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Abstract 

Fatigue crack propagation tests of Ti-6Al-4V fabricated by the Wire+Arc Additive Manufacturing (WAAM) 

process are analysed. Crack growth rate and trajectory are examined before and after the crack tip crossing 

an interface between the WAAM and wrought alloys. The study has focused on the microstructure and 

residual stress effect. First, the differences in crack growth rate and path between WAAM and wrought 

alloys are attributed to their different microstructure; the equiaxed wrought alloy has straight crack path, 

whereas the WAAM lamellar structure causes tortuous crack path resulting in lower crack growth rate. 

Second, based on measured residual stress profile in the as-built WAAM piece, retained residual stress in the 

much smaller compact tension specimens and its effect on crack growth rate are calculated by the finite 

element method. Numerical simulation shows considerable residual stress in the test specimen and the stress 

magnitude depends on the initial crack location and propagation direction in relation to the WAAM-wrought 

interface. Residual stress is released immediately if the initial crack is in the wrought substrate; hence it has 

little effect. In contrast, when crack grows from WAAM to wrought, residual stress is retained resulting in 

higher stress intensity factor; hence greater crack growth rate.  

Keywords: Additive manufacturing, titanium alloy, fatigue crack propagation, residual stress, microstructure   

1. Introduction 

Titanium alloys are widely used in the airframes and safety critical systems owing to their excellent 

mechanical properties, including high specific strength, outstanding resistance to fatigue, high temperature 

and corrosion, and compatibility with carbon fiber composite materials that are increasingly used in the 

airframes. However, manufacturing of titanium components by conventional machining processes is difficult 

and costly due to several inherent properties, such as the low thermal conductivity and high chemical 

reactivity with many cutting tool materials, which can lead to premature failure of the machining tools and 

reduced productivity [1,2]. In recent years the additive manufacturing (AM) technologies have been rapidly 

developed owing to their capability of near-net shape fabrication of complex shapes without dies or 

substantial machining, resulting in reductions in the lead-time, material waste and cost [3,4]. 

The Wire+Arc Additive Manufacturing (WAAM) [5,6], which feeds a wire at a controlled rate into an 

electric or plasma arc to melt the wire onto a substrate or previously deposited layer, is a developing AM 

technology that has found applications in the aerospace and other industrial sectors. Comparing with the 

powder based AM processes by laser or electron beam, WAAM has much higher material deposition rate, 

lower cost and no requirement for powder handling. However, the raw WAAM parts have lower accuracy in 

dimension and surface roughness resulting in significant amount of post-process machining [7]. The benefit 
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of reducing material waste and machining cost is significant for high strength titanium alloys that are very 

expensive and hard to machine comparing with other aerospace alloys. One of the challenges to widespread 

use of additive manufacturing to build safety critical structural parts has been recognised as the qualification 

and certification of the in-service performance [4]. Therefore it is necessary to assess the mechanical 

properties of titanium alloys built by WAAM. Changes in the microstructure and process induced residual 

stress are the main factors affecting the mechanical properties of WAAM deposited components [8]. 

Ti-6Al-4V is a typical α+β titanium alloy that is widely used in the aerospace industry due to the good 

balance of strength, ductility, fatigue and fracture properties. The microstructure of Ti-6Al-4V can be 

modified by using appropriate heat treatment either above the β transus temperature or in the α-β field [9] 

and it plays an important role in improving the mechanical properties. Previous studies [5, 6, 10-11] have 

shown that the β grain of WAAM Ti-6Al-4V is similar to those AM alloys deposited by laser [12,13] or 

electron beam [14]. The macrostructure of WAAM Ti-6Al-4V is characterized by the epitaxial growth of 

coarse columnar prior-β grains upwards through the deposited layers, Furthermore, the microstructure of 

WAAM Ti-6Al-4V consists of fine Widmanstätten α in the upper deposited layers and a banded coarsened 

Widmanstätten lamellar α in the lower layers [15]. This difference in microstructure is owing to the repeated 

rapid heating and cooling thermal cycles during the WAAM process. The coarse lamellar microstructure is 

also observed in other AM built titanium alloys [4,16,17], which is proved to be beneficial to the resistance 

to fatigue crack growth [9,18]. Comparing with a forged bar, the average yield and ultimate tensile strengths 

of WAAM Ti-6Al-4V are slightly lower, ductility is similar and mean fatigue life is considerably longer 

[15,19]. Furthermore, the as-deposited WAAM Ti-6Al-4V exhibited direction dependent mechanical 

properties. The average yield and ultimate tensile strengths are higher in the longitudinal direction than that 

in the transverse direction [15]. Fracture toughness is similar to that of typical wrought Ti-6Al-4V, and is 

greater in the longitudinal direction than the transverse direction [20]. Fatigue crack growth rate is slightly 

greater in the longitudinal than the transverse direction [21]. In the literature, the welding torch movement 

direction is defined as the longitudinal direction (L) and the layer build direction is the transverse (T), as 

shown in Fig.1. For the selective laser melted [22] and electron beam melted Ti-6Al-4V [23], no noticeable 

difference was observed in the crack growth rate in the Paris law region (Region II) between the longitudinal 

and transverse directions. Both the WAAM [21] and electron beam melted [23] Ti-6Al-4V exhibit lower 

crack growth rate in both the longitudinal and transverse directions than that in the wrought alloy (isotropic) 

in the Region II. 

Residual stress exists in AM parts due to the thermal contraction of the material in the melting and rapid 

cooling process [24]. Residual stress can be either beneficial or detrimental depending on its sign, magnitude 

and distribution with respect to the crack orientation and local stress. Attempts have been made to quantify 

residual stress in AM parts [24-26]. For example, Rangaswamy et al. [25] used the neutron diffraction 

method to measure parts produced by the LENS process (a powder based AM) and found significant 

compressive residual stress in the parts, which results in increased fatigue life owing to the crack closure 

effect that reduces the crack growth rate [27]. Paradowska et al. showed that the peak residual stress moved 

as weld beads were added to the previous weld layers, which can be beneficial in reducing the peak residual 

stress, particularly in the weld toe area that is a common place of in-service cracking [26]. Research also 

shows that a flat-laid substrate plate, upon which an AM part is built, contains peak tensile residual stresses 

on both sides of the weld bead [28]. These stresses correspond to the location of the weld bead toe and are 

much higher in the longitudinal direction. Although the impact of residual stress on crack growth pattern has 

been addressed by some researchers [26-28], its effect on the crack growth behavior near the AM-substrate 

interface has not been investigated.  

Experimental investigation on fatigue crack growth behaviour of WAAM Ti-6Al-4V has been conducted by 

our research group [29-32]. This paper aims at analysing these test results, in particular the crack growth 

behaviour at the interface between the WAAM alloy and wrought substrate, where the microstructure has 

changed markedly and residual stress distribution is complex. First, test results of WAAM Ti-6Al-4V 
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compact tension specimens are studied in terms of the fatigue crack growth rate and trajectory. Second, a 

finite element model is developed to calculate the residual stress being retained in two different specimens 

based on the test measurement of a larger WAAM piece, from which the test specimens were extracted. 

Finally, experimentally measured fatigue crack growth behaviour at the WAAM-wrought interface (in terms 

of the crack growth rate and trajectory) is illuminated from both the microstructure and residual stress points 

of view.    

2. Experimental  

2.1 Manufacturing process and experimental setup  

To investigate the fatigue crack propagation behaviour at the interface between WAAM and wrought 

substrate Ti-6Al-4V alloys, fatigue tests of compact tension (C(T)) specimens were conducted by the same 

research group [29,31,32]. Fig. 1 shows the specimen layout in a WAAM-substrate “wall” prior to the 

machining of these specimens. The wall was fabricated by the Welding Engineering and Laser Processing 

Centre at Cranfield University [32] using an in-house developed system. During the process, metal wire was 

melted by a plasma torch and the molten metal was deposited on to a substrate or previously deposited 

layers. As the plasma torch moved along a designed path, the deposited metal formed a layer. After 

completing a layer, the part was allowed to cool down to below 100
o
C before a new layer was built. This 

process was repeated until a complete wall was built. The plasma torch and the substrate are housed in an 

airtight tent containing argon as the shielding gas. The Liburdi Engineering PW-400C plasma torch was used 

in this project. Table 1 shows the process parameters that are originally reported in [21, 24, 28].  

A total of four walls were manufactured for this project. One of them was used for residual stress 

measurement, and the other three were used to produce the test specimens as shown in Fig. 1.  

Fig. 2 shows the C(T) specimen geometry and dimension that complies with the ASTM standard [33]. This 

paper investigated two scenarios of crack propagation at the interface between the wrought and WAAM 

alloys, i.e. Type-A specimen (Fig. 2a) for crack initiating from the substrate and propagating into the WAAM 

material, and Type-C specimen (Fig. 2b) for crack initiating from the WAAM and propagating into the 

substrate. When machining these specimens, surface roughness was removed resulting in nominal thickness 

of 6 mm. Growing crack length during the fatigue test was measured using a travelling microscope. To aid 

the measurement, scribe lines of 1 mm interval were marked by the Vernier gauge along the potential crack 

growth path. 

          Table 1 Process parameters for fabrication of the WAAM-substrate wall [21, 24, 28] 

Layers 1-3 4-6 7-9 > 9 

Current(A) 160 155 150 145 

Arc voltage(V) 20.4 

Wire feed speed (mm/s) 33.3 

Travel speed (mm/s) 4.5 

Plasma gas flow rate (l/min) 0.8 

Torch shielding gas rate (l/min) 8 

Wire diameter (mm) 1.20 

Layer height (mm) 1.25 

 

Fatigue test was conducted using an Instron Model 8031 servo-hydraulic fatigue testing machine having the 

maximum load capability of 50 kN. A travelling microscope of X7 magnification factor was used to monitor 

the crack tip location. To remove the notch root effect, pre-cracking test was conducted until a fatigue crack 

of 3 mm length was initiated at the notch root. The maximum load for the pre-cracking test was 6 kN with 

load ratio 0.1 until initiating a 2.5 mm crack. The maximum load was then reduced to 5 kN for a further 0.5 
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mm crack growth. For the crack growth rate test, the maximum load, load ratio and frequency were 5 kN, 

0.1 and 10 Hz, respectively. Three specimens were tested for each configuration.  

2.2 Fatigue crack trajectory  

Crack growth trajectory was observed on polished specimens in both macroscopic and microscopic scales. 

On the macroscopic view, crack exhibits a straight extension line for both the type A and C specimens as 

shown in Fig. 3a and b. This could be explained by both the geometric and applied load symmetry (Fig. 2). 

However, the optical microscopic observation revealed distinctively different crack growth patterns between 

the substrate and WAAM. In the substrate, crack propagated in a straight and smooth line (Fig. 4a). At the 

WAAM-substrate interface, crack extension path changed from straight and smooth to slightly deflected 

course (Fig. 4b). After passing the interface, crack in the type A specimen entered the WAAM zone and 

showed a tortuous pattern (Fig. 4c and d). The reason for the different crack growth patterns is discussed in 

Section 4. 

2.3 Fatigue crack growth rate  

The incremental polynomial method recommended by ASTM E647 [33] is used to obtain the relationship of 

fatigue crack growth rate (da/dN) and stress intensity factor range (K). Fig. 5a compares test measured 

da/dN vs. K curves of the Type A and C specimens. The WAAM-substrate interface location is marked in 

Fig. 5a where the crack length (a) is 30 mm corresponding to a K value of 23 MPa√m. Type A and C 

specimens have similar fatigue crack growth rate before the crack reaches the interface. After that, crack 

propagates faster in Type C than that in Type A.  

For comparison, fatigue crack growth rates of two baseline materials (i.e. either wrought or WAAM alloy) 

are illustrated in Fig. 5b in terms of da/dN vs.K. The wrought alloy data was measured in this study using 

rolled Ti-6Al-4V from the same material batch as the substrate in the bi-material specimens, same specimen 

geometry and dimension, and same test machine and load condition. The baseline WAAM alloy curve is 

taken from [21], which was built by the same Lab. Fig. 5b shows a clear difference in the crack propagation 

rates in the L-T orientation between the WAAM and wrought alloys. Crack growth rate in the wrought 

condition is greater than that in the WAAM under the same K.  

Figure 6 shows the crack growth rate as a function of the crack length and comparison with that of the two 

baseline materials (wrought and WAAM only). For the Type A specimen, crack propagates in the substrate 

first before reaching the WAAM-substrate interface; after the crack has passed the interface, it enters the 

WAAM alloy. Hence, Fig. 6a compares the crack growth rate with the baseline wrought Ti-6Al-4V prior to 

crack reaching the interface and then with the baseline WAAM after crack passing the interface. Crack 

propagates slightly faster than that in the baseline wrought alloy before the interface and then shows similar 

growth rate with the baseline WAAM after the interface. For the Type C specimen, crack growth rate is 

compared with the baseline WAAM prior to it reaching the interface since the crack propagates in the 

WAAM alloy in this stage. Crack growth rate is faster than that in the baseline WAAM. After it crossing the 

interface, crack enters the substrate and still propagates faster than that of the baseline wrought alloy. It 

should be pointed out that in the Heat Affected Zone (HAZ, indicated in Fig. 6), mechanical properties 

(including crack growth rate) could be different from those of the wrought or WAAM alone and crack 

growth rate in HAZ is difficult to measure. Therefore, fatigue crack growth rate in the HAZ is not discussed 

in this paper.  

2.4 Measurement of residual stress in WAAM-substrate wall  

(a) The contour method  

Residual stress in the WAAM built wall is measured using the contour method [34], which is particularly 

attractive as it provides a 2-dimensional (2D) stress map over a cross-section of a component using a single 

cut. Compared with the diffraction techniques, the contour method is not sensitive to microstructural 
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variations and has been successfully applied to various weldments [35]. Furthermore, the contour method is 

not limited by the geometry and thickness of the test components and has been applied to large and complex 

geometries [36]. It is a destructive method, but in this study we needed to cut the wall anyway to make the 

C(T) specimens. The main steps of the contour method are: specimen cutting, surface contour measurement, 

data analysis and finite element analysis (FEA). They are described as follows.  

Specimen cutting is the most critical step as all the succeeding steps depend on the quality of the cut faces. 

Wire electric discharge machining (EDM) best meets the contour method requirements [37]. In this work, an 

Agie Charmilles wire EDM machine (FI-440CS) with a 150 μm diameter brass wire was used. Prior to 

contour cutting, the specimens and clamping fixtures were left to reach the thermal equilibrium condition in 

the EDM deionised water tank.   

The normal deformation contours of the opposing cut surfaces were measured using a Zeiss Eclipse 

coordinate measuring machine (CMM), fitted with a Micro-Epsilon 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 and without averaging. The measurement 

point spacing was on a 0.1 mm grid. The perimeters of the cut parts were further measured with the touch 

probe to define the geometry of the surfaces for the data processing step.  

Noise and outliers are inevitable in the CMM measured raw data. This might be due to the cutting artefacts, 

surface roughness or random errors in the measurements. Data smoothing was conducted using cubic spline 

fitting. Several ‘knot spacings’ (1.5×1.5, 3×3, 5×5 and 7×7 mm
2
) were examined. Uncertainty in the 

calculated stresses at any given node on the cut surface was estimated by taking the standard deviation of the 

new stress and the previous stress by coarser fit [38]. The minimum average uncertainty in stress was 6 MPa 

corresponding to an optimum knot spacing of 3×3 mm
2
 in this case.  

3D finite element models based on the measured perimeter of the cut parts were built using the ABAQUS 

code [39]. Linear hexahedral elements with reduced integration (C3D8R) were used in the models. The test 

piece was assumed to have homogeneous and isotropic elastic properties with a Young’s modulus of 113.8 

GPa and Poisson’s ratio of 0.342 since the difference in Young’s modulus in the two major directions of 

WAAM alloy is small [21]. Smoothed displacement data were evaluated and applied as the boundary 

conditions, with reverse sign, at the cut surface nodes of the FE models. Linear elastic stress analyses were 

performed to calculate the residual stresses normal to the cut faces.   

(b) Measurement result 

A 2D contour map of the longitudinal stress measured by the contour method is shown in Fig. 7(a). Moving 

from the top of the wall towards the interface, the stresses in the WAAM layers are tensile near the top and 

gradually decrease and turn into compression with the highest stress of the order of ±150 MPa. The higher 

stresses were measured in the substrate with the maximum tensile stress (430 MPa) near the bottom and a 

large region of high compressive stress accumulated below the interface. To present this stress field more 

clearly, a 1D stress distribution is shown in Fig. 7b, representing the stress along the mid-thickness line.  

Both Figs. 7a and b show significant residual stress in the longitudinal direction (i.e. the welding torch 

movement direction). An analytical method of residual stress generation in an AM piece is described in [40]. 

The principle should be applicable to AM panels of different size, material and process methods. Residual 

stress is developed and accumulated layer by layer due to the combined action of material shrinkage and 

bending, resulting in tensile residual stress on the top part of the AM wall and bottom part of the substrate. 

To satisfy the equilibrium condition, compressive residual stress exits in the region around the interface of 

substrate and AM. Measured residual stresses in the wall agree very well with the stress distribution example 

by analytical calculation in [40]. 
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3. FE analysis of residual stress in C(T) specimens and resultant stress intensity factor  

Based on the measured residual stress in the WAAM-substrate wall, finite element analysis (FEA) was 

conducted to calculate the residual stress being retained in the C(T) specimens and the resultant crack tip 

stress intensity factors. 

3.1 FE model 

To evaluate the residual stress retained in the C(T) specimens, a finite element (FE) model is developed to 

simulate the cutting of C(T) specimen from the WAAM wall. Fig. 8a shows the wall model using the 

plane-strain elements (second order isoperimetric element designated as CPE8 in ABAQUS. Total number 

of element is 59050). At the crack tip (Fig. 8c), the singularity mesh method [39], i.e. moving the middle 

nodes on the sides connected to the crack tip to the quarter point nearest to the crack tip, is adopted to model 

the crack tip stress singularity of the order of r
-1/2

, where r is the distance from the crack tip. The minimum 

size of elements around the crack tip is 0.007 mm, which is smaller than the radius of the theoretical plastic 

zone. Residual stress induced stress intensity factor (Kres) is calculated by the FE model to study its effect on 

crack propagation. 

The cutting process can be regarded as a simple stress relief process due to the material removal [41]. 

Element removal model [39] is available in ABAQUS that can be used to remove a part of the model to 

simulate the machining process. Fig. 9 illustrates the five steps of element removal procedure to simulate the 

process of cutting the C(T) specimen. (1) Prior to the removal step, measured residual stress (Section 3.1) is 

inputted into the FE model as an initial stress condition (Fig. 9a) using a user defined subroutine (SIGINI). 

(2) Apply equilibrium condition to the initial residual stress in the whole wall (Fig. 9b), and check residual 

stress distribution to ensure an equilibrium stress state is established at the end of this step. (3) Remove the 

elements around the specimen “block” and inside the perimeter of the loading holes (Fig. 9c). (4) Eliminate 

some elements to create the notch (Fig. 9d). (5) Release the boundary condition on the crack line to obtain 

the crack tip stress distribution and stress intensity factor (Kres) as the result of the retained residual stress in 

the C(T), Fig. 9e. It should be pointed out that in each modelling step only the appropriate and necessary 

boundary conditions are introduced (Fig. 9) to constrain the rigid body displacement.  

3.2 FE results and discussion 

Fig. 10 shows the residual stress distribution in a material block of the size of the C(T) specimen with the 

holes but without the notch (after the Step 3 of the element removal procedure), representing the original 

residual stress state in the test specimen after being extracted from the wall but without the notch and crack. 

For the Type A specimen (crack grows from substrate to WAAM), residual stress is released significantly 

owing to the creation of the holes (comparing Fig. 10a and 10c) as the compressive residual stress being 

removed is relatively high. However, for the Type C specimen (crack grows from WAAM to substrate), the 

hole cutting only slightly affects the residual stress redistribution (Fig. 10b and 10d) as the holes are in a 

region of relatively low stress. For clarity, stress distribution along the specimen centre line is shown in Fig. 

10e and 10f.   

Figure 11 presents calculated residual stress intensity factors (Kres) versus the crack length. To demonstrate 

the degree of stress concentration as the residual stress evolve with the growing crack, a series of stress 

contour maps near the crack tip of various crack lengths are inserted for the two configurations. The extent 

of stress concentration can be estimated by the size of stress concentration area as well as the stress intensity 

factor. Following observations can be made. 

(1) Type A specimen (Fig. 11, insert a, b and c): there is a concentrated compressive stress area near the 

crack tip at the crack length of 20 mm (Fig. 11a). After that, residual stress turns to tensile and causes stress 

concentration near the crack tip. The resultant stress intensity factor (Kres) reaches its peak value of 1.51 

MPa√m at a = 30 mm (Fig. 11b). There is almost no stress concentration (Kres= -0.08 MPa√m ) at a = 50 

mm (Fig. 11c). This can be explained by Fig. 10e showing residual stress distribution along the crack 
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propagation line. There is an area of significant compressive stress in the region of -7 < X < 27 mm (X is the 

distance from the loading hole centre point line), which results in the crack tip being subjected to 

compressive residual stress at a = 20 mm. During the crack extension, the release of the compressive 

residual stresses results in the increase of Kres, which has the peak value at a = 30 mm. Most residual stresses 

are released after the crack has propagated out of the compressive stress area; consequently much lower Kres.  

(2) Type C specimen (Fig. 11, insert d, e and f): crack tip is in tensile residual stress zone in the crack length 

range of 20 to 50 mm. Residual stress induced stress intensity factor Kres increases with the crack length and 

at a = 36 mm it reaches the peak value of 12.2 MPa√m
 
(Fig. 11e). This could also be reasonably explained 

by Fig. 10f showing the residual stress in the centre line of the specimen. High compressive residual stress 

zone locates at 34<X<58 mm, resulting in high tensile stress concentration near the crack tip due to the 

equilibrium of the stress field. When crack enters the compressive residual stress zone, residual stress 

releases at a >34 mm. Therefore, residual stress intensity factor decreases with the crack propagation. 

(3) Residual stress causes greater stress concentration near the crack tip and higher Kres for the same crack 

length in Type C specimen than that in Type A. This difference can be explained by the following two 

aspects. (a) The loading hole location. For Type A, removal of the hole material releases residual stresses 

significantly, since they are in the high compressive residual stress area. However, for Type C, the drilling 

loading holes only slightly decreases the residual stress, since residual stress in the hole area is low. (b) The 

notch and crack location. For Type A, crack grows from substrate to WAAM, i.e. crack enters the high 

compressive residual stress area immediately after its initiation. Both notch cutting and crack growth release 

residual stresses significantly. In contrast, crack grows from WAAM to substrate in Type C specimen, 

residual stress is reduced a little as the notch cutting and crack location is far away from the high 

compressive residual stress zone.  

4. Results and discussion  

4.1 Influence of microstructure  

As mentioned in Section 2, crack manifests different trajectory and growth rates in the substrate and WAAM 

alloys. The microstructure characteristics of substrate (wrought) and WAAM Ti-6Al-4V are shown in Fig. 

12.  

The optical microstructure of substrate Ti-6Al-4V is demonstrated in Fig. 12a. It could be described as a 

type of α+β equiaxed structure, which is the same as most high strength Ti-6Al-4V used in the airframes. 

Primary α grains account for approximately 70% and the others are occupied by lamellar α and β colony. In 

addition, the grain size of the substrate material is quite fine, and the diameter of the globular primary α 

grains is less than 10 micron. For comparison, the optical microstructure of WAAM produced Ti-6Al-4V is 

demonstrated in Fig. 12b. The lamellar structure with an average α lamellae lath width of about 1 micron can be 

seen. No complete columnar β grain could be obtained, since its width is about 2 mm that could not be seen 

in this magnification. The microstructure of WAAM Ti-6Al-4V could be characterized as the Widmanstätten 

lamellar structure that is also reported for WAAM [15] and other AM process produced titanium alloys 

[18,19]. The Widmanstätten lamellar is similar to that of the extra low interstitial (ELI) Ti-6Al-4V as shown 

in Fig. 12c [42]. The lamellar structure has especially high fracture toughness and excellent damage tolerant 

properties [9,42-44]. This could explain why the WAAM Ti-6Al-4V has slower crack growth rate than that 

of the wrought condition substrate (Fig. 5b).  

The different crack growth trajectories between the substrate and WAAM Ti-6Al-4V may also be attributed 

to the microstructure difference. In the substrate, crack propagates smoothly (Fig. 4a) in the fine α+β 

equiaxed structure as in the wrought Ti-6Al-4V. In the WAAM, crack takes a tortuous route (Fig. 4c and d) 

owing to the lamellar structure (Fig. 12d). The tortuous crack path is shown to increase the resistance to 

fatigue crack propagation [18].  
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4.2 Influence of residual stress 

FE work presented in Section 3 indicates that residual stresses in the C(T) specimens cause stress 

concentration near the crack tip; consequently they affect the crack growth rate. Effect of residual stress on 

the maximum stress intensity factor (Kmax) are shown Fig. 13, where Ktot, max=Kapp, max+ Kres, and Kapp, max is 

the maximum stress intensity factor corresponding to the maximum applied load of 5 kN. It can be seen 

from Fig. 13 that Ktot, max varies with the residual stress distribution for both types of the specimens, i.e. 

residual stress can also affect the crack growth rate as shown in Fig. 6a and b. It should be pointed out that 

the effect of residual stress on Ktot, max in Type A is much smaller than that in Type C specimen. This can be 

explained by the FE models in Section 3.2. For the Type A specimen, residual stress is released significantly 

with the notch cutting and crack extension; hence it has little effect on the Ktot, max (Fig. 13) and fatigue crack 

growth rate. For the Type C specimen, however, residual stress significantly enhances the Ktot, max (Fig. 13) 

as it causes higher stress concentration near the crack tip and greater Kres, resulting in greater crack growth 

rate than that in the substrate material.  

In summary, both microstructure and residual stress affect the fatigue crack growth behaviour of WAAM 

specimens when crack is perpendicular to the wrought-WAAM interface. The authors would also like to 

understand how the microstructure and residual stress affect crack growth pattern when crack is parallel to 

the interface, which is on-going. 

5. Conclusions  

Microstructure and residual stress are investigated in order to understand their effects on fatigue crack 

propagation behaviour in specimens containing an interface between wrought substrate and WAAM 

Ti-6Al-4V. Based on the analyses, following conclusions can be drawn.  

(1) The difference in crack growth rate and pattern in the substrate and WAAM is attributed to the different 

microstructure characteristics. Crack propagates in straight and smooth line in the wrought condition that 

has equiaxed structure, but in tortuous path in the WAAM alloy owing to the lamellar structure. 

Consequently, WAAM alloy has lower crack propagation rate than the substrate.  

(2) There are considerable residual stresses in the wall of WAAM alloy built upon a wrought substrate. 

Retained residual stress in the C(T) specimens affects the crack growth rate when it is near the interface 

between WAAM and substrate. The magnitude of residual stress effect depends on the crack location and 

propagation direction. When crack propagates from substrate to WAAM (Type A specimen), residual stress 

is released immediately due to the cutting of the holes and the notch; thus it has little effect on subsequent 

crack propagation. In contrast, if crack propagates from WAAM to substrate (Type C specimen), residual 

stress causes considerable increase in the total stress intensity factor; consequently greater crack propagation 

rate. 
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Fig. 1 Layout of two types of test specimen on a WAAM-substrate wall (unit: mm) 

 

 

 

 

 

       
(a) Type A                              (b) Type C 

Fig. 2 Geometry and dimension of C(T) specimens (unit: mm; thickness = 6 mm) 
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Fig.3 Macroscopic photographs showing fatigue crack propagation trajectory  

  

   

Fig. 4 Optical micrographs of crack growth pattern in the substrate (a), WAAM-substrate interface (b), 

and WAAM region (c and d) (Type-A specimen)  
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Fig. 5 Comparison of fatigue crack propagation rate (da/dN) versus stress intensity factor range (K): 

(a) Type A and C specimens, (b) baseline wrought and WAAM alone Ti-6Al-4V 
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Fig. 6 Comparison of fatigue crack propagation rate (da/dN) versus crack length (a): 

(a) Type A: baseline wrought and WAAM alone, (b) Type C: baseline wrought and WAAM alone 
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(a) 2D stress map  
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(b) 1D stress distribution along the mid-thickness line 

 

Fig. 7 Residual stress distribution in the WAAM-substrate wall measured by the contour method   
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Fig. 8 Finite element model for calculating residual stress in C(T) specimen  

 

 

  

 

 

(a) Mesh of the wall (b) Mesh of C(T) specimen 

(c) Detail of crack tip (using the singularity element) 
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           (a) Residual stress input in WAAM-substrate wall    (b) Stress equilibrium step 

     

(c) Block and hole cutting           (d) Notch cutting             (e) Crack release 

Fig. 9 Procedure of residual stress calculation in the C(T) specimen (Type C, a = 30mm, unit: MPa) 
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Fig. 10 Residual stress distribution in the C(T) specimen, stress contour of: block of Type A (a) and Type C 

(b), after hole drilling of Type A (c) and Type C (d), and residual stress along the centre line (Y=0) for: 

Type A (e) and Type C (f) specimen after hole drilling (unit: MPa) 
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Fig. 11 Distribution of residual stress intensity factor (Kres) versus crack length; inserted contour maps 

showing stress distribution near the crack tip at several crack lengths (unit: MPa) 
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Fig. 12 Microstructure and crack path of various Ti-6Al-4V alloys  
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Fig. 13 Residual stress effect on the maximum stress intensity factor (Ktot, max= Kapp, max + Kres)  
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(c) Ti-6Al-4V ELI [42]   
(d) Crack path in the lamella structure [9] 

Type A Type C 

Substrate WAAM WAAM Substrate 


