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Abstract  

Hydride-dehydride (HDH) Ti-6Al-4V alloy with particle size distribution of 50-120 μm is 

laser powder bed fusion (L-PBF) processed using optimum processing parameters and a near-fully 

dense structure with a density of 99.9 % is achieved. Microstructural observations and phase 

analyses indicate formation of columnar β grains with acicular α/α′ phases in as-built condition. 

The roughness of the as-fabricated samples is significant with an average roughness of Ra = 

15.71±3.96 μm and a root mean square roughness of Rrms = 108.4±24.9 μm, however, both values 

are reduced to Ra = 0.19±0.04 μm and Rrms = 4.9±0.6 µm after mechanical grinding. Mechanical 

tests are carried out on as-fabricated specimens followed by stress relief treatment. All samples are 

tested to failure in fatigue, under fully-reversed tension-compression conditions of R = -1. The as-

built samples failed from the surface with crack initiation mainly at micro-notches, whereas after 

mechanically grinding, crack initiation changed to subsurface defects such as pores. Minimizing 

surface roughness by mechanically grinding eliminates surface micro-notches which improves 

fatigue strength in the high cycle fatigue region. Fatigue notch factor calculations showed that the 

effect of surface roughness was significantly lower when HDH powder is used compared to 

standard spherical powder. X-ray diffraction analysis revealed an in-plane compressive stress, 

micro-strain and grain refinement on the surface of the mechanically ground samples. 

Fractography observations (macroscale) revealed a fully brittle fracture in the first stage of crack 

growth with a transition to a dominantly ductile fracture in in the third stage of crack growth. On 

the other hand, at the micro scale, even the brittle fracture regions showed evidence of ductile 

fracture within the α′ martensite laths.  

Keywords: Additive manufacturing; non-spherical powder; Surface roughness; Fractography; 

Micro-computed tomography.  

1. Introduction  

Spherical powder produced by gas atomization (GA) has been the dominant type of powder 

being used in powder bed fusion additive manufacturing (AM), such as laser powder bed fusion 

(L-PBF) and electron beam powder bed fusion (EB-PBF) [1,2]. However, the spherical powder 

raises a number of concerns for powder bed fusion AM.  Firstly, the production of spherical 

powders is highly energy-intensive due to energy needed for melting the alloy; for reactive 

materials, the requirements of an inert environment to prevent oxidation under high-temperature 

conditions adds to the production costs. Atomization may also not be an appropriate method to 

produce powder for high-temperature [3] and shape memory alloys [4,5]. In addition, the 

entrapment of gas pores inside the atomized particles can transfer porosity into the final part and 
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degrade the resulting mechanical performance especially under fatigue loading [6–9]. Finally, the 

cost of powder production also contributes to the overall manufacturing cost of AM, thus, 

production of a high-quality, low-cost powder seems essential for viability of metal AM processes.  

In order to mitigate challenges related to production of metal powder, alternative production 

methods should be investigated. Hydride-dehydride (HDH) process is an alternative method for 

producing titanium alloy powders where the final product is in non-spherical shape [10]. There are 

several aspects of using a non-spherical powder that motivate research, such as melt pool dynamics, 

possible new defect formation mechanisms and physics of laser-powder interaction, all of which 

can be affected by the non-spherical powder morphology. First, pore-free powder produced by 

HDH method eliminates issues associated with the entrapped gas bubbles transferred to the final 

L-PBF processed parts from feedstock [11]. Also, shape and size of powder potentially minimize 

spattering issue based on mechanical interlocking and higher mass of the used HDH powder 

compared to the fine spherical powder with PSD of 20-60 μm. However, the morphology of the 

non-spherical powder makes size control more challenging. It is also believed that the flowability 

and packing density of non-spherical powders are lower than the GA powders. Asherloo et al. [12] 

showed that the powder packing density of GA powder with particle size distribution of 20-63 μm 

was ~58 %, while, it was ~ 55 % in non-spherical powder with a particle size distribution of 50-

120 μm.  

Recently, studies have been conducted on the use of non-spherical powders in powder bed 

fusion AM. Narra et al. [13] investigated the use of HDH Ti-6Al-4V powder in EB-PBF process 

by following a processing parameters optimization approach and concluded that a relative 

density >99 % is achievable. Wu et al. [14] successfully L-PBF processed non-spherical HDH Ti-

6Al-4V powder to fabricate parts with relative density up to 99.8 %. They also reported the 

possibility of powder spreading giving rise to patches of low packing density which would enhance 

formation of non-continuous melt pool tracks during laser processing. In other words, a low-

density site in spread powder layer might lead to the formation of a cavity on the melted surface. 

The next layer of powder to be spread would then have a locally thicker powder layer in the cavity 

which might not be fully melted by the laser which in turn would generate a lack-of-fusion pore. 

Medina [15] EB-PBF processed HDH powder with various ratios in the range 25-100 % of non-

spherical to spherodized particles. He showed that when optimum process parameters were applied, 

a relative density of >99 % was achieved using a mixed powder containing 25 % non-spherical 

particles. Jaber et al. [16] used a hybrid powder consisting of a 50-50 mix of plasma atomized (PA) 

and HDH powder to increase the cost efficiency while preserving the desirable characteristics of 

the PA powder. However, they concluded that this resulted in significantly lower yield stress and 

elongation. On the other hand, Varela et al. [17] used various heat treatment processes to mitigate 

the effect of HDH powder irregularity on the final properties of the parts.  

Fatigue performance of additively manufactured Ti-6Al-4V parts is lower than the wrought 

parts because of surface roughness, porosity, and residual stress [18], thus, it is necessary to control 

each of these features to enhance fatigue performance. Gong et al. [19] evaluated the effect of 

defect size and geometry on the fatigue life of the L-PBF processed Ti-6Al-4V. In the low cycle 

fatigue region (at stresses higher than 500 MPa), crack initiation occurred on the surface regardless 

of presence or absence of defects (mainly pores) in the bulk, whereas high cycle fatigue was 

influenced by the shape and size of internal defects. Cain et al. [20] found that the fatigue crack 

growth rate decreased when the as-built L-PBF Ti-6Al-4V specimens were subjected to stress 

relief treatment at 650 °C for 4 h. Pegues et al. [21] studied the effect of surface finish on fatigue 
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performance and found that when polishing decreased the surface roughness from 31.41 µm to 

0.45 µm, the fatigue strength at 1,000 cycles increased from 75 MPa in the as-built condition to 

450 MPa as polished. Thus, it is obvious that the combination of internal defects and surface finish 

play a crucial role on performance of AM parts. This could be a potential challenge when non-

spherical powders are used in powder bed fusion AM processes [22]. 

In this study, the fatigue performance of samples fabricated using HDH Ti-6Al-4V powder in 

two conditions, as-built and mechanically ground, was investigated using microstructure 

observation, surface characterizations such as residual stress measurement and roughness and 

finally fractography on the fatigue fracture surfaces to characterize crack initiation in relation to 

surface roughness. Comparison with parts produced with spherical powder (data collected from 

literature) showed that the cost-effective, non-spherical HDH powders used in this study are a 

viable feedstock for the L-PBF process. 

2. Experimental procedures  

2.1 Feedstock powder 

Hydride-dihydride (HDH) Ti-6Al-4V powder with non-spherical morphology (see Figure 1) 

and average circularity of 0.68 was supplied by Kymera International – Reading Alloys. The 

nominal composition of Ti-6Al-4V and the used HDH powder are given in Table 1. Powder 

morphology was assessed using scanning electron microscopy (JEOL 5900LV). The particle size 

distribution (PSD) reported by the manufacturer was 50-120 µm which was confirmed based on 

image analysis (using ImageJ software) on ~1100 particles obtained using an FEI Aspex Express 

SEM. This revealed a bimodal size distribution with particle size of d10 = 28 μm, d50 = 83 μm and 

d90 = 103 μm and a mean size of 76 μm, Figure 1. Here, number-based statistics are presented, i.e., 

not weighted by particle volume. 

 

Figure 1. Particle size distribution analysis based on image processing on collected SEM micrographs taken from 

HDH Ti-6Al-4V powder. The inset SEM micrograph represented the morphology of the powder.  

Table 1. Comparison between the nominal chemical composition of Ti-6Al-4V powder and used HDH in this study. 

Units are in [wt. %]. 

 Ti Al V Fe C H N O 
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Nominal composition based on 

ASTM B 348 standard [23] 

Bal. 5.5-6.75 3.5-4.5 < 0.40 < 0.08 < 0.015 < 0.05 < 0.20 

HDH Ti-6Al-4Vpowder Bal. 6.08 3.88 0.19 0.02 0.005 0.02 0.17 
 

2.2 Laser-beam powder bed fusion 

The L-PBF specimens were fabricated in an EOS M290 machine. The optimum process 

parameters leading to a density of >99.9 % were reported previously [12] and are summarized in 

Table 2. Here, cubic coupons with dimensions of 15  10  10 mm3 were printed for density 

measurements and microscopy observations. Fatigue specimens with the given dimensions and 

build layouts (see Figure 2A-B) were fabricated using the optimum processing parameters 

followed by stress-relief treatment at 650 °C for 2 h under Ar atmosphere. A wire electrical 

discharge machining tool (model GF machining solutions AC progress VP3 wire EDM machine) 

was used to remove L-PBF parts from the base plate. The gauge section surface of a number of 

samples was mechanically ground using a Dremel tool followed by grinding with 400, 600 and 

800 grit size silicon sandpapers to ensure a good surface finish and reduction of surface roughness. 

Figure 2C shows the samples before and after the mechanical grinding process. 
 

Table 2. Optimum processing parameters used for manufacturing of cubic coupons and fatigue specimens. 

Power (W) 370 

Scan speed (mm/s) 1250 

Hatch spacing (µm) 90 

Layer thickness (µm) 60 

Scan rotation (°) 67 

Scan strategy Using parallel stripes scanning strategy 

contour 1 190 W, 1200 mm/s, 0.03 mm inward offset 

contour 2 190 W, 1250 mm/s, no inward offset 

 

 
Figure 2. (A) Schematic of the fatigue specimen showing dimensions (all measurements in mm), (B) optical 

photograph showing layout of fatigue samples manufactured by the L-PBF process of HDH Ti-6Al-4V powder and 

(C) optical images of fatigue samples in the as-built (bottom) and machined (top) conditions. 

2.3 Characterization of Microstructure 
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To observe the microstructure, metallographic preparation consisted of grinding with 

sandpapers with 320, 600, 800, 1200, and 2400 grit size and polishing using one micron Alumina 

solution and the polished surface was etched using Kroll’s reagent (92 ml distilled water, 6 ml 

HNO3 and 2 ml HF). Microscopy was performed using a Keyence digital microscope (model VHX 

7100) and field emission scanning electron microscope (FESEM, JEOL JSM-6701F). Electron 

Back Scatter Diffraction (EBSD) analysis was conducted to obtain texture and detailed 

microstructure of the AM parts. For EBSD analysis, an SEM microscope (JEOL 5900LV) 

equipped with an Oxford Instruments EBSD detector was utilized operating at an acceleration 

voltage of 20 keV and step size of 0.3 μm. The data was collected using the AzTec software and 

analyzed using the HKL Channel 5 software package. The reconstruction of prior β grains was 

done using MTEX, an open source MATLAB-based toolbox [24]. Surface roughness was 

measured using an optical profiler (Keyence VHX 7100 digital microscope) on eight different 

positions around the gauge section of the fatigue samples. 

2.4 Fatigue life assessment 

Fatigue specimens were tested in air using an MTS 880 machine with a uniaxial sinusoidal 

cyclic loading with a stress ratio of R = -1 and a frequency of f = 30 Hz. Characterization of fracture 

surfaces was conducted using scanning electron microscopy. X-ray diffraction pattern analysis 

(XRD) was performed on samples’ curved surfaces using an x-ray diffractometer (model Thermo 

ARL) with Cu-Kα radiation (λ = 1.5406 Å, 35 kV and 30 mA), a 2θ ranging between 30-100º, a 

scan speed of 1 s/step, and scan step of 0.02 º at an ambient temperature. Possible phases and 

crystallography parameters (peak positions, phases, and lattice parameters) were analyzed using 

the Powder Diffraction File database [25] and the Rietveld refinement was conducted using the 

MAUD [26] software. 

2.5 Micro-computed tomography 

Micro-computed tomography (µ-CT) was performed on the 10 mm of the gauge section of the 

as-built and mechanically ground samples using a Zeiss Merotom 800 system which utilized x-

rays with 85 kV and 47 mA and final spatial resolution of 5.4 µm/pixel. The µ-CT data was then 

post processed and visualized by VGSTUDIO software and the porosity content of the parts were 

extracted and normalized by the parts’ volume.  

 

3. Results and Discussion  

3.1 Microstructure observations 

Microstructures of the L-PBF HDH Ti-6Al-4V powder are shown in Figure 3. Detailed 

discussion on porosity formation as a function of laser power and scan speed can be found in our 

earlier study [12]. In the current study, optimum process parameters were used to fabricate parts 

with a relative density of 99.9 %. In this case, residual pores during fabrication could be formed 

because of keyholing or possible fluctuation of packing density of the powder bed [14].  Typically, 

the L-PBF processed Ti-6Al-4V alloy results in the formation of columnar prior β grains that are 

parallel to the build direction as shown in optical micrograph in Figure 3a. The high cooling rate 

of the L-PBF process causes diffusionless transformation of beta (β) to acicular α′ martensite. Also, 

since the martensite finish temperature (Mf) lies below room temperature [27] as well as heat 

cycles during consecutive layer deposition, there are β nano-particles in the microstructure as 
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shown in SEM micrograph in Figure 3(a3) and Figure 3(b3) which is consistent with observations 

reported in [28].  
 

 

 

Figure 3. Scanning electron micrographs of (a) horizontal and (b) vertical cross-sections of L-PBF processed HDH 

Ti-6Al-4V HDH powder. Different magnifications indicated details of phases presented on horizontal or vertical 

cross-sections. 

To further investigate the microstructure and texture of L-PBF processed HDH Ti-6Al-4V 

powder, microscopy observations were carried out on the vertical and horizontal cross-sections 

and the results are shown in Figure 4. Both optical micrograph and EBSD inverse pole figure (IPF-

Z) map of the vertical cross-section showed columnar grains along the build direction due to 

repetitive remelting and resolidification during printing. Several studies have shown strong <100> 

texture of prior β grains along the build direction by using laser scan rotations of 0° or 90° [29–

31], however, in the present study, the texture of the prior β grains was more random because of 

using 67° laser scan rotation that changes the temperature gradient directions between each 

successive new layer and decreases the tendency for columnar extension of previous grains during 

the L-PBF process. 

 Reconstruction of the prior β grain structure was done on both vertical and horizontal cross-

sections of the L-PBF parts to better define the effect of scan rotation on the prior β grain regrowth 

and elongation. The reconstruction of the prior β grains was performed in the MTEX software 

using (1) Burgers orientation relationship between martensite (child) and prior β (parent) grains 

i.e., [0001]α || [110]β and [2 1̅ 1̅ 0]α || [1̅ 1 1̅]β, (2) a minimum misorientation of 2.5°, and (3) the 

triple point junction method to determine the common prior β grain for different child grains  [32]: 



7 

 

the results are shown in Figure 4(a3,b3). As mentioned above, the applied 67° laser scan rotation 

effectively interrupts epitaxial growth of the prior β grains, however, melt pool instability and non-

uniform thermal gradients [33] can also result in new orientations, known as stray grains [34]. 

Grain boundary distortion occurs because of higher laser scan speed which causes higher 

temperature at the edges of the melt pool compared to the inner parts and eventually distortions of 

epitaxial growth of the grains [35].  

 

Figure 4. (a1,b1) Optical micrographs, (a2,b2) EBSD maps, (a3,b3) reconstructed prior β grains, and (a4,b4) pole figures 

of (a) horizontal and (b) vertical cross-sections of the L-PBF processed HDH Ti-6Al-4V powder. (c) Martensite lath 

size box plot of horizontal and vertical cross-sections measured using EBSD maps. Pole figures were extracted from 

the reconstructed prior β grains maps. BD and TD in pole figures indicate the build direction and transverse direction, 

respectively. 
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Figure 4(a4,b4) shows the pole figure data extracted from the reconstructed prior β grains 

on the EBSD maps. The pole figures show random texture in horizontal cross-section and 

relatively strong texture along <100> direction in vertical cross-section. It is worth noting that the 

anisotropic characteristics of the L-PBF HDH Ti-6Al-4V parts were slightly mitigated using 67° 

laser scan rotation compared to the parts typically printed by 0° or 90° laser scan rotation showing 

almost entirely columnar grains without growth interruptions [36]. Phase fraction analysis on the 

EBSD scans revealed about 2.3 % of β phase, in agreement with reported values for the as-built 

L-PBF Ti-6Al-4V alloy [37,38]. Finally, martensite lath width measured on the EBSD IPF-Z maps 

are shown in Figure 4c. The mean martensite lath width was 1.05 ± 0.22 µm. 

3.2 Fatigue performance 

The fatigue test results of L-PBF processed HDH Ti-6Al-4V powder in the as-built and 

mechanically ground conditions are shown in Figure 5 along with reference data for Ti-6Al-4V 

parts produced from spherical powder [38–41] and wrought alloy [42]. The Basquin equation [43] 

was used to fit the fatigue data of the as-built and mechanically ground specimens: 

𝜎𝑎 = 𝜎𝑓
′(2𝑁𝑓)𝑏 (Eq. 1) 

where 𝜎𝑎  is the stress amplitude, 𝑁𝑓  is the number of cycles before failure, 𝜎𝑓
′  is the fatigue 

strength coefficient, and 𝑏 is the fatigue strength exponent. Based on this equation, a smaller 𝑏 

value for a given 𝜎𝑓
′ corresponds to less dependence on stress amplitude and longer fatigue life 

[44]. All datasets are well fit with R2 > 0.87 and the results are summarized in Table 3.  
 

Table 3. Fitted fatigue strength coefficient (𝜎𝑓
′ ), fatigue strength exponent (𝑏), and calculated fatigue strength at 1000 

cycles (𝜎𝑎
′ ) using Basquin equation. 

 𝜎𝑓
′ [MPa] 𝑏 

As-built - L-PBF - HDH 8609.4 -0.29 

Mechanically ground - L-PBF - HDH 2401.2 -0.161 

Benedetti [40] - L-PBF - Spherical 1991.0 -0.155 

Gong [41] - L-PBF - Spherical 12617.8 -0.305 

Pegues [39] - L-PBF - Spherical 66755.9 -0.5 

Soltani [38] - L-PBF - Spherical 12073.7 -0.3 

Morissey [42] - Wrought 2472.9 -0.139 
 

The fatigue limit of wrought Ti-6Al-4V has been extensively studied and reported to be in the 

range of 550-750 MPa [45], however, the fatigue limit of the samples being investigated in this 

study falls within 150-200 MPa, which is much lower. There are three main reasons for this stark 

contrast between wrought and L-PBF parts; (i) high surface roughness caused by L-PBF 

processing introduces intrusion sites on the surface of the AM parts that act as crack nucleation 

sites [46], (ii) defects and porosities introduced in the part by the L-PBF process can act as stress 

concentration sites and be detrimental to the mechanical properties, and (iii) the presence of a 

predominantly martensitic microstructure in the as-built parts is detrimental to fatigue behavior in 

Ti-6Al-4V as reported by Lin et al. [47]. Sanaei et al. [48] studied the fatigue performance of the 

powder bed fusion processed Ti-6Al-4V alloy and concluded that martensitic microstructure in L-

PBF processed alloy decreases the fatigue life of the parts compared to lamellar microstructure 
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attained using EB-PBF process. This is attributed to the reduced ductility by the martensitic 

microstructure, and consequently, the higher sensitivity of the fatigue life to the critical defect size. 

Although there is a substantial difference between the reference data and experimental results 

of this study in terms of the frequency of cyclic loading, Boyce et al. [49] concluded that frequency 

has a negligible effect on the crack growth rate in Ti-6Al-4V alloy regardless of the temperature 

and frequency range and that crack growth rate is effectively frequency-independent. By 

comparing fatigue results of the as-built and mechanically ground specimens, it is evident that the 

fatigue life slightly increases after machining the parts and removing the surface roughness (Figure 

7c). This comparison is consistent with the fact that surface roughness plays an important role in 

crack nucleation and the higher the surface roughness, the lower the fatigue life of the parts. 

Moreover, mechanical grinding of the surface results in compressive residual stress on the surface 

of the parts, as will be discussed later, that results in even higher fatigue life compared to as-built 

condition. Parts printed using HDH Ti-6Al-4V powder showed relatively similar fatigue behavior 

compared to those fabricated by spherical powder.  

Pegues et al. [39] investigated the effect of surface roughness on fatigue behavior of L-PBF 

processed Ti-6Al-4V spherical powder. They tested parts with different geometries to determine 

the effect of geometry on the fatigue behavior and their results from the geometry close to the 

samples fabricated in this study are shown in Figure 5. It was found that the fatigue performance 

of the specimens in this study was better than data reported by Pegues et al. [39]. This could be 

explained by the fact that samples were fabricated at an angle of 45° from the substrate [39], 

resulted in non-uniform surface roughness (rougher surface on the down-skin side compared to 

up-skin side). Gong et al. [41] showed that porosity volume of up to 1% would be harmless to the 

mechanical properties of the L-PBF processed Ti-6Al-4V spherical powder and their results were 

shown in Figure 5. The slightly better performance of those samples could be attributed to the 

lower surface roughness because of using finer powder compared to the used HDH powder in the 

present study. In another work by Benedetti et al. [40], very fine powder (mean size of 9 μm) was 

L-PBF processed followed by stress relief treatment at 670 °C for 5 h to investigate role of surface 

finish, defect, and mean stress sensitivity on the fatigue performance. Slightly better fatigue 

performance compared to the L-PBF processed HDH powder could be associated with lower 

surface roughness and the applied stress relief treatment leading to the minimal decomposition of 

martensite α′ to an α+β structure with higher ductility. Soltani et al. [38] recently reported fatigue 

behavior of L-PBF processed Ti-6Al-4V using 34 µm spherical powder (see presented data in 

Figure 5). Similar microstructure of prior β grains containing acicular α′ martensite lath was 

reported in [38], however, the slightly better fatigue performance compared to L-PBF processed 

HDH Ti-6Al-4V powder (with PSD of 50-120 µm) could be because of lower surface roughness 

from the use of spherical powder with much smaller particle size in the range 15-45 µm.  

It should be noted that at higher stresses (i.e., ≥350 MPa) as shown in Figure 5, mechanically 

ground parts showed no significant improvement compared to the as-built samples. This can be 

explained by the fact that by removing the surface roughness, the inner defects (with potentially 

larger sizes) are effectively closer to the surface of the L-PBF HDH Ti-6Al-4V parts. As will be 

discussed in the fractography section, the subsurface defects were the main crack initiation sites in 

the mechanically ground parts. Moon et al. [50] used artificial intelligence to investigate the 

correlation between the surface roughness and fatigue life of the L-PBF processed Ti-6Al-4V parts. 

They fabricated parts using different processing parameters to study the effect of different porosity 

contents on fatigue performance. Porosities were divided into two groups of internal and surface 
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porosities separated by a depletion zone created by contour laser scanning. It was concluded that 

the fatigue life in as-built samples was primarily controlled by the microscale surface roughness 

of 7.7 μm which was evident through the positive correlation between the surface pore density and 

the fatigue life of the parts regardless of the stress amplitude. On the other hand, the correlation 

between the surface pore size and the fatigue life was more significant in the machined parts, thus, 

the number density of pores on the surface was not as important as their size. The same argument 

could be used to explain the negligible fatigue life improvement of the mechanically ground parts 

under high stress in the present study which was in agreement with the finding in Ref. [19]; the 

large defects were moved to the subsurface region after grinding the parts, thus, the mechanically 

ground parts failed more or less like the as-built parts under high stresses.  

 

Figure 5. Fatigue life of L-PBF processed HDH Ti-6Al-4V powder in the as-built (black squares) and mechanically 

ground (orange squares) conditions compared with reference data of L-PBF processed spherical powder [38–41] and 

Ti-6Al-4V wrought alloy [42]. 

Micro-computed tomography (µ-CT) was done on one fatigue specimen before and after 

mechanically removing the surface roughness, Figure 6. The grinding process caused a 400 µm 

reduction in the specimen diameter and 0.29 % reduction in porosity content from 0.35 % to 0.06 % 

before and after grinding, respectively. The argument mentioned above about the interior large 

defects being closer to the subsurface region because of machining is apparent in the µ-CT results. 

As it will be discussed in more detail in the fractography (section 3.4), the micro-notches on the 

surface of the as-built sample are the main stress concentrators, thus, the subsurface defects can be 

neglected. However, after removing the surface roughness, the micro-notches will be removed and 

the defects in the subsurface region are the main stress concentrators and crack initiation sites. The 

porosity analysis (see Figure 6e) showed removal of porosities larger than 80 µm by the grinding 

surface. It can be concluded that the porosity distribution in the L-PBF processed HDH Ti-6Al-4V 
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samples is not uniform and relatively larger defects tend to form in the near surface region of the 

sample. 

 

 

Figure 6. CT scan of a fatigue specimen in (a,c) as-built, and (b,d) mechanically ground conditions, and (e) normalized 

porosity count in 100 mm3 of gauge section of a fatigue specimen before and after mechanical grinding process. White 

ovals indicate the porosities that are moved from the (c) interior region to (d) subsurface region after grinding. Blue 

region in (a) shows the region that was removed from the fatigue specimen by mechanical grinding process. 

The role of defect size on the fatigue performance of the parts was investigated using the 

average critical defect size analysis, Figure 7. The average critical size was measured using the 

formulation of Ref. [48]. The majority of the critical defects in the as-built sample were located on 

the surface of the sample and after grinding the sample, the critical defects were exclusively located 

in the subsurface and internal regions of the sample. This explains the fact that the crack initiation 

occurred exclusively from the surface defects in the as-built condition and from the subsurface 

defects in the mechanically ground samples. 

Average critical size against the cycles to failure under the stress of 300 MPa was compared 

with the data from literature [40,51–53], Figure 7c. Our results agree with the data reported in the 

literature and shows decreasing fatigue life with increasing critical defect size in the samples, 

regardless of the location of the defects. 
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Figure 7. Defects with the largest projection area in the XY plane in the (a) as-built and (b) mechanically ground 

conditions, and (c) the average critical defect size against the cycles to failure under the stress of 300 MPa compared 

with the data from literature [40,51–53]. Note that the dashed line in (c) is the fitted line on the data with R2 = 0.72, 

and the μ-CT was conducted on 10 mm height of the gauge section of the fatigue specimens. 
 

3.3 Surface characterizations 

3.3.1 Surface roughness assessment 

Fatigue performance depends strongly on the surface condition; thus, it is crucial to quantify 

surface roughness. This was measured at eight different positions around the gauge area before 

and after mechanical grinding and the results are shown in Figure 8.  
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Figure 8. Optical surface topography profiles in (a) as-built and (b) mechanically ground conditions. (c) Line scans of 

surface topography of as-built and mechanically ground specimens obtained using optical profiler, and (d) comparison 

between hrms values of different surface conditions. 

The average roughness (𝑅𝑎) and root-mean-squared height variation (ℎ𝑟𝑚𝑠) were calculated 

using the following equations on 2,160 points: 

𝑅𝑎 =
1

𝑛
∑ 𝐴𝐵𝑆(𝑍𝑖 − 𝑍𝑚𝑒𝑎𝑛)𝑛

1  (Eq. 2) 

ℎ𝑟𝑚𝑠 = √
1

𝑛
∑ (𝑍𝑖)2𝑛

1  (Eq. 3) 

where 𝑛 is number of points, 𝑍𝑖 is the height of each point in µm, and 𝑍𝑚𝑒𝑎𝑛 is the average 

height throughout the dataset in µm. The Ra values for the samples before and after mechanical 

grinding were 15.71 ± 3.96 and 0.19 ± 0.04 µm, respectively, i.e., a reduction by about two orders 

of magnitude. The ℎ𝑟𝑚𝑠 value was reduced from 108.4 ± 24.9 (in an as-build condition) to 4.9 ± 

0.6 µm after the mechanical griding. This drastic change in surface roughness can explain better 

fatigue life of post surface treated L-PBF HDH Ti-6Al-4V specimens compared to the as-built 

surface condition, particularly under high cycle (low stress) conditions. Edwards et al. [18] used 

spherical powder with a mean size of 30 µm and L-PBF and reported 𝑅𝑎 and ℎ𝑟𝑚𝑠 values in the 
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as-built condition of 38.5 ± 2.3 µm and 47.4 ± 2.4 µm, respectively, while after machining, they 

were reduced to 0.89 µm and 1.2 µm, respectively, i.e., a similar reduction. The higher ℎ𝑟𝑚𝑠 value 

of L-PBF processed HDH Ti-6Al-4V specimens may be a consequence of the slightly larger layer 

thickness and much larger particle size used in this study. In another study on L-PBF of grade 23 

ELI Ti-6Al-4V powder with a PSD of 10-45 µm, the 𝑅𝑎value was reported to be 17.2 µm [54]. 

This roughness was higher than the L-PBF processed components in the current study which could 

be related to sintering and partial melting of the powder particles sticking to the surface of the AM 

parts during the printing process. 

A more quantitative approach is to relate the fatigue endurance limit of the as-built condition 

(𝜎𝑒1) to that of the mechanically ground specimen (𝜎𝑒2) by the effective fatigue notch factor (𝐾̅𝑓), 

as expressed by the following equation [55]: 

𝜎𝑒1 =  
𝜎𝑒2

𝐾̅𝑓
 (Eq. 4) 

The fatigue notch factor(𝐾̅𝑓) can be calculated using the elastic stress concentration factor (𝐾̅𝑡), 

and the notch sensitivity of the material (𝑞) given by the following equations [55,56]: 

𝐾̅𝑡 = 1 + 𝑛(
𝑅𝑎

𝜌̅10
)(

𝑅𝑡

𝑅𝑧𝐼𝑆𝑂
) (Eq. 5) 

𝑞 =
1

1+
𝛾

𝜌̅10

 (Eq. 6) 

where 𝑛 is a constant based on the changes in stress state (𝑛 = 2 for tension), 𝑅𝑎 is the average 

roughness, 𝜌̅10 is the average 10-point valley radii, 𝑅𝑡 is the maximum peak-to-valley roughness, 

𝑅𝑧𝐼𝑆𝑂 is the 10-point height roughness, and 𝛾 is the average acicular α′ lath width of the Ti-6Al-

4V material, which is the average of α′ lath widths of horizontal and vertical cross-sections in this 

study with the value of 1.05 µm. 𝑅𝑎 can be calculated using Eq. 2, and 𝜌̅10, 𝑅𝑡, and 𝑅𝑧𝐼𝑆𝑂 can be 

calculated using the following equations [57]:  

𝑅𝑡 = 𝐴𝐵𝑆(𝑍𝑚𝑎𝑥 − 𝑍𝑚𝑖𝑛) (Eq. 7) 

𝑅𝑧𝐼𝑆𝑂 =
1

𝑛
[∑ 𝐴𝐵𝑆(𝑍𝑖 − 𝑍𝑚𝑎𝑥)𝑛

1 + ∑ 𝐴𝐵𝑆(𝑍𝑖 − 𝑍𝑚𝑖𝑛)𝑛
1 ] (Eq. 8) 

𝜌̅10 =
1

𝑛
∑ 𝜌𝑖−𝑚𝑖𝑛

𝑛
1  (Eq. 9) 

where 𝑍 is the point height, 𝑍𝑚𝑎𝑥 is the maximum peak of the profile, 𝑍𝑚𝑖𝑛 is the minimum valley 

of the profile, and 𝜌𝑖−𝑚𝑖𝑛 are the radii of the deepest valleys. Figure 9 shows a line scan of surface 

roughness of the as-built specimen used to measure the deepest valleys’ radii. 

In (Eq. 5), 𝐾̅𝑡 shows a dependency on the 
𝑅𝑎

𝜌̅10
 and 

𝑅𝑡

𝑅𝑧𝐼𝑆𝑂
 ratios. With the sinusoidal basis of 𝐾̅𝑡, 

one should be careful when taking these two ratios into account. The ratio 
𝑅𝑎

𝜌̅10
 can describe the 

sinusoidal nature of 𝐾̅𝑡 when 𝑅𝑎 is taken as the amplitude, and 𝜌̅10 is taken as the period of this 

waveform. Arola et al. [56] argued that the 
𝑅𝑡

𝑅𝑧𝐼𝑆𝑂
 ratio would always be unity for an ideal sinusoidal 

surface, therefore, 𝐾̅𝑡  would only depend on the 𝑅𝑎  and 𝜌̅10 . These two parameters take the 

description of the depth and shape of the notches into account, so they are valid for estimation of 

the fatigue stress concentration because of the surface roughness. Table 4 lists the surface 

roughness parameters and stress concentration factors of the as-built samples. Pegues et al. [21] 
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reported mean notch radii and mean roughness of 23.77 ± 11.06 µm and 22.65 ± 5.41 µm, 

respectively, for the samples fabricated using spherical powder. Also, they reported 4.42 as the 

calculated fatigue notch factor in their study. The measured mean roughness and mean notch radii 

in this study is significantly better. This difference can potentially result in better fatigue resistance 

by reducing the fatigue notch fatigue factor to 2.4. The significantly smaller fatigue notch factor 

of the parts manufactured with the HDH powder showed less dependence of the fatigue life on the 

surface roughness compared to the fine spherical powder. Now, if the fatigue notch factor and 

fatigue endurance limit of the mechanically ground specimens were assumed to be 1 (i.e., no 

notches on surface) and 250 MPa, respectively, the calculated fatigue endurance of the as-built 

sample would be 106.53 MPa (based on Eq. 4) which is reasonably close to the experimental value 

of 150 MPa in this study. 

 

Figure 9. A line scan of surface roughness of the as-built specimen on the left, and two examples of the measurement 

of the deepest valleys radii on the right. 

 

Table 4. Calculated surface roughness parameters and stress concentration factors of the as-built sample. 

Parameter 𝑅𝑎 [µm] 𝑅𝑡 [µm] 𝑅𝑧𝐼𝑆𝑂 [µm] 𝜌̅10 [µm] 𝑞 𝐾𝑡 𝐾𝑓 

Value 15.7 ± 4.0 83.3 ± 24.0 83.2 ± 24.0 22.2 ± 7.7 0.94 2.41 2.39 

 

3.3.2 X-ray diffraction analysis 

To further investigate the effect of surface grinding (and potentially surface stress) on the 

fatigue behavior of the L-PBF HDH Ti-6Al-4V parts, XRD was performed on both as-built and 

mechanically ground surfaces, Figure 10. Two main differences between the as-built and surface 

treated parts are (i) peak shifts and (ii) peak broadening after the post surface treatment. 

Quantitative analysis of the XRD patterns was performed using the MAUD software and the 

Rietveld refinement method [26]. For instance, on the (102) plane of the α′ phase, there was a peak 

shift from 53.076° to 52.761° after mechanical grinding which resulted in elastic out-of-plane 

lattice expansion and in-plane compression indicated by increase in d-spacing of 1.724 to 1.733 Å 
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calculated by Bragg’s law. Furthermore, micro-strain (𝜀) values for the as-built and mechanically 

ground samples were calculated using the following equation [58]: 

𝜀 =  
𝛽

4
sin 𝜃 (Eq. 10) 

where 𝛽 is the full width at half maximum (FWHM) of the peak and 𝜃 is the Bragg angle of the 

(hkl) reflection. The calculated micro-strain was 0.0644 % in the as-built specimen and increased 

to 0.146 % after mechanical grinding, indicating compressive residual stress on the surface after 

surface polishing. This compressive residual stress could suppress the crack nucleation and 

enhance fatigue life. 

 

 

Figure 10. Collected XRD pattern from the curved surfaces of the as-built and mechanically ground specimens. The 

inset figure shows the peak shift at 40°, the black dashed line and the red dashed line indicate the peak center of as-

built and mechanically ground conditions, respectively. 

Table 5. Comparison of crystallographic parameters between as-built and mechanically ground samples from L-PBF 

processed HDH Ti-6Al-4V powder.  

 Α (101) α (102) α (110) 

 
2θ 

[°] 

d-spacing 

[Å] 

FWHM 

[°] 

ε 

[%] 

2θ 

[°] 

d-spacing 

[Å] 

FWHM 

[°] 

ε 

[%] 

2θ 

[°] 

d-spacing 

[Å] 

FWHM 

[°] 

ε 

[%] 

As-built 40.216 2.24 0.50585 0.0462 53.076 1.724 0.516 0.0644 63.29 1.468 0.643 0.099 

Mechanically 

ground 
40.198 2.241 0.74935 0.0685 52.761 1.733 1.175 0.1456 63.239 1.469 0.978 0.1505 

 

3.4 Fractography 

Fractography was performed on all samples to investigate the potential differences in failure 

mechanisms between samples tested under different cyclic stresses. All as-built specimens had 
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cracks originating from the surface of the samples, regardless of the cyclic stress. On the other 

hand, in the mechanically ground specimens, the cracks originated from internal defects, 

specifically, near surface defects. Figure 11a shows fatigue fracture surfaces of selected specimens 

tested under different stress amplitudes. As-built parts had multiple crack initiation sites compared 

to the mechanically ground condition with only one crack initiation site. Cracks in the as-built 

condition initiated on the surface from the high surface roughness, whereas mechanical grinding 

minimized surface roughness and the crack initiation sites were internal defects, specifically, pores 

near the surface (see Figure 11(b,c)). Moreover, the number of crack initiation sites and their 

spacing decreased with decreasing stress amplitude. In other words, as the stress amplitude 

increases, the number of stress concentration sites that pass the threshold condition increases, 

leading to earlier fatigue failure. 

Figure 12(a,b) shows examples of different crack growth zones on the fatigue fracture surfaces 

of the as-built and mechanically ground samples that failed after 8,240 and 15,143 cycles, 

respectively, at a stress amplitude of 500 MPa. There were obvious differences between the crack 

growth zones. The as-built specimen showed two regions of early crack growth zone (green arrows) 

and a smaller third crack growth zone (white arrow) compared to the mechanically ground sample 

with only one first crack growth zone (green arrow) and a larger third crack growth zone (white 

arrow). Moreover, deterioration of the as-built sample’s fracture surface was more obvious than 

the mechanically ground specimen. The tear ridges were more visible and the facets resulting from 

brittle fracture were larger in the as-built part compared to the mechanically ground sample.  

 To understand different stages of crack growth, SEM micrographs at higher magnification 

were collected and results are shown in Figure 12(c1-c3). Three different regions are seen in Figure 

12(c1) that could be defined as (1) region 1: unmelted particles sticking to the sample’s surface, (2) 

region 2: partially melted particles during the contouring, and (3) region 3: stage one of crack 

nucleation and stable crack growth. Pegues et al. [39] reported that the presence of sharp micro-

notches between partially melted powders on the high roughness surface are potential crack 

initiation sites [46]. In Figure 12(c1), several crack nucleation sites are indicated by blue arrows. 

Although each nucleation site resulted in crack propagation on a different plane, cracks coalesced 

in a single crack by the second stage of crack growth. These smaller cracks left behind a trace of 

distinct tear ridges as indicated by the red dashed line in Figure 12(c1).  
After coalescence of the small cracks, the big crack grows with a higher growth rate and less 

stability, thus, leaves behind some ductile fracture sites as indicated by the red color in Figure 

12(c2). The blue color region shows a portion of the sample after the second crack growth stage 

due to combination of cyclic and static failure modes that created a more tortuous crack path than 

the first crack growth stage [39]. The green arrow (see Figure 12(c2)) shows a secondary micro 

crack that could be an indicator of mixture of α′ transgranular and prior β intergranular crack 

growth. As the crack grows during the second crack growth stage (quasi-stable crack growth), its 

stability decreases until the crack growth becomes sufficiently unstable to transform to the third 

crack growth stage (see Figure 12(c2)). The end of a β grain is visible and completely pulled out. 

This could be an indicator of the β intergranular failure and shows the shift from α′ transgranular 

to β intergranular failure. At a large enough stress intensity (i.e., long enough crack), the fracture 

toughness limit is reached and sudden brittle failure occurs, leaving behind the shear lip at the edge 

of the sample (see region 4 in Figure 12(a,b)). 
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Figure 11. (a) Fatigue fracture surface of the L-PBF processed HDH Ti-6Al-4V powder tested under different stress 

amplitudes. Blue arrows indicate crack initiation sites. “AB” represents as-built parts and “M” represents mechanically 

ground parts. SEM micrographs of samples tested under stress amplitude of 500 MPa showing crack initiation sites 

for the (b) as-built and (c) mechanically ground conditions. 
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Figure 12.  Different crack growth stages shown on the (a) as-built and (b) mechanically ground samples tested under 

stress amplitude of 500 MPa. Numbers represent different crack growth zones including the crack nucleation and 

stable crack growth stage (1, green arrow), a quasi-stable crack growth stage (2, blue arrow), and unstable crack 

growth stage (3, white arrow). At the end, after final stage of crack propagation, the stress concentration increases due 

to the surface area reduction and the final fracture occurs (4, red region). SEM micrographs indicating (c1) first stage, 

(c2) second stage, and (c3) third stage of crack growth. Blue arrows and red lines in (c1) show crack nucleation sites 

and tear ridges, respectively. Numbers 1, 2, and 3 in (c1) show unmelted powders, partially melted particles during the 

contouring, and crack growth zone, respectively. Blue and red regions in (c2) show stable crack growth striations and 

ductile tearing, respectively. White arrow in (c2) shows a microcrack. White ovals in (c3) show the trace of β grains 

that were pulled out. 

Figure 13 shows the gradual change of fracture modes from pseudo-brittle to ductile when 

moving from the second to third crack growth regions in the fatigue failure (as explained in Figure 

12(a,b)). The main difference between the second and third crack growth zones is the cross-

sectional area that is under cyclic stress, i.e., the increased stress intensity. As the crack grows, the 

remaining cross-sectional area of the part decreases with corresponding increase in stress intensity, 

resulting in change of fracture mode. The rising local stress results in higher rate of local 

deformation in martensitic features, and consequently, higher dominance of ductile fracture 

features compared to the brittle features. Moridi et al. [59] investigated the local deformation 

mechanism in L-PBF processed Ti-6AL-4V parts and concluded that local void formation occurs 

inside the primary α′ at a 45° orientation with respect to the loading axis owing to the high Schmid 

factor. Thus, growth and coalescence of voids resulted in final fracture. Interestingly, this local 

damage is highly ductile, but the final fracture is brittle. The combination of ductile dimple and 

brittle cleavage features on fracture surfaces (see Figure 13) in the present study is consistent with 

the findings of Moridi et al. [59] and confirmed the pseudo-embrittlement phenomenon. 
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Figure 13. SEM micrographs of the fatigue fracture surface of the L-PBF processed HDH Ti-6Al-4V part tested under 

stress amplitude of 500 MPa. (a1,a2) showing the brittle fracture surface containing small ductile fracture features from 

the second crack growth zone, and (b1,b2) showing the dominant ductile fracture surface and brittle cleavage features 

in the third crack growth zone. 

 

Figure 14 shows optical images from the side and top surface of the as-built condition 

indicating the micro-notches, partially melted powder particles, laser path, and contouring effect 

on the surface morphology of the parts. Contouring after scanning the hatch area was used in this 

study to mitigate the effect of laser scanning near the surface on the surface roughness. However, 

near surface and on surface defects can be introduced based on the parameters used for contouring. 

For example, Artzt el al. [60] reported that increasing the laser power used for contouring resulted 

in higher surface roughness and lower subsurface residual stress in L-PBF Ti-6Al-4V. In the 

present study, contouring resulted in elevation of the free edge of the parts (see Figure 14d) which 

could disrupt the powder spreading uniformity and caused different kinds of defects in the parts, 

especially, near the edges. As mentioned earlier, defects on surface (e.g., micro-notches) and 

subsurface (e.g., near surface pores) areas are the main crack initiation sites (see Figure 11(b,c)). 

Micro-notches occur between two or more adjacent powder particles, either in the same layer 

or between consecutive layers, and act as stress concentrators, i.e., potential crack initiator sites. 

Wycisk et al. [61] reported that the as-built L-PBF processed Ti-6Al-4V samples fail only through 

surface defects, i.e. surface micro-notches. Furthermore, they argued that the fatigue life is strongly 

dependent on the crack initiation stage. Edwards et al. [62] investigated the effect of build direction 

on fatigue crack growth of the L-PBF processed Ti-6Al-4V parts. They tested samples under R = 

0.1 condition and reported that the crack growth is slower in AM parts compared to the wrought 

alloy. Vayssette et al. [63]tested three different sets of L-PBF processed Ti-6Al-4V parts in the as-
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built, machined, and chemically polished conditions under R = -1 and concluded that chemically 

polishing the parts does not improve the fatigue life compared to the as-built condition despite the 

reduction of surface roughness from 18.9 μm (in as-build) to 11.2 µm (in the chemically polished 

condition). They also reported that chemically polishing only eliminates the powder grains on the 

surface and reduces the 𝑅𝑎  value, however, the large defects are still present. Moreover, 

chemically polishing may bring up new type of defects which influence was not apparent in the 

as-built condition because of large number of smaller but more critical defects. Therefore, the 

fatigue crack initiation occurred exclusively from the defects on the surface in the as-built and 

chemically polished samples. On the other hand, they showed that machining process increases 

the fatigue strength of the L-PBF parts because it removes the surface roughness. Chan et al. [64] 

showed that the decrease in surface roughness of L-PBF processed Ti-6Al-4V parts led to higher 

fatigue life. They were able to increase the mean fatigue life of parts by 17,000 cycles after 

decreasing the surface roughness from 38.5 to 7.67 µm. Moreover, they reported that the cracks 

initiated from the micro-notches between the partially melted particles on the surface of the 

additively manufactured parts. Masuo et al. [53] investigated the effect of surface roughness on 

fatigue life of L-PBF Ti-6Al-4V parts and showed that the fatigue limit  was increased by 215 MPa 

after comparing the fatigue test results of as-built parts (with a fatigue limit of 155 MPa) with 

surface roughness of order 10-13 µm and machined parts  (with a fatigue limit of 370 MPa). 

 

 

Figure 14. Optical images of the (a,b) side and (c,d) top surfaces of L-PBF processed HDH Ti-6Al-4V parts. (d) the 

corresponding surface topography of (c). 
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4. Conclusion  

In this study, non-spherical HDH Ti-6Al-4V powder were used to study the effects of powder 

particle shape on the fatigue performance of the L-PBF parts. Specimens were tested under R = -

1 in two conditions of as-built and mechanically ground to assess the surface roughness 

dependency of fatigue properties. Below are the conclusions drawn from the results: 

• The fatigue performance of the parts fabricated using non-spherical powder was comparable 

to that of the spherical ones for an equivalent surface condition. The reduction of surface 

roughness from 15.71 ± 3.96 in the as-built sample to 0.19 ± 0.04 µm in the mechanically 

ground condition lowered the stress concentrators on the surface, i.e., potential crack initiation 

sites, thus, improved fatigue life in the low stress region. However, under high stresses, the 

mechanically ground parts showed negligible improvement in fatigue life compared to the as-

built specimens because grinding exposed previously inner defects on the subsurface region 

and created critical crack initiation sites. In fact, the fatigue life was also greatly affected by 

the residual compressive stress and surface roughness in the low stress region, however, under 

high stresses, the fatigue life was controlled by the size and density of the internal or surface 

defects. 
• Fatigue notch factor calculations showed a value of 2.4 for the as-built sample compared to 

4.42 reported in [21] for spherical powder which suggests that the effect of surface roughness 

is lower when HDH powder is used compared to the spherical powder. X-ray analysis showed 

an in-plane compressive residual stress and grain refinement on the surface of the mechanically 

ground specimens which enhanced fatigue life by suppression of the crack initiations sites. 

• In the as-built specimens, cracks initiated exclusively from multiple points on the surface 

owing to the micro-notches between the adjacent partially melted powder particles on the 

surface, whereas the crack initiation site changed to a single subsurface defect after mechanical 

grinding. Different fracture surfaces were observed on the tested specimens in which the first 

stage of crack growth was fully brittle fracture, the second stage showed mixed ductile and 

brittle fracture, and finally the third stage was mainly dominated by ductile fracture. On the 

other hand, at the micro scale, even apparently brittle fracture had a ductile origin inside α′ 

martensite laths which corresponded to the pseudo-embrittlement phenomenon. 

This study showed that cost-effective non-spherical powders are viable feedstocks for the L-

PBF process in which as-fabricated parts with a relative density of > 99.9 % are attained.  Further 

studies such as varying the contouring parameters to reduce surface roughness, role of post-heat 

treatment on final density and microstructure, and establishing a process-structure-property 

relationship are suggested to advance the application of the HDH powder in powder bed AM.  
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