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Abstract 

The implementation of additive manufacturing techniques in the production of mission critical structural 

components is challenged by its low throughput and limited build envelope. In recent years, hybrid 

production methods are emerging to bridge between the build volume and high throughput of conventional 

production methods and the design freedom enabled by additive manufacturing.  The repeatability of material 

properties and the quality of the interface between the additive manufactured and wrought material are crucial 

for the adoption of hybrid manufacturing techniques by the industry. Here, the tensile behavior and fracture 

toughness of a hybrid Ti-6Al-4V alloy are examined in detail. Ti-6Al-4V pre-forms were built onto a wrought 

Ti-6Al-4V start-plate and extracted via milling. Compact tension and uniaxial tension specimens extracted 

from the hybrid pre-forms demonstrated good fracture and properties with no preference for crack growth in 

neither the AM nor wrought materials. Microstructural characterization revealed a 40 mm transition layer 

into the wrought material which ends abruptly with no evidence of a gradually decaying heat-affected zone. 

The hybrid manufacturing approach studied here expands the current limitations of large-scale critical 

components with fine features and allow such structures to be produced with a higher throughput.  
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1. Introduction  

Titanium and its alloys pose a unique combination of physical and mechanical properties such as high 

specific strength, high toughness, good corrosion resistance [1–6], etc. As such, Titanium alloys are often 

found in damage-critical load-bearing structures and weight critical products.  Among the various Titanium 

alloys, Ti-6Al-4V stands out as being one of the most frequently used Titanium alloys in the industry. It is not 

a surprise then, that with the emergence of additive manufacturing (AM) techniques, Ti-6Al-4V was one of 

the first metallic material to be incorporated into a commercial critical component [7]. Throughout the 

development of AM technology, Ti-6Al-4V was studied extensively in the scientific literature [8–17] as well 

as by aerospace and BioMed industries. Over the last decade, Ti-6Al-4V was intensively integrated into 

various additive manufacturing processes, demonstrating remarkable business case reasoning through 

improved functionality, efficient material usage, and cost reduction.   

Powder bed additive manufacturing is considered to be a low throughput manufacturing method, with a 

limited build envelope, thus landing itself mostly for the production of high-quality structures with fine 

features, very thin walls, lattice structures, fine internal channels, and cavities. In recent years, Hybrid AM - 

conventional manufacturing processes are emerging as a viable way to overcome the build limitations of AM, 

thus enhancing the functionally and expanding reach of the AM technology [18,19]. Hybrid manufacturing 

processes pose a significant technological advance, allowing for component repairs [20–23], production of bi-

materials [24–28], and manufacturing of large components with intricate designs [29–33]. Hybrid 

manufacturing techniques, consisting of both powder bed fusion and wire arc AM hold a promise to result in 

a manufacturing method which marks the benefits of both worlds, i.e.  relative freedom of design along with 

rapid manufacturing process [34] 

With the growing interest in AM of metallic components, the mechanical properties resulting from various 

powder bed and direct energy deposition techniques have been extensively studied in the literature. As can be 

observed from [35,36]  and references within, both the static (e.g. tensile strength, elongation to failure, etc.) 

properties, as well as mechanical anisotropy, fracture toughness, and fatigue life, are highly dependent on the 

process parameters and has been studied extensively.  However, for Hybrid manufactured components, the 

majority of works cited above, have focused on the microstructural characterization and uniaxial tension 

behavior solely (e.g. [34,37]). Only a few works have studied the fracture properties of Hybrid structures 

[11,38]. 

The work presented here is aimed at characterizing the fracture toughness of a Hybrid Ti-6Al-4V structure, 

produced via selective laser melting (SLM) and subtractive manufacturing of the base plate (wrought Ti-6Al-

4V) on which it was manufactured. The rest of the paper is organized as follows: We first describe the 

experimental procedure by which the hybrid structure was fabricated along with a description of the 

experimental approach. Next, the microstructure surrounding the AM-Wrought interface is presented along 

with the measured hardens variations and a detailed defect analysis. The uniaxial mechanical behavior and 

fracture toughness of the Hybrid material is then compared to those of the wrought and AM material, 
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demonstrating the feasibility of the proposed manufacturing route for load bearing, damage critical 

components. The main findings of the work are then briefly summarized. 
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2. Experimental 

2.1 Specimens fabrication 

An EOS M280 powder bed SLM was used to build a series of pre-forms designated for tensile tests (round 

rods) and fracture toughness evaluation (cubes). The pre-forms were fabricated from a 30-microns Ti-6Al-4V 

powder supplied by TLS Technik GmbH. Both the powder and build plate were used in their virgin form i.e. 

have not experienced any prior heat cycle. The process parameters are given in Table 1.  The substrate material 

for the hybrid specimens manufacturing was wrought chosen to be Ti-6Al-4V cold-rolled plate purchased 

from TITANIUM INTERNATIONAL GROUP SRL. No support structures were used in the building process 

to facilitate the mechanical evaluation of the hybrid material. The various pre-forms used for this study and 

their designation are given in Figure 1 along with an illustration of the tensile and compact-tension fracture 

specimens overlaid on the pre-forms.  

Table1: SLM process parameters 

Power Scan speed Hatch distance Hatching strategy 

175W 1250 mm/sec 0.012mm Line 
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Figure 1: Built pre-forms ( AM ) on the wrought Ti-6Al-4V substrate plate (top) and an illustration of 

the pre-forms overlaid with the specimens before post-processing (bottom). 

Following the SLM process pre-forms were carefully machined out of the substrate plate and AM material. 

The pre-forms from the three groups (i.e. hybrid, AM and wrought) were heat-treated following two 

commonly used stress-release procedures for AM Ti-6Al-4V, namely: 650°C for 3h or 800°C for 4h. Both 

heat treatments were held and cooled in vacuumed furnace. Finally, the pre-forms were machined into tensile 

specimens (Figure 2a, in accordance with ASTM E8) and compact-tension (CT) specimen (Figure 2b, 

following ASTM E399-17).  The tensile specimen's geometry was selected to comply with the geometrical 

limitations induced by the plate thickness. Special care was taken while machining the specimens to ensure 

that the AM-wrought interface is located at: 

i. The center of the gauge for the tensile specimens. 

ii. Bellow the notch tip and parallel to the CT specimen’s symmetry plane (designated as “Top”) 

iii. Directly ahead of the notch tip and along the CT specimen’s symmetry plane (designates “Symmetric”). 

iv. Halfway through-thickness of the CT specimen, perpendicular to the crack growth direction (designated 

“Flat”) 

 

 

(a)  

(b) 

 Figure 2: (a) ASTM E8 tensile specimen’s geometry and dimensions. (B) ASTM E399-17 CT specimen’s geometry and 

dimensions.  
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In addition to the Hybrid specimens, tensile and CT specimens were machined out of purely AM material 

(manufactured via the same preforms and on the same plate in the same batch) as well as from the wrought 

plate serving as substrate.  The tensile specimens extracted from the substrate plate (i.e. wrought material). 

We acknowledge that the tensile test results reported for the wrought material may be different in the rolling 

direction when compared to the through-thickness direction used for the hybrid specimens. However, through-

thickness tensile specimens, complying with the dimensions of ASTM E8 could not be extracted due to the 

plate thickness.  

2.2 Microstructural observations 

Hybrid samples were extracted and then grounded and polished using SiC (1000#) followed by colloidal 

silica (0.04 microns). The polished specimens were lightly etched by swabbing with Kroll’s reagent to expose 

the underlying microstructure.  An Olympus BX-51 optical microscope and a high-resolution TESCAN 

MIRA-3 FEG-SEM were used to study the microstructure surrounding the interface.   

Nondestructive testing using Micro-focus Computerized Tomography scanner (Nikon XT H 320 CT 

Scanning system with a 225 kV micro-focus source, equipped with a reflection target), was used to assess the 

porosity levels as discussed in Section 3. 

2.3 Mechanical testing  

Vickers micro-hardness testing was done using Shimadzu HMV-G20 operating at a load of 500gfr.  

The tensile tests were carried out using a 100KN Instron tensile machine at a strain rate of 7x10-3 s-1. 

Displacement in the AM and wrought tensile experiments were measured using a 25 mm mechanical 

extensometer (Instron). For the Hybrid tensile tests, prior to conducting the experiments, a black and white 

speckle pattern was applied via an airbrush and imaged to extract the displacements along the specimen’s gage 

using GOM-ARAMIS digital image correlation (DIC) software.  

The compact tension specimens were first fatigue pre-cracked using an Instron 8801 testing machine 

(Dynacell, Dynamic Load Cell +/- 100 kN) under load control with a sinusoidal waveform in the air at 22±3°C 

@ 15 Hz. The cyclic loading of the fatigue pre cracking was applied with a load ratio of R=0.1 and a maximum 

load of 3 kN (200-500K cycles). The maximum stress intensity in the terminal (2.5 %) stage of fatigue crack 

growth did not exceed 80 % of the KIC value. The crack propagation was monitored using a crack opening 

displacement gage (COD gage) and visually monitoring the crack growth on the sides of the specimens.   

3. Results and discussion 

3.1 Microstructural observations 

An optical microscope image of the AM-wrought microstructure is presented in Figure 3 for a hybrid 

specimen subjected to a stress release heat treatment at 800oC for 4 hours. As evident from Figure 3, the 

microstructural anisotropy, typical of Ti-6Al-4V manufactured by powder bed fusion, is still present after the 
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selected heat treatment. We attribute this to the heat treatment temperature which is well below the beta-

transus, with little effect on the columnar prior  boundaries [39] .  

 

 

Figure 3: Optical microscopy image of the AM-wrought interface taken at a magnification of 5X  

In Figure 4., SEM images of the AM-wrought interface, taken at three magnifications (view fields of 20m, 

120m, and 250m) are presented for a hybrid specimen stress-released at 800oC for 4 hours.  No porosity or 

other discontinuities were observed along the AM-wrought interface. Since the SLM process can be 

considered as a welding type of manufacturing, in which the powder beads are being welded together, one 

might expect the resulting microstructure at the AM-wrought interface to be similar to those observed after 

laser beam welding (LBW) of AM Ti-6Al-4V  to its wrought counterpart (e.g. [40]). Surprisingly, no clear 

heat-affected zone was observed and the microstructure remained consistent in appearance for both the AM 

and wrought sides, with only a thin layer separating them. Unlike the common continuous change in 

microstructure which is typical of HAZ, the observed layer appears to be consistent and ends abruptly (at least 

at the magnifications considered in this work).  

  

500 m 

AM Wrought 
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Figure 4: Secondary (left) and Backscattered (right) electron images were taken at the interface of a hybrid specimen 

heat treated at 800ºC for 4 hours. (a,d) 20m view field (x27.7K). (b,e) 120m view field (x4.6k). (c,f) 250m view 

field  (x2.2k).  The interface between the AM and wrought materials, as well as the end of a heat affected zone are 

marked by dashed lines. 

 

In Figure 4, (b,e) the transition layer can be observed on the wrought side of the specimen. At low 

magnifications (Figure 4 c&f) the microstructure in the layer resembles the microstructure of the wrought 

alloy and exhibit the typical + microstructure. However, under close examination, distinct laths are 

observed within a layer of ~ 40 m adjacent to the interface between the wrought and AM materials. These 

laths are not present anywhere else in the wrought alloy. The area fraction of  grains was measured via image 

analysis and a slight decrease was observed from 5.8% in the wrought alloy to 4.8% inside the layer (on 

average). This difference however, when estimated over several regions was found to be statistically 

insignificant. At this stage we attribute the absence of a HAZ similar to the one observed by  Tavlovich et. al. 

[40] to the thermal cycles experienced by the material throughout the SLM process, however, the full 

characterization of the microstructural evolution near the interface has to be further studied.  

 

 

Micro-hardness tests (HV) taken at equal distances from the interface (Figure 5), from both wrought and 

AM regions, indicate a slight decrease in hardness at a distance of up to 100m away from the interface for 

the wrought material, which quickly regains back to typical values of ~348HV . Note however that both 

materials exhibit a second small drop in hardness at ~900 m away from the interface.  
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Figure 5: Micro-hardness profile along the longitudinal direction of the hybrid sample as a function of distance from 

the interface. The grayed region surrounding the mean hardness line marks the full range of measured values for each 

position. 

Unfortunately, we were not able to correlate the lower hardness values with any apparent microstructural 

variations with the instrumentation at hand.  

 

3.2 Defect analysis 

Defect analysis was conducted via a micro-CT apparatus for a cylindrical specimen (Figure 6). The total 

scanned volume was 602 mm3. A total of 1109 defects were observed in the AM alloy, while only 755 defects 

were identified in the wrought alloy, to avoid misidentification resulting from the machine resolution (i.e. a 

6m voxels size) only defects covering at least 8 voxels (2X2X2) were considered in the analysis.  Both 

materials were found to contain less than 0.05% defects in volume. 75% of the defects occupied up to 12 

voxels in the AM material, and up to 11 voxels in the wrought alloy. The maximum defect size was found to 

be 32 voxels for the wrought alloy and 1276 voxels for the AM material.  The majority of detectable defects 

in the AM alloy exhibited an aspect ratio (the ratio of the smallest projection to a major plane  to the maximum 

one) greater than 0.67 with sphericity greater than 0.5, suggesting that the majority of the defects are more 

likely to  be related to gas pores  than to lack of fusion. Similar observations were made for the wrought alloy, 

where the minimum sphericity value was 0.44.  
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Figure 6: (a) 3D reconstruction of the scanned specimen’s outer surface(a) along with detectable defects (b,c). The 

aspect ratio of the defects and their sphericity is shown for the two materials (c) along with their boxplots (e).  

 

While the mean values of the sphericity are mostly similar between the two materials, as evident from 

Figure 6e, the outliers in the boxplot created for the AM material span a larger range. The defects diameter, 

ranges between 17 m to 262 m in the AM material and 17 m to 65 m in the wrought alloy, with  25% 

of all defects having a diameter greater than 26 m in both materials.  A parallel coordinate plots is shown in 

Figure 7 to try and present a more complete picture of the defects found in the micro-CT scans.  All of the 

defects whose volume is greater than 100 x10-6 mm3 are found in the AM region, and are characterized by 

Sphericity lower than 0.5 with 50% being in the range of 0.41 to 0.3. Similarly, their aspect ratio is greater 

than 0.52 and 50% of them are in the range of 0.76 to 0.88.  The rest of the defect characteristics do not 

exhibit any specific relation with respect to the material they are found in.   
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Figure 7: The defects found in the micro-CT scan are mapped on 8 coordinates deemed most relevant. The dashed 

black line marks the boundary between the wrought alloy (negative z values) and the AM material (positive z 

values). The color coding is indicative of the defect volume. 

 

The maximum defect volume found in the wrought alloy was v=10 x10-6 mm3. Focusing attention on the few 

larger defects observed in the AM material , and looking at their distribution along the radial coordinates, it 

appears that they are mostly present close to the outer surface of the specimen (Figure 8), making them 

potentially preferred sites for fatigue failure. Interestingly, while larger volume defects appear mostly on the 

outer part of the specimen, defects with large diameter tend to be present more uniformly across the cross 

section (Figure 8). Additionally, it appears that the correlation between defect volume and diameter is weak 

and the larger defect in term of diameter has relatively low volume and vice versa. The two parameters seem 

to be correlated only for small defects (Figure 8c). We find it encouraging that no evidence was collected 

during this study to suggest that the AM-wrought interface is more susceptible to defects than the rest of the 

AM material. 
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Figure 8: Polar plots showing the distribution of the largest defects in the AM material at the specimen cross section. 

Values along the build direction (z) are denoted by the marker color while marker size represent the defect diameter 

(a) and volume (b).  A hexbin plot (c) is shown to demonstrate the relation between the large defects in terms of 

volume and diameter. The color of each bin is a measure to the number of defects contained in it. 

 

Despite the rapid progress made in the field of AM metals, additively manufactured components are still 

treated with caution when used in scenarios where dynamic loads are applied. The different defects associated 

with this manufacturing route are known to degrade the fatigue life, while their statistical nature in terms of 

size shape and location leads to a large scatter and makes it harder to predict the fatigue life using well 

established models such as NASGRO.  Murakami’s method [41] has been successfully adopted to describe 

the effect of defects in AM components in terms of the defects’ effective area projected perpendicular to the 

loading direction [42]. The so called √𝑎𝑟𝑒𝑎  parameter, along with the defects sphericity, diameter and 

location with respect to free surfaces, was shown to be crucial for ensuring usable fatigue life and their 

prediction via a damage tolerance approach [43]. The relationship between the defects volume, diameter and 

their projections on the 3 planes (XY;XZ;YZ) is given in  Figure 9.  It appears that the large defects are mostly 

isotropic in terms of their projected area, and while there is a correlation between the defects volume and its 

projected area, some defects with rather large diameter and low volume are present with a much smaller 

volume.  In the context of the work presented here, being the mechanical behavior of hybrid manufactured 

components, no correlation was found between the presence of the AM-wrought interface and large 
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volume/diameter defects. In fact, as evident in the data presented in this section, the more “dangerous” defects, 

appear mostly at the bulk of the AM part of the specimen.  The presence of some of the larger pores near the 

specimens surface however is to be taken under notice in future process parameters selection as to avoid the 

near surface large defects observed in Figure 8. 

 

Figure 9: The correlation between the projected area of the largest defects on the three planes XY; XZ; YZ along 

with their respective volume and diameter. 

 

 

3.3 Uniaxial tensile tests 

All three groups of tensile specimens (i.e. AM; wrought; hybrid) were tested under uniaxial tension. Two 

series of measurements were conducted for the AM and wrought groups of specimens, each corresponding to 

one of the heat treatments described above (i.e. 800°C for 4h and 650°C for 3h). The number of (successful) 

tests performed for each condition is summarized in Table 2 along with the average measured properties and 

standard errors.  

Table 2: Summary of tensile tests  
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As evident from Figure 10, increasing the temperature of the heat treatment from 650oC to 800oC has a very 

limited effect on the measured properties of the wrought material. On the other hand, the AM material which 

underwent a heat treatment of 800oC for 4 hours exhibited a ~10% decrease in yield and ultimate tensile stress 

while almost doubling the elongation to failure and reduction of area.  For both heat treatments, the AM 

material is found to be stronger when compared to the wrought, albeit being less ductile when undergoing the 

650oC /3 hours heat treatment.  

Following the tensile tests of the wrought and AM materials, it was decided to subject the Hybrid material 

to the 800oC/4hours treatment for all measurements to come.  The tensile tests, conducted on the hybrid 

material, have demonstrated a yield and ultimate stress values similar to the ones obtained for the wrought 

material undergoing the same heat treatment. Similarly, the measured reduction of area was found to be the 

same in the wrought and hybrid specimens’ groups. In contrast to the aforementioned material parameters, the 

elongation to failure was found to be slightly lower in the hybrid material (11.9 1.3 compared to13 1.2 ).  This 

close similarity in mechanical properties raises a question as to the role played by the AM side of the hybrid 

tensile specimen. Moreover, it was observed that in all of the 9 hybrid specimens, necking and failure were 

observed solely on the wrought side. This observation is illustrated in Figure 10, where two failed hybrid 

specimens are presented after being ground, polished and etched to expose the microstructure and hence aid 

in identifying which side belongs to which material as well as the location of the interface.  

 

Figure 10: A comparison of the uniaxial tensile test results between the different tested groups. The ASTM F3001 

required properties are marked by dashed lines.  
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Figure 11: Typical tensile hybrid specimens post-failure. The specimens were ground, polished, and etched to aid 

in visualizing the location of the interface. Note that necking and failure have occurred in the wrought side and 

more than 1mm away from the wrought/AM interface.   

 

To further investigate the mechanical behavior under tension of the hybrid specimen, and specifically, the 

strain partitioning between the two materials composing the hybrid tensile specimen, the strain evolution 

along the hybrid specimen’s gauge section is given in Figure 12. From Figure 11&12 it is clear that while 

the wrought side of the specimens carries the majority of deformation, its AM counterpart has only yielded 

to a limited extent.  Both SEM and computed x-ray tomography of the failed hybrid specimen did not reveal 

an increased level of porosity at the AM side of the specimen, in line with the strain measurements and the 

relatively large distance between the necking region and AM-wrought interface. 

 

 

AM AM Wrought Wrought 
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Figure 12: DIC measurements, showing the strain evolution along a path aligned with the tensile direction over 

time. Note, that since the path over which the strain was extracted is chosen inside the GOM software, the precise 

allocation of the interface was hard to achieve. Thus, the normalized position does not mean that the interface lies at 

0.5 but rather somewhere in its vicinity.  

 

3.4 Fracture toughness  

The fracture toughness samples were prepared and tested in accordance with the International Standard Test 

Method for Linear-Elastic Plane-Strain Fracture Toughness KIC of Metallic Materials ASTM E399-17. The 

choice of sample geometry (Figure 2b) was somewhat limited due to the geometric restrictions imposed by 

the wrought plate dimensions and CT25 specimens were extracted from the In-plane direction of the plate.  

Similar to the testing plan in Section 3.2, the wrought and AM materials were tested for both heat treatments, 

as to set a baseline for the measurements of the hybrid material. The test groups and number of specimens 

within each are summarized in Table 3.  

Table 3: Fracture toughness results of wrought material, AM and hybrid samples  

 

 

While the tensile properties of the wrought material were found to be only weakly sensitive to the choice of 

heat treatment, the fracture toughness was observed to vary by close to 10% between the two heat treatments, 

making the 650°C/3h favorable. In the AM, the relative difference between the two test conditions yields a 

toughening of roughly 26%, in accordance with the improved ductility observed for the tensile tests. It is worth 

noting that the SLM material’s response to the studied heat treatments is exactly opposite to that of the wrought 

material with 800°C/4h being the preferred heat treatment. 

Due to the higher sensitivity of the AM material to the selected heat treatment and the opposite effect the 

heat treatments have on the measured fracture toughness, the large difference in KIC between the AM and 

wrought materials resulting from the 650°C/3h treatment (~40%) is considerably reduced for the 800°C/4h 

(~11%).  In order to test the hybrid material at conditions for which its two constituents have similar KIC 
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values, as well to remain consistent with the test program of section 3.2, all of the hybrid fracture specimens 

were treated at 800°C/4h.  

The results of the fracture toughness experiments are summarized in Figure 13. The three groups of hybrid 

materials, regardless of their orientation, have demonstrated higher fracture toughness (and maximum load) 

than the specimens belonging to either the AM or wrought category. Here we note, that while we are aware to 

the fact that the ASTM formula used to calculate KIC from the measured loads during the experiment is invalid 

for a bi-material[44,45], The relative differences between the two materials hardening curve are not very big 

and thus we consider the classical equation to be a decent approximation. Nonetheless, even if ignoring the 

actual KIC values, the maximum loads leading to crack propagation are substantially higher for the hybrid 

specimens. 

 

 

Figure 13: A comparison of the fracture test results between the different tested groups. The dashed line marks the 

ASTM value of KIC = 44.5MPa√𝑚  

 . 

In all of the flat hybrid fracture tests, the fatigue pre-crack was observed to grow in a non-uniform manner 

(Figure 14), propagating faster in the wrought side during the fatigue pre-cracking process. Nonetheless, No 

evidence for abrupt crack growth on one of the sides (i.e. AM-wrought) was observed and it appears that the 

fatigue crack, albeit being non-uniform has grown in a continuous manner. To estimate the toughens in the 

presence of non-uniform pre-crack fronts, the post-mortem measured fatigue crack length, required for the 

KIC calculation was determined by averaging the actual crack length taken from five evenly distributed 

measurement along the crack front. Contradictory to the report of Zhang et al. [11]  where the crack growth 

in a wire arc additive manufactured Ti-6Al-4V hybrid material was observed to grow into the substrate 

material, here the crack appeared to adhere to the geometrical symmetry plane of the specimen with some 
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undulations between the AM and wrought parts. In [11], the crack path selection was rationalized with respect 

to the residuals strains which were mapped along the specimen. Also, a clear HAZ was reported near the 

WAAM-wrought interface. It is plausible that the minor (if any) residual stresses in our hybrid material, in 

conjunction with the absence of a HAZ are the main cause for the discrepancy between the observations drawn 

here and in [11].   

 

Figure 14: The fatigued pre-crack and final fracture of a flat hybrid specimen. The white dashed line denote the 

transition from pre-cracking to crack propagation under increasing load.   

 

4. Summary and Conclusions 

The feasibility of a hybrid wrought-AM manufacturing route for Ti-6Al-4V damage critical load bearing 

components was demonstrated through series of experimentation. Hybrid specimens, with their AM part 

manufactured via SLM were tested for microstructural variations, presence of defects, uniaxial tensile 

ductility and fracture toughness for several configurations.  While defects were found in both the AM part of 

the  specimen and its wrought counterpart, their characteristics were not different from those reported in the 

literature for other SLM Ti-6Al-4V specimens [43,46,47]. Moreover, the spatial variability of defects did not 

exhibit any correlation with the location of the AM-wrought interface. In fact, the majority of the more 

“dangerous” defects were observed to lie mostly at the bulk of the AM region of the specimen, far away 

from the interface.  The combination of a nearly defect free zone (i.e. the wrought alloy) along with a region 

containing various defects (while still reasonably sized and shaped) can be treated by adopting the Zone-

based approach for structural integrity [48]. Following the zone-based approach, one can envision a 

manufacturing scheme in which a large component is designed  via a hybrid route without gepordizing its 

AM Wrought 
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performance, nor requiring extra NDT measures which are not used in conventional manufacturing 

techniques.  

The microstructure near the interface did not exhibit the typical HAZ often observed in laser welding of AM 

Ti-6Al-4V to wrought Ti-6Al-4V. Instead, a thin layer, roughly 40m in width, was observed to extend 

from the interface into the wrought alloy, were the microstructure evolved from the otherwise + structure 

with equiaxed  grains. The transition layer, is characterized by the appearance of a lath structure, with a 

marginally lower fraction of .  A full microstructural characterization of the transition layer and its 

evolution given different heat treatments was outside the scope of this work. However, a deeper 

understanding of this observation may be transferred into conventional laser welding applications as a mean 

of achieving better microstructural uniformity. 

The uniaxial tensile test results for the hybrid structure, demonstrate lower values of yield and UTS stresses 

when compared to the purely SLM specimens. They do however exhibit properties (both in terms of stress 

and ductility) superior to those requires by the ASTM-F3001 standard and thus are considered safe for load 

bearing applications.   

Fracture toughness tests were conducted on hybrid specimens with the initial notch located in different 

locations and orientations with respect to the AM-wrought interface. The results of the hybrid specimens 

have shown them to be superior to both the AM and wrought specimens. This observation not only 

strengthen the usability of the proposed manufacturing method, but it also suggests that the fatigue life of 

hybrid components can be expected to retain to industrial standards. However, since no fatigue life 

estimation was done in this work this point is left open for future study.   

The main findings of this work are: 

• The hybrid specimens did not exhibit any type of defects in the vicinity of the interface. 

Furthermore, the micro-hardness values were recovered to those expected from the individual 

materials within 100m for the case of the wrought alloy and 200m for the AM one.  

• The HAZ typically associated with laser welding of Ti-6Al-4V was not observed for the hybrid 

material, presumably due to the diminishing heating cycles associate with the AM process and their 

relatively short duration (per cycle). 

• The two heat treatments considered in this work, were found to have negligible effect on the tensile 

properties of the wrought material while drastically improving the tensile ductility of the AM 

material.  

• Hybrid AM-wrought tensile specimens were shown to localize the majority of deformation in the 

wrought material with little to no plasticity observed in its AM counterpart.  
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• The fracture toughness of AM and wrought samples was observed to react in an opposing trend 

when subjected to the same heat treatments. At this stage this is merely an observation, but one 

which merits further investigation.  

• It was found that the fracture toughness of the hybrid material is superior to that of either the AM or 

the wrought alloy. The unique crack tip constrains emerging at a bi-material interface are not 

sufficient to explain this observation as this observation prevailed also for the “Flat” and “Top” 

specimens at which crack propagation was not along the interface.  

To summarize, we have shown that Hybrid manufacturing of load-bearing, damage-critical, Ti-6Al-4V 

components, is indeed a viable option. While their fatigue tolerance is yet to be investigated, both the 

tensile and fracture toughness results are extremely promising. During this investigation, several 

peculiarities, which we did not anticipate a-priori have been observed. Despite the vast body of 

knowledge gathered in recent years regarding the differences between wrought and AM Ti-6Al-4V, we 

are not aware of any publication in which the opposite trends we identified were previously emphasized 

and explored.  
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