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Abstract 
By additive manufacturing (AM) there is a feasibility of producing near net shape components in 
basically one step from 3D CAD model to final product. The interest for AM is high and during the 
past decade a lot of research has been carried out in order to understand the influence from process 
parameters on the microstructure and furthermore on the mechanical properties. In the present study 
laser metal wire deposition of Ti-6Al-4V has been studied in detail with regard to its fatigue crack 
propagation characteristics. Two specimen orientations, parallel and perpendicular to the deposition 
direction, have been evaluated at room temperature and at 250°C. No difference in the fatigue crack 
growth rate could be confirmed for the two specimen orientations. However, in the fractographic study 
it was observed that the tortuosity varied between certain regions on the fracture surface. The local 
crack path characteristic could be related to the alpha colony size and/or the crystallographic 
orientation. Moreover, large areas exhibiting similar crystallographic orientation were observed along 
the prior beta grain boundaries, which were attributed to the wide alpha colonies frequently observed 
along the prior beta grain boundaries.  
 
 
1. Introduction  
Additive manufacturing (AM) has gained large interest since it has the potential to produce 
customized near net shaped products and lower the material cost compared to conventional 
manufacturing methods. There are many AM processes available today using different heat 
sources and feedstock material, but common for all processes is that the wanted shape is built 
layer-by-layer according to a predefined building sequence that is related to the CAD model 
of the component. More specific for titanium alloys within the aerospace industry, the AM 
processes could reduce the buy-to-fly ratio significantly, which today could exceed 80% for 
conventional methods [1, 2]. However, in order to implement AM in the aerospace industry, 
the understanding of the relationship between the process parameters, the microstructure, and 
the mechanical properties is crucial, and still there is a lot of research and development 
needed so that the wanted quality of the component can be repeatedly achieved and 
guaranteed.  
 
The focus of the present study is on laser metal wire deposition (LMwD) of Ti-6Al-4V. In 
LMwD a laser heat source melts a metal wire into the wanted shape and it is in general an 
attractive AM process for larger structures in which a higher deposition rate is advantageous 
[3, 4]. As for many other AM processes, the LMwD:ed Ti-6Al-4V exhibits anisotropic 
mechanical properties that vary depending on the specimen orientation within the built 
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material [5, 6]. In previous work, the tensile [6, 10] and the low cycle fatigue [9] properties 
have been evaluated with respect to two specimen orientations. This anisotropy could be 
related to several parameters such as grain boundary alpha [7, 8] and prevalence of defects 
[9]. Moreover, the building process renders large columnar prior beta grains because of a 
preferential dendritic growth during solidification in the beta phase, thus from a macroscopic 
perspective the prior beta grains could also be related to the anisotropic properties [10].  
 
Concerning the high cycle fatigue behavior of LMwD Ti-6Al-4V, a tendency of difference in 
fatigue limit has been observed for the two specimen orientations [4, 11]. To date, no study on 
the fatigue crack growth on LMwD:ed Ti-6Al-4V is available in the literature to the authors 
knowledge. So far, only AM processes with powder used as feedstock material have been 
evaluated [12-17]. The main objective of the current work has been to characterize the crack 
profiles of fatigue crack growth fractured specimens, thereby increasing the understanding of 
the crack propagation behavior and the impact of microstructural features and 
crystallographic orientation on the crack path characteristics. 
 
2. Materials and Methods 
 
The material characterized in the current study was manufactured using laser metal wire 
deposition (LMwD) and comes from the same walls as in [9,10]. In the LMwD process a 
robotized fiber laser cell melts a metal wire layer by layer forming the wanted shape, which in 
this case was so called “walls”. The composition of the Ti-6Al-4V wire was in accordance to 
the aerospace material specification AMS 4954 and the wire diameter was 1.14 mm. The 
power of the laser during manufacturing was in between 2-3 kW and the manufacturing was 
carried out in a sealed atmosphere containing less than 20 ppm oxygen. The walls were five 
beads thick (approximate 22 mm) and had varying dimensions, from 110x37x22 mm to 
110x106x22 mm, depending on number of specimens and specimen orientation. The walls 
were post weld heat treated and annealed at 704° for two hours and cooled in the furnace to 
538°C, after which the samples were taken out of the furnace and air cooled to room 
temperature. This heat treatment is not expected to introduce any significant changes to the 
microstructure [18].  
 
Fatigue crack growth testing was performed using the surface flawed Kb specimen geometry 
[19]. Cylindrical blanks with a diameter of 14 mm were machined from the walls with the 
longitudinal axis in the deposition direction (x, denoted “parallel”) or in the wall height 
direction (z, denoted “perpendicular”). See schematic representation of the specimen 
orientation in the walls in Figure 1, left. The blanks were inertia welded to larger cylinders of 
forged Ti-6Al-4V at both ends to allow machining of the button-head grips. The final gauge 
section had a rectangular cross-section (WxT, where W is the specimen width and T is the 
thickness) of 10.2x4.3 mm2, and a gauge length of 32 mm (Figure 1, right). The orientations 
of the y and z directions were tracked during the machining operations, ensuring that the wide 
face of the gauge sections lay in the x-z plane. A notch was created in the middle of the gauge 
section, centered on the wide face, using EDM machining. 
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Figure 1. Schematic illustration showing the laser metal wire deposition process of a wall 
and the specimen orientations (left). The dimensions of the fatigue crack growth specimen and 
its cross section of the gauge section (right). 
 
An initial semi-circular fatigue crack, approximately 0.7 mm in depth (except for specimen 2 
where the pre-crack was 1.2 mm deep), was created from the notch by cyclic loading at a 
stress ratio R=smin/ smax =0, a frequency f=10 Hz and a maximum stress of 500 MPa. 
Thereafter, fatigue growth testing was performed at room temperature (RT) and 250 °C 
according to applicable parts of ASTM E647-08 and ASTM E740-03, under linear elastic 
fracture mechanics conditions. A triangular waveform was used, with f=0.5 Hz and R=0 and 
maximum stress of 500 MPa for RT tests and 325 MPa for 250 °C, in order to maintain a 
constant ratio of maximum stress to yield stress at the test temperature. The crack length was 
monitored using direct current potential drop (PD), with PD probes attached across the crack 
and reference probes at the back face of the specimen, away from the cracked cross-section. 
The PD signal was normalized by the reference signal and translated to crack length, a, based 
on a linear relationship between crack size and PD, which was experimentally verified prior 
to testing. The corresponding fatigue crack growth rate per cycle, da/dN, was calculated 
according to the secant method in ASTM E647, and the stress intensity factor range, DK, was 
calculated at the deepest point of the crack according to ASTM E740 assuming a semi-
circular shape of the crack. The tests were stopped at crack lengths around 2.5 mm, and the 
specimens were subsequently fractured in tension at room temperature. Out of the tested 
specimens, three specimens were characterized in detail as described below; two parallel 
specimens tested at room temperature and 250°C, respectively, and one perpendicular 
specimen tested at 250°C. This alloy is used in aerospace applications where the working 
temperature varies from RT up to 250°C. Therefore, the mechanical testing was performed 
both at the lower temperature (RT) and at the elevated working temperature (250°C). The 
fracture surface of the perpendicular specimen at room temperature was damaged and thus not 
included in the detailed characterization.  
 
Microstructural characterization was carried out on cross sections parallel to the fracture 
surface, about 8 mm away from the fracture surface. The fracture surface was carefully 
protected during cutting. The cross sections were ground and polished by conventional 
methods for titanium alloys and etched with Kroll’s solution (100 ml H2O, 2 ml HNO3, and 1 
ml HF) to reveal the microstructure. The microstructural characterization was performed in 
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light optical microscope (Nikon eclipse MA200). Several images at 500 times magnification 
were stitched together using the software of the microscope (NIS Elements BR) enabling 
large area imaging at suitable magnification for microstructural characterization. The prior 
beta grain boundaries were thereafter manually highlighted using software for image editing 
(Adobe Photoshop CC 2015).  
 
Fractographic analysis was performed on one half of the fractured specimen in the SEM 
(JEOL IT300LV and JEOL JSM 6064LV). Before fractographic analysis the fracture surfaces 
were cleaned in acetone in an ultra-sonic cleaner for 10 minutes. The fracture surface was 
characterized and documented and thereafter the locations of the crack profiles to be studied 
were decided. The specimens were carefully ground to the wanted position of the crack 
profile and thereafter polished by conventional methods for titanium alloys to a mirror-like 
surface for electron backscatter (EBSD) characterization. The location of the crack profile 
was confirmed in a stereomicroscope during preparation. Also the length of the pre-crack was 
measured in the stereomicroscope. The EBSD data was collected using an Oxford 
NordlysMax3 system and the data was processed using the HKL Channel 5 software. An 
acceleration voltage of 20 kV was used during data acquisition and a step size of 1µm was 
used to characterize the orientation along the crack profile (at 150x magnification) while a 
step size of 0.5 µm was used when certain areas were analyzed in detail at 400-800x 
magnification. The EBSD result is presented using inverse pole figure mapping that is colored 
relative to the normal direction of the fracture surface, i.e. in the loading direction of the 
specimen. Wild spikes were removed and a noise reduction of six neighbors was applied to all 
maps. Moreover, Schmid factor distribution maps were obtained from the EBSD data for the 
four primary slip systems of titanium, see Figure 2. Local misorientation maps were created 
by calculating the average misorientation with respect to neighboring pixels, the maximum 
allowable misorientation was set to 5°. For each local misorientation map the corresponding 
band contrast image was controlled in order to verify the image quality. 
 

 
Figure 2. The primary slip systems of alpha titanium. 
 
3. Results and discussion 
 
3.1 Fatigue crack growth 
Figure 3 a) shows the development of the crack length with number of cycles. The higher 
rates observed at room temperature are caused by the higher maximum load. Note also the 
difference in starter crack size between the two room temperature specimens. Differences in 
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load levels and starter crack size make it difficult to compare the different specimens. 
Therefore, the crack growth rate versus the stress intensity factor range is shown for all 
specimens in Figure 3 b). The resulting crack growth rate curves are close to linear on a log-
log scale, indicating that the crack follows the expected power law behavior (Paris’ law). At 
room temperature there is an observable difference between the two orientations, with the 
perpendicular specimen being approximately a factor 3 faster than the parallel, see Figure 3 
b). However, this difference is within the level of scatter that can be expected from testing of 
coarse-grained material, and thus no firm conclusions can be drawn due to the low number of 
specimens tested here. For 250 °C the crack growth rates for the two orientations are virtually 
identical on a log-log scale (Figure 3 b)), and the difference in crack length with cycle number 
between specimens 1 and 3 in Figure 3 a) is only due to the accumulation of the small 
difference in propagation rates. Again, this is within the expected scatter between nominally 
identical specimens from a coarse grained material, no conclusions regarding the effect of 
specimen orientation on the crack growth behavior at 250 °C can be drawn. Furthermore, 
there is no significant difference between the crack growth rates at room temperature and 
250°C, as seen in Figure 3 b). 
 

 
Figure 3. The crack length versus the number of cycles (left) and fatigue crack growth rate 
(right) for LMwD:ed Ti-6Al-4V parallel and perpendicular to deposition direction at room 
temperature and at 250°C.  
 
3.2 Microstructural characterization 
The microstructure of the as-deposited material consists of large columnar prior beta grains 
growing through several deposited layers aligned with the thermal gradient in the material. 
Thus, the alignment of the prior beta grains will be varying with specimen orientation within 
the deposited wall. In Figure 4 cross sections parallel to the fracture surface are shown for 
three characterized specimens, with the notch located at the top edge of the cross section. For 
the two parallel test specimens it is clearly seen that the orientation of prior beta grains is 
similar, i.e. elongated along the cross section. It should be mentioned that the alignment of the 
prior beta grains at an angle of approximately 45°, see Figure 4, in the current study is a result 
of the specimen machining and placement of the notch rather than the thermal gradient in the 
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built material. In contrast and as expected, the cross sections of each individual prior beta 
grain are shown when characterizing the cross section of the perpendicular specimen, see 
Figure 4, right. Noteworthy is the large variation in size of the prior beta grains, from 
approximate 100 µm to 2000µm in thickness (see Figure 4 specimen 1 and 2). This size 
variation is also seen on the perpendicular cross section (Figure 4 specimen 3). 
 

 
Figure 4. Micrographs of cross-sections in FCG specimen 1, 2, and 3 parallel to the fracture 
surface showing the orientation of columnar prior beta grains. White dashed lines highlight 
the prior beta grain boundaries. 
 
At higher magnification, within the prior beta grains, the microstructure consists of fine alpha 
laths separated by retained beta. In Figure 5 the typical appearance of the different alpha 
structures is shown; the alpha laths are either observed as alpha colonies in which bundles of 
laths in the same orientation form a colony, or as basketweave alpha structure when there is 
arbitrary orientation of the alpha laths. Moreover, grain boundary alpha (GB alpha) is 
observed along the prior beta grain boundary (PB). In addition, areas with wide colony alpha 
are frequently observed next to the prior beta grain boundary. Regarding possible influence of 
specimen location (in the built wall) on microstructure for AM:ed material, no variation has 
been observed in this and previous studies on the same walls [9,10].   
 

 
Figure 5. The microstructure within the prior beta grains consists of fine alpha laths forming 
alpha colonies and basketweave alpha microstructure. The prior beta grain boundary (PB) 
is decorated with grain boundary alpha (GB alpha) and closest to the grain boundary some 
areas of wide colony alpha are frequently observed.  
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3.3 Fractography 
In Figure 6 the fatigue crack propagation areas of the three evaluated specimens are shown. 
Common for all specimens is that certain regions of the fracture surface indicate a more 
serrated crack path. For instance, the left side of specimen 1 is rather flat compared to the 
right side; similarly the right side of specimen 2 is more flat than the left side. Moreover, 
features indicating the orientation of the columnar prior beta grains are observed on specimen 
1 and 2, see features parallel to the arrows on the fracture surfaces. Also less distinct features 
are observed, for instance as shown by the hollow arrows in Figure 7 a), which is the flat area 
to the right of specimen 2 at higher magnification. In between these features believed to be 
prior beta grains there are ridges with higher tortuosity. Since the features and the indicated 
orientation of the columnar prior beta agree well with the microstructural characterization 
presented in Figure 4, the features are believed to be a reflection of the prior beta grains. Also 
on the fracture surface of specimen 3, features indicating the location of prior beta grains are 
observed. The most pronounced area is seen next to the notch, indicated by an ellipse. Here a 
large plateau is seen with a similar size as the prior beta grains shown in Figure 4.  
 

  
 

 
Figure 6. The fracture surfaces of specimen 1, 2, and 3. The positions of the characterized 
crack profiles (CP) are indicated in the fracture surface as well as the length of the pre-crack 
(black dotted lines). The arrows to the left in the fracture surfaces of specimen 1 and 2 
indicate the orientation of the columnar prior beta grains determined after the fractographic 
study. The dashed squares on the fracture surface of specimen 1 and 2 indicate the location 
of Figure 7 b) and a) respectively. 
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Figure 7. Features on the fracture surfaces indicating the orientation of the prior beta 
grains, here indicated by hollow arrows in a). The different crack path appearance in areas I 
and II could be attributed to different slip characteristics in specific prior beta grains. The 
solid white arrows indicate the crack growth direction in a) and b). The locations of a) and 
b) is indicated by dashed squares in Figure 6 in specimen 2 and 1, respectively. In c), 
striations normal to the crack direction, crossing the alpha laths, are shown (from the 
fracture surface of specimen 2).  
 
Furthermore, the crack path appearance varies for certain regions on the fracture surface, for 
instance the crack path through region I is different to that of region II in Figure 7 b). From 
the crack path perspective, region I is smoother than II, which exhibits more staircase-like 
features along the crack path. The different appearance could be attributed to different slip 
characteristics in the different regions, which in this case as well as for the features on the 
fracture surface discussed above may be connected to the orientation of the prior beta grains 
since the features agree well with the orientation presented in Figure 4. Concerning the 
influence of test temperature, a smoother fracture surface is observed for the specimen tested 
at room temperature compared with the specimen of the same orientation tested at 250°C, i.e. 
compare specimen 1 with specimen 2. However, because of the limited number of specimens 
evaluated in the present study no further conclusions can be made regarding influence of test 
temperature. The pre-crack was generated at room temperature for all specimens, but in 
general no difference is observed between the pre-crack area and the area of the succeeding 
crack growth at 250°C. More secondary cracks are observed for the perpendicular specimen 
compared to the two parallel specimens, regardless of temperature. A detailed observation of 
the striations were not possible to perform in the current study since R=0 during testing and 
hence the striations are demolished and poorly shown on the fracture surface. However, in 
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some areas the striations were observable, see Figure 7 c), indicating a ductile fatigue crack 
propagation.  
 
3.4 Crack profile characterization 
To further verify the orientation of the columnar prior beta grains, crack profiles along the 
prior beta grain orientations were evaluated in detail. In Figure 8 inverse pole figure (IPF) 
maps of crack profile 1 (CP1) of specimen 1 and 2 in Figure 6 are shown, together with the 
IPF color scheme used for the orientation maps in the present study. The prior beta grain 
boundary is marked PB in the crack profile and based on the IPF maps, the orientation of the 
columnar prior beta grains is verified and agrees well with the highlighted orientation in 
Figure 4. Interesting to note is that large areas exhibiting similar crystallographic orientation 
can be observed along the prior beta grain boundary, which is attributed to the wide columnar 
alpha present along the grain boundary, as seen in Figure 5.  
 
 

 
 

 
 

 
Figure 8. Inverse pole figure maps of the crack profiles CP1 in specimen 1 (250 °C) and 2 
(RT), aligned with the assumed orientation of the columnar prior beta grains based on the 
findings of the microstructural and fractographic characterization. The length of the pre-
crack is indicated by dotted lines at the crack profile. Crack direction is indicated with black 
arrows.  
 
When comparing the two crack profiles it can be further observed that the crack profile of 
specimen 1 is more serrated than that of specimen 2. Also the alpha colony size, which is 
represented by the different colors in the IPF maps, is different for the two crack profiles; 
specimen 2 exhibits a finer alpha colony size than specimen 1. It is well known that the alpha 
colony size is one of the most important microstructural features having impact on the 
mechanical properties, since its size corresponds to the effective slip length [20], which in this 
case could explain the more serrated appearance of specimen 1. In Figure 9 the Schmid 
factors for the primary slip systems are mapped for the two crack profiles, with the loading 
direction in the vertical direction. A high Schmid factor corresponds to a high resolved shear 
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stress, and thus a high probability of slip activity in that slip system. It can be seen that the 
pyramidal slip system has high intensity along the crack path for both specimens. The c+a slip 
system is also high in certain areas for both specimens, especially for specimen 1. The basal 
slip system shows larger variations in intensity for both specimens and fewer areas with high 
intensity. The prismatic slip system shows very low Schmid factor intensity for specimen 2. 
 
 
 

 
Figure 9. The Schmid factor intensity maps for crack profile 1 of specimen 1 and 2. The black 
arrows indicate the crack direction.  
 
In Figure 10, at higher magnification of specimen 2 in the squared areas A and B in Figure 8, 
it can be seen that a smooth crack path is maintained even if the crystal orientation changes 
along the crack path. This could be explained by the very high Schmid factor intensities 
available for the specific crystal orientations. For instance, it is clearly seen that for the 
[0001] orientation (red area), when the load is applied parallel to the c axis of the hcp crystal 
structure, the intensity of the c+a slip system is very high, as expected when deforming 
titanium alloys [21]. Here it could be noted that areas A and B are actually in the pre-crack 
region. However, for this particular case the pre-cracking and testing load are identical (500 
MPa), and the distances from the notch to the investigated areas are long enough to avoid any 
influence from the stress field from the notch. Thus, the only difference between the crack 
generated under pre-cracking and testing conditions is the frequency (10 and 0.5 Hz, 
respectively). It has been shown previously that the room temperature crack growth rate in 
forged Ti-6Al-4V at R=0.1 was insensitive to test frequency for waveforms including 0.3 Hz, 
25 Hz and 5 minute dwell at maximum load [22]. Thus, the current difference is not expected 
to significantly influence slip system activation or crack growth mechanisms, i.e the 
characteristics of the crack profile. 
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Figure 10. Inverse pole figure maps and the Schmid factor intensity map of the area A (left) 
and area B (right) of crack profile 1 of specimen 2. The black arrows indicate the crack 
direction. 
 
Based on the observations it can thus be noted that the combination of fine alpha colony size 
and crystallographic orientation of specimen 2 are conditions promoting a less serrated crack 
path and that the crack propagation will continue easily and undisturbed until the conditions 
change (such as crystallographic orientation and alpha colony size). In other words, this 
shows that the crack propagation characteristics vary between individual prior beta grains and 
moreover it can be assumed that the size and orientation of the alpha colonies within the prior 
beta grains will influence the crack growth characteristics on a local scale. However, the 
influence of individual prior beta grains on the crack front is not as prominent. During fatigue 
crack propagation the crack front will strive to remain continuous, which prevents large 
differences in crack growth rate along the crack front as well as arbitrary crack directions in 
individual prior beta grains. The characterization of the crack path in the current study is 
limited to the selected cross sections, in which the crack growth is also affected by the local 
geometric conditions imposed by the adjacent segments of the crack front. The measured 
crack growth rate, on the other hand, is the average over the entire crack front, and it is 
therefore difficult to correlate the local observations of the crack to the crack growth rates in 
Figure 3. 
 
Specimen 1 and 2 were further evaluated by characterizing the crack profiles CP2A and 
CP2B, see Figure 6. Again, the orientation of the prior beta grains is confirmed by the crack 
profiles for both specimens. Additionally for specimen 1, interesting features along the crack 
path are observed, see Figure 11. According to the IPF color scheme (in Figure 8), it can be 
noted that the crack growth direction changes dramatically as the crystal orientation changes 
to 1210  (green area) in crack profile CP2A. The 1210 -oriented area appears to be a very 
unfavourable crystallographic orientation for crack propagation, as the crack deflects almost 
90 ° from the crack path. Interesting to note is that the Schmid factor for basal slip in the 
1210 -orientation is close to zero, whereas it is close to maximum in the region just prior to 

the crack deflection, where the crack propagated perpendicular to the applied load. The 
Schmid factors for the other systems show the opposite behavior (low in the adjacent region 
and high in the region that is circumvented by the crack). The fact that the presence of a 
region where basal slip is hindered poses such an effective obstacle, although slip on all other 
systems is rather favorable, could indicate that slip on the basal planes is an important part of 
the crack propagation mechanism. Moreover, a large crack and a lack of fusion (LoF) defect 
were observed in crack profile CP2A and CP2B, respectively; see squares just below the 
surfaces in Figure 11. LoF defects could be detrimental to the mechanical properties [9, 23-
26] and stems from the manufacturing process itself and is related to incomplete melting. The 
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formation and characteristics of LoF defects are discussed in detail elsewhere [9]. How the 
large crack and the LoF defect affect the crack profile will be discussed in later sections. 
 

 
Figure 11. Inverse pole figure maps of crack profile CP2A and CP2B of specimen 1 (a), 
located as shown in Figure 6. Schmid factor intensity map of crack profile CP2A (b). The 
black arrows indicate the crack direction.   



	 13	

 
The crack profile of the perpendicular specimen, specimen 3, was also evaluated. Because of 
the orientation of the prior beta grains, the crack grows through several of them, see Figure 
12, where the prior beta grain boundaries are indicated by PB in the IPF map. Even though 
the crack profile deviates close to some of the prior beta grain boundaries, the crack profile 
seems to be correlated both to the variation in crystallographic orientation and to the actual 
boundaries of the prior beta grains. The crystal orientation of the alpha phase is dependent on 
the crystal orientation of the prior beta phase. The initial alpha laths nucleate at the grain 
boundary according to the Burgers orientation relationship [27]. However, there are local 
variations of the crystal orientation of the alpha colonies within the prior beta grains 
influencing the crack profile as well. In Figure 12 the Schmid factor intensity maps for the 
crack profile are shown, which clearly indicate that there is no slip system exhibiting high 
intensity along the whole crack path available. This is connected to the numerous amounts of 
prior beta grains along the crack profile and the orientations within each grain.  
 

 

 
Figure 12. Inverse pole figure map of the crack profile CP1 of specimen 3 passing through 
several prior beta grains, prior beta grain boundaries (PB), and the Schmid factor intensity 
maps for the crack profile. The length of the pre-crack is indicated by a dotted line and the 
black arrows indicate the crack direction. 
 
In Figure 13, selected areas in Figure 8 and 12, for the specimens 1 and 3 are shown, 
respectively. One common observation for both specimens is that the 0110  orientation (see 
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blue areas) or close to 0110  is at the surface of the crack profiles. Together with the 
observation in Figure 11, showing that the crack deviates around the area exhibiting the 
orientation close to 0110  and 1210 , a tendency for the 0110  orientation to influence the 
crack path characteristics is observed in the present study.   
 

  

 
Figure 13. Inverse pole figure maps showing a) the area A and b) the area B along crack 
profile CP1 of specimen 1 and c) the highlighted area of the crack profile of specimen 3. The 
black arrows indicate the crack growth direction. 
 
Along crack profile CP2B of specimen 1 a large lack of fusion (LoF) defect is observed, 
(marked with a square in Figure 11). In Figure 14 the IPF map and the local misorientation 
map around the LoF defect are shown. In the IPF map it is clearly seen that the LoF defect 
“cuts off” the continuous formation of microstructure during the LMwD process. Small areas 
of various crystallographic orientations are found around the LoF defect, which refers to the 
solidification just before the preferably oriented dendrites outgrow the less preferably oriented 
dendrites. Furthermore, in the local misorientation map, large zones of plastic deformation 
closest to the free surface of the defect are evident, representing the inhomogeneous stress 
distribution generated by the LoF defect because of its asymmetrical shape.  
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Figure 14. Inverse pole figure map (a), local misorientation map (b) and the image quality 
map (band contrast) (c) of the lack of fusion defect present in crack profile CP2B of 
specimen 1.   
 
In the neighboring crack profile CP2A of specimen 1, a large crack is shown (Figure 15). The 
location of the crack corresponds to the same region as for the LoF defect in crack profile 
CP2B, i.e. crack profile CP2A was ground approximately 100 µm, parallel to the location of 
crack profile CP2B (Figure 14). Because of the location of the crack and its relatively small 
distance to the LoF defect (~100 µm), the crack is most likely connected to the LoF defect. It 
is further hypothesized that this crack is initiated by the LoF defect, which in that case 
indicates the detrimental influence from the LoF defects. Interesting to note is that the crack is 
almost parallel to the basal planes (see pink and purple area in Figure 15). According to the 
Schmid factor intensity in Figure 15 it can moreover be seen that the basal slip system shows 
high intensity at least for part of the crack. In the local misorientation maps there are areas 
indicating more deformation, i.e. slip activity. For instance, it is seen that slip is occurring in 
areas quite far away from the crack, indicated by the white arrows to the left in the local 
misorientation map in Figure 14. In the Schmid factor intensity maps it can further be 
observed that these areas correspond to a very high intensity of the prismatic and c+a slip 
systems.  
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Figure 15. The large crack present in crack profile CP2A of specimen 1. Inverse pole figure 
map (a), local misorientaion map (b), image quality map (band contrast) (c) and Schmid 
factor intensity maps (d). 
 
Conclusions  
Based on the selected specimens and their crack profiles in the present study the following 
conclusions can be made: 

• No significant difference in the fatigue crack growth rate was confirmed for the two 
specimen orientations and there was no difference between room temperature and 
250°C. 

• The fractography reveals a difference in tortuosity within the crack propagation areas 
for all specimens and could be related to the alpha colonies in the prior beta grains. 
This difference in tortuosity was more pronounced for the parallel specimens.  

• Large areas exhibiting similar crystallographic orientation were observed along the 
prior beta grain boundaries, which were attributed to the wide alpha colonies 
frequently observed along the prior beta grain boundaries.  
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• The Schmid intensity factor for the pyramidal slip system was high along the crack 
profiles of the parallel specimens. A larger variation in Schmid intensity factor was 
observed for the slip systems in the perpendicular specimen.  

• Large areas of local misorientation were observed in regions around a LoF defect, 
which indicate the inhomogeneous stress distribution occurring around these 
asymmetrical defects. 
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