacing (Withers and Bhadeshia, 2001). As neutron diffraction can provide a large 

penetration, > 20 mm of steel, it is well established for the study of residual stress deep inside 

components (Ganguly et al., 2006). Unless applied in combination with destructive layer 

removal, conventional X-ray diffraction is limited to a depth of a few microns from the 

surface of components (Withers et al., 2008). 

To obtain reliable residual stress measurement, it is usually necessary to have an accurate 

measure of d0, the stress-free spacing, for both neutron diffraction and X-ray diffraction 

(Withers and Bhadeshia, 2001) . 
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Although neutron diffraction provides three components of residual stress, the profile of 

residual stress can only be obtained by measuring points at least along a line (for thin 

component) that is perpendicular to the desired stress component. As only one line is 

measured in most published experiments on AM made parts, the residual stress profile can 

only be built for one stress component. For the neutron diffraction method, as the profile of 

residual stress is a combination of many data points, it is sometimes not self-balanced. 

2.4.2 Destructive techniques 

The destructive techniques infer the residual stress from the displacement or elastic strain 

incurred by completely or partially relieving the residual stress by removing material or 

introducing crack or slot (Withers et al., 2008). The destructive techniques include layer 

removal method (Kandil et al., 2001), slitting method (Cheng and Finnie, 2007), incremental 

hole drilling (Sicot et al., 2003) and contour method (Prime, 2001).  

Layer Removal: 

Layer removal technique relates the change of curvature or strain to the residual stresses. It is 

applicable only to samples with simple geometries such as plates. This technique provides 

only one-dimensional macrostress profile. When layers are removed from one side of the 

specimen containing residual stresses, the remaining stresses become unbalance and the 

specimen will bend. The strain at the opposite side or curvature of the specimen depends on 

the average of original residual stress present in the layer that has been removed and on the 

elastic properties of the remainder of the specimen. By carrying out a series of strain 

measurements after successive layer removals one-dimensional profile of macrostress in the 

original plate can then be deduced (Kandil et al., 2001). 

The layer removal technique has been used successfully for coatings. An assumption that 

residual stresses to be measured vary only in the direction normal to the layers is made 

(Cheng and Finnie, 2007 p.5). This means that the measured residual stress by removing one 

layer is an average of stresses over the whole layer. Like neutron and X-ray diffraction 

techniques, the profile of residual stress obtained by the layer removal might be not self-

balanced. 
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Slitting Method: 

Slitting method involves cutting a small slot to release the residual stress in the slot while the 

strain at the opposite side is monitored. By steadily increasing the depth of the slot, the profile 

of residual stress normal to the plane of slot can be obtained (Cheng and Finnie, 2007, p. 6) 

The slitting method is much faster to carry out than the layer removal method. It is worth 

noting that the similar assumption in the layer removal method is made. This means that the 

measured residual stress for one increment of slot is an average of stresses through the 

thickness. Again, the profile of residual stress obtained by the slitting method might be not 

self-balanced. 

Incremental Hole-Drilling: 

The incremental hole-drilling involves drilling a small hole around which the strain is 

measured. The introduction of the hole relaxes the residual stresses at that location and causes 

the local strains on the surface around the hole to change correspondingly. When 

incrementally deepening the hole, the variation of residual stress with depth can be deduced 

(Sicot et al., 2003). 

It is often referred to as a ‘semi-destructive’ technique, since the small hole will not 

significantly influence the structural integrity of the part. However, it is difficult to obtain 

reliable measurements much beyond a depth equal to the diameter. In most cases, the drilled 

hole is blind with a depth which is about its diameter (Sicot et al. 2004). This method provides 

the two in-plane components of the stress tensor. The incremental hole-drilling provides 

residual stresses for a small volume like the neutron and X-ray diffraction rather than the layer 

removal and the slitting methods.  

Contour Method: 

The contour method involves making a cut to separate a part and measuring the contour of 

new surface in order to determine the displacements caused by releasing of the residual 

stresses. By applying the opposite of the measured displacements to the surface as a 

displacement boundary condition in a finite element model, the original residual stresses 

normal to the plane of the cut can be deduced (Prime, 2001). 
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The contour method provides two dimensional residual stress map. Although one components 

of stress tensor are provided, these are enough to build profile of residual stress. Furthermore, 

the residual stress profile measured by the contour method is self-balanced. Unlike the layer 

removal method, the obtained residual stresses are original stresses at the plane of cut rather 

than an average of stresses along the component of stress tensor. 

2.5 Fatigue crack growth rates of Ti-6Al-4V 

2.5.1 Fatigue crack growth rates in wrought products 

2.5.1.1 Effects of microstructure 

Up to now, there is no reliable quantitative relationship between fatigue crack growth rate 

(FCGR) and microstructure in Ti-6Al-4V alloy. Available qualitative relationship which 

describes effects of microstructure on FCGR is summarized. 

Three different types of microstructures have been found in annealed Ti-6Al-4V alloy: fully 

lamellar (also called basket weaves), bimodal (also called duplex), and equiaxed (also called 

globular), see Fig. 2-5. Amongst these three, the equiaxed microstructure, (commonly present 

in wrought products), yields the highest crack growth rates (Donachie 2000 p. 105). The fully 

lamellar microstructure, which is often observed in AM parts, can achieve the lowest FCGR. 

In fully lamellar microstructure, the prior-β grain size the α + β lamellar colony size and the 

thickness of α lamellae are important parameters affecting the FCGR. FCGR increases with 

decreasing α lamellae size and colony size (Shademan et al., 2004). Colony refers to parallel 

platelets belonging to the same variant of the Burgers relationship. A schematic definition of 

lamellar parameters is shown in Fig. 2-11. 

 
Figure 2-11 Schematic parameters of lamellar microstructure: D: prior-β grain size, d: colony 
size of the α + β lamellar, t: thickness of α lamellae (Sieniawski et al., 2013) 
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Previously mentioned three types of microstructure are obtained in annealing processes which 

have a low cooling rate. However, air cooling, which is an intermediate cooling rate, may 

occurs during depositing material in an AM process, and then can give fine acicular (also 

called needlelike) α phase. If the cooling rate increases further, the martensitic phase α′ can be 

obtained(Hooreweder et al., 2012). These two types of microstructure can also be obtained in 

conventional Ti-6Al-4V alloy of wrought products. However, research on FCGR for these 

microstructures in conventional Ti-6Al-4V of wrought products has not been found. 

Another important parameter affecting FCGR is the α phase along the prior-β grain boundary 

which weakness the grain boundary promote crack initiation and propagation and therefore 

leads to premature failure. In conventional wrought Ti-6Al-4V, the grain boundary α phase is 

broken by hot working, forging, to avoid premature failure (Donachie, 2000 p.100). As will be 

shown later in Section 3.6 or Fig. 6-8, FCGR increased due to crack propagation along the 

prior-β grain boundary in A3 specimen which is WAAM made Ti-6Al-4V. 

2.5.1.2 Effects of stress ratio 

The effect of stress ratio R on FCGR has been researched quantitatively. One important 

feature of R ratio effect is dependence on microstructure. This means that effects of stress 

ratio R vary with microstructure. FCGR for α–β forging (which may have bimodal 

microstructure, forging temperature between pure α and pure β phase), and MA condition are 

compared in Fig. 2-12. These FCGR data are taken from material database for Harter T-

method in AFGROW. It can be seen that, at a given ΔK the effect of stress ratio R is greater 

for bimodal microstructure than equiaxed microstructure (a factor of 2.5 and 4 can be found in  

equiaxed and bimodal microstructure when compared at R = 0.1 and 0.5. The above 

mentioned  factor is determined by (da/dN)R1/(da/dN)R2. 

Although the effect of R is investigated quantitatively, the variation in microstructure with 

respect to various manufacturing conditions can have significant on FCGR. Therefore, in 

order to simplify the comparison, FCGR data for similar microstructure, i.e. equiaxed 

microstructure (wrought Ti-6Al-4V in MA condition) is compared and presented below. 
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Figure 2-12 Effect of stress ratio R on FCGR for wrought Ti-6Al-4V, comparison between 
bimodal and equiaxed microstructures. Re-plotted from AFGROW 

When R changed from 0.1 to 0.5, the FCGR of equiaxed Ti-6Al-4V alloy can be increased by 

a factor of 2 to 10, if all data were considered together. FCGR data conducted by Fedderson 

and Hyler (1971), Shih and Wei (1973), and Harrington (n.d.) are shown in Fig. 2-13a, Fig. 

2-13b, and Fig. 2-14, respectively. These data are compared together, see Fig. 2-15. It can be 

seen that, when R ratio is changed from 0.1 to about 0.5 and range of stress intensity factor, 

ΔK, is between 20 to 40 MPa√m, FCGR can be increased by a factor of 2 to 3. The FCGR 

data conducted by Dubey et al. (1997) and Shademan et al. (2004) are presented in Fig. 2-16 

and Fig. 2-17, respectively. Those data are also compared together, see Fig. 2-18. It can be 

seen that, when R ratio changed from about 0.1 to 0.5 and ΔK is under 20 MPa√m, FCGR can 

be increased by a factor of around 10. 
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Figure 2-13 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed 
condition, a) by Fedderson & Hyler (1971), b) by Shih & Wei (1973) 

(a) (b) 



Chapter 2                                                                                                                              Literature Review 

34 

 
Figure 2-14 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed 
condition (Harrington, n. d.) 

 

Figure 2-15 Fatigue crack growth rates data for Ti-6Al-4V of wrought products in mill annealed 
condition showing R ratio effect. ΔK is between 20 to 40 MPa√m. Data are re-plotted from 
Fedderson & Hyler (1971), Shih & Wei (1973), and Harrington (n. d.). 
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Figure 2-16 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed 
condition by Dubey et al. (1997) 

 

Figure 2-17 Fatigue crack growth rates for Ti-6Al-4V of wrought products in mill annealed 
condition by Shademan et al. (2004), the microstructure D is mill annealed condition, (a) R = 
0.1, (b) R = 0.25, (c) R = 0.5 and (d) R = 0.8.    
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Figure 2-18 Fatigue crack growth rates data for Ti-6Al-4V of wrought products in mill annealed 
condition showing the R ratio effect. ΔK is under 30 MPa√m. Data are re-plotted from Dubey et 
al. (1997) and Shademan et al. (2004). 

2.5.1.3 Magnitude of variability 

The variability of FCGR in neighbouring specimens at a given ΔK can cover a factor of 2 

(Clark and Hudak, 1975). In their study, all specimens were extracted from a single steel 

plate, and thus the source of variability can only arose from experimental measurement. So, it 

is expected that FCGR tests conducted for Ti-6Al-4V also might gave rise to variability with a 

factor of 2. The definition of this factor here is (da/dN)max/(da/dN)min at a given ΔK for a 

given R ratio. 

For FCGR data of wrought Ti-6Al-4V in MA condition, the variability of FCGR can cover a 

factor of 10 (Donachie, 2000 p.109). One extreme case is shown in Fig. 2-19. These data were 

for 6 heats of Ti-6Al-4V plate in MA condition. Heat is a term to state that materials are from 

the same furnace at the one operation. The uncertainties of parameters in microstructure, 

texture, and data measurement exist together. In Fig. 2-19, the maximum variability of FCGR 

covers a factor of 10. 
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Figure 2-19 Fatigue crack growth rates data for mill annealed Ti-6Al-4V of wrought products 
showing variability (Donachie, 2000 p.109). Data are for 6 heats of plate. 

Many researchers have published FCGR data for Ti-6Al-4V, and the data for MA condition at 

about R = 0.1 were summarized, see Fig. 2-20. It can be seen that, there is a noticeable 

variation in the tests results performed across various laboratories. The variation is ranging 

from a factor of 2 to10. 

 

Figure 2-20 Fatigue crack growth rates data for mill annealed Ti-6Al-4V of wrought products 
showing variability. Data are re-plotted from Fedderson & Hyler (1971), Harrington (n. d.), 
Shademan et al. (2004), Shih & Wei (1973), and Dubey et al. (1997). 
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By reviewing fatigue crack growth rates in wrought products, the following findings can be 

drawn: 

• The equiaxed microstructure yields the highest growth rates. The fully lamellar 

microstructure can achieve the lowest growth rates. 

• The grain boundary α phase might increase the fatigue crack growth rates. 

• The effect of R can cover a factor of 2 to 3 for equiaxed microstructure when R 

changed from 0.1 to about 0.5 and ΔK is between 20 to 40 MPa√m; whereas for ΔK 

under 20 MPa√m, the factor is 10. 

• The variability of fatigue crack growth rate can cover a factor of 2 to 10.  

2.5.2 FCGR in AM 

There are two ways to estimate the FCGR in AM built part: one is by microstructure, the other 

is by experimental tests. The microstructure method cannot provide values of FCGR and only 

give a guide for FCGR. The experimental measurement method for AM part is more 

complicated than measuring the wrought Ti-6Al-4V due to three reasons: residual stress, heat 

treatment, and microstructure. These three factors introduce large variability in FCGR. 

Although material orientation, which means that crack is across layers or along layers, may 

have influence on FCGR, material orientation is easy to describe and its influence can be 

understood by using FCGR with different material orientations. However, experimental 

measurement of residual stress is not as easy as determining crack orientation. In the open 

literature, it is observed not all the FCGR data is published along with the residual stress 

measurements. Furthermore, the effect of residual stress on FCGR depends on the applied 

loads and specimen geometry. Secondly, heat treatment can relieve the residual stress, 

however, the magnitude of stress relief depend on the temperature and time during heat 

treatment. As different researchers may use different heat treatment parameters, comparison 

of FCGR for heat treated condition may appear large variability. Heat treatment also changes 

the microstructure of AM fabricated part and therefore leads to change of FCGR. Finally, 

there will be significant variation in the microstructure of parts produced with various AM 

process. This will further influence the FCGR. These three reasons make experimental FCGR 
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data difficult for comparison. 

To get a clear comparison of FCGR in AM made Ti-6Al-4V, the published FCGR are divided 

into three groups: as-built without residual stress, as-built with residual stress, and heat 

treated, i.e. residual stress relieved and microstructure changed. It is worth noting that some 

researchers published data without considering or mentioning the effect of residual stress. 

However, their data are still compared as without or with residual stress. 

2.5.2.1 Selective Laser Melting (SLM) 

The microstructure of as-built SLM Ti-6Al-4V in two published research (Hooreweder et al., 

2012; Cain et al., 2015) are both fine acicular martensitic phase α′ with columnar prior-β 

grain. The width of columnar grain is about 150 μm. The microstructure of heat treated SLM 

is either acicular α with columnar prior-β grain after being heated to 650°C for 4 hours, or 

lamellar microstructure after being heated to 890°C for 2 hours (Cain et al., 2015). It can be 

seen that all of these microstructures should have lower FCGR than wrought Ti6Al-4V in MA 

condition. 

The FCGR data by Hooreweder, et al. are shown in Fig. 2-21, and by Cain, et al. Fig. 2-22. 

When comparing FCGR data from experimental tests, this data can be divided into three 

groups. For the as-built without residual stress group, the FCGR is lower than that of MA 

condition which has equiaxed microstructure, as shown in Fig. 2-23. The reason for without 

residual stress is that the planes of specimen are parallel to the layers during depositing, 

although residual stress was not mentioned in these published works. 

Hooreweder et al. (2012) concluded that FCGR properties did not significantly differ between 

the SLM Ti-6Al-4V and wrought Ti-6Al-4V in MA condition. However, their reference data 

for wrought Ti-6Al-4V was measured by themselves, which has lower FCGR. When 

comparing with the same reference data which was measured by Fedderson & Hyler (1971), 

the SLM specimen has lower FCGR than that of wrought Ti6Al-4V in MA condition. 

The FCGR data for as-built with residual stress group are compared in Fig. 2-24. It can be 

seen that residual stress makes the FCGR higher by a factor of 5 at their loading condition. 

The FCGR data for heat treated specimens are compared in Fig. 2-25. It can be seen that 
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FCGRs do not significantly differ between heat treated SLM Ti-6Al-4V and wrought Ti-6Al-

4V in MA condition. This is due to reduction in residual stresses, and improved 

microstructure after heat treatment. The total effect of heat treatment makes its FCGR 

between the as-built with residual stress and as-built without residual stress. The influence of 

material orientation is not observed when comparing among  -XY, -XZ, and -ZX orientations.  

Cain et al. (2015) also concluded that FCGR properties did not significantly differ between 

SLM Ti6Al-4V and wrought Ti6Al-4V in MA condition. However, 2/3 of their FCGR data 

were for heat treated specimen, so their conclusion refers to the stress relieved condition. On 

the other hand, although their discussion covered residual stress aspect, the estimation of 

residual stress effect is only qualitative. They concluded that FCGR relationship between 

build directions may be due to residual stress. 

By comparing published FCGR for SLM Ti-6Al-4V, the following findings can be drawn:  

• In as-built condition, SLM Ti-6Al-4V has lower FCGR than wrought Ti-6Al-4V in 

MA condition. The effect of residual stress can cover a factor of 5. 

• After heat treatment FCGR in SLM Ti-6Al-4V is similar to the wrought Ti-6Al-4V in 

MA condition. 

• FCGR property is much less influenced by specimen orientation relative to build 

direction, i.e. crack orientation.  

Figure 2-21 Fatigue crack growth rates for SLM made Ti-6Al-4V tested at R = 0.1 by 
Hooreweder et al. (2012) 
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Figure 2-22 Fatigue crack growth rates for SLM Ti-6Al-4V tested at R = 0.1 by Cain et al. 
(2015)  (a) the XY specimen orientation, (b) the XZ specimen orientation, (c) the XZ specimen 
orientation, (d) the AB condition, (e) the SR condition and (f) the HT condition. (AB: as-built, 
SR: stress relief treatment, HT: heat treatment) 
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Figure 2-23 Comparison of fatigue crack growth rates data for SLM Ti-6Al-4V tested at R = 0.1 
in as-built condition. As planes of specimen are parallel to the layers during depositing, this can 
be regarded as no residual stress. Fedderson & Hyler 1971 is wrought Ti-6Al-4V data. Data are 
re-plotted from Fedderson & Hyler (1971), Cain et al. (2015) and Van Hooreweder et al. (2012). 

 

Figure 2-24 Comparison of fatigue crack growth rates data for SLM made Ti-6Al-4V tested at R 
= 0.1 in as-built condition. Residual stress measurement was not conducted. Fedderson & Hyler 
1971 is wrought Ti-6Al-4V data. Data are re-plotted from Fedderson & Hyler (1971), and Cain 
et al. (2015). 
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Figure 2-25 Comparison of fatigue crack growth rates data for SLM Ti-6Al-4V tested at  R = 0.1 
in heat treated, SR: 650°C for 4 hours, and HT: 890°C for 2 hours. Fedderson & Hyler 1971 is 
wrought products data. Data are re-plotted from Fedderson & Hyler (1971), and Cain et al. 
(2015). 

2.5.2.2 Electron Beam Melting (EBM) 

The microstructure of EBM made Ti-6Al-4V depends on processing parameters. For example, 

when a layer thickness is ~700 μm (Edwards et al., 2013), the microstructure is lamellar with 

coarse α platelets, and some α colonies could be observed, as shown in Fig. 2-26 a. When a 

layer thickness is ~100 μm (Murr et al., 2009; Facchini et al. 2009), the microstructure is still 

lamellar, however, the acicular α platelets oriented in various directions and no colony exists, 

as shown Fig. 2-26b and c. For work of Greitemeier et al. (2016), no detailed information 

about manufacturing was reported, and the microstructure is a coarser lamellar. For work of 

Zhai et al. (2016), layer thickness is not reported, and fine lamellar microstructure is 

observed. 

Columnar prior-β grains are elongated along the build direction and continuously passed 

across multiple layers. The size of columnar prior-β grains are not mentioned in the work of 

Murr et al., Edwards et al., Zhai et al., and Greitemeier et al., while the size of columnar prior-

β grain is 50 μm in the work of Facchini et al. It can be seen that the microstructure of EBM 

made Ti-6Al-4V has not obvious α colony, so its FCGR should be slightly lower than that in 

wrought Ti-6Al-4V in MA condition. 
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As EBM processes were typically carried out at elevated temperature of 600–700°C, and 

therefore lower temperature gradient introduced less as-built residual stress. On the surface of 

0–30 μm, residual stresses may be tensile or compressive with a magnitude ranging from 70 

MPa to −140 MPa, while in the subsurface of 30–254 μm, residual stresses is always tensile 

with a magnitude less than 35 MPa (Edwards et al., 2013). Residual stresses in the center of 

EBM made sample did not measured, however, it was assumed that residual stress have a 

negligible effect in the work of Edwards et al. 

Figure 2-26 Microstructure of EBM Ti-6Al-4V. (a) layer thickness was ~700 μm (Edwards et 
al., 2013), (b) layer thickness was ~100 μm (Murr et al., 2009), (c) layer thickness was ~100 μm 
(Facchini et al., 2009). 

FCGR data from experimental tests by Edwards et al. are shown in Fig. 2-27, by Greitemeier 

et al. Fig. 2-28a, and by Zhai et al. Fig. 2-28b, respectively. Edwards et al. (2013) gave a 

conclusion that FCGR of EBM made Ti-6Al-4V were comparable to the wrought Ti-6Al-4V. 

Other researchers did not give conclusions about overall FCGR of EBM Ti-6Al-4V, and their 

focuses were fatigue crack growth threshold of EBM Ti-6Al-4V. 

As residual stress is much less in EBM Ti-6Al-4V, all FCGR data are compared together 

without dividing into groups, as shown in Fig. 2-29. It can be seen that all FCGR data are 

similar. However, HIPed EBM Ti-6Al-4V has slightly lower FCGR data. 
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Figure 2-27 Fatigue crack growth rates for EBM Ti-6Al-4V tested at R = 0.1 by Edwards et al. 
(2013). 

Figure 2-28 Fatigue crack growth rates for EBM made Ti-6Al-4V tested at R = 0.1 by (a) 
Greitemeier et al. (2016) and (b) Zhai et al. (2016). (AF: as-fabricated, HT: heat treated, 950°C 
for 1hour plus 500–600°C for 3–8 hours, HIP: hot isostatic pressing, at 920°C and 1000 bar for 
2 hours, annealed: 710°C for 2 hours ). 
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Figure 2-29 Comparison of fatigue crack growth rates data for EBM Ti-6Al-4V tested at  R = 
0.1 in heated treated and as-built. Fedderson & Hyler 1971 is wrought Ti-6Al-4V data. Data are 
re-plotted from Fedderson & Hyler (1971), Edwards et al. (2013), Greitemeier et al. (2016), and 
Zhai et al. (2016). 

By comparing published FCGR for EBM made Ti-6Al-4V, the following findings can be 

drawn:  

• In as-built condition, EBM Ti-6Al-4V has similar FCGR property to wrought Ti-6Al-

4V in MA condition. 

• Heat treatment has much less influence on FCGR of EBM made Ti-6Al-4V. 

• Hot isostatic pressing has slightly improvement on FCGR of EBM Ti-6Al-4V. 

• For EBM made Ti-6Al-4V, FCGR property is much less influenced by specimen 

orientation relative to build direction, i.e. crack orientation.  

2.6 Summary of literature survey 

The microstructure in wrought Ti-6Al-4V depends on its heat treatment condition. The 

microstructure can be fully lamellar, bimodal or equaxied α + β phase. The source of 

anisotropic mechanical properties in Ti-6Al-4V of sheet form is texture. The equiaxed 

microstructure yields the highest FCGR. The fully lamellar microstructure can achieve the 

lowest FCGR. The effect of R can cover a factor of 2 to 3 for equiaxed microstructure when R 

changed from 0.1 to about 0.5 and ΔK is between 20 to 40 MPa√m. 
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The microstructure in WAAM Ti-6Al-4V consists of large columnar prior-β grains with α + β 

lamellar, and some colonies can be observed. The texture in WAAM, SLM and EBM Ti-6Al-

4V is not strong. 

Young's modulus for both SLM and EBM Ti-6Al-4V are similar to that of wrought products 

(sheet excluded). However, WAAM Ti-6Al-4V has slightly higher Young's modulus than 

wrought products. In SLM, EBM and WAAM Ti-6Al-4V, specimens that are loaded across 

layers have higher scatter than along layers direction. 

Both SMD and WAAM Ti-6Al-4V in as-built condition have lower ultimate tensile strength 

and yield strength than that of wrought products in MA condition. Both EBM and SLM Ti-

6Al-4V have higher ultimate tensile strength and yield strength than wrought products in MA 

condition, but lower than STA condition. 

A slightly anisotropic mechanical behaviour exists in EBM, SLM, WAAM and SMD made 

parts. Specimens that are loaded along layers have a higher ultimate tensile strength and yield 

strength. For both WAAM and SMD Ti-6Al-4V, the elongation in across layers orientation is 

higher. 

Both EBM and SLM Ti-6Al-4V in as-built condition have much lower high cycle fatigue 

properties than wrought products in MA condition. However, both WAAM and SMD Ti-6Al-

4V have higher fatigue resistance than that of wrought products in MA condition. 

EBM, WAAM and SMD Ti-6Al-4V in as-built condition have comparable or greater fracture 

toughness than that of wrought products in MA condition. SLM Ti-6Al-4V has lower fracture 

toughness. For WAAM made Ti-6Al-4V, cracks that are across the layers have higher fracture 

toughness than that along the layers. 

In as-built condition, EBM Ti-6Al-4V has similar FCGR property to the wrought Ti-6Al-4V 

in MA condition. Whereas SLM Ti-6Al-4V has lower FCGR if residual stress has no 

contribution. Residual stress in SLM Ti-6Al-4V may make measured FCGR data higher by a 

factor of 5. 

Heat treatment has much less influence on FCGR of EBM Ti-6Al-4V. Hot isostatic pressing 

has slightly improvement on FCGR of EBM Ti-6Al-4V. However, heat treatment has 
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influence on SLM Ti-6Al-4V. Total effect of heat treatment makes FCGR in SLM Ti-6Al-4V 

similar to the wrought Ti-6Al-4V in MA condition.  

For both SLM and EBM Ti-6Al-4V, FCGR property is much less influenced by specimen 

orientation relative to build direction, i.e. crack orientation.  

Self-balanced residual stress profile can only be provided by the contour method. Unless 

stresses at each point are measured accurately, the profiles provided by other reviewed 

techniques are might not self-balanced. 

The neutron diffraction, X-ray diffraction, incremental hole-drilling and contour methods 

provide the stresses in a particular small volume, whereas the layer removal method provides 

the averaged stress along the width and length of a layer, the slitting method provides the 

averaged stress through the thickness of a part. 

Although three or two components of residual stress can be obtained by neutron and X-ray 

diffraction, the residual stress profile for only one component can be built due to self-balance 

requirement.  
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Chapter 3 Experiments Used in This Project 

3.1 Introduction 

Fatigue crack growth rate (FCGR) experiments on Ti-6Al-4V of wrought products were 

conducted by the author of this thesis and other experimental works reviewed in this Chapter 

were carried out by collaborators at Cranfield University (crack growth tests) or The Open 

University (residual stress measurement). The experimental tests used in this project and 

corresponding conductors are listed in Table 3-1. 

Table 3-1 Experiments used in this project 

Sample geometry 
(number of specimen) 

Experiment type Heating source Conductor and 
References 

C(T) (4) cut from 

Wrought products (1) 

FCGR – Author of this 
thesis 

C(T) (4) cut from 

Wall-T145 (1) 

FCGR Tungsten Inert 
Gas Welding 

Lorant (2010) 

C(T) (15) cut from 
Wall-Bi120 (3) 

FCGR  Plasma Hills (2014) 

Wall-Bi120 (1) Contour measurement 
of residual stress 

 Paddea (Zhang, J. 
et al., 2016a)  

C(T) (3) cut from 
Wall-Bi120 (1) 

Contour measurement 
of residual stress 

 Paddea (Zhang, J. 
et al., 2016b), 
(Paddea, 2015) 

Wall-T110 (1) Contour measurement 
of residual stress 

 Paddea (Paddea, 
2015) 

 Note: — C(T): compact tension geometry; Wall-Bi120: WAAM-substrate wall of 120 mm height; 
Wall-T110: WAAM wall of 110 mm height build on a flat substrate of wrought Ti-6Al-4V.  

All experiments that are used to obtain FCGR data and residual stress profiles are described in 

this chapter. The parameters of WAAM process for producing the samples are also described. 

3.2 The WAAM process 

All samples were made by the WAAM technology using Ti-6Al-4V wires. Sample with T-

shaped cross section of 145 mm build height (denoted by Wall-T145) was manufactured by 

Tungsten Inert Gas (TIG) welding (Lorant, 2010), by the Welding Engineering and Laser 

Processing Centre (WELPC) at Cranfield University. The power source used an alternative 
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current at a high frequency, which was developed by the VBC group, a British company. The 

heat input parameter was the same as the WAAM process using plasma torch. 

Bi-material samples of 120 mm total height (denoted by Wall-Bi120) and WAAM alone 

sample with T-shaped cross section of 110 mm build height (denoted by Wall-T110) were 

made using an in-house developed system, plasma wire deposition (PWD), also by the 

WELPC at Cranfield University (Hills, 2014). This system melts Ti-6Al-4V wire by a plasma 

torch and deposits the molten metal to a substrate or previously deposited layers. When the 

plasma torch moves along a designed path, the deposited molten material forms a thin layer of 

sliced cross-section. After completing one layer, the sample is allowed to cool down to below 

100 °C (Martina et al., 2012) before a new layer is built upon it. This process is repeated layer 

by layer until the complete sample is built. 

The in-house PWD system (Martina et al., 2012) mainly consists of a plasma torch, a power 

source, a trailing shield, pure shield argon gas supply system and an airtight tent. The plasma 

torch and the substrate of sample are housed in an airtight tent containing argon as the 

shielding gas. The Liburdi Engineering PW-400C plasma torch is used for PWD system. The 

trailing shield is 100 mm long. The power source is Liburdi Pulseweld LP 4000-VC. 

3.3 Samples made by WAAM 

All WAAM made samples were built on their own substrates. Each substrate is a Ti-6Al-4V 

plate and the heat treatment condition of the plate is mill annealed (MA). For samples with T-

shaped cross section, i.e. wall built on a flat substrate: Wall-T145 and Wall-T110, the 

substrates were firmly clamped by jigs. For Wall-Bi120, the substrate was vertical and loosely 

clamped. The process parameters for Wall-Bi120 are shown in Table 3-2, which are reported 

in Hills' thesis (2014). The process parameters for Wall-T110 are similar to that of Wall-

Bi120. For Wall-T145, the torch traveling speed is 3.5 mm/s, the layer height is 1 mm, and the 

Ti-6Al-4V wire diameter is 1.2 mm (Lorant, 2010). The chemical composition of Ti-6Al-4V 

wire is shown in Table 3-3, which are reported in (Martina et al., 2012). The final geometry of 

the samples is listed in Table 3-4. All samples are in the as-built condition, i.e. without post-

process treatment. 
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Table 3-2 Process parameters for fabrication of Wall-Bi120 (Hills, 2014) 

Table 3-4 Final geometry of all wall samples 

Sample label Geometry 

L×H×t (mm) 

Configuration 

Wall-Bi120 WAAM: 445×60×8  

Substrate:445×60×8 

 
Wall-T110 WAAM: 

500×110×6 

Substrate: 

500×60×7 (L×W×t) 

 

Wall-T145 WAMM: 
835×145×6 

Substrate: 

835×60×7 (L×W×t) 

A total of six walls were made (4 × Wall-Bi120, 1 × Wall-T110, and 1 × Wall-T145). One 

Wall-Bi120 was used for residual stress measurement in both the wall itself and C(T) 

specimens that were extracted from the wall. Other three Wall-Bi120 samples were used to 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material 
has been removed are clearly marked in the electronic version. The unabridged version of the thesis can 

be viewed at the Lanchester Library, Coventry University.
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produce multiple C(T) specimens for FCGR tests. Wall-T110 was used for residual stress 

measurement and Wall-T145 was used for extracting C(T) specimens to measure the FCGR in 

WAAM alone material. 

3.4 Residual stress measurements 

3.4.1 Approach 

Residual stresses in Wall-T110, Wall-Bi120, and three C(T) specimens (Type A, B and C) 

were measured by the contour method at The Open University. Diagrams showing the 

locations of cut planes for contour measurement are given in Fig. 3-1 for Wall-Bi120, Fig. 3-2 

for Wall-T110 and Fig. 3-3 for C(T) specimens. 

 

 
Figure 3-1 Cut planes in Wall-Bi120 for contour measurement, (a) schematic cut plane (unit: 
mm); (b) photos of Wall-Bi120 and cross section view of cut plane 
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Figure 3-2 Cut plane in Wall-T110 for contour measurement (unit: mm) 

 
Figure 3-3 Position of C(T) specimens in Wall-Bi120 and cut planes in C(T) specimens for 
contour measurement, Type A, B and C specimens in terms of the crack position (unit:mm) 

The contour method involves following steps (Zhang, J. et al., 2016a): 

• Making a cut in the sample, at the plane normal to the component of stress tensor 
which is to be measured. 

• Measuring the displacement profile of the cut surfaces. 

• Data analysis to smooth the displacement data. 

• Analyzing displacement data by finite element (FE) method to obtain stress map. 
Such contour method steps are schematically shown in Fig. 3-4. 

An Agie Charmilles wire electrical discharge machining (EDM) machine (FI-440CS) with a 

150 μm diameter brass wire was employed to make the cut in samples. The EDM machine 

was worked in the “finishing” of “skim” mode to minimise symmetric artefacts. Sacrificial 

layers were bonded to the outer surfaces of the samples in the vicinity of the cut plane to 

mitigate wire entry and exit cutting artefacts. The samples were clamped to a fixture to avoid 

any free movement during the cutting operation. Prior to cutting, the samples and clamping 
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fixtures were left to reach thermal equilibrium conditions within the EDM deionised water 

tank. 

 
Figure 3-4 Steps of the contour method for residual stress measurement (Paddea, 2015) 

Following wire EDM cutting, the sectioned samples were cleaned, dried and left in a 

temperature controlled laboratory to reach thermal equilibrium before starting displacement 

profile measurements. The displacement profile of the opposing cut surfaces were measured 

using a Zeiss Eclipse co-ordinate measuring machine (CMM), fitted with a Micro-Epsilon 

(a) A body which 
contains residual stresses 

(b) Cutting the body into 2 parts 

(c) Measuring surface displacements (d) Data analysis 

(f) Map of residual stresses on cut plane (e) Applying displacements to FE model 
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laser probe and a 4 mm diameter ruby-tipped Renishaw PH10M touch trigger probe. The 

resolution of the Micro-Epsilon laser triangulation displacement sensor is 0.15 μm at the 

maximum sampling rate. The measurement point spacing adopted was on a 0.1 mm grid. 

Furthermore, the outlines of the cut part were measured with the touch probe to define the 

geometry of the cutting surfaces for the data processing step. 

After measuring the displacement profile, the measured data from two cut faces were aligned 

and averaged, see Fig. 3-4d. Then the displacements were applied to the cut plane in an FE 

model and the resultant stress component normal to the cut plane was calculated and named 

as measured residual stresses, see Fig. 3-4e&f. FE models based on the measured outlines of 

the cut part were built using the ABAQUS code. Linear hexahedral elements with reduced 

integration (C3D8R) were used to mesh the models. The FE models were assumed to have 

homogeneous isotropic elastic properties with a room temperature Young's modulus of 113.8 

GPa and Poisson's ratio of 0.342. 

3.4.2 Results 

3.4.2.1 Wall-T110 

The measured two-dimensional (2D) longitudinal residual stress map and one-dimensional 

(1D) stress distribution along the center line in Wall-T110 sample are shown in Fig. 3-5.  

The maximum tensile residual stresses are observed near the interface between the WAAM 

deposited part and the substrate. The maximum value of the stress is around 700 MPa, which 

is slightly under the yield strength of Ti-6Al-4V. In the first few deposited layers the effect of 

WAAM process is very similar to welding a plate; therefore such tensile residual stress with a 

magnitude about yield strength is as expected. Furthermore, the distribution of residual stress 

in the heat affected zone of the substrate is similar to that in a welded plate. 

Balancing compressive residual stress is observed in the top half of the wall (Wall-T110). The 

profile of compressive residual stress is rather smooth, despite a sudden drop at the top layer 

(height 110 mm). Such drop happened near the edge of the cut plane and its reason needs 

further investigation. 

The high compressive residual stresses at the base of the sample are observed. These compressive 

stresses and the tensile stress in the WAAM made part form a self-balanced force system. 
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Some fluctuations are observed in the lower half of WAAM part. These fluctuations do not 

match the expected profile of residual stress and its reason needs further investigation.  

 
Figure 3-5 Measured residual stresses in Wall-T110: (a) 2D stress map, and (b) 1D stress 
distribution along the centre line (average value in the thickness) 

3.4.2.2 Wall-Bi120 

The measured 2D longitudinal residual stress map and 1D stress distribution along the mid-

thickness line in the WAAM-substrate bi-material wall (Wall-Bi120) are shown in Fig. 3-6. 

An inclined line segment of profile is observed in the substrate. This is a result of bending in 

the wall. The inclined line changed at a position which is near the interface between the 

WAAM Ti-6Al-4V and substrate. The reason is the residual stress become rise in the heat 

affect zone. 

The tensile residual stress is observed near the top of Wall-Bi120. This means that the bending 

curve in Wall-Bi120 is lower than that in Wall-T110. Again, the profile of residual stress is 

rather smooth in upper half of Wall-Bi120. 
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Figure 3-6 Measured residual stresses in Wall-Bi120: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line 

3.4.2.3 C(T) specimens 

The measured 2D longitudinal residual stress map and 1D stress distribution along the mid-

thickness line of C(T) specimens are shown in Fig. 3-7, Fig. 3-8 and Fig. 3-9 for Type B, A 

and C, respectively. 

 

Figure 3-7 Measured residual stresses in type B specimen: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line 
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Figure 3-8 Measured residual stresses in type A specimen: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line 

 
Figure 3-9 Measured residual stresses in type C specimen: (a) 2D stress map and (b) 1D stress 
distribution along the mid-thickness line 
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than that in Type C. The reason is that the released residual stresses in notch zone for type A 

specimen are larger than that in type C, as shown in Fig. 3-10.  

 
Figure 3-10 Positions of uncracked ligament in residual stress field of Wall-Bi120 are similar, 
whereas released stresses in notch zone for type A specimen are higher. 

As the position of residual stress profile for the Type A and C specimens are similar, two 

similar drops in stress are observed in their profiles. For Type A specimen, the drop is at 10 

mm from notch root, and for Type C it is 40 mm. 

For the type B specimen, transverse residual stress is presented as it is perpendicular the crack 

path and contribute to the crack growth driving force. Although the transverse residual stress 

is not expected (i.e. very low value in the wall), this residual stress component still appears in 

the C(T) specimen due to redistribution of the longitudinal residual stress in the wall. The 

distribution of the transverse residual stress due to longitudinal residual stress is a profile with 

tensile stresses at both ends. Again, residual stress in the notch root zone has increased owing 

to stress concentration effect. 

3.5 C(T) specimens for FCGR tests 

Standard compact tension specimens, C(T), according to ASTM-E647-11, were extracted 

from the wall samples. All C(T) specimens have a width of 70 mm and detail dimensions are 
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wrought samples are 6 mm, 5 mm, and 7.1 mm, respectively. 

All C(T) specimens were machined in Cranfield University's engineering workshop. For 

WAAM made samples, the surface roughness of both sides were skimmed off and then holes 

and other edges were machined. The notches were made by electrical discharge machining 

(EDM). Scribe lines were marked by the Vernier gauge along the potential crack growth path 

to aid in fatigue crack length measurement. 

3.5.1 Wrought products (L-T, T-L) 

For C(T) specimens of Ti-6Al-4V for wrought products, the L-T orientation (loading in the 

longitudinal direction and crack growth in the long transverse direction) and T-L orientation 

(loading in the transverse direction and crack growth in the longitudinal direction) were 

machined. A total of four specimens were machined, and each orientation had two specimens. 

However, one L-T specimen from wrought sample has a little different dimension. The length 

of 87.5 mm is actually 84.5 mm, and other dimensions were machined as requirements. The 

stress intensity factors in this specimen were calculated by FE method. 

 

Figure 3-11 Geometry of C(T) specimen (unit: mm) 

87.5

84

70

19
.2

5

?
7.5

3 14

60?



Chapter 3                                                                                                                              Experiments 

61 

3.5.2 Pure WAAM specimens cut from Wall-T145 (AL, PL) 

For pure WAAM made C(T) specimens (cut from the T-walls without substrate plate), both 

AL orientation (crack propagates in the direction across the layers) and PL orientation (crack 

propagates in the direction parallel to the layers, or along the layers) specimens were 

machined off from the wall. A total of eight C(T) specimens were extracted from Wall-T145 

and four of them were used for FCGR tests. The position and definition of AL and PL type 

C(T) specimens in Wall-T145 are shown in Fig. 3-12. The other four were used for fracture 

toughness tests in (Lorant, 2010), which is not relevant to this Thesis; hence not mentioned in 

this chapter. 

 

Figure 3-12  Position of C(T) specimens, type AL and PL, in Wall-T145 (C(T) specimen 
thickness =5 mm) 

3.5.3 WAAM-substrate interface specimens cut from Wall-Bi120 (A, B, C, D, E) 

For C(T) specimens which include WAAM-substrate interface, five configurations were 

tested. These C(T) specimens were denoted by letters from A to E, see Fig. 3-13. The Type A 

configuration was machined such that the crack perpendicular to the interface and initiate in 

the substrate and then propagate into the WAAM made material. In the Type C configuration, 

the crack was also perpendicular to the interface, but initiate in the WAAM made material and 

then propagate into the substrate. The Type B, D and E configurations were designed such 

that the crack is parallel to the interface. In the Type B configuration, the crack was initiated 

just at the interface. The Type D and E configurations have the initial crack either 3 mm above 

or below the interface, respectively. As three Wall-Bi120 samples were machined, each 

configuration had three specimens and a total of 15 specimens were used for FCGR tests. 
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Figure 3-13 Position of C(T) specimens for fatigue crack growth rate testing, Type A to E, in 

Wall-Bi120 (C(T) thickness =6 mm) 

3.6 Fatigue crack growth rate tests 

Fatigue crack growth rate tests were conducted according to ASTM E647-11. Fatigue pre-

cracking was conducted first, until a fatigue crack of 3 mm length was initiated at the notch 

root. Then, constant amplitude cyclic loads were applied until the displacements of loading 

holes were so large that cyclic loads cannot be applied. Parameters for these tests are 

summarized in Table 3-5.  

Table 3-5 Fatigue crack growth rate testing parameters (W = 70 mm, R = 0.1 for all) 

Specimens Test 
Machine 

Fatigue 
precracking 

Constant 
amplitude 
loads 

Crack size 
measurement 

L-T and T-L 

B=7.1 mm 

Extracted from plate 
in MA condition 

Instron 8031, 
load capacity 
50 kN 

Pmax = 8 kN for 
2.5 mm 

Pmax = 7kN for 
further 0.5 mm 

Pmax = 6 kN 

f=10 Hz 

travelling 
microscope (×7)  

Type A-E 

B=6 mm 

Extracted from 
Wall-Bi120 

Instron 8031, 
load capacity 
50 kN 

Pmax = 6 kN for 
2.5 mm 

Pmax = 5kN for 
further 0.5 mm 

Pmax = 5 kN 

f=10 Hz 

travelling 
microscope (×7)  

AL and PL 

B=5 mm 

Extracted from 
Wall-T145 

DMG servo-
hydraulic, load 
capacity 20 kN 

– Pmax = 2.4 kN 

Pmax= 2.1 kN 

f=8 Hz 

Direct Current 
Potential Drop 

Recorded output was the crack length vs. load cycles. The incremental polynomial method as 

recommended by ASTM E647 test standard was used to obtain the relationship of fatigue 
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crack growth rate (da/dN) vs. applied stress intensity factor range (ΔK) from the original test 

output data. The number of points that used to fit the crack length, a, in incremental 

polynomial method was seven. 

For the bi-material specimens (WAAM-substrate), following observations are made. Photos of 

crack surface of the A3 specimen are shown in Fig. 3-14 and FCGR da/dN vs. ΔK plots for all 

three Type A specimens are shown in Fig. 3-15. Comparing to the wrought specimens, higher 

FCGR in Type A specimens for ΔK from 15 to 20 MPa√m was observed. It is also seen that 

FCGR for the A3 specimen are much higher than that for A1 and A2 specimens from about 

ΔK = 40 MPa√m, which corresponds to a crack length of about 40 mm. Smooth fracture 

surfaces can be observed at about 40 mm crack length. The smooth surfaces are just like a 

surface of prior-β grains in WAAM made Ti-6Al-4V. The possible reason is that the FCGR 

become faster when crack propagates along the boundary of prior-β grains. However, no 

further investigation was performed to find the grain boundary α phase. 

 

Figure 3-14 Crack surface of A3 specimen show the smooth surface begin at about a = 40 mm, 
(a) one crack surface with one side face, and (b) two crack surfaces 

The da/dN vs. ΔK plots for type C, B, D and E specimens are shown in Fig. 3-16, Fig. 3-17, 

Fig. 3-18 and Fig. 3-19, respectively. FCGR data for Ti-6Al-4V of wrought products are 

shown in Fig. 3-20. FCGR for pure WAAM specimens are shown in Fig. 3-21. 

The da/dN vs. ΔK plots for specimens from both Wall-Bi120 and wrought Ti-6Al-4V show 

overall good agreement among each configuration. The variability of da/dN for them is less 

than 2, whereas a slightly bigger variability is shown for specimens from Wall-T145. 
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Figure 3-15 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type A 

 

 

Figure 3-16 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type C 
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Figure 3-17 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type B 

 

 

Figure 3-18 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type D 
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Figure 3-19 Fatigue crack growth rates in WAAM made Ti-6Al-4V, type E 

 

Figure 3-20 Fatigue crack growth rates in Ti-6Al-4V of wrought products 
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Figure 3-21 Fatigue crack growth rates in WAAM made Ti-6Al-4V. Specimens are extracted 
from Wall-T145. Data are replotted from appendix in Lorant's thesis (2010). (PL: crack 
propagates parallel to the layers; AL: crack propagates across the layers) 

3.7 Optical microscope (OM) observation 

The aim of OM observation is to verify the microstructure in the Wall-Bi120. Furthermore, 

OM photos are better for demonstrating the crack path deviation in C(T) specimens. 

After the FCGR tests, the C(T) specimens which were extracted from Wall-Bi120, were cut 

into a smaller size in order to prepare for the OM observation. First, the OM samples were 

mechanically ground using silicon carbide (SiC) paper starting with 120 grit and progressing 

through 240, 1200, and 2400 grit papers. The final polishing was performed on a polishing 

cloth with colloidal silica suspension. This step was followed by chemical etching with Kroll's 

reagent (2% HF, 4% HNO3) for 25 seconds. 

Macrostructure of type A, B, and C specimens are shown in Fig. 3-22. It can be seen that, in 

the Type A configuration, the crack is perpendicular to the interface and initiates in the 

substrate and then propagates into the WAAM made material. Whereas the crack initiates in 

the WAAM made material and then propagates into the substrate in the Type C configuration. 
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configuration. The crack propagates towards the substrate in the Type B configuration. 

The optical microstructure of WAAM deposited Ti-6Al-4V is shown in Fig. 3-23. It can be 

seen that microstructure in WAAM made material is α + β lamellar and no colony is observed. 

The crack paths in both WAAM made Ti-6Al-4V and the substrate are shown in Fig. 3-24. It 

can be seen that the crack path in the substrate is rather smooth, whereas a rather tortuous path 

is observed in the WAAM made material. 

 

 
Figure 3-22 Macrograph of the Type A, B and C specimens. 
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Figure 3-23 Optical micrographs of the WAAM deposited material in Wall-Bi120 

 

 
Figure 3-24 Optical micrographs of crack path when the crack propagates in (a) the substrate of 
Wall-Bi120 and (b) the WAAM made material 
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Chapter 4 Residual Stress Analysis 

4.1 Introduction 

When considering the influence of residual stress in a WAAM made part, one difficulty is to 

obtain the residual stress profile. Ways to obtain residual stress profile in additive 

manufactured parts include analytical method, thermal-mechanical FE analysis, and 

experimental measurement including neutron and X-ray diffraction methods (non-destructive 

evaluation) and contour methods (destructive method). In this PhD project, residual stress 

profiles in WAAM walls were obtained by the contour method. To obtain residual stress 

distribution in C(T) specimens, FE method was employed to model the process of residual 

stress redistribution during extracting the C(T) specimens from a wall. First, the residual 

stress distribution in a large wall was modelled by inputting residual stresses obtained from 

experimental measurement. Second, the process of extracting C(T) specimens was modelled 

by using the element removal method. These two steps can provide the residual stress 

distribution in the C(T) specimens. However, it was found that directly inputting the measured 

initial stress values in the wall into the final C(T) geometry can also provide the same residual 

stress distribution. In Section 4.4, the two methods of directly inputting initial stresses and 

inputting initial stresses into wall followed by the element removal were compared. In Section 

4.5, three types of residual stress profiles were evaluated by the author of this Thesis through 

an analytical model. Residual stresses in Wall-T145 were subsequently estimated by 

extending measured residual stress profile in Wall-T110, and then the residual stress retained 

in the C(T) specimens were evaluated. Measured da/dN vs. ΔK data for pure WAAM Ti-6Al-

4V was obtained from Wall-T145, under the assumption that residual stress in the small C(T) 

is very low so that the FCGR data was obtained from a residual stress-free condition. 

Therefore, it is necessary to support this assumption by obtaining residual stress profile in 

Wall-T145. In Section 4.6, the reason for not using the transverse residual stress component is 

discussed.  
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4.2 Modelling residual stress in Wall-Bi120 

4.2.1 SIGINI 

A method of modelling residual stresses in a structure by FEM is to input the measured 

residual stress values by an ABAQUS subroutine called SIGINI. This method has been widely 

used by many modellers (Bao et al., 2010; Lei et al., 2000; Liljedahl et al., 2008). Analysis 

process in the SIGINI routine includes three steps. First, the residual stresses values were 

written into an FE subroutine, SIGINI. Subsequently, the residual stresses were input into 

elements in the FE model by the SIGINI. In this thesis, the same residual stress distribution 

was inputted by using the SIGINI subroutine to every material plane that is parallel to the 

cutting plane throughout the whole wall. Finally, the obtained residual stresses were checked 

by comparing stresses values in FE model to experimental values after achieving a self-

equilibrium state. 

The obtained full residual stress fields have been partially verified. Residual stresses along the 

potential crack path were measured by the neutron diffraction. A reasonable agreement was 

obtained between experimental results and FE output (Liljedahl et al., 2008). Furthermore, 

when crack grew under fatigue loading, the agreements were still reasonable, as shown in Fig. 

4-1. 
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Figure 4-1 Comparison between the experimental results and FE output of the longitudinal 
residual stress (Liljedahl et al., 2008) 

 

4.2.2 Wall-Bi120 

The first thing of analysing residual stress is to obtain the required residual stress distribution 

in the wall. A 2D FE model of Wall-Bi120 was constructed to obtain this required residual 

stress distribution. The geometry of FE model is just the geometry of Wall-Bi120 prior to 

cutting step during the contour method residual stress measurement, which has been shown in 

previous section, see Fig. 3-1. Plane stress elements (second order element designated as 

CPS8 in ABAQUS) were used to mesh the model. The size of element is 0.5 mm × 0.5 mm. 

This size is based on a mesh convergence study to obtain residual stress distribution in C(T) 

specimens. Isotropic material properties, i.e. Young's modulus of 113.8 GPa and Poisson's 

ratio of 0.342 were used since the difference between the wrought substrate and WAAM Ti-

6AL-4V in the two major material directions is within 15%. In terms of the boundary 

Some materials have been removed from this thesis due to Third Party 
Copyright. Pages where material has been removed are clearly marked in 

the electronic version. The unabridged version of the thesis can be 
viewed at the Lanchester Library, Coventry University.
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conditions only the rigid body displacements were constrained and allow deformation in all 

other directions. Residual stresses were applied to whole area of FE mesh by using the 

SIGINI and the input data into SIGINI were the measured 1D residual stress distribution 

without any scale on magnitude, see Fig. 4-2a. Linear elastic analysis procedure without 

external load is performed to achieve the equilibrium state, see Fig. 4-2b. The obtained 

longitudinal residual stresses are compared to the experimental measured residual stresses, as 

shown in Fig. 4-3. As residual stresses vary spatially, the output stress line in FE model must 

be corresponding to the cutting plane in the contour measurement. 

As demonstrated, the amplitude of measured residual stress distribution is inputted into FE 

model that can produce required longitudinal residual stress distribution, so the measured 

values need not to be scaled. The reason for this is that the cut plane is far away from the free 

edges in the 2D FE model, which represent two ends in the wall. If the cutting plane is not far 

away from the two edges, or the sample prior to cutting is not long enough, measured residual 

stress distribution need to be scaled up in order to build the required residual stresses. 

Another important thing is that transverse residual stress appeared near the left and right 

edges in FE model. The reason for this is the deformation near the two free edges, which is 

caused by the longitudinal residual stress and Poisson's contraction that result in transverse 

residual stress. 
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Figure 4-2 Procedure of inputting measured residual stress field in Wall-Bi120 sample by using 
SIGINI 
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Figure 4-3 Comparison of obtained longitudinal residual stresses with experiments 

When measuring residual stresses by the contour method, the displacement profile is 

measured first, and then residual stresses are obtained from such displacements by an FE 

analysis. This FE analysis step needs the Young's modulus. So, the Young's modulus has an 

influence on the magnitude of measured residual stress field. When considering the bi-

material sample of two different Young's modulus, the error in measured residual stress field 

was nearly inevitable if bi-material properties are not considered. In this research work, the 

measured residual stress field did not come from FE model of two different Young's modulus. 

So, the measured residual stress field is expected to have some errors. However, the difference 

between Young's modulus for WAAM made material and the substrate is within 15%. The 

Young's modulus for Ti-6Al-4V of wrought products has a range from 110 to 117 GPa and the 

longitudinal Young's modulus for WAAM made Ti-6Al-4V has a value of 124 GPa. 

4.3 Evaluation of retained residual stress in C(T) specimens 

As is known, both extracting a specimen and growth of a crack may change the retained 

residual tress distribution in specimen. Both of these scenarios can be predicted by FEM (Law 

et al., 2010; Liljedahl et al., 2008). In this section, the retained residual stress distribution in 

specimen was predicted by using the SIGINI subroutine and the element removal method. 

Following the inputting of residual stress in previous Wall-Bi120 FE model, the elements that 

represent the cut off material were removed from the FE model. Then, the FE model achieved 

-250
-200
-150
-100

-50
0

50
100
150
200
250
300
350
400
450

0 10 20 30 40 50 60 70 80 90 100 110 120

Lo
ng

itu
di

na
l R

es
id

ua
l S

tre
ss

 (M
Pa

)

X (mm)

Measured by Contour Method

Obtained by SIGINI

WAAM

Substrate

X



Chapter 4                                                                                                                           Residual stress 
 

76 

a new equilibrium state based on the retained FE mesh and new residual stress distribution 

appeared. The geometry of C(T) specimens is shown in previous section, see Fig 3-11, and the 

positions of specimens are shown in Fig. 3-3 and Fig. 3-13. It is noted that the position of 

Type A and C specimens in two figures are different. The reason of using position in Fig. 3-3 

is to compare with experimental measurement and the aim of using positions in Fig. 3-13 is to 

calculate the stress intensity factors due to residual stress for further analysis. 

As the element removal procedure was following the building of residual stress procedure, 

which is shown in previous section, the elements type, element size and the elastic material 

property were the same as previous description. The procedure of extracting C(T) specimen 

was cutting a block of C(T) size, creating the holes and then cutting the notch. During such 

extracting procedure, geometry change and residual stress redistribution of two examples, 

type B and C specimens in Fig. 3-3, are shown in Fig. 4-4. New boundary conditions were 

applied to each specimen to constrain the rigid body movement but allow deformation in any 

direction. Again, linear elastic analysis procedure without external load was performed to 

achieve new equilibrium state in the C(T). 

Mesh convergence study was conducted on element sizes of 0.5 × 0.5, 1 × 1, 2 × 2 and 4 × 4 

(unit: mm × mm). The mesh size of 2 × 2 is shown in Fig. 4-5. The longitudinal residual stress 

in type C specimens are compared among different element sizes, as shown in Fig. 4-6. It can 

be seen that residual stress distributions are very similar, indicating that acceptable results can 

be obtained even with the coarse mesh discretization. As the mesh convergence aimed to 

demonstrate overall retained residual stress field in the C(T) specimen, the tress values at the 

crack tip were omitted. A stress singularity existed at the crack tip. Theoretically the stress is 

infinite at the crack tip, and therefore increasing the mesh density will not yield a converged 

stress value at the crack tip. This crack tip stress normally has a negligible effect on the 

overall retained stresses, so it was omitted in comparison. The computing times for all sizes 

were less than 5 minutes. The mesh size of 0.5 × 0.5 was used for all later residual stress 

analysis. 
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Figure 4-4 Geometry change and residual stress redistribution during extracting type B and C 
specimens (direction 1: longitudinal direction; direction 2: transverse direction; b, c, and d 
figures share the same spectrum) 
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Figure 4-5 Finite element mesh for residual stress analysis with mesh size 2 mm × 2 mm 

 

 

Figure 4-6 Mesh convergence study for retained residual stress in C(T) specimen, type C 

Retained residual stress in C(T) specimens according to Fig. 3-3 by FE analysis are compared 
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the notch root. At the same time, the residual stress in the range from 40 to 56 mm distance 

from the notch root shows the same trend. The reason for this is that the type A specimen is 

very near to the end of Wall-Bi120. The ends of Wall-Bi120 are the position for starting or 

stopping each layer. It is well known that the residual stress near the starting and stopping of a 

weld is higher than that in other position. So, it is expected that the residual stress near the 

ends of Wall-Bi120 is higher. And hence, the FE analysis underestimates the residual stress in 

type A specimen. 

It is noted that both longitudinal and transverse residual stress appeared in all specimens. The 

output residual stress component was transverse direction in the Type B specimen, as 

transverse direction is normal to the crack path. 

The retained residual stress in C(T) specimens according to Fig. 3-13 by FE analysis are 

shown in figures 4-10 and 4-11.These residual stress distributions will be used for calculating 

stress intensity factor in next chapter.  

 

 
Figure 4-7 Comparison of longitudinal residual stresses between FEA and the contour 
measurement, along crack path in Type A specimen 
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Figure 4-8 Comparison of transverse residual stresses between FEA and the contour 
measurement, along crack path in type B specimen 

 

Figure 4-9 Comparison of longitudinal residual stresses between FEA and the contour 
measurement, along crack plane in type C specimen 
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Figure 4-10 Longitudinal residual stresses along crack path in type A specimen ( position used 
in life prediction)  

 

Figure 4-11 Longitudinal residual stresses along crack path in type C specimen  (position used 
in life prediction)  

It is noted that the retained residual stress in the Type A specimen is much less than that in the 

Type C specimen. Unlike the reason mentioned in Section 3.4.2.3, the source for the less 

stress in the Type A specimen is that the residual stresses profile in uncracked ligament is not 

moment balance, as shown in Fig. 4-12. After self-moment-balancing, the retained residual 

stress becomes much less. 
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Figure 4-12 Positions of uncracked ligament residual stress field of Wall-Bi120 shows that type 
A specimen is not moment balance. 

4.4 Inputting directly residual stress into C(T) specimen 

Another method of obtaining retained residual stress in a specimen is inputting directly 
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according to Fig. 3-3, is shown in Fig. 4-14. 

 

Figure 4-13 Inputting directly residual stress into C(T) specimen (1: longitudinal; 2: transverse) 

 

Figure 4-14 Comparison of retained residual stress by directly building residual stress and 
building residual stress field in large sample + element removal, type B specimen, transverse 
residual stress. 
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Such comparisons have been conducted for other residual stress distributions and specimen 

geometry. The aim of conducting such study is to eliminate the influence of residual stress 

distribution and specimen geometry on the direct input method. A Variable-Polarity Plasma-

Arc (VPPA) weld residual stress distribution (Kartal et al., 2008) with a M(T) specimen 

geometry, and an AM wall residual stress distribution (Hoye et al., 2014) with a C(T) 

specimen geometry have been used to make comparison. Both of them gave the same 

conclusion: both methods provide exactly the same residual stress distribution. An intuitive 

explanation of this conclusion is that both FE models, directly inputting residual stress vs. 

cutting off specimen from large sample, have the same modelling information and should 

have same output information under linear elastic analysis procedure. In this research, both 

models have the same final geometry, same boundary conditions, same residual stress 

distribution by the SIGINI, same mesh and hence the same retained residual stresses. 

In further analysis of stress intensity factors, the method for modelling residual stress is 

directly inputting residual stress. But the retained residual stress distributions have been 

compared between two methods to make sure the same residual stress distribution is obtained. 

4.5 Evaluation of Residual Stress by Analytical Approach 

4.5.1  Introduction 

There is a generic residual stress profile for welds, but not for AM made parts. In welded 

joints, the generic residual stress profile has a generic shape, i.e. “bell” shape (residual stress 

in welded butt joint has a tensile residual stress zone with a width related to the heat affected 

zone (HAZ), and compressive residual stress zone with a balancing value in all rest of the 

part). However, in WAAM parts, a generic residual stress profile has not been established. 

The reason for this problem is that WAAM parts experience heat cycles in all deposited 

layers, and this deposited part has variable height. Furthermore, the configuration of substrate 

is also variable, as shown in Fig. 4-15. All these geometries and sizes mean that there is no 

generic residual stress profile in WAAM parts. 
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Figure 4-15 Configurations of parts made by WAAM: (a) different height in the wall samples, 
(b) vertical substrate, (c) crossed walls, (d) curved wall 

In this section, available FE and experimental measured residual stress profiles are 

summarized first, and then an analytical model will be established. Residual stress profile in a 

“T” section WAAM part with the height of 145 mm, called Wall-T145, will be estimated 

based on a combination of the analytical model and measured residual stress profile in Wall-

T110. After that, the retained residual stress in C(T) specimens from Wall-T145 are evaluated. 

4.5.2 Published residual stress profiles 

For the configuration that a WAAM made wall stands on a horizontal substrate, “T” section, 

published residual stress profiles are summarized in Fig. 4-16. Details about the 

manufacturing methods and residual stress measurement are summarised in Table 4-1. 

(a) 

(b) 

(c) (d) 
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Figure 4-16 Published residual stress profiles for “T” section WAAM made walls, (a) full length 
of residual stress profile, (b) detailed stress near top of substrate (a&b share the same legend)  
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Table 4-1 Detail for published residual stress profiles 

Sample 
label 

Wall 
H×t (mm)a 

Substrate 
W×t (mm)a 

Residual 
stress method 

Heating 
source 

Clamps Reference 

Wall-T8 8 × 6.4 60 × 6 FEA TIG – (Ding, 2012, 
p.115) 

Wall-T36 36×5 
(measure) 
40×8 (as-
deposited) 

100 × 12 Neutron 
diffraction 

GTA With bolt 
holes on 
substrate 

(Hoye et al., 
2014) 

Wall-T45 No mention 
(40 layers) 

60 × 6 Neutron 
diffraction  
& Contour 

TIG No mention (Colegrove et 
al., 2014) 

Wall-
T110 

110 × 6 60 × 7 Contour Plasma loosely (Paddea, 
2015) 

a H : height; W: width; t: thickness 

Ding (2012) analysed the residual stress in a “T” section WAAM made sample by FE thermo-

mechanical analysis. The height of wall sample is 8 mm in her study. Hoye et al. (2014) 

measured the residual stress in Wall-T36 by the neutron diffraction method. The Wall-T36 

was built with height of 40 mm and thickness of 8 mm, and the substrate was clamped by 

bolts. Then, the wall was machined to a size of 36 mm high and 5 mm thick to measure the 

residual stress. Paddea (2015) measured residual stress by the contour method in Wall-T110, 

which is the sample used in this thesis.Colegrove et al. (2014) measured the residual stress in 

Wall-T45 by both neutron diffraction and contour method. The height of WAAM made was 

obtained by the coordinats of residual stress profile. A rather good agreement has been seen 

between neutron diffraction and contour method measure residual stress profile.   

For the “T” section WAAM made walls, the following observations can be drawn from the 

available residual stress profiles: 

• Maximum tensile residual stress locates near the interface between the WAAM made 

part and the substrate, and the values are from 400 MPa to 700 MPa. 

• Minimum residual stress locates at the top of the wall or becomes negative to balance 

the tensile stress. 

• The 1D averaged residual stress profiles do not appear to be self-balanced, see Fig. 4-

16. As the residual stress profiles are measured along the center line, the 
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measurements represent averaged stresses in WAAM made material, whereas in the 

substrate, the measurements represent local stresses.  

• The overall residual stress field should be self-balanced if 2D stress map is available 

and also consider the stress in the substrate. 

4.5.3 Analytical model 

This analytical model is based on three concepts: layer-by-layer accumulating, layer residual 

stress, and virtual substrate. The overall residual stress profile is evaluated from a knowledge 

of specimen dimensions, layer residual stress value and clamping condition. 

The layer-by-layer accumulating concept has been successfully used for predicting residual 

stress in coating production (Tsui et al., 1997) and has been applied to predicting residual 

stress in SLM made part (Shiomi et al., 2004; Mercelis et al., 2006). When the AM 

component is formed layer-by-layer, the residual stress is changed after each layer addition. 

Although the residual stress for each successive incremental layer is the same, each of these 

layers deposits on a “substrate” of changing height. Therefore, a succession of force and 

moment balances determines the changing of residual stress distribution in the “substrate”. 

The final residual stress distribution will differ significantly from that which deposits the 

whole AM part in a single operation. 

However, an assumption was made during their calculation (Shiomi et al., 2004): the width of 

substrate and that of SLM made part were the same. This assumption has slight influence on 

their experiments: the width of substrate is 9 mm and SLM made part 5 mm. But this 

assumption is not suitable for “T” section WAAM part: the width of substrate is 60 mm and 

WAAM made part 6 mm. The same assumption was also made during work of Mercelis et al. 

(2006). In this thesis, beam theory will be used to eliminate this assumption. 

Another assumption in analytical models by Shiomi et al. and Mercelis et al. were that the 

tensile stress in new layer was equal to the material's yield strength. This assumption will be 

replaced by layer residual stress concept, which is the residual stress in a layer at the time 

when it is not affected by the heating of the proceeding deposited layers. When only 1 layer is 
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deposited, the value of this layer residual stress should be very close to the value of residual 

stress in weld joint. This concept provides a way to estimate the layer residual stress through 

experimental measured residual stresses in weld joint. 

The virtual substrate assumption in this analytical model is to overcome the clamping during 

WAAM processing. By the observation of author, many WAAM samples made at Cranfield 

University were clamped. Furthermore, the residual stress changed significantly when the 

clamps were removed during FE simulation (Ding, 2012). Although the aim of clamping is to 

resist the movement of the substrate during processing, its the actual effect have to include the 

resistance of bending, shrinkage, and expansion of the substrate. Such effect is taken into 

account by using a virtual substrate, as the virtual substrate can also resists bending, shrinkage 

and expansion of the actual substrate. Furthermore, the virtual substrate can be removed like 

removing clamps. 

The analytical model is a “T” section beam, as shown in Fig. 4-17. It is assumed that the 

width of virtual substrate is equal to that of the actual substrate, however this is not necessary. 

The width of virtual substrate can be different from that of the actual substrate, if detail 

information about clamping condition is available. 

By addition of the ith new layer, the changing of residual stress distribution in both the actual 

and virtual substrate can be obtained by the beam theory: 

∆𝜎𝜎𝑖𝑖(𝑧𝑧) = −
𝑀𝑀
𝐼𝐼

(𝑧𝑧 − 𝑑𝑑) −
∆ℎ𝑊𝑊a𝜎𝜎L

ℎa𝑊𝑊a + (ℎs + ℎvs)𝑊𝑊s
 

4-1 

where Δσi(z) is the change of residual stress distribution from z = 0 to z = ha+hs+hvs , caused 

by the addition of the ith new layer. Here M is the bending moment caused by σL, I is second 

axial moment of area and d is the neutral axis position. σL is layer residual stress and be 

estimated through residual stresses in weld joint. It can be seen that both the force and 

moment balances have been satisfied. When using the dimensions in the model, M, I and d 

are: 

𝑀𝑀 = ∆ℎ𝑊𝑊a𝜎𝜎L(ℎa + ℎs + ℎvs − 𝑑𝑑) 4-2 
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𝐼𝐼 =
ℎa3𝑊𝑊a

12
+ ℎa𝑊𝑊a �

ℎa
2

+ ℎs + ℎvs − 𝑑𝑑�
2

 

+
(ℎs + ℎvs)3𝑊𝑊s

12
+ (ℎs + ℎvs)𝑊𝑊s(ℎs + ℎvs − 𝑑𝑑)2 

4-3 

𝑑𝑑 =
ℎa𝑊𝑊a(ℎa2 + ℎs + ℎvs) + (ℎs + ℎvs)2

2 𝑊𝑊s

ℎa𝑊𝑊a + (ℎs + ℎvs)𝑊𝑊s
 

4-4 

 

Figure 4-17 Analytical model for determining the changing of residual stress distribution in both 
the actual substrate and the virtual substrate due to adding a new layer 
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In the building process, the residual stress distribution in the wall, the actual substrate, and 

virtual substrate is obtained by adding incremental layer residual stress of each new layer: 

𝜎𝜎(𝑧𝑧) = �∆𝜎𝜎𝑖𝑖(𝑧𝑧)
𝑛𝑛

𝑖𝑖=1

+ �𝜎𝜎L(𝑧𝑧)
𝑛𝑛

𝑖𝑖=1

 
4-5 

After obtaining the residual stress distribution through layer-by-layer accumulating, the final 

residual stress distribution which is influence by removing the clamps will be modelled by 

removing the virtual substrate. This change of residual stress distribution can be modelled as 

shown in Fig. 4-18. 

 
Figure 4-18 Analytical model for determining the changing of residual stress distribution due to 
removing the virtual substrate which represents the effect of clamps 

Using the beam theory again, the changing of residual stress distribution due to removing 

virtual substrate can be obtained: 

∆𝜎𝜎vs(𝑧𝑧) =
𝑀𝑀
𝐼𝐼

(𝑧𝑧 − 𝑑𝑑) +
∫ 𝑊𝑊s
0
−ℎvs

𝜎𝜎RSv(𝑧𝑧)𝑑𝑑𝑧𝑧

ℎa𝑊𝑊a + ℎs𝑊𝑊s
 

4-6 

where Δσvs(z) is the changing of residual stress distribution from z = 0 to z = ha+hs , caused 

by the removing of the virtual substrate, σRSv(z) is the residual stress in the virtual substrate 

prior to removing, M is bending moment caused by σRSv(z), I is second axial moment of area, 

d is the neutral axis position of final geometry without the virtual substrate. It can be seen that 

both the force and moment balances have been satisfied. When using the dimensions in the 

ha 

hs 

Δσvs(z) 

WAAM 

Actual substrate 

Z 

hvs σRSv(z) Virtual Substrate 
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model, M, I and d are: 

𝑀𝑀 = � 𝑊𝑊s

0

−ℎvs
𝜎𝜎RSv(𝑧𝑧)(𝑧𝑧 − 𝑑𝑑)𝑑𝑑𝑧𝑧 

4-7 

𝐼𝐼 =
ℎa3𝑊𝑊a

12
+ ℎa𝑊𝑊a �

ℎa
2

+ ℎs − 𝑑𝑑�
2

 

+
ℎs

3𝑊𝑊s

12
+ ℎs𝑊𝑊s(ℎs − 𝑑𝑑)2 

4-8 

𝑑𝑑 =
ℎa𝑊𝑊a(ℎa2 + ℎs) + ℎs

2

2 𝑊𝑊s

ℎa𝑊𝑊a + ℎs𝑊𝑊s
 

4-9 

After removing the virtual substrate, the final residual stress distribution in the wall and the 

substrate is obtained. 

4.5.4 Layer residual stress and three types of residual stress profiles 

A simple assumption is often made that the tensile residual stress is a result of contraction of 

metal when cooling down from liquid to room temperature, and the magnitude of tensile 

residual stress in a new layer is equal to the yield strength of material. Indeed, it is true, but 

only for the last layer. The reason for this is not the topic of this thesis, and Leggatt (2008) has 

given some explanation. Published values of the maximum residual stress for Ti-6Al-4V 

welds are summarised, as shown in Table 4-2. It can be seen that the maximum tensile 

residual stress value has a magnitude from 300 MPa to 700 MPa rather than the yield strength 

of Ti-6Al-4V. In reviewed three welding methods, the TIG welding has the same heating 

source to that for Wall-T145. However, both Wall-T145 and Wall-T110 were firmly clamped 

by jigs during deposition (Section 3.3), and therefore more stiff clamping condition may gave 

rise to higher residual stress (Leggatt, 2008). So, a higher value than 300 MPa should be used 

as layer residual stress for the analytical model in this study. The value of 400 MPa was used 

on the first attempt. 
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Table 4-2 Published values of the maximum residual stress for butt-welded Ti-6Al-4V 

Heating 
source 

Max residual 
stress  (MPa) 

Width of tensile 
residual stress 
zone (mm) 

Experimental 
method 

Size of weld 
L×W×t 
(mm) 

Reference 

FSW 300 14 Adjusted 
compliance ratio 
method, 
On-line Crack-
compliance 

510×300×2 (Pasta, 
et al., 
2008) 

TIG 300 
 

30 Neutron 
diffraction 

250×250×2 (Bruno, 
et al., 
2004) 

Laser 
beam 

500-700 10-14 Hole drilling 200×100×4 (Liu, et 
al., 
2009) 

Using the analytical model, three thickness of virtual substrate with various height of WAAM 

made part have been performed to predict the residual stress profile. All of these cases have 

the same actual substrate of 60 mm wide and 7 mm thick, and the WAAM made part has a 

thickness of 6 mm. The thickness of incremental layer is 1 mm. Calculated residual stress 

distributions for 14 mm, 33 mm and 83 mm thick virtual substrate with and without clamps 

are shown in figures 4-19, 4-20 and 4-21, respectively. 
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Figure 4-19 Residual stress distribution for “T” section WAAM made wall with 14 mm thick 
virtual substrate and various WAAM wall heights 
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Figure 4-20 Residual stress distribution for “T” section WAAM made wall with 33 mm thick 
virtual substrate and various WAAM wall heights 
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Figure 4-21 Residual stress distribution for “T” section WAAM part with 83 mm thick virtual 
substrate and various WAAM wall heights 

From the above residual stress evaluations (Fig. 4-19 – 4-21), three conclusions can be drawn 
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for residual stress profile in WAAM made part, i.e. the residual stress in the substrate is not 

included:  

• No generic residual stress profile appears in WAAM made part. The reasonable trend 

of residual stress profile is to extend residual stress profile of a lower wall to a higher 

wall. 

• The maximum tensile residual stress locates at the WAAM-substrate interface. 

• Residual stress locating near the top of the WAAM made part is changed with the 

height of WAAM made part. It might be the minimum tensile stress if the height of 

wall is small, be compression if the height of wall is large, and be tensile stress with 

compressive residual stress in the middle zone of the WAAM made part if the height 

of wall is much large. 

From the above residual stress distributions, the types of residual stress profiles fall into three 

groups, as shown in Fig. 4-22. It is noted that in the substrate, the predicted residual stress 

distributions significantly differ from the measured residual stress distributions. The reason 

for this is that the predicted residual stress is averaged over entire width of substrate while the 

experimental measured residual stress is in the heat affected zone, as shown in Fig. 4-22. 

 
Figure 4-22 Possible three types of residual stress profile in “T” section WAAM made parts 
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WAAM made wall and the height of the wall is often small. The Wall-T8 and Wall-T 36 have 

residual stress profiles of the type S, see Fig. 4-16. The type M residual stress profile also has 

the compressive residual stress near the top of the wall, however the magnitude of 

compression is smaller and the height of wall is larger. The Wall-T45 and Wall-T110 have 

residual stress profile of the type M, see Fig. 4-16. The type L residual stress profile has the 

tensile residual stress near the top of the wall with compressive residual stress in the middle 

zone of the WAAM made part, and the height of wall is much large. The type L residual stress 

profile has not been found in any open literature.  

To obtain accurate residual stress distribution in wall samples, two main processing 

parameters are essential: (1) virtual substrate geometry, which is influenced by clamping 

condition, (2) layer residual stress, which is influenced by the heat input, material properties 

and other building parameters. At this stage, such two parameters are not available. So, 

analytical model can only provide generic trend of residual stress profile. 

Three types of residual stress profiles have been obtained by analytical model and two of 

three types have been observed in published work. The type L residual stress profile has not 

been found in the open literature. However, it is expected that when higher wall sample is 

made, this type of residual stress profile should be observed. 

It is worth noting that the assumption of the value for layer residual stress has no influence on 

the profile. As such prediction only used the trend of residual stress distribution between 

various heights, such trend of residual stress distribution will not be changed by the value of 

layer residual stress. The same conclusion had already been mentioned in work of Mercelis et 

al. (2006). They plotted the residual stress profiles for different material yield strength and the 

shapes of those profiles were the same, as shown in Fig. 4-23. 
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Figure 4-23 Influence of the material yield strength on the residual stress profile (Mercelis et al.,   
2006).  

4.5.5 Residual stress distribution in Wall-T145 

The residual stress distribution in the Wall-T145 will be predicted with the help of measured 

residual stress distribution in the Wall-T110. First, it is assumed that both the Wall-T145 and 

the Wall-T110 have the same processing parameters, mainly the same clamping condition, so 

that both residual stress distributions belong to one of the same virtual substrate in above 

three figures (4-19 – 4-21). Second, one of residual stress distribution which is similar to that 

of the Wall-T110, will be extended by a ratio of heights, 145/110. 

In both Fig. 4-20 and Fig. 4-21 , this kind of extension can be found. In the Fig. 4-20, in 

which the thickness of virtual substrate is 33 mm, the height of 60 mm has the similar residual 

stress profile to that of the Wall-T110, therefore, residual stress distribution for 90 mm might 

be the residual stress profile of the Wall-T145, since 145/110 ≈ 90/60. In Fig. 4-21, in which 

the thickness of virtual substrate is 83 mm, the height of 110 mm has the similar residual 

stress profile to that of the Wall-T110, therefore, residual stress distribution of 142 mm might 

be the residual stress profile of the Wall-T145, sine 145/110 ≈ 142/110. It must be admitted 

that such prediction is not very objective. The predicted residual stress profile for Wall-T145 

is shown in Fig. 4-24. 
 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where 
material has been removed are clearly marked in the electronic version. The unabridged version of 

the thesis can be viewed at the Lanchester Library, Coventry University.
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Figure 4-24 Predicted residual stress profile in Wall-T145 

4.5.6 Retained residual stress in C(T) specimens(AL, PL) 

Following the prediction of residual stress profile in Wall-T145, retained residual stress in 

C(T) specimens extracted from the Wall-T145 was calculated by FEM. The geometry of C(T) 

specimens has been shown in previous chapter, Fig. 3-11 and the positions of AL and PL 

specimens has been shown in Fig. 3-12.  

Solid elements (second order element designated as C3D20 in ABAQUS) were used to mesh 

the model, as shown in Fig. 4-25. The reason for using solid elements is that the Wall-T145 is 

a three dimensional part. The size of element is 3 × 3 × 3 mm3. Isotropic Young's modulus of 

113.8 GPa and Poisson's ratio of 0.342 are used for the material properties. Boundary 

conditions just constrain the rigid body movement but allow deformation in any direction. 

The longitudinal residual stress, which is shown in Fig. 4-24, was applied to whole area of FE 

mesh by using the SIGINI. After removing the elements which surround the C(T) specimens, 

residual stress along the crack path from the notch root were plotted, as shown in Fig. 4-26. 
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was obtained from a residual stress-free condition. The FCGR data were measured from C(T) 

specimens extracted from the Wall-T145. However, the study in this section shows that such 

assumption is not valid.  

 

Figure 4-25 Finite element model for residual stress analysis of C(T) specimens in Wall-T145 

 

Figure 4-26 Retained residual stresses in C(T) specimens extracted from Wall-T145 (AL and PL) 
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4.6 Measured transverse residual stress 

Residual stress component in the transverse direction to the welding torch movement 

direction was not taken into account in the residual stress analysis. The reason for ignoring the 

transverse residual stress is that the measured component is along its own direction, i.e. stress 

component parallel to the line of measurement points, as shown in Fig. 4-27b. 

As is known, residual stresses are self-equilibrating, so that both the resultant force and 

moment balance must be satisfied. When calculating the force balance in the transverse 

direction, these transverse forces need corresponding normal area to multiply with transverse 

stresses. But now, each transverse component locates at different points, therefore all these 

normal area are not in the same plane. The equation for force balance which includes all 

measured transverse component cannot be built. When calculating moment balance in 

transverse direction, these transverse forces go through the same point and all items in 

equation become zero. 

It is possible to introduce transverse residual stress into FE model. However, after an 

equilibrium step, transverse residual stresses become nearly zero. The reason for becoming 

zero is that there is no opposite stress to build a self-balanced condition for a plane that is 

normal to transverse residual stress. 

 

Figure 4-27 Relation of stress component direction and line of measurement points: (a) 
longitudinal stress normal to the line of measuring points, (b) transverse stress parallel to the 
line of measuring points, (c) transverse stress normal to the line of measuring points (not 
practical for contour; not available from published neutron measurement) 
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Although transverse residual stresses with a magnitude about half of longitudinal residual 

stress are often reported by many researchers when carrying out neutron diffraction 

experiments, transverse stress profile is not the purpose of their experiments. After obtaining 

the longitudinal stress profile, transverse stresses can be obtained at the same time and at the 

same point, as they have to measure the strains in all three directions to calculate the 

longitudinal stresses. So, transverse stresses along a line that is parallel to the stress 

component direction often appear in articles. However, this does not mean that these 

transverse residual stresses can be used for residual stress analysis, as self-balanced condition 

cannot be obtained. 

The way to provide useful transverse residual stresses is to measure stress component along a 

path normal to its direction. As longitudinal residual stresses are measured along a transverse 

line, as shown in Fig. 4-27a, transverse residual stresses should be measured along a 

longitudinal line, as shown in Fig. 4-27c. 
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Chapter 5 Calculation of Stress Intensity Factors 

5.1 Introduction 

All fatigue experiments were performed using the C(T) geometry, therefore only C(T) 

specimens were modelled to calculate the crack tip stress intensity factors. All FE models in 

this chapter are two-dimensional. First, some common aspects for FE model of C(T) 

specimen are described, i.e. load application, mesh convergence test. At the same time, the 

crack tip stress intensity factors for a smaller C(T) specimen are calculated, in order to obtain 

stress intensity factors in this specimen. Second, the influence of anisotropic material 

properties on stress intensity factor is simulated. Third, the small scale yielding requirement in 

the LEFM is checked. Finally, residual stresses are applied and the stress intensity factors due 

to residual stress are calculated. Work described in Section 5.5.1 was developed in 

collaboration with Dr. J. Zhang of Beihang University during his visit to Cranfield University 

in 2014-2015.  

5.2 Isotropic material under applied load 

5.2.1 Pin loading 

C(T) specimen is loaded by pins, and the pin loading is modelled as a uniform radial stress 

applied to the edge of pin holes over an angle of 20°, as shown in Fig. 5-1a. In the actual 

specimen, the bearing stresses caused by the pin loading are concentrated over a small arc on 

the edge of the holes due to the undersized pin diameter (ASTM Standard E647, 2011), as 

shown in Fig. 5-1b. The research work conducted by Newman (1974) has suggested this arc 

should be less than 45°. Thus, the angle of 20° is used in this project. 
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Figure 5-1 Uniform radial stress to simulate the pin loading in FE model of C(T) specimen  

5.2.2 Crack tip stress intensity factor 

To calculate the stress intensity factor, stresses in front of the crack tip or displacements 

behind the crack tip can be used (Anderson, 2012 p.558). However, these two methods have 

many post process steps for each crack length. It is easier to first compute the strain energy 

release rate, G, and then obtain K from G. In this thesis, the Virtual Crack Closure Technique 

(VCCT) is used for computing the strain energy release rate based on the displacements and 

forces around the crack tip obtained from the FE analysis. VCCT was originally proposed by 

Rybicki & Kanninen (1977). This technique has been widely used by scientists and 

engineering researchers.  

After an analysis in two-dimensional FE model, nodal forces and nodal displacements can be 

obtained. Then, the nodal forces and nodal displacements around the crack tip, as shown in 

Fig. 5-2, are used to calculate the G value. 

The strain energy release rate for Mode I and Mode II, GI and GII, are given by 

𝐺𝐺I =
−1
2∆𝑑𝑑

�𝑌𝑌𝑖𝑖(𝑣𝑣𝑙𝑙 − 𝑣𝑣𝑙𝑙∗) + 𝑌𝑌𝑗𝑗(𝑣𝑣𝑚𝑚 − 𝑣𝑣𝑚𝑚∗)� 5-1 

𝐺𝐺II =
−1
2∆𝑑𝑑

�𝑋𝑋𝑖𝑖(𝑢𝑢𝑙𝑙 − 𝑢𝑢𝑙𝑙∗) + 𝑋𝑋𝑗𝑗(𝑢𝑢𝑚𝑚 − 𝑢𝑢𝑚𝑚∗)� 5-2 

where Δa is the length of elements around the crack tip, and Yi, Yj, Xi, Xj are the nodal force 

20° 

σn 

Pin 

Dpin=0.225W 

Dhole=0.25W 
P 

(a) Simulated pin loading (b) Dimensions of pin and hole 
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components in the y– and x–axis at the nodes i and j, respectively, and vl, vl*, vm, vm*, ul, ul*, 

um, um* are the nodal displacement components in the y– and x–axis at the nodes l, l*, m, m*, 

respectively (Krueger, 2004). With plane stress or plane strain assumption, nodal force 

component and nodal displacement component normal to the plane are missing. It can be seen 

that the strain energy release rate, G, is calculated by the energy released over crack surface 

created when the crack is extended by an element length. 

 

Figure 5-2 Virtual Crack Closure Technique (VCCT) for two-dimensional FE model using 
eight-noded element (nodal forces and nodal displacements in the x–axis are omitted for clarity) 

For linear elastic materials, the crack tip stress intensity factor, K, and the strain energy 

release rate, G, are uniquely related (Anderson, 2012 p.59). The KI and KI I are given by 

𝐾𝐾I = �
𝐸𝐸𝐺𝐺I

1 − (𝛼𝛼𝑘𝑘𝜈𝜈)2 
5-3 

𝐾𝐾II = �
𝐸𝐸𝐺𝐺II

1 − (𝛼𝛼𝑘𝑘𝜈𝜈)2 
5-4 

where  𝛼𝛼𝑘𝑘 = 0 for the plane stress and 1 for the plane strain condition, E is the Young's 

modulus and ν is the Poisson's ratio. 
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5.2.3 FE model of C(T) specimen 

In fact, an analytical solution of stress intensity factor for C(T) geometry exists. The reason to 

go through this FE analysis is to verify the FE model for anisotropic material and residual 

stress later. A two-dimensional plane stress FE model of C(T) specimen was constructed to 

obtain the crack tip stress intensity factors by the pin loading. The geometry of C(T) specimen 

is the same as already shown in Fig. 3-11. Only the top half of the specimen needed to be 

modelled as a consequence of symmetry in both geometry and pin loading. The geometry of 

the FE model and symmetry boundary conditions are shown in Fig. 5-3. In the FE model, 

symmetry boundary conditions were employed by constraining the displacement normal to 

the symmetry line. The nodes that represent the crack were not constrained, as shown in Fig. 

5-3. At the end of the symmetry line, the x displacement was constrained to prevent rigid body 

movement of the FE model. Different crack lengths were obtained by releasing the 

displacement constraints along the crack path. The pin loading were modelled as a uniform 

radial stress applied to the edge of holes over an angle of 20°. As the length and width of C(T) 

specimens are at least 10 times higher than the thickness and the applied load is parallel to 

plane of specimens, plane stress situation can be used for analysis. Two-dimensional plane 

stress elements (second order element designated as CPS8 in ABAQUS) were used to mesh 

the specimen. The element size was 0.25 mm × 0.25 mm along the crack path, as shown in 

Fig. 5-3. Homogeneous and isotropic Young's modulus of 113.8 GPa and Poisson's ratio of 

0.342 were used for the material properties. Although higher Young's modulus of 124 GPa 

was measured in WAAM Ti-6Al-4V, the crack tip stress intensity factor for isotropic material 

does not depend on the Young's modulus. As can be seen from a closed form solution, Eq. 5-5, 

the Young's modulus term is not required. Linear elastic static load analysis procedure was 

performed and the stress intensity factors were obtained by the VCCT. 

A mesh sensitivity study was conducted for the crack tip stress intensity factors with a = 17 

mm and a = 56 mm under several values of 1/Δa (Δa is mesh size around the crack tip). 

Calculated stress intensity factors are compared in Fig. 5-4.  
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Figure 5-3 Two-dimensional plane stress FE model of C(T) specimen 

 

Figure 5-4 Convergence trend for C(T) specimen (Δa is mesh size around the crack tip) 

For ease of comparison, the stress intensity factors were normalized with respect to their 

values for 1/Δa = 8. The convergence is quite sufficient at 1/Δa = 4 for a = 17 mm and 56 

mm, which are the shortest and the longest crack lengths in the testing range. Thus, 1/Δa = 4, 

which is mesh size of 0.25 × 0.25 mm2, is sufficiently small for all other crack lengths. 
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5.2.4 Numerical results 

The FE model has been run for several crack lengths and the numerical results are compared 

with the solution by the closed form expression in (ASTM Standard E647, 2011), as shown in 

Fig. 5-5. For ease of comparison, the stress intensity factors were normalized with respect to 

their values by the closed form solution. The difference between FE outputs and the closed 

form solution are less than 0.5%. The closed form solution is presented here for ease of check: 

𝐾𝐾 =
𝑃𝑃

𝐵𝐵√𝑊𝑊
 

(2 + 𝛼𝛼)

(1 − 𝛼𝛼)
3
2

(0.886 + 4.64𝛼𝛼 − 13.32𝛼𝛼2 + 14.72𝛼𝛼3 − 5.6𝛼𝛼4) 
 

5-5 

where α = a/W, P is the pin load, B the specimen thickness, and W the specimen width 

measured from the pin holes centre line. 

 

Figure 5-5 Comparison of the crack tip stress intensity factors: FEA vs. closed form solution 

5.2.5 FE model of short C(T) specimen 

During the machining of C(T) specimens, one specimen had different dimension. The actually 

length of 84.5 mm should be 87.5 mm, as shown in Fig. 5-6. The stress intensity factors in 

this short specimen were calculated by FE method. In the FE model for short C(T) specimen, 

all aspects were the same as the previous two-dimensional FE model for standard sized C(T) 

specimen, except the dimension. The FE model for short C(T) was run for several crack 

lengths and the outputs were fitted to Eq. 5-6: 
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𝐾𝐾 =
𝑃𝑃

𝐵𝐵√𝑊𝑊
 

(2 + 𝛼𝛼)

(1 − 𝛼𝛼)
3
2

(0.886 + 4.64𝛼𝛼 − 13.32𝛼𝛼2 + 14.72𝛼𝛼3 − 5.6𝛼𝛼4) 
5-6 

where α = (70/66.5)a/W, P is the pin load, B the specimen thickness, and W the width for 

standard sized specimen. In this case, the pin load was P = 5.4 kN over a thickness of 7.1 mm, 

and the standard width was W = 70 mm. At the same time, the output are compared with the 

solution for standard sized C(T) specimen, Eq.5-5, as shown in Fig. 5-7. The maximum 

difference, (Kshort,FEA − Kstandard,Eq)/Kstandard,Eq, is 14% at a = 42.6 mm. 

 

Figure 5-6 Geometry of the short C(T) specimen (unit: mm) 

 

Figure 5-7 Comparison of stress intensity factors for short C(T) specimen 

87.5

84

70

19
.2

5

?
7.5

3 14

60?

1.25W 

W 

a 

W = 67 (Standard W = 70) 
 
1.25W = 84.5 
(Standard 1.25W = 87.5) 

0

10

20

30

40

50

20 25 30 35 40 45

K
(M

Pa
√m

)

a (mm)

Fitted Curve

FE analysis

Standard Equation

P = 5.4 kN 
B = 7.1 mm 
W = 67 mm for FEA 
W = 70 mm for Eq. 

Difference 14% 



Chapter 5                                                                                                                           Stress intensity factor 

111 

5.3 Influence of anisotropic Young's modulus 

The anisotropic Young's modulus in WAAM made Ti-6Al-4V was assumed as an orthotropic 

problem in this project, i.e. torch movement direction is 1-axis and transvers direction is 2-

axis. Tada et al. (2000 p. 514) investigated the stresses at the crack tip in orthotropic material, 

and gave equation below for the effective Young's modulus: 

𝐸𝐸eff  =  
�2𝐸𝐸1𝐸𝐸2

�(𝐸𝐸1 𝐸𝐸2⁄ )1/2 + 𝐸𝐸1 (2𝐺𝐺12)⁄ − 𝜈𝜈12
 

 

5-7 

where Eeff is effective Young's modulus for orthotropic materials, E1 and E2 are the Young's 

modulus in 1- and 2-axis, G12 is the shear modulus, and ν12 is the Poisson's ratio. The 

coordinate system for Eq. 5-7 is shown in Fig. 5-8. 

 
Figure 5-8 Coordinate system for Eq. 5-7. 

The crack tip stress intensity factor in orthotropic material is related to G as: 

𝐾𝐾 = [
𝐸𝐸eff𝐺𝐺

1 − (𝛼𝛼𝑘𝑘𝜐𝜐)2
]1/2 5-8 

where 𝛼𝛼𝑘𝑘 = 0 for plane stress and 1 for plane strain, G is the strain energy release rate, ν is the 

Poisson's ratio. 

5.3.1 FE model of C(T) specimen with orthotropic Young's modulus 

In the FE model, the orthotropic Young's modulus was inputted by using the “lamina” 

material type in ABAQUS. The geometry, boundary conditions, pin loading, elements type 

and mesh size were the same as two-dimensional FE model of C(T) specimen in Fig. 5-3. 

5.3.2 Numerical results for two cases of orthotropic Young's modulus 

The measured Young's modulus are summarized in Table 5-1 and the Young's modulus used in 

FE analysis are also shown in the same table. The specimens for measuring Young's modulus 

1 
Crack 

2 
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were extracted from Wall-T145 sample (Lorant, 2010 p. 79). As the heat input parameters for 

Wall-T145 was the same as that for Wall-Bi120 (Section 3.2) from which the C(T) specimens 

were extracted, these values can represent Young's modulus in WAAM made Ti-6Al-4V 

which was used in this research. When using the measured Young's modulus, two extreme 

conditions, E22/E11 = 1.10 and 0.94, were obtained for AL type C(T) specimen. The numerical 

results of the crack tip stress intensity factors are shown in Fig. 5-9. For ease of comparison, 

the stress intensity factors are normalized with respect to their values by closed form solution 

for isotropic material, Eq. 5-5. In these two extreme conditions, the difference in crack tip 

stress intensity factors is about ±1% over a range from a = 17 mm to 56 mm. It can be seen 

that anisotropic Young's modulus has much less influence on stress intensity factors of pure 

WAAM made Ti-6Al-4V C(T) specimen. 

Table 5-1 Measured Young's modulus for WAAM Ti-6-4 (Lorant, 2010 p.79) and values in FE model 

 Measured Used in FE model  

  E22/E11=0.94 E22/E11=1.10 

E11, troch movement 
direction (GPa) 

123, 124 124 124 

E22,  transverse 
direction (GPa) 

117, 136 117 136 

ν – 0.342 0.342 

G (GPa) – 42.7 42.7 

 
Figure 5-9 Influence of orthotropic Young's modulus in C(T) specimen on the crack tip stress 
intensity factors 
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5.4 Influence of bi-material Young's modulus 

It is worth note that Young's modulus in WAAM Ti-6Al-4V is higher than that in Ti-6Al-4V 

of wrought products. In this section the high orthotropic Young's modulus in WAAM Ti-6Al-

4V and normal isotropic Young's modulus in wrought Ti-6Al-4V were applied to the same FE 

model. 

5.4.1 FE model of C(T) specimen with bi-material Young's modulus 

Like the previous FE model, the orthotropic Young's modulus was inputted by using the 

“lamina” material type in ABAQUS. The geometry, boundary conditions, pin loading, 

elements type and mesh size were the same as two-dimensional FE model of C(T) specimen 

in Fig. 5-3. The interface between the two different Young's moduli is the interface of two 

different microstructure, which locates at a = 26 mm for the type A specimen and a = 34 mm 

for type C specimen. 

5.4.2 Numerical results for two cases of crack growth directions 

The used orthotropic Young's moduli in FE model have been summarized in Table 5-1. The 

used isotropic Young's modulus is 113.8 GPa and Poisson's ratio is 0.342. The numerical 

results of the crack tip stress intensity factors for one extreme condition, E22/E11 = 0.94, are 

shown in Fig. 5-10. For ease of comparison, the stress intensity factors are normalized with 

respect to their values by closed form solution for isotropic material, Eq. 5-5.  

It can be seen that an increase of crack tip stress intensity factors exists for the type C 

specimen when crack tip approaches the interface, whereas a decrease exists for the type A. 

The maximum increase is less than 5% and the maximum decrease is also less than 5%. At the 

same time, such influence becomes weaker when the crack tip is 5 mm far away from the 

interface. Once the crack tips have gone through the interface, there is no influence. 

The reason for this is that the higher Young's modulus part bears more loads than the lower 

Young's modulus part in a bi-material uncracked ligament. For the type C specimen, the crack 

initiates from the WAAM Ti-6Al-4V with higher Young's modulus. When crack tip 

approaching the bi-material interface, the higher Young's modulus WAAM Ti-6Al-4V bears 
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more loads and hence shows an increase in the crack tip stress intensity factor. 

 
Figure 5-10 Influence of bi-material Young's modulus on the crack tip stress intensity factors, 
for Type A and C specimens, using the microstructure interface. 

5.5 Influence of yield strength on LEFM applicability 

The purpose of this work was to check the requirement of small scale yielding in LEFM. The 

WAAM made Ti-6Al-4V not only has anisotropic Young's modulus but also different yield 

strength from its wrought substrate. The change of yield strength results in different size of 

the plastic zone at the crack tip. In this section, the size of plastic zone was calculated by FE 

analysis and analytical approach. It is found that the plastic zone is small and the specimens 

are  of sufficient planar size to remain predominantly elastic condition during testing. 

5.5.1 FE Model of C(T) specimen with fine mesh at crack tip 

A two-dimensional plane strain FE model of C(T) specimen was constructed to simulate the 

size of plastic zone at the crack tip. The geometry of C(T) specimen is the same as that in Fig. 

3-11. Like previous two-dimensional FE model of C(T) specimen in Section 5.2.3, half of the 

specimen was constructed, boundary conditions was applied to represent both the crack and 

the symmetry line, and pin load was applied as uniform radial stress. But, two-dimensional 

plane strain elements (second order element designated as CPE8 in ABAQUS) were used to 

mesh the structure. Although the overall stresses in C(T) specimen is the plane stress 

situation, the stress status in the crack tip plastic zone is different. The stresses near the crack 

tip are higher than the surrounding material and the material near the crack tip tries to 
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contract. But the surrounding material prevent it from doing so. Such constraint causes a 

triaxial state of stress near the crack tip. The plane train status is better for describing this 

triaxial state of stress than the plane stress assumption. The element size was 1.25 μm × 1.25 

μm at crack tip, as shown in Fig. 5-11. Isotropic Young's modulus of 113.8 GPa and Poisson's 

ratio of 0.342 were used for material properties, as anisotropic Young's modulus does not 

make significant difference (Section 5.3). Perfect plasticity was used for modelling the plastic 

behaviour. Two extreme values of yield strength were used in FE model as summarized in 

Table 5-2. Nonlinear static load analysis procedure was performed. 

 

Figure 5-11 Two-dimensional FE model of C(T) specimen with fine mesh at the crack tip 

Table 5-2 Yield strength in WAAM Ti-6-4 (Lorant, 2010 p.79) and values used in FE (unit: MPa) 

Ti-6Al-4V, σYS  Measured In FE model 

WAAM, across layer 800, 820 Isotropic 800 

WAAM,  parallel layer 835, 845  

Wrought - 860 

Symmetry line 

Crack surface 
Element size (unit: mm) 
Zone A: 1×1, Zone B: 0.5×0.5, Zone C: 0.25×0.25,  
Zone D: 1.25E-3×1.25E-3 

Zone A Zone A 

Zone B 

Zone C 

Plane strain elements, CPE8 

a=24mm 

Zone D 
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5.5.2 Plastic zone size at the crack tip 

Given P = 5 kN, B = 6 mm, and a = 24 mm, the stress intensity factor at the crack tip is K = 

19.77 MPa√m. The load, 5 kN, is the maximum fatigue load in the FCGR tests for C(T) 

specimens extracted from Wall-Bi120. When yield strength of σYS =800 MPa and 860 MPa 

were used, the size of plastic zone at the crack tip by elastic-plastic FE analysis were 0.016 

mm and 0.014 mm, respectively, as shown in Fig. 5-12. To give a good illustration, the 

contour maps of half FE model are displayed in mirror style. 
 

 

Figure 5-12 Plastic zone size calculated by elastic-plastic FE analysis, K = 19.77 MPa√m 

The analytical approach for the size of plastic zone is related (Anderson, 2012 p.62): 

𝑟𝑟p =
1
𝑛𝑛𝜋𝜋

�
𝐾𝐾I
𝜎𝜎YS

�
2

 
5-9 

where rp is the distance from the crack tip to the plastic zone boundary along crack plane, n is 

plastic constraint factor, σYS is the yield strength and KI is Mode I stress intensity factor. In 
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reality, n = 2.3–5, to account for the finite thickness effect between the plane stress and plane 

strain conditions. 

Given KI = 19.77 MPa√m, n = 5, σYS = 800 MPa and 860 MPa, it yields: 

𝑟𝑟p = 1
5𝜋𝜋
� 𝐾𝐾I
𝜎𝜎YS
�
2

= 1
5𝜋𝜋
�19.77
800

�
2
= 0.039 mm 

and, 𝑟𝑟p = 1
5𝜋𝜋
� 𝐾𝐾I
𝜎𝜎YS
�
2

= 1
5𝜋𝜋
�19.77
860

�
2
= 0.034 mm 

Comparing the plastic zone size from FE analysis, the difference is (0.016 − 0.014)/0.014 = 

14%. Comparing the plastic zone size from analytical approach, the difference is (0.039 − 

0.034)/0.034 = 15%. By two methods, the difference of yield strength has no much influence 

on the plastic zone size. 

When comparing the results from FE analysis and analytical approach, it is noted that the 

difference between two methods is significant: (0.039 − 0.016)/0.016=140%. The reason for 

this is that the plastic constraint factor n is determined from an empirical rule, so the used 

analytical equation is actually an empirical equation. However, in the FE analysis employing 

the plane strain elements implies a very large thickness of specimen hence underestimates the 

plastic zone size in front of the crack tip. 

The requirement of predominantly elastic condition in FCGR test standard (ASTM Standard 

E647, 2011) is: 

(𝑊𝑊− 𝑑𝑑) ≥
4
𝜋𝜋
�
𝐾𝐾max
𝜎𝜎YS

�
2

 
5-10 

where a is the distance from center line of applied load to crack tip, W-a is the uncracked 

ligament. In extreme case, where a = 50 mm and Kmax  = 73.4 MPa√m, under Pmax  = 5 kN, we 

find: 

4
𝜋𝜋
�𝐾𝐾max
𝜎𝜎YS

�
2

= 4
𝜋𝜋
�73.4
800

�
2

= 10.7 mm   

It is less than W-a (20 mm). So, the specimens are of sufficient planar size to remain 

predominantly elastic condition during testing. 
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It is noted that Eq. 5-10 is a requirement of predominantly elastic condition rather than an 

estimation of plastic zone size. The plastic zone size by both FE analysis and Eq. 5-9 is 

sufficiently small that the plastic zone is embedded within an elastic singularity zone. So, the 

crack-tip stress conditions can still be characterized by the stress intensity factors, Kmin and 

Kmax. In this experimental condition, plastic zone size is sufficiently small and its influence 

has been included in the Kmin and Kmax   (Anderson, 2012 p.452). However, larger plastic zone 

will give rise to more plasticity induced crack closure, and the crack growth rate will reduced. 

5.6 Stress intensity factors due to residual stress 

The crack tip stress intensity factor due to residual stress, Kres, was evaluated based on the 

superposition principle proposed by Parker (1982):  

𝐾𝐾res = 𝐾𝐾tot − 𝐾𝐾app 5-11 

where Kres is the stress intensity factor due to residual stress, Ktot is the total value of stress 

intensity factor by applied load and residual stress, and Kapp is the stress intensity factor by 

applied load. The superposition principle states that the crack tip stress intensity factor due to 

two or more loads acting together is equal to the sum of the stress intensity factors due to each 

load acting separately. 

5.6.1 FE model of Type A and C specimen and numerical results 

Two-dimensional plane stress FE model of C(T) specimen was used to simulate the stress 

intensity factors in the type A and C specimens, since both specimen geometry and residual 

stress fields are symmetrical in these two types. The geometry of FE model, element type, 

CPS8, and element size were the same as FE model of C(T) specimen in Fig. 5-3. The pin 

loading and the material properties were also the same as the FE model in Section 5.2.3. 

Residual stress field was applied to the FE model by inputting directly the residual stress 

field, as shown in Fig. 5-13. This method has been tested and described in Section 4.4. 
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Figure 5-13 Positions of specimens in Wall-Bi120 and corresponding positions of FE modells in 
residual stress field, type A and C 

The crack tip stress intensity factors due to residual stress for type A and C are shown in Fig. 

5-14. It is noted that Kres in the type C specimen is much higher than that in the type A 

specimen. The maximum value of Kres in the type C is higher than the maximum Kres in the 

type A by 10 MPa√m. In the type A specimen, even negative Kres appears at the beginning of 

the crack growth. The reason for this is that retained residual stresses in the type A specimen, 

see Fig. 4-10 are lower than that in the type C, see Fig. 4-11. The reason for the difference 

between retained residual stresses has been explained in Section 4.3. 
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Figure 5-14 Mode I stress intensity factors due to residual stress in type A and C specimens 

5.6.2 FE model of type B, D and E specimens and numerical results 

Two-dimensional plane stress FE model of C(T) specimen was constructed to simulate the 

stress intensity factors in the type B, D and E specimens. Although the specimen geometry is 

symmetrical, the residual stress field is not symmetrical in these specimens. Therefore, the FE 

model cannot use symmetrical lines, and the cracks cannot be modelled as free boundary 

condition. In this FE model, the crack was created by using “seam” on which ABAQUS 

software put duplicate nodes. Then, those duplicate nodes were bonded together by applying 

surface-to-surface “contact” interactions. The contact interaction property in normal 

behaviour was “hard contact” with “no separation”, which meant neither penetration nor 

separation were allowed. In tangential behaviour, the contact interaction property was 

“rough”, which meant no relative sliding motion between two contacting surfaces was 

allowed. Such contact interactions were applied twice, i.e. in the first contact interaction, one 

crack surface was defined as “master” surface and the opposite crack surface was defined as 

“slave” surface, and then, in the second contact interaction, the previous “master” surface was 

defined as “slave” surface and the previous “slave” surface was defined as “master” surface. 

Different crack lengths were obtained by releasing the contact interactions segment by 
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segment along the crack paths. The boundary condition just prevented rigid body movement 

of the FE model, see Fig. 5-15. 

The other aspects of this FE model were the same as the two-dimensional FE model of C(T) 

specimen described in Section 5.2.3, i.e. the geometry of FE model, element type, element 

size, pin loading, material properties and analysis procedure. The FE model is shown in Fig. 

5-15. 

 

Figure 5-15 Two-dimensional FE model of C(T) specimen with seam crack 

Residual stress field was applied to the FE model by directly inputting the corresponding 

residual stress value, as shown in Fig. 5-16. 

The crack tip stress intensity factors due to residual stress for Type B, D and E are shown in 

Fig. 5-17. There are both Mode I and Mode II stress intensity factors specimens. All Kres were 

obtained by subtracting  Kapp from Ktot. 
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Figure 5-16 Positions of FE modells in residual stress field, Type B, D and E specimen 
 

 

Figure 5-17 Mode I and Mode II stress intensity factors due to residual stress in Type B, D and 
E specimens 

5.6.3 Numerical results for pure WAAM specimen (AL) 

Two-dimensional plane stress FE model of C(T) specimen described in Section 5.6.2 was 

used to calculate the stress intensity factors in pure WAAM specimen. For crack across layers 

type, AL, residual stress field was applied to the FE model by directly inputting the residual 

stress field, as shown in Fig. 5-18. The crack tip stress intensity factors due to residual stress 

for AL specimen are shown in Fig. 6-16. The stress intensity factors, Kres, were obtained by 

subtracting  Kapp from Ktot . 
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Figure 5-18 Position of FE model in residual stress field, AL specimen 

 

 

Figure 5-19 Mode I stress intensity factors due to residual stress in AL specimen 

 

5.6.4 Numerical results for PL specimen 

Two-dimensional plane stress FE model of C(T) specimen described in Section 5.6.2 was 

used to simulate the stress intensity factors in the type PL specimens. Residual stress field was 

applied to the FE model by directly inputting the corresponding residual stress value, as 

shown in Fig. 5-20. The crack tip stress intensity factors due to residual stress for type PL 

specimens are shown in Fig. 5-21. There are both Mode I and Mode II stress intensity factors 

in the type PL specimens. The stress intensity factors , Kres, were obtained by subtracting  

Kapp from Ktot . 
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Figure 5-20 Positions of FE model in residual stress field, type PL specimens 

 

 

Figure 5-21 Mode I and Mode II stress intensity factors due to residual stress in type PL 
specimens 
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Chapter 6 Prediction of Fatigue Crack Growth Life 

6.1 Introduction 

Fatigue crack growth life was predicted based on the theory of the Linear Elastic Fracture 

Mechanics (LEFM). After obtaining the stress intensity factors owing to the applied load and 

residual stresses (Chapter 5), two empirical laws were employed to calculate the fatigue crack 

growth rate (FCGR); they are the Harter T-method and the modified Paris equation. Residual 

stress has been recognized as a more influential factor than microstructure on FCGR in 

welded aluminium joints (Bussu and Irving, 2003). For Ti-6Al-4V, when the effect of residual 

stress was included, predicted FCGR was in reasonably good agreement with experimental 

results for friction stir weld (Pasta et al., 2006). Previous analysis in Chapter 5 has shown that 

anisotropic Young's modulus has negligible influence on the stress intensity factors. 

Difference in Young's modulus only has an influence of less than 5% on FCGR near the 

interface. However, the WAAM Ti-6Al-4V has significant different FCGR from that in 

wrought Ti-6Al-4V. Thus, the strategy of predicting fatigue crack growth life in WAAM-

substrate specimen is to includ the influence of residual stress on stress intensity factors, but 

neglects the influence of anisotropic Young's modulus (in WAAM material) and bi-material 

Young's modulus (between WAAM and wrought material). The effect of microstructure on 

FCGR in wrought Ti-6Al-4V and WAAM Ti-6Al-4V was taken into account by using the 

corresponding FCGR in specific material. The strategy of such prediction is shown in Fig. 

1-4. Fatigue crack growth life has been predicted for the Type A and C specimens, and 

compared with experimental test results of C(T) specimens. Prediction of fatigue crack 

trajectory in the B, D, E specimens has also been attempted, but the agreement with test 

measurement was very poor. Reasons for this are explained. 

6.2 Fatigue crack growth rate model 

Typically, FCGR data can be described as a functional relationship in the following form: 

d𝑎𝑎
d𝑁𝑁

= 𝑓𝑓(∆𝐾𝐾,𝑅𝑅,𝐶𝐶,𝑛𝑛)  6-1 
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where da/dN is crack growth per cycle, ΔK is Kmax − Kmin, R is Kmin/Kmax, C and n are 

material constants that are determined experimentally. The influence of the plastic zone and 

plastic wake on FCGR is implicit in Eq. 6-1, since the size of the plastic zone depends only on 

Kmin and Kmax (Anderson, 2012 p.452). 

To calculate the influence of residual stress on FCGR, the superposition method proposed by 

Parker (1982) is adopted, which is based on the LEFM principle. The key equations are: 

∆𝐾𝐾eff = (𝐾𝐾app,max + 𝐾𝐾res) − (𝐾𝐾app,min + 𝐾𝐾res) = ∆𝐾𝐾app 6-2 

𝑅𝑅eff =
𝐾𝐾app,min + 𝐾𝐾res
𝐾𝐾app,max + 𝐾𝐾res

 
6-3 

where ΔKeff is the “effective” stress intensity factor range considering both the applied load 

and residual stress field, Kres is the stress intensity factor due to residual stress, Kapp,max, 

Kapp,min and ΔKapp are the maximum, minimum and range of stress intensity factor by applied 

load, Reff is effective stress intensity factor ratio. 

Based on this superposition method, residual stress effect is accounted for by the term called 

the “effective stress intensity factor ratio”, Reff, which replaces the R ratio known as the stress 

ratio or load ratio in the classical da/dN vs. ΔK functional relationship. To accomplish the 

calculation of FCGR at various Reff, two methods can be used: the interpolation method and 

empirical models. Interpolation method needs a collection of FCGR curves in a range of 

various R ratios covering the range of various Reff. FCGR at any Reff ratio can then be 

calculated by interpolating the FCGR values between two adjacent R ratios. The empirical 

model method, uses material constants to account for the R ratio effect. By using material 

constants from similar titanium alloy, the empirical model for WAAM made Ti-6Al-4V can be 

constructed. 

6.2.1 Selection of FCGR model 

Many descriptions for the f have been proposed. Most of the descriptions were either based on 

physical models of the crack growth process or on equations that describe the trends in the 

data.  
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The Paris law is the most successful and popular model for describing FCGR in the central 

region for specific values of stress ratio (Anderson, 2012 p.453). The Paris law is given by the 

general from: 

d𝑎𝑎
d𝑁𝑁

= 𝐶𝐶∆𝐾𝐾𝑛𝑛  6-4 

where da/dN is crack growth rate, ΔK is Kmax − Kmin, C and n are material constants that are 

determined experimentally. 

To use the Paris law to accurately model the material fatigue crack growth behaviour, several 

R values (positive and negative, are required to cover the entire range of R values in the 

analysis) for da/dN vs. ΔK plots must be available. However, only one R ratio (R = 0.1) for 

da/dN vs. ΔK plot of WAAM Ti-6Al-4V was available in this PhD work, so, the Paris law 

cannot be used. 

The Walker equation provided the first simple equations that accounted for the stress ratio 

shift (Anderson, 2012 p.486). The Walker equation is given by the general from: 

d𝑎𝑎
d𝑁𝑁

= 𝐶𝐶 � ∆𝐾𝐾
(1−𝑅𝑅)𝑛𝑛�

𝑚𝑚
  6-5 

where da/dN is crack growth per cycle, ΔK is Kmax − Kmin, R is Kmin/Kmax C, m and n are 

material constants that are determined experimentally. It is noted the numerical values of C 

and n are different from the values in Paris law. The Harter T-method is an adaptation of the 

Walker equation taken on a point-by-point basis. In this PhD work, the Harter T-method will 

be used. 

The “crack closure” phenomenon is now recognized as one of the most influential 

mechanisms during fatigue crack growth. It has become the default interpretation of stress 

ratio effects and has been used on many fatigue life prediction models (Anderson, 2012 

p.458).  

When considering the “crack closure” phenomenon, Kop, the stress intensity factor at which 

the crack re-opens, can be used to account for the R ratio effect. A number of investigators 

have attempted to correlate Kop to R ratio, but with limited success (Anderson, 2012 p.463). 
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No crack closure was observed for stress ratio R greater than 0.3 in Ti-6Al-4V(Shih and Wei, 

1973). However, when R ratio is greater than 0.3, crack growth rate still be influenced by R 

ratio. Shih and Wei suggested that crack closure cannot fully account for the effect of R ratio 

on crack growth. Katcher and Kaplan (1974) studied FCGR under R = 0.08, 0.30, 0.50, 0.7, 

0.8  and noticed that the FCGR increased 2–3 times as the R ratio from 0.08 to 0.30, and again 

increased 1.5–2 times as R ratio from 0.30 to 0.50. When R ratio increased from 0.7 to 0.8, no 

further increase in FCGR was noted. In this PhD work, descriptions based on “crack closure” 

physical model for Ti-6Al-4V in recrystallization annealed (RA) condition by Katcher and 

Kaplan (1974) will be used. 

6.2.2 Harter T-method 

The AFGROW software provides the material constants of Harter T-method for Ti-6Al-4V 

plate in MA condition. This material is the same as the substrate material used in this thesis 

with respect to the alloy designation, product form and heat treatment condition. 

6.2.2.1 Material Constants 

The Harter T-method has two sets of material constants: one set includes da/dN vs. ΔK 

relationship for R = 0, another set includes corresponding m which are material constants that 

control the influence of the R ratio, as shown in Fig. 6-1. 
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Figure 6-1 Experimental da/dN vs. ΔK data and AFGROW m for calculating fatigue crack 
growth rate for various R ratio (some m are omitted for clarity) 

In Fig. 6-1, the material constants of the Harter T-method are described by using plots da/dN 

vs. ΔK on double logarithmic scale graph. The material constant, m, is noted beside each 

da/dN vs. ΔK point. Some m are omitted for clarity. The experimental FCGR data are also 

described and they are a logarithmic average from several specimens. At the same time, a 

prediction of da/dN vs. ΔK for R = 0.5 by the Harter T-method is shown. 

In this study, only material constants of m in AFGROW were adopted to account for the 

influence of “effective stress intensity factor ratio”, Reff. These m values were combined with 

da/dN vs. ΔK relationship for R = 0.1, which was from experimental tests conducted using 

WAAM Ti-6Al-4V and the same Ti-6Al-4V plate of the substrate. The reason for doing this is 

to try as much as possible to make sure data are from the same materials as Wall-Bi120. 

6.2.2.2 Combining m values with experimental FCGR Dataset 

The m parameters in the Harter T-method FCGR dataset are point to point, and any points for 

different R ratio share the same m parameter if these points have the same da/dN value. As the 

points in experimental FCGR dataset are not identical to the points in AFGROW’s FCGR 
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dataset, the experimental FCGR dataset must be interpolated to obtain the points that have the 

same da/dN values as the FCGR points provided by AFGROW. Such interpolation is done by 

using logarithmic interpolation. At the end of each FCGR curve, logarithmic extrapolation is 

used. The experimental FCGR dataset and the logarithmic interpolated and extrapolated 

FCGR dataset are shown in Figure 6-2. 

The logarithmic interpolation can be expressed as: 

(lg∆𝐾𝐾)int =
(lg∆𝐾𝐾)1 − (lg∆𝐾𝐾)2

(lg d𝑑𝑑
d𝑁𝑁)1 − (lg d𝑑𝑑

d𝑁𝑁)2
�lg (

d𝑑𝑑
d𝑁𝑁

)int − (lg
d𝑑𝑑
d𝑁𝑁

)2� + (lg
d𝑑𝑑
d𝑁𝑁

)2 
6-6 

where int represents da/dN vs. ΔK point by interpolation, 1 and 2 represent the neighbouring 

da/dN vs. ΔK points. 

 

Figure 6-2 Combined dataset including m and da/dN vs. ΔK for R = 0.1 for the substrate and 
WAAM made Ti-6Al-4V 
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have the same alloy designation, it is reasonable that such assumption will not have 

significant error. Therefore, the parameters of wrought Ti-6Al-4V are used in this study to 

calculate the FCGR for both the substrate and WAAM Ti-6Al-4V. 

6.2.2.3 Calculation procedure 

The standard calculating procedure has been described in AFGROW technical manual 

(Harter, 2008) which obtain da/dN for any desired R value from da/dN vs. ΔK data for R = 0 

value. However, the data in standard procedure for calculating are starting from R = 0 instead 

of 0.1 value. So, it is necessary to describe calculation procedure used in this thesis. 

The calculation procedure has three steps, as shown in Fig. 6-3. 

Step 1: A given ΔK value has two nearest ΔK1 values in the interpolated experimental FCGR 

dataset, i.e. ΔK1,Low and ΔK1,High. The ΔK1 is da/dN vs. ΔK dataset for R1, and ΔK2 for R2. 

The corresponding da/dNLow and da/dNHigh can be searched for in the interpolated 

experimental FCGR dataset, and then mLow, mHigh can be searched for according to da/dN 

values.  

Step 2: At each point, ΔK2 is given by the following relationship (Harter, 2008) 

ΔK2(1-R2)m-1 = ΔK1(1-R1)m-1 6-7 

where R value for the known experimental FCGR dataset (R1 = 0.1 for experiments in this 

PhD work) is noted as R1, and the desired R value is noted as R2.  

By calculating the two ΔK2 values, which are ΔK2,Low and ΔK2,High, the relationship of da/dN 

vs. ΔK for the desired R2 between ΔK2,Low and ΔK2,High has been built. 

Step 3: Check if the given ΔK value is between ΔK2,Low and ΔK2,High: if so, just do a 

logarithmic interpolation in the established da/dN vs. ΔK curve and obtain corresponding  

da/dN for R2. If not, just select the next nearest point to repeat the calculation procedure. The 

reason for this is to keep the given ΔK value is between ΔK2,Low and ΔK2,High. 
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Figure 6-3 Harter T-method calculation procedure 

6.2.3 Modified Paris equation 

When considering the “crack closure” phenomenon, the driving parameter for crack growth is 

the “effective crack tip stress intensity factor range” ΔKeff (Elber, 1970). It is a function of 

Kop, the stress intensity factor at which the crack re-opens. The ΔKeff is defined as 

∆𝐾𝐾eff = 𝐾𝐾max − 𝐾𝐾op  6-8 

The physical meaning of this equation is that the portion of the cycle that is below Kop does 

not contribute to fatigue crack growth. 

An effective stress intensity factor range ratio is also defined as 

𝑈𝑈 = ∆𝐾𝐾eff
∆𝐾𝐾

  6-9 

Modified Paris equation for FCGR proposed by Elber (1970) has a from 

d𝑑𝑑
d𝑁𝑁

= 𝐶𝐶(∆𝐾𝐾eff)𝑛𝑛 
6-10 

where C and n are material constants. The numerical values of C and n are different from the 

values in Paris law. If the C and n in the Paris law were obtained from a no-crack-closure 

condition, the numerical values in the modified Paris equation and the Pars law can be the 
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same. These C and n can be obtained from experiments with any R ratio. 

In this thesis, empirical modified Paris equation for recrystallization annealed (RA) Ti-6Al-

4V by  Katcher and Kaplan (1974) is used 

d𝑎𝑎
d𝑁𝑁

= 𝐶𝐶�𝑈𝑈∆𝐾𝐾app�
𝑛𝑛

  6-11 

where C and n are material constants that are determined experimentally, and for the range of  

0.08<R<0.35, the U is 0.73+0.82R (Katcher and Kaplan, 1974). It can be seen later, the 

maximum Reff is 0.35 and the minimum Reff is 0.04 for Type A and C. However, the overall 

range of Reff are within the limits. 

For measured da/dN vs. ΔK dataset in this PhD project, applied load ratio is 0.1, and 

parameters C and n were obtained by curve fitting. Fit the experimental lg(da/dN) vs. lg(ΔK) 

dataset to a straight line 

lg �
d𝑑𝑑
d𝑁𝑁

� = 𝐴𝐴 + 𝐵𝐵lg(∆𝐾𝐾) 
6-12 

where A and B are curve fitting coefficients. 

Then rewrite Eq. 6-11 

lg �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑁𝑁

� = lg𝐶𝐶 + 𝑛𝑛lg𝑈𝑈 + 𝑛𝑛lg∆𝐾𝐾 
6-13 

Combining Eq. 6-12 and6-13, parameters C and n are given by  

n = B 6-14 

𝐶𝐶 = 10(𝐴𝐴−𝑛𝑛lg𝑈𝑈)  6-15 

U = 0.73+0.82R=0.73+0.82×0.1=0.812 6-16 

After having C and n, the fitted modified Paris equation for WAAM made Ti-6Al-4V and Ti-

6Al-4V in wrought products are 

d𝑎𝑎
d𝑁𝑁

= 4.345 × 10−11[(0.73 + 0.82𝑅𝑅)∆𝐾𝐾]2.998 for WAAM made Ti-6Al-4V 6-17 
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d𝑎𝑎
d𝑁𝑁

= 4.682 × 10−12[(0.73 + 0.82𝑅𝑅)∆𝐾𝐾]3.819 for wrought products 6-18 

The fitted modified Paris equations are compared with experimental data in Fig. 6-4. When 

calculating the FCGR with the influence of residual stress, applied load ratio, R, should be 

replaced by Reff . 

The assumption made is that the difference in the R ratio shift, which is a part of the influence 

of microstructure on FCGR, among Ti-6Al-4V in RA and MA condition as well as in WAAM 

made Ti-6Al-4V can be ignored. As all materials have the same alloy designation, it is 

reasonable that such assumption will not have significant error. 

 

  

Figure 6-4 Fitted modified Paris equation and experimental da/dN vs. ΔK for R = 0.1 for 
WAAM made Ti-6Al-4V and Ti-6Al-4V of wrought products 

 

6.3 Fatigue crack growth life in the Type A and C specimens 

6.3.1 Fatigue crack growth rates and predicted life 
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geometrical WAAM-substrate interface positions of the Type A and C specimens are shown in 

Fig. 6-5. From the loading and geometry parameters, as shown in Table 3-5, the maximum 

applied stress intensity factors, Kapp,max were calculated by using Eq. 5-5, and are plotted as a 

function of crack length, a, which is defined as the distance from center line of loading holes 

to the crack tip, as shown in Fig. 6-6. This definition is in accordance with the ASTM 

standard E647. The stress intensity factors due to residual stress are also plotted in Fig. 6-6, 

which are the numerical results presented in Fig. 5-14. 

 

Figure 6-5 Positions of the WAAM-substrate interfaces in the C(T) specimens, Type A and C 

 
Figure 6-6 Stress intensity factors, Kapp,max and Kres, in the C(T) specimens, Type A and C 
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The minimum applied stress intensity factors were calculated from the maximum value and R 

ratio of 0.1, Kapp,min = 0.1 × Kapp,max. Using the superposition method, Eq. 6-3, the “effective 

stress intensity factor ratio”, Reff, were calculated and are plotted as a function of a, as shown 

in Fig. 6-7. 

 

Figure 6-7 Effective stress intensity factor ratios for the C(T) specimens, Type A and C 

It is noted that the maximum value of Reff in the Type C specimen is about 0.35, and Type A is 

less than 0.15. Furthermore, Reff are in the range 0.04 < Reff < 0.35, which is nearly the range 

for the modified Paris equation, 0.08 < R < 0.35. However, the range 0.04 < Reff < 0.08 is 

located before a = 20 mm. By starting the crack tip at 20 mm, the range of Reff can be strictly 

kept in 0.08 < Reff < 0.35. The Harter T-method is not influenced by this Reff range. 

The relationship of da/dN vs. a was calculated by both the Harter T-method and the modified 

Paris equation, and are compared with experiments results, see Fig. 6-8 for the Type A and 

Fig. 6-10 for type C. The calculation methods of da/dN for various Reff have been described in 

Section 6.2.2 and 6.2.3. The calculations were performed by Excel software. 
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𝑁𝑁𝑖𝑖 = 𝑁𝑁𝑖𝑖−1 + ∆𝑁𝑁𝑖𝑖  6-19 

where ∆𝑁𝑁𝑖𝑖 = ∆𝑎𝑎𝑖𝑖
(d𝑎𝑎d𝑁𝑁)𝑖𝑖

 

            ∆𝑑𝑑𝑖𝑖 = 𝑑𝑑𝑖𝑖 − 𝑑𝑑𝑖𝑖−1 

where Ni-1 is the number of cycles at ai-1, ΔNi the number cycles from ai-1 to ai, and (da/dN)i 

is the average FCGR between ai and ai-1. In these calculations, all Δa were selected 1 mm. 

The initial length of a0 was 20 mm for the Type A specimen and 18 mm for the Type C. The 

reason for starting the crack tip at 20 mm for the Type A specimen is to keep the range of Reff 

can be strictly limited within 0.08 < Reff < 0.35. The calculations were performed by Excel 

software. The relationships of a-N are compared in Fig. 6-9 for the Type A and Fig. 6-11 for 

the type C. 

To clearly show the influence of residual stress on FCGR, one calculation that just consider 

the bi-material FCGR but ignore the residual stress were performed and the predicted FCGRs 

and fatigue crack growth life are shown in figures 6-8 to 6-11. It can be seen that ignoring the 

residual stress will result in overestimated fatigue crack growth life. At the same time, the 

Harter T-method provides better predictions than others. 

An abnormal thing is that experimental results for A3 specimen are much larger after a = 40 

mm, as shown in Fig. 6-8. The reason for this is that the crack propagated along the prior-β 

grain boundary. The photos for crack surface of the A3 specimens have been shown in Fig. 

3-14 to provide an evidence of the prior-β grain boundary. It has been mentioned in Section 

2.5.1.1 that gain boundary α phase can provide weak source for crack initiation and 

propagation (Donachie, 2000 p.100). Although further microstructure investigation was not 

done to find the gain boundary α phase, the photos for crack surface show that a part of crack 

face is along the prior-β grain boundary. When part of crack face propagated along the prior-β 

grain boundary, the FCGR increased significantly.  
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Figure 6-8 Comparison of da/dN vs. a in the Type A specimen, between predictions by the 
Harter T-method, the modified Paris equation and that ignoring residual stress and three 
experimental results 

  

Figure 6-9 Comparison of a vs. N curves in the Type A specimen, between predictions by the 
Harter T-method, the modified Paris equation and that ignoring residual stress and three 
experimental results 
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Figure 6-10 Comparison of da/dN vs. a in the Type C specimen, between predictions by the 
Harter T-method, the modified Paris equation and that ignoring residual stress and three 
experimental results 

 
Figure 6-11 Comparison of a-N curves in the Type C specimen, between predictions by the 
Harter T-method, the modified Paris equation and that ignoring residual stress and three 
experimental results 
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there is considerable discrepancy between the predicted FCGRs and the experimental results. 

The reason for this is that the actual retained residual stress in the Type A specimen is larger 

than that expected by FE analysis. In section 4.3, the higher retained residual stresses have 

been noticed and explained by the distance to the end of the Wall-Bi120, as shown in Fig. 4-7. 

Now, the same reason can be used to explain higher actual FCGRs in the Type A specimens. 

The ends of Wall-Bi120 are the positions for starting or stopping each layer and have higher 

residual stress. As the position for the Type A specimen is close to the end of Wall-Bi120, 

higher retained residual stress is expected. Therefore, higher FCGRs appeared in the Type A 

specimens.  

One clear thing in Fig. 6-8 is that the higher predicted da/dN are observed over a distance 

from 26 mm to 30 mm. On the other hand, in Fig. 6-10 which is for Type C, the predicted data 

are also higher than the experimental results over a distance from 30 mm to 34 mm. The 

reason for this is the discrepancy between the geometrical interface position and 

microstructure interface position. 

According to the geometrical position for Wall-Bi120, which is plotted in Fig. 3-13, the 

geometrical interface position for the Type A and Type C specimens are 30 mm far from the 

line of loading centres, see Fig. 6-5. Therefore, during predicting fatigue crack growth life, 

this geometrical interface was adopted as microstructure interface, which means that one side 

of the geometrical interface is WAAM made Ti-6Al-4V and another side is Ti-6Al-4V of 

wrought products. However, Fig. 6-12 which is macrostructure photo of C2 specimen shows 

there is a distance of 4 mm between the geometrical interface and the microstructure interface. 

Such distance give rise to use fatigue crack growth rates data for wrought products to predict 

actual WAAM made Ti-6Al-4V over 4 mm long distance in both the Type A and C specimens. 

So, the predicted FCGRs are higher than the experimental results over this 4 mm distance. 

Furthermore, inaccurate interface position will reduce the predicted fatigue crack growth life 

in both Type A and C specimens. 
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Figure 6-12 Geometrical interface and microstructure interface in C2 specimen 

When comparing the accuracy of predicted FCGRs in WAAM Ti-6Al-4V, it is noted that the 

accuracy of the Type A is better than that of the Type C. For the Type A, the predicted FCGRs 
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prediction in the Type C specimen and the FCGR data range from 22.7 MPa√m to 40 MPa√m 

for the Type A. In this way, the data range used for the Type C has higher Reff than that for the 

Type A, and gives rise to less accuracy. 

This assumption also gave rise to double accounting for the effect of residual stress. The 

increase of da/dN by the residual stress had been accounted for in the measured da/dN vs. ΔK 

data for WAAM made Ti-6Al-4V and then the effect of residual stress was accounted for 

again during prediction by considering R shift effect. This will reduce the predicted fatigue 

crack growth life in both Type A and C specimens. 

 

Figure 6-13 Effective stress intensity factor ratios in C(T) specimen, AL type 
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deviation angle under mixed mode loading condition. 

One of the most used criteria is the maximum tangential stress (MTS) criterion proposed by 

Erdogan and Sih (1963). This criterion states that crack propagates along the radial direction 

on which the tangential stress becomes maximum. Comparison of this criterion with 

experimental results shows that the MTS criterion predicts the angle of crack growth well for 

Aluminium alloys (Plank and Kuhn, 1999). 

Dahlin and Olsson (2002) considered the effect of plasticity on the fatigue crack path 

direction and proposed the MTSp (subscript p for elastic-plastic) criterion. The criterion states 

that the fatigue crack will grow in the direction perpendicular to the maximum tangential 

stress on a radius, well inside the cyclic plastic zone. However, the calculation of this criterion 

is rather complex. 

To predict the deviation angle, the MTS criterion were used: 

𝜃𝜃MTS = cos−1 �
3𝐾𝐾II2 + �𝐾𝐾I4 + 8𝐾𝐾I2𝐾𝐾II2

𝐾𝐾I2 + 9𝐾𝐾II2
� 

6-20 

where KI, KII, are the maximum stress intensity factors for Mode I and Mode II during cyclic 

loading, respectively. 

When considering the effect of residual stress, KI and KII were replaced by 

𝐾𝐾I = 𝐾𝐾I,app,max + 𝐾𝐾I,res 6-21 

𝐾𝐾II = 𝐾𝐾II,res 6-22 

where KI,app,max is the maximum stress intensity factor for Mode I by the applied force, KI,res 

and KII,res are the stress intensity factors due to residual stress, for Mode I and Mode II, 

respectively. 

The process of calculating the crack trajectories should be by repeated calculating the 

deviation angle of crack at each crack tip, and then extending the crack over an increment. As 

no good agreement has been obtained is this step, no further calculation about fatigue crack 

growth lives was performed. 
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Again, the maximum applied stress intensity factors, Kapp,max were calculated by using Eq. 

5-5, the stress intensity factors due to residual stress have also been presented in Fig. 5-17. It 

is important to note that these calculations were based on straight crack path rather than 

predicted curve of crack trajectory. 

The predicted deviation angle for Type B, D and E is shown in Fig. 6-14. Three examples of 

measured deviation angles are shown in Fig. 6-15 . For B1 specimen the deviation angle is 

about 4°, and E1 and D3 are about 2°.  

 

Figure 6-14 Predicted crack deviation angle for C(T) specimens, type B, D and E 

 

Figure 6-15 Three examples for fatigue crack deviation angles, B1, E1 and D3 specimens. 

Predicted deviation angle is consistently larger than the experimental results. Although the 

calculations are based on a straight crack path, the trend of larger deviation angle is clear. 
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Such larger predicted deviation angle means that the Mode II stress intensity factor has less 

effect. The reason may be crack closure. Due to crack closure, crack surfaces get contacted 

when Ktot lower than Kop, and the contact between crack surfaces results in friction. The effect 

of this friction is to reduce the Mode II stress intensity factor. 

 

 



Chapter 7                                                                                                                  Conclusions and Future work 

146 

Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

This PhD project has developed prediction method for fatigue crack growth life in wire + arc 

additive manufactured Ti-6Al-4V focusing on cracks near the WAAM-substrate interface. 

Main tasks are as follows. First, the influence of anisotropic Young's modulus property on the 

crack growth driving force, the stress intensity factor, was evaluated by a two-dimensional FE 

model using orthotropic Young's modulus values. Second, the effect of residual stress on the 

stress intensity factor was evaluated by FE models. Third, the influence of residual stress on 

fatigue crack growth rate was accounted for by the superposition principle. Finally, the 

influence of microstructure of WAAM on fatigue crack growth life in bi-material specimens 

was accounted for by using respective fatigue crack growth rate data from WAAM Ti-6Al-4V 

or its wrought counterpart. Based on this study, following conclusions can be drawn. 

1. Effect of orthotropic Young's modulus on stress intensity factor is found to be small and 

negligible. To evaluate the worst possible case, the upper and lower limit of the transverse 

direction Young's modulus were used with an average longitudinal direction Young's 

modulus. The ratios between the two Young's moduli are 0.94 and 1.10. The difference in 

calculated stress intensity factors between the orthotropic and isotropic materials are less 

than 1%. This result indicates that the influence of orthotropic Young's modulus is 

negligible. 

2. Effect of bi-material Young's modulus on stress intensity factor is found to be small and 

negligible. To evaluate the bi-material effect, the measured Young's moduli were used. 

The difference in calculated stress intensity factors between bi-material and isotropic 

material is less than 5% over a 5 mm distance. This result indicates that the influence of 

bi-material Young's modulus is negligible.  

3. The influence of material yield strength on the size of crack tip plastic zone was evaluated 

by both two-dimensional FE analysis and analytical approach in LEFM. The lower limit 

of yield strength for WAAM Ti-6Al-4V (800 MPa) and wrought Ti-6Al-4V (860 MPa) 
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were used for the calculations. The applied load corresponds to the maximum fatigue load 

in the test cases. The differences in calculated plastic zone size between the two materials 

(WAAM and wrought Ti-6Al-4V) are around 15%. This difference will affect the degree 

of crack closure; hence the crack growth rate in the two materials. 

4. Residual stress redistribution in C(T) specimens can be evaluated by FE method. To 

evaluate the retained residual stress in C(T) specimens, residual stress profile from a large 

WAAM wall (e.g. Wall-Bi120) was inputted into a two-dimensional FE model of C(T) 

specimen. The retained residual stress in FE model is in good agreement with the 

experimental measurement by the contour method, which measured the residual stress 

profile of C(T) specimens that were extracted from the large Wall-Bi120 sample. 

5. Assumption of residual stress free FCGR data from pure WAAM Ti-6Al-4V is assessed. 

Based on an analytical model, residual stress profile in Wall-T145 was estimated. Both 

Kres and Reff were calculated for the across-the-layer crack type specimen. This analysis 

indicates that the assumption of residual stress free is not correct. 

6. Position of WAAM-substrate interface should be defined according to the microstructure 

difference rather than the geometry border. Fatigue crack growth rates over the whole 

crack path were calculated by using empirical equations after calculation of Kres. A 

difference of fatigue crack growth rates over a 4 mm distance adjacent to the WAAM-

substrate interface was found. And this distance corresponds to the distance between 

geometry interface and microstructure interface obtained from macrostructure photo of a 

C(T) specimen. This analysis indicates that microstructure interface should be used for the 

prediction of fatigue crack growth life. 

7. Influence of ends in WAAM part should be considered. By comparing the measured and 

FE modelled residual stress in Type A specimen, and comparing the predicted FCGRs and 

experiment results in the Type A specimen, it was found that retained residual stress was 

higher in the Type A specimen. This indicates that influence of ends on fatigue crack 

growth rate should be considered. 

8. The Harter T-method is a more accurate method and residual stress effect should not be 
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ignored. By comparing the predicted fatigue crack growth life for the Type C, which is far 

away from the ends of Wall-Bi120 and has a position to retain higher residual stress, it is 

found that the Harter T-method is closer to experiments. It is also noted that ignoring the 

residual stress give rise to overestimated fatigue crack growth life. Although retained 

residual stress become much less in these specimens, see figures 4-10 and 4-11, in real 

part, even the size of part is small, residual stress may still be high. As there is no much 

further machining for AM made part, residual stress introduced during thermal process 

may not be reduced much by geometry change. 

9. The prior-β grain boundary should be considered. FCGR for A3 specimen (third specimen 

of the type A configuration) and photos of crack surface show that prior-β grain boundary 

can reduce the FCGR significantly. Although such crack propagation manner was only 

observed in 1 of 6 specimens, however, it is still an important thing for WAAM made Ti-

6Al-4V. 

7.2 Future work 

Based on analysis, following future work could be done. 

1. Fatigue crack growth life prediction using microstructure interface. To improve the 

accuracy of predicted fatigue crack growth life, this error source should be eliminated. 

2. Fatigue crack growth life prediction in Type D specimen. Although the prediction of crack 

deviation angle is not successful, the fatigue crack growth life still can be calculated using 

experimental crack growth path. 

3. Analytical residual stress model can be used for other samples. Residual stress profile in  

Wall-Bi120 can be predicted and compared with experiments. 
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It was led by the first author and contribution of this thesis’ author include all work on FE 

analysis, part of work on microstructure experiments and all work on FCGR data analysis. 
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