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Abstract  

This study investigates the multifaceted interdependencies among powder characteristics (i.e., 

non-spherical morphology and particle size ranging 50-120 or 75-175 µm), laser powder bed 

fusion (L-PBF) process condition (i.e., contouring), post-process treatments (i.e., hot isostatic 

pressing (HIP) and mechanical grinding) on the pore, microstructure, surface finish, and fatigue 

behavior of additively manufactured Ti-6Al-4V samples. Microstructure analysis shows a phase 

transformation α′ → α+β microstructure after HIP treatment (at 899±14 °C for 2 h under the 

applied pressure of 1034±34 bar) of the as-built Ti-6Al-4V parts. The findings from pore analysis 

using micro-computed tomography (μ-CT) show an increase in sub-surface pores when relatively 

smaller powders are L-PBF processed including contouring. Surface optical profilometry reveals 

a decrease in surface roughness when fine powder is L-PBF including contouring. Pore analysis 

conducted through μ-CT reveals that the presence of lack-of-fusion pores within the L-PBF 

processed coarse powder is more pronounced when compared to the fine powder. Furthermore, 

HIP treatment does not eliminate these pores. The fracture failure in as-printed parts occurs at the 

surface, while the combination of HIP and mechanical grinding alters crack initiation to subsurface 

pore defects. Fractography reveals that HIP and as-built samples followed the facet formation and 

pseudo-brittle fracture mechanisms, respectively. Fatigue life assessments, supported by statistical 

analysis, indicate that mechanical grinding and HIP significantly enhanced fatigue resistance, 

approaching the benchmarks set by wrought Ti-6Al-4V alloy. A fatigue prediction model which 

considers the surface roughness as a micro-notch has been used.  
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1. Introduction  

Two common types of Ti-6Al-4V powder being used in the fusion-based additive 

manufacturing (AM) processes are made by gas atomization (GA) or plasma rotating electrode 

process (PREP) with a resultant spherical particle morphology [1]. Typically, spherical powder 

show high packing density and high flowability [2], both of which are critical aspects in powder 

bed AM. However, there are two main drawbacks including trapped gas bubbles within powder 

particles (mainly GA) [3] and the high cost of powder production (which is much higher in PREP 

powder compared to GA powder) [4,5]. As a result, alternative powder production methods are 

increasingly appealing to powder producers, researchers, and AM machine manufacturers, 

especially if these methods can lower costs, reduce emissions, increase the availability of metal 

AM feedstock, and promote sustainability. Mechanical techniques, for instance, enable the reuse 

of scrap materials; the U.S. Army has shown interest in using retired weapon systems and military 

vehicles as feedstock for AM processes, thereby reducing logistical burdens for on-demand, on-

site manufacturing [6,7]. 

Regarding titanium alloys, hydride-dehydride (HDH) process results in a low-cost powder with 

controlled chemistry and no entrapped gas pore inside the powder particles, although, the final 

powder shape is non-spherical. The non-spherical nature of the HDH powders would affect powder 

packing density, powder flow, laser-matter interaction and melt pool dynamics during L-PBF AM. 

In an attempt to L-PBF process the non-spherical Ti-6A-4V powder, Asherloo et al. [8] and Wu 

et al. [9] showed that the packing density of non-spherical powder with particle size ranging 

between 50-120 µm (based on the manufacturer's powder cut using a sieve) was ~55 %, only ~3 % 

less than the GA powder (~58 %), while parts with a relative density of > 99.9 % were 

manufactured. To show the printability of non-spherical HDH powder in the electron beam powder 

bed fusion (EB-PBF) process, Narra et al. [10] implemented the process map optimization and 

reported that parts with relative density of > 99.9 % were fabricable. Guzman et al. [4] also 

developed of a process map to optimize the L-PBF process for the use of non-spherical Ti-53%Nb 

powder and were able to manufacture parts with a relative density of > 99.9 %. Yang et al. [11] 

investigated the mixing of spherical CP-Ti powder with HDH CP-Ti powder with different ratios 

and showed that the relative density of > 98 % was achievable through L-PBF. Cunningham et al. 

[3] used GA and PREP powders to manufacture L-PBF Ti-6Al-4V parts. Through computed 

tomography, they found a higher fraction of pores—both lack of fusion and keyhole pores—in 

parts produced using GA powder compared to the PREP powder. This was attributed to a higher 

fraction of trapped gas pores within the powder and lower packing density. After hot isostatic 

pressing (HIP), the pores were eliminated, resulting in a reported density of 99.99 % for both 

powder types. It is worth noting that the authors did not investigate a bulk sample including the 

sub-surface defect region in their computed tomography analysis, leaving open the question of 

how HIP would affect the elimination of sub-surface pores in specimens printed with spherical 

powder. Studies on use of non-spherical powder in L-PBF highlight the printability of non-
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spherical HDH powder regardless of the composition of the alloy or the AM process, however, 

here the first knowledge gap arises regarding the effect of powder size distribution on the final 

properties (e.g., surface finish and fatigue performance) of the parts. 

Compared to machined wrought Ti-6Al-4V alloys, as-built L-PBF processed parts usually 

show lower fatigue endurance associated with surface roughness, textured microstructure, high 

residual stress, and pore content [12]. Yang et al. [13] investigated the effect of heat treatment on 

the fatigue performance of L-PBF processed Ti-6Al-4V parts and reported that heat treatment at 

850 °C increased fatigue life drastically from 3.55×104 cycles to 3.59×106 cycles under 500 MPa 

uniaxial loading, which was attributed to the microstructure refinement and reduction of residual 

stress after heat treatment. Moon et al. [14] studied the effect of surface roughness and internal 

pore on the fatigue life of L-PBF processed Ti-6Al-4V parts using neural networks and reported 

that the surface roughness had higher impact on the fatigue life compared to the pore content. 

Moreover, after removing the surface roughness, the fatigue life was highly dependent on the pores 

of the parts, specifically, the pores that were exposed to the surface. Asherloo et al. [15] used non-

spherical Ti-6Al-4V powder to L-PBF process fatigue samples and tested them under as-built and 

mechanically ground conditions. They showed that in the as-built condition, the high surface 

roughness act as crack initiation sites and in the mechanically ground condition, when the stress is 

high, the pores exposed to the surface acted as the crack initiation cotes, while at the low stress 

levels, the sub-surface pores played a key role in the crack nucleation. These studies covered the 

impact of various parameters on the fatigue life of the L-PBF processed Ti-6Al-4V parts, however, 

all the parameters have been individually investigated. Thus, the second knowledge gap is the 

effect of combination of these parameters (i.e., powder characteristics, pore content, post-process 

treatments, and surface roughness) on the fatigue performance of the L-PBF process Ti-6Al-4V 

parts. 

The decrease in remaining pore is highly significant because pores within the sample can serve 

as potent stress concentrators, potentially causing failure, particularly when subjected to fatigue 

loading. The effect of post-process treatments on the fatigue properties of the L-PBF processed 

Ti-6Al-4V parts has been extensively investigated. Benedetti et al. [16] studied the effect of HIP 

at 920 °C under 100 MPa for 2 h on the fatigue performance of L-PBF processed Ti-6Al-4V parts 

and reported that HIP process did not change the fatigue performance due to the fact that HIP does 

not change the surface roughness of the parts and micro-notches on the surface decrease the fatigue 

life. Roudnicka et al. [17] drew the same conclusion regarding the effect of HIP on the fatigue 

performance of the L-PBF processed Ti-6Al-4V parts and stated that the effect of HIP is negligible 

when the surface condition is in the as-built state. Leuders et al. [18] combined the HIP and surface 

machining on the fatigue life of the L-PBF processed Ti-6Al-4V parts and showed that the fatigue 

limit increased from 2.7×104 to 106 cycles after machining. Moreover, Kasperovich et al. [19] 

studied the effect of machining on the fatigue performance of the L-PBF processed Ti-6Al-4V 

parts and were able to increase the fatigue limit of the parts from 5.6×103 cycles to 2×104 cycles. 
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They also tested samples after HIP + machining process and reported the increase in fatigue life 

up to 107 cycles. Recently, Alegre et al. [20] investigated HIP treatment at 850 °C and applied 

pressure of 200 MPa on the fatigue performance of L-PBF processed Ti-6Al-4V parts and reported 

that the combination of HIP and machining improved the fatigue performance such that it was 

comparable to the fatigue performance of the wrought samples. These studies show that the HIP 

process alone does not significantly impact the fatigue life of the parts. However, when combined 

with machining to remove surface roughness and sub-surface pore defects, fatigue performance 

improves. It is important to note that the HIP process addresses microstructure-driven fatigue 

behavior, while machining targets surface-defect-driven fatigue behavior. 

The current study will cover knowledge gaps of the impact of (i) powder characteristics 

including particle size distribution, (ii) contouring during L-PBF process, and (iii) post-process 

treatments such as HIP treatment and surface griding on the fatigue life of L-PBF processed non-

spherical Ti-6Al-4V powder. The AM presents a unique challenge, as assessing material properties 

alone may not fully represent the performance of real-world components. Machining AM parts 

often exclude the advantages of AM. However, the current work explores various surface 

conditions and porosity to investigate the effects of defect-population on fatigue performance. This 

is particularly important when the as-built surface condition is considered for applications such as 

bioimplants where surface roughness is a desirable feature as opposed to a defect. In-depth 

microstructure observations and texture analysis using scanning electron microscopy and µ-CT, 

surface roughness analysis through optical profilometry and µ-CT, and uniaxial fatigue life under 

different specimen conditions (i.e., pore content and surface finish) will leverage our 

understanding of correlating powder-process-structure-property relationships in L-PBF processed 

Ti-6Al-4V parts. The optimal combination of post-process treatments is presented to achieve a 

fatigue performance close to that of the wrought Ti-6Al-4V samples.  

 

2. Experimental procedures 

2.1 Laser powder bed fusion process 

Two batches of HDH Ti-6Al-4V powder (Kymera International – Reading Alloys) with non-

spherical powder morphology (shown in Figure 1) and particle size distributions (PSD) of 50-125 

μm (fine) and 75-175 μm (coarse) were used. These PSD values are from the manufacturer based 

on their sieve sizes used to select the powder.  The powder chemistry is given in Table 1. 

Morphology and size distribution of the used powders are shown in Figure 1.  
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Figure 1. Scanning electron microscope images of the used fine and coarse non-spherical Ti-6Al-4V powder.  

 

Table 1. Powder chemistry for the nominal Ti-6Al-4V and the HDH powder provided by the manufacturer [wt.%]. 

The HDH powder chemistry is equivalent to the grade 5 Ti-6Al-4V. 

 Ti Al V Fe C H N O 

ASTM B 348 [21] Bal. 5.5-6.75 3.5-4.5 < 0.40 < 0.08 < 0.015 < 0.05 < 0.20 

Fine powder Bal. 6.08 3.88 0.19 0.02 0.005 0.02 0.17 

Coarse powder Bal. 6.02 3.92 0.22 0.03 0.006 0.02 0.17 

 

Dimensions of the designed fatigue samples was illustrated in Figure 2A. A total 85 fatigue 

samples were made according to the build layout shown in Figure 2B,C for both fine and coarse 

powders. The optimum L-PBF process parameters were selected based on our earlier studies in 

[8,22,23]: laser power of 370 W, laser scan speed of 1250 mm/s, hatch spacing of 90 μm, layer 

thickness of 60 μm, scan rotation of 67°, parallel stripes scan strategy, and contours including 

contour 1: 190 W, 1200 mm/s, and 300 μm inward offset and contour 2: 190 W, 1200 mm/s, and 

no inward offset. Contouring refers to a scanning strategy used during the printing process to refine 

the surface quality and dimensional accuracy of a part. Specifically, it involves an additional laser 

scan along the outer edges (contours) of a part after the main infill or bulk region has been 

processed. The contour scan is performed with adjusted laser parameters, typically with lower 

power and slower scan speed compared to the bulk scanning. To study the role of contour on 

surface roughness, above mentioned contouring is labeled as contour printing (56 specimens) and 

some other samples (29 specimens) were made without using contouring. After the L-PBF process, 

a stress-relief treatment was performed at 650 °C for 2 h under an argon atmosphere, which also 

facilitated the α'→α + β transformation [24]. 

Half of the L-PBF processed samples (with or without contouring) were HIPed at 899±14 °C 

for 2 h under the applied pressure of 1034±34 bar. Also, the gauge section of samples (selected 

ones to test effect of surface roughness reduction after grinding) was mechanically ground with 

sandpapers up to 1200 grit to remove the surface roughness. A summary of the labeled samples 

under specific conditions are provided in  
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Table 2.  

 

 

Figure 2. (A) Designed fatigue specimen indicating dimensions in mm. (B,C) Build layout showing the total number 

of 85 samples were made using fine and coarse powder for fatigue testing.  

 

Table 2. An overview of all the samples' conditions including the powder size, heat treatment, surface treatment, and 

contouring. 

Samples Powder type HIP treatment Surface condition Contouring 

AB-C-C Coarse No As-built Yes 

AB-C-NC Coarse No As-built No 

AB-F-C Fine No As-built Yes 

AB-F-NC Fine No As-built No 

HIP-C-C Coarse Yes As-built Yes 

HIP-C-NC Coarse Yes As-built No 

HIP-F-C Fine Yes As-built Yes 

HIP-F-NC Fine Yes As-built No 

AB-C-G Coarse No Mechanically Ground Removed by grinding 

AB-F-G Fine No Mechanically Ground Removed by grinding 

HIP-C-G Coarse Yes Mechanically Ground Removed by grinding 
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HIP-F-G Fine Yes Mechanically Ground Removed by grinding 

AB: As-built, HIP: Hot isostatically pressed, F: Fine, C: Coarse, C: Contour, NC: Non-contour, G: Ground 

 

2.2 Characterizations 

The microstructure and texture of the as-built and HIP treated parts were characterized after 

metallographic preparation using sandpapers up to 1200 grit size followed by polishing using a 

series of suspensions including 3 μm, 1 μm, and 0.05 μm alumina solutions and 0.04 μm colloidal 

silica solution. The etchant used in this study was Kroll’s reagent (92 ml of distilled water, 6 ml 

of nitric acid, and 2 ml of hydrofluoric acid).  

Microstructures were observed using a digital optical microscopy (model Keyence VHX 

7100), field emission scanning electron microscope (FE-SEM, model JEOL JSM-6701 F), electron 

backscatter diffraction (EBSD, Oxford detector installed on JEOL 5900LV SEM). For the EBSD 

analysis, the acceleration voltage and step size were set at 20 keV and 0.3 μm, respectively. The 

AzTec software was used to collect EBSD data, then HKL Channel 5 software along with analysis 

using MTEX package were used to post-process and analyze data [25]. Surface roughness was 

collected using Keyence optical microscope from the gauge section on eight different sides.  

To quantify pore and surface roughness, micro-computed tomography (μ-CT) was used to 

collect data from the gauge section of the fatigue specimens using a Zeiss Merotom 899 under 85 

kV and 47 mA and final spatial resolution of 7 μm/pixel. Post-process and visualization of the μ-

CT data was carried out using the VGSTUDIO software. To analyze pore size, the pore volume 

was assumed to correspond to a spherical shape, and the radius was then calculated for each pore. 

The quantification of pore sphericity in VGSTUDIO involves calculating the volume of pore and 

surface area from 3D scan data, determining the equivalent sphere’s surface area, and then using 

the sphericity formula to assess how spherical the pore is. 

An MTS 880 mechanical testing machine was used to perform fatigue tests. A uniaxial cyclic 

loading of fully reversed tension-compression (R = -1) experiment was carried out in air under 

frequency of 30 Hz. Microscopy observations including optical and SEM were conducted to study 

fracture surfaces. Three specimens were tested under each condition. 

X-ray diffraction pattern analysis (XRD) involved using a Thermo ARL X-ray diffractometer 

with Cu-Kα radiation (λ = 1.5406 Å, 35 kV, and 30 mA). The gauge areas were tested in both as-

built and mechanically ground conditions to assess residual stress. The analysis spanned a 2θ range 

from 30-100º, with a scan speed of 1 s per step and a step size of 0.02º, all conducted at room 

temperature. The identification of potential phases and determination of crystallographic 

parameters relied on the Powder Diffraction File database [26]. Rietveld refinement procedures 

were performed using the MAUD software [27]. 
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2.3 . Statistical analysis 

To elucidate the complex interrelationships among the various process parameters influencing 

the fatigue performance of Ti-6Al-4V specimens manufactured by L-PBF, we employ multiple 

statistical correlation tests in our study. These tests—including Pearson's correlation coefficient, 

Spearman's rank correlation, and ANOVA with Tukey post-hoc analysis—are applied to quantify 

the strength and significance of associations between factors such as powder characteristics, laser 

contouring conditions, post-process hot isostatic pressing, mechanical grinding, and the resulting 

mechanical properties. By using these statistical methods, we aim to uncover underlying patterns 

and interactions that are not readily apparent through experimental observations alone. This 

approach allows us to make more informed generalizations about how each process parameter 

contributes to fatigue performance, thereby providing a comprehensive understanding of the 

material's behavior under various manufacturing conditions. Notably, the role of the spatial 

distribution of pores and its variation as a function of powder pre-processing and additive 

manufacturing processing parameters will be thoroughly investigated using standard statistics 

methods in a separate study [28]. 

2.3.1. Analyzing the relationship between variables using correlation coefficients 

The Pearson correlation coefficient measures linear relationships and assumes that both 

variables are normally distributed. It is highly sensitive to outliers and is used when both variables 

are continuous and roughly normally distributed.  

The Spearman Rank correlation is a non-parametric measure that assesses how well the 

relationship between two variables can be described by a monotonic function. It ranks the data and 

then applies Pearson's method to these ranks, making it more robust to outliers and non-normal 

distributions.  

The Kendall Tau correlation coefficient is another non-parametric measure that assesses the 

ordinal association between two variables. It evaluates the number of concordant and discordant 

pairs in the data, providing insight into the strength of the ordinal relationship. This makes Kendall 

Tau particularly useful for small sample sizes and ordinal data. 

2.3.2. Analysis of Variance (ANOVA) 

ANOVA is a statistical method used to compare means across multiple groups to assess 

whether there are any statistically significant differences between them. It calculates an F-statistic, 

which is the ratio of the variance between group means to the variance within the groups. A higher 

F-value typically indicates a greater probability that there are significant differences among the 

group means. The p-value (PR) associated with this F-statistic helps in determining the statistical 

significance. If the p-value is less than the chosen significance level (commonly 0.05), it suggests 

that the group means are significantly different. 
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2.3.3. Tukey Test Applied to ANOVA Results 

The Tukey HSD Test meticulously conducts pairwise comparisons while maintaining control 

over the type I error rate for multiple comparisons. This step is particularly critical for the pit height 

Rv variable, where the ANOVA yielded a p-value indicative of highly significant differences, and 

for the pore count, where distinct comparisons across HIP status are crucial. By providing specific 

mean differences, confidence intervals, and individual p-values for each pair of means, the Tukey 

HSD Test offers a stringent statistical confirmation of the differences observed, ensuring the 

validity of the inferences drawn from the ANOVA. 

 

 

3. Results 

3.1. Microstructure observations 

The microstructures of both as-built and HIP-treated samples were examined on sections that 

included the build direction, i.e., parallel to the BD, as shown in Figure 3. Optical images revealed 

columnar grains in both samples, indicating the preservation of the as-built grain structure after 

HIP treatment. This preservation occurred because the heat treatment (900 °C) was conducted 

below the β transus temperature (995 °C) [29]. The prior β grains, approximately 85±35 µm in 

width, spanned several millimeters in the as-built sample, similar to our earlier study in [30]. The 

primary difference in microstructure between the as-built and HIP-treated samples was the 

segregation of Al and V atoms and the decomposition of martensitic α′ laths into a basket-weave 

α+β microstructure, as seen in the SEM micrographs in Figure 3. Additionally, thicker and longer 

α laths formed at the prior β grain boundaries post-HIP treatment. Small rod-shaped β phases 

appeared in the α phase matrix, alongside the thicker α phase at the prior β grain boundaries. 

Although the area fraction of grain boundary α is small, it suggests that most β grain boundaries 

contain it. EBSD analysis confirmed that the basket-weave microstructure and the part's texture 

remained consistent before and after HIP treatment. Notably, the average width of the α/α′ laths 

increased slightly from 1.29 μm to 1.68 μm after HIP. 
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Figure 3. A comparison between microstructure and texture of the as-built and HIP treated L-PBF processed Ti-6Al-

4V parts. Optical and SEM-EBSD micrographs showed prior β grains contained α′ lath in the as-built condition while 

a basket-weave microstructure was seen in the HIP treated sample with a trace amount of grain boundary α phase 

formation.  

3.2. Pore analysis 

The size, quantity, and spacial distribution of pores were studied using μ-CT, and the results 

are presented in Figure 4A. Variations were observed based on manufacturing conditions and post-

process treatments. Generally, L-PBF parts produced with contouring exhibited a higher pore 

content in the sub-surface regions (about 200 μm beneath the surface) with larger pores compared 

to parts made without contouring. When fine particles were L-PBF processed, the sub-surface pore 

fraction and size were greater than with coarse powder. This was confirmed by pore analysis results 

for both as-built and HIP-treated samples. Typically, sub-surface pores were connected to the open 

surface, so HIP treatment did not close them. After HIP treatment, the L-PBF processed fine 

powder showed a significantly higher fraction of sub-surface pores compared to the coarse powder. 

However, in regions more than 200 µm from the surface, parts made with fine powder exhibited 

lower pore content compared to those made with coarse powder. 

To eliminate sub-surface pore defects, mechanical grinding was performed on the gauge area 

of selected samples, removing about 200 μm from the surface. Figure 4B shows pore 

characteristics based on equivalent diameter and distance from the surface, revealing that surface 

grinding effectively removed sub-surface defects. Mechanical grinding was particularly effective 

on HIP-treated specimens. Figure 4C presents probability plots of cumulative pore size 
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distributions for different sample conditions, while Figure 4D summarizes the effects of the L-

PBF process and post-process treatments on pore content and surface finish. Examining pore 

sphericity as a function of distance from the surface provided insight into how post-processing 

treatments like HIP and surface grinding impacted pore shape and distribution in Ti-6Al-4V 

components produced through L-PBF. The findings in Figure 5 indicate that HIP treatment 

removed pores not in contact with the free surface, but the morphology and quantity of open pores 

beneath the surface remained unchanged. 
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Figure 4. (A) 3D reconstructed μ-CT data from the gauge section of L-PBF processed Ti-6Al-4V powders in various 

conditions: as-built, HIPed, with or without contour, including a slice of the XY plane. (B) Plots comparing equivalent 

pore diameter against distance from the surface, with red dashed lines indicating the 200 μm threshold where pores 

were removed by mechanical grinding. (C) Cumulative pore distribution as a function of equivalent pore diameter. 

(D) Schematic representation of pore content in different L-PBF processed parts: as-built, HIPed, and mechanically 

ground conditions. Red, blue, green, and orange colors denote internal small pores, internal large pores, sub-surface 

pores not connected to the surface, and sub-surface pores connected to the surface, respectively. 

 

Figure 5. Analysis of pore sphericity against pore distance from surface in the L-PBF processed Ti-6Al-4V powder. 

Data was extracted from the reconstructed µ-CT data shown in Figure 4A. 

 

3.3. Surface topology observations and surface roughness analysis 

Surface roughness data, obtained by optical profilometry from the gauge section of fatigue 

samples, is presented in Figure 6. The results indicate that contouring consistently led to reduced 

surface roughness (Ra) and smaller pit height (Rv), as shown in Figure 6C and Figure 6D. This 

effect was particularly pronounced when fine powder was used in the L-PBF process for 

manufacturing Ti-6Al-4V parts. Additionally, HIP treatment lowered surface roughness 

irrespective of powder particle size or contouring. The data for both Ra and Rv show considerable 

variability, highlighted by the standard deviation in the plots. This underscores the importance of 

taking multiple measurements to accurately capture surface roughness parameters, reflecting the 

significant variation in surface conditions and measurement methods. 
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Figure 6. (A) Optical surface profilometry micrographs, (B) Cross-section micrographs from µ-CT data showing 

roughness and micro-notches at the surfaces, (C) surface roughness, Ra, and (D) the maximum valley or pit height, Rv, 

data collected from the gauge section of fatigue samples under different manufacturing conditions including as-built, 

HIP treatment, and mechanical griding. 
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3.4. Fatigue life results 

The fatigue performance of L-PBF processed Ti-6Al-4V parts is shown in Figure 7. Each 

dataset is fitted to the Basquin equation, represented by solid lines for coarse powder and dashed 

lines for fine powder, as detailed in section 4. The study examined the effects of powder size (fine 

vs. coarse), L-PBF process variations (with or without contouring), and post-process treatments 

(HIP and/or mechanical grinding) on fatigue performance.  

Figure 7A compares the fatigue performance of Ti-6Al-4V samples produced with fine and 

coarse powders in both as-built and mechanically ground states. Components made from fine 

powders exhibited slightly better fatigue life compared to those from coarse powders under similar 

stress conditions. Surface grinding improved fatigue life for both fine and coarse powder parts, 

attributed to reduced surface roughness below 0.2 µm [15], which eliminated potential crack 

initiation sites present in the as-built components.  

Figure 7B shows that omitting contouring did not significantly impact the fatigue performance 

of the L-PBF processed parts, causing only a slight reduction in fatigue life in the high-cycle region. 

Although contouring slightly reduced surface roughness, μ-CT data in Figure 4 and Figure 5 

indicated an increase in the size and number of sub-surface pores, negatively affecting fatigue life. 

Regardless of powder size, parts made with non-spherical Ti-6Al-4V powder showed similar 

fatigue performance to those made with spherical powder. However, even with mechanical 

grinding, these samples exhibited lower fatigue resistance compared to conventionally wrought 

Ti-6Al-4V parts. 

Figure 7C illustrates the combined effect of HIP and mechanical grinding on the fatigue 

performance of L-PBF processed Ti-6Al-4V parts made from non-spherical powders. HIP-treated 

samples, regardless of powder size, showed similar fatigue performance to as-built samples. After 

HIP treatment, the influence of particle size was negligible, with nearly identical fatigue 

performance observed across different sizes. The low-cycle fatigue region remained unchanged, 

while there was a slight improvement in the high-cycle fatigue region, likely related to sub-surface 

pore defects. 

Mechanical grinding had a more pronounced impact on the HIP-treated samples. The 

combination of HIP and mechanical grinding significantly enhanced the fatigue performance of 

components made from non-spherical powder. Consequently, parts processed from fine powder, 

followed by HIP treatment and surface grinding, achieved fatigue performance nearly equivalent 

to wrought samples. 
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Figure 7. Fatigue performance of L-PBF processed Ti-6Al-4V using fine and coarse non-spherical powders is shown 

in (A) as-built and surface ground conditions, (B) as-built conditions with and without contouring, and (C) as-built, 

HIP-treated, and mechanically ground conditions. Fatigue data for wrought samples (including machined surface) and 

L-PBF processed samples using spherical powder were sourced from the literature [31–35]. Each line, fitted to the 

Basquin equation, represents an experimental data set, with solid lines for coarse powder and dashed lines for fine 

powder. 

 

3.5. Fractography 

Fracture surfaces at stress amplitudes of 250 and 500 MPa from L-PBF processed parts using 

non-spherical fine powders are shown in Figure 8. Samples with as-built surface conditions, 

regardless of HIP treatment, failed exclusively at surface micro-notches. Conversely, mechanically 

ground samples exhibited crack initiation at sub-surface defects such as pores, indicating that 

cracks did not necessarily start at the surface. The optical micrographs revealed four distinct 

regions on the fracture surface corresponding to different stages of fatigue crack initiation and 

growth: (1) crack initiation site, (2) quasi-stable crack growth region, (3) unstable crack growth 

region, and (4) final rupture region due to stress overload. Notably, the final rupture region 

decreased in size as the stress amplitude decreased. Additionally, the number of crack initiation 

sites on as-built surface samples decreased with lower stress amplitudes. Mechanically ground 

samples typically showed only one crack initiation site, either a surface-exposed pore due to 

grinding or a sub-surface pore close to the surface. None of the samples exhibited internal defects 

as crack initiation sites. 
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Figure 8. Optical micrographs showing fracture surfaces from the L-PBF processed non-spherical Ti-6Al-4V fine 

powder tested under 250 and 500 MPa, showing the crack initiation sites in higher magnification. Different stages of 

crack initiation and growth were recognized using dashed lines including (1) the crack initiation sites and stable crack 

propagation, (2) a quasi-stable crack propagation, (3) unstable crack propagation, and (4) finally, as the stress 

concentration enhanced associated with the reduction of surface area, rupture took place. In the mechanically ground 

samples, crack nucleation occurred mainly at the sub-surface pore. Yellow arrows show crack initiation sites. 
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3.6. X-ray diffraction 

To further explore the impact of post-processing treatments on the fatigue performance of L-

PBF-manufactured Ti-6Al-4V components, we conducted XRD analysis on selected samples, with 

a specific focus on those fabricated using fine powder. The results, illustrated in Figure 9, revealed 

notable findings through quantitative XRD analysis utilizing the MAUD software and Rietveld 

refinement method [27]. Additionally, micro-strain (ε) values were calculated for these samples 

[36] (using the equation given in the Table 3), and the results are presented in Table 3. 

 

Figure 9. X-ray diffraction pattern data from the L-PBF processed fine Ti-6Al-4V powder in the as-built, HIPed, and 

mechanically ground conditions. The inset figure shows the peak shift at 40°, the black dashed line and the red dashed 

line indicate the peak center of the as-built and mechanically ground conditions, respectively. 

 

Table 3. Analyzing crystallographic parameters in L-PBF processed fine Ti-6Al-4V powder: A Comparison between 

as-built, HIPed, and mechanically ground specimens. 

  

  

α/α′ (101)  α/α′ (102)  α/α′ (110)  

2θ 

[°]  

d-spacing 

[Å]  

FWHM 

[°]  
ε

*
 

[%]  

2θ 

[°]  

d-spacing 

[Å]  

FWHM 

[°]  

ε 

[%]  

2θ 

[°]  

d-spacing 

[Å]  

FWHM 

[°]  

ε 

[%]  

As-built (AB)  40.22  2.240  0.506  0.046  53.07  1.724  0.516  0.064  63.29 1.468  0.643  0.099  

AB + Mechanically 

Ground  

40.20  2.241  0.749  0.069  52.76  1.734  1.175  0.148  63.24 1.469  0.978  0.151 

HIP  40.21  2.241  0.239  0.022  53.01  1.726 0.494  0.062  63.20 1.470  0.518 0.080  

HIP + Mechanically 

Ground  

40.19  2.242  0.518  0.047  52.67  1.736  0.627  0.078  63.10 1.472  0.551 0.085  

* 𝜀 =  
𝛽

4
sin 𝜃 , in which 𝛽 is the FWHM of the peak and 𝜃 is the Bragg angle of the (hkl) reflection. 
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4. Discussion 

The fatigue performance of L-PBF parts using non-spherical Ti-6Al-4V powders was 

influenced by several key factors: (i) the high surface roughness, with surface intrusions acting as 

potential crack initiation sites [37], (ii) internal defects, especially in the sub-surface regions, 

which served as stress concentrators and adversely affected fatigue performance [38], (iii) the 

martensitic microstructure resulting from the rapid cooling rates of the L-PBF process [39], and 

(iv) the directional grain growth oriented along the build direction [40]. These factors are ranked 

from most to least impactful. This study evaluates the effects of each parameter (powder 

morphology, powder size, contouring, HIP, and mechanical grinding) based on these 

considerations. 

4.1. Analysis of fatigue limit using Basquin equation 

To better compare the fatigue life of the L-PBF processed Ti-6Al-4V samples under different 

conditions, the Basquin equation [41] is used which correlates the fatigue stress amplitude (𝜎𝑎) to 

the cycles to failure (𝑁𝑓) by using fatigue strength coefficient (𝜎′𝑓) and fatigue strength exponent 

(b). The following equation is fitted to each set of experimental data as shown in Figure 7: 

𝜎𝑎 = 𝜎ʹ𝑓(2𝑁𝑓)𝑏                                                (1) 

Based on the Basquin equation, which is typically used for high-cycle fatigue, for a given 𝜎ʹ𝑓, 

smaller values of b correspond to a shallower slope and therefore higher fatigue limit. The Basquin 

equation was used to fit a line on the fatigue data in the current study as well as data from literature 

and the results are summarized in Table 3. 

By choosing a fixed number of cycles to failure (e.g., 𝑁𝑓= 1000), the fatigue strength at 

that cycle (𝜎ʹ3 for  𝑁𝑓= 1,000 or 𝜎ʹ5 for 𝑁𝑓= 100,000) was extracted to compare fatigue behavior 

under different conditions. Based on the calculated data (shown in Table 3), the AB-C-G sample 

had the highest fatigue strength at 1000 cycles, however, the large b value of this sample revealed 

a strong dependence on stress amplitude, which was not desirable. Moreover, HIPing resulted in 

smaller 𝜎′3 value which can be attributed to the increase in ductility and decrease in strength of 

the samples because of the decomposition of ′ martensite to +. The  𝜎′5 values show that the 

HIP-F-G sample had the highest fatigue strength at 100,000 cycles which was because HIPing 

closed almost all the internal pores, and the mechanical grinding process eliminated the sub-

surface pores, thus, drastically increasing the fatigue strength of the sample. 
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Table 4. The calculated fatigue strength coefficient (σʹf), fatigue strength exponent (b), fatigue strength at 1,000 cycles 

(σ′3), and fatigue strength at 100,000 cycles (σ′5) of the L-PBF processed non-spherical Ti-6Al-4V powder in different 

conditions. 

 

 
𝜎′𝑓 

[MPa] 
b 

𝜎′3 

[MPa] 

𝜎′5 

[MPa] 

Microstructure Pore density 

[#/100 mm3] 

AB C C 5743 -0.2623 782 233.6 ′ 24410 

AB C NC 14113 -0.3526 968 190.7 ′ 13052 

AB F C 8609 -0.29 953 250.7 ′ 28564 

AB F NC 8228 -0.3 841 211.3 ′ 15191 

HIP C C 3647 -0.21 735 278.2 + 846 

HIP F C 3097 -0.20 688 276.2 + 660 

AB C G 17386 -0.34 1318 276 ′ 15917 

AB F G 2401 -0.16 816 303.5 ′ 6471 

HIP C G 3989 -0.20 891 359.3 + 560 

HIP F G 3610 -0.18 936 413.1 + 3 

Pegues 66756 -0.50 782 149.3 ′ n/a 

Soltani 12073 -0.30 968 310.1 ′ n/a 

 

4.2. Effect of powder characteristics on fatigue life 

The effect of powder morphology on the fatigue performance of L-PBF processed Ti-6Al-4V 

components was dominated by how each powder morphology influences the final surface 

roughness of the parts. Typically, the surface roughness observed in metal powder additive 

manufacturing components is attributed to (i) the presence of partially or incompletely melted 

powder (on vertical or downskin surfaces), and (ii) the creation of menisci, such as surface 

waviness, on exposed surfaces [42]. The characteristics of the starting powder are widely 

recognized for their significant impact on surface finish attributes [37,43–46]. Specifically, factors 

such as powder shape, size, and distribution play a critical role in determining laser absorption 

characteristics, consequently affecting surface texture. It is inferred that finer powder results in 

smoother surfaces; nonetheless, the spreading of finer powders poses greater challenges due to 

issues such as agglomeration [46]. Conversely, larger powder particles may be easier to spread but 

impose limitations on surface quality due to minimum feature size and minimum layer thickness 

constraints [46]. Sendino et al. [47] reported that the size of the powders adhering to the surface 

corresponded to the dimensions of the smallest particles within the used powder feedstock. This 

was because smaller particles were more prone to experiencing partial melting at the layer contours 

due to the heat transfer between the molten material and the powder bed. The fatigue results of the 

as-built samples in this study are in line with those for samples manufactured with spherical 

powder. Pegues et al. [35] investigated the fatigue performance of Ti-6Al-4V parts fabricated at a 

45° angle from the substrate using various build geometries and surface roughness levels. When 
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comparing their fatigue results with those from the current study, it was found that samples made 

with non-spherical powder exhibited slightly better performance, irrespective of powder size 

distribution. This improvement was attributed to the rougher down-skin region compared to the 

up-skin region, leading to non-uniform surface roughness in their samples. 

 

4.3. Effect of powder size distribution on fatigue life 

The fatigue life of samples made with coarse powder was consistently lower than those made 

with fine powder (see Figure 7A). This difference is attributed to the impact of powder size 

distribution on surface roughness, as illustrated in Figure 6. L-PBF processed parts using coarse 

powder (AB-C-C) had an Ra of 29.1 μm and Rv of 58.5 μm, whereas parts using fine powder (AB-

F-C) had an Ra of 20.4 μm and Rv of 51.6 μm. The increased surface roughness with coarse powder 

was due to the presence of larger partially melted particles on the surface [48]. In contrast, Soltani 

et al. [34] used spherical powder with an average diameter of 34 μm to fabricate Ti-6Al-4V parts 

via L-PBF, achieving slightly better fatigue results than the current study due to the smaller powder 

size (fine powder: 50-120 μm, coarse powder: 75-175 μm) leading to reduced surface roughness 

and improved fatigue performance. Mechanical grinding significantly enhanced fatigue 

performance by removing surface roughness, making the fatigue performance of samples from 

both fine and coarse powders comparable and mitigating the initial effects of powder size 

distribution. 

Recent research conducted by Kantzos et al. [37] found that the hotspot features on the as-

built surface remained consistent, regardless of whether fine or coarse Ti-6Al-4V powder was used. 

This suggests that surface roughness is more sensitive to build conditions than variations in particle 

size. In other words, the adhering particles have no effect on stress concentration, and it is the 

valleys that matter. The feedstock powder characteristics, such as size, likely have a limited impact 

on the performance of metal AM parts with rough surfaces. This is primarily because near-surface 

pore has a more significant influence on localized damage in specific surface regions [49] 

compared to surface roughness [37]. A minimal effect of powder size on fatigue performance was 

also reported by Gockel et al. [44], where it was found that the average powder particle size in the 

raw material affected the roughness parameter Ra but had little influence on fatigue performance.  

4.4. Effect of contouring on fatigue life  

Contouring is generally employed to enhance the surface quality and geometric precision of 

L-PBF processed parts [50]. However, it introduces complexities such as spattering and balling in 

metal additive manufacturing, resulting in partially sintered particles and micro-notches that 

contribute to rough surface features [37,49,51]. Additionally, contour regions can become sites for 

non-steady-state defects like end-of-track and turnaround pores [38]. Complex thermal histories 

in these areas, as documented in several studies [52–56], can lead to keyhole pores. Consequently, 
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surface defects in powder bed AM present a multifaceted challenge that requires further 

investigation. 

Mishurova et al. [57] demonstrated that contouring reduced the surface roughness of L-PBF 

processed Ti-6Al-4V alloy from 33.3 μm to 13.2 μm. However, improper contouring parameters 

can lead to excessive heat source penetration, creating new pores and reducing geometric precision, 

or insufficient penetration, failing to eliminate defects and improve precision. Karimialavijeh et al. 

[58] found that increasing the laser scan speed during contouring reduced sub-surface pores but 

increased surface roughness, negatively impacting fatigue life. Bonesso et al. [59] showed that the 

effect of contouring on surface roughness depends on the initial powder particle size distribution. 

For example, contouring did not change the surface roughness significantly for larger powders but 

drastically improved it for smaller powders. This effect was also observed in the current study, 

where fine powders showed a notable reduction in surface roughness with contouring (no contour: 

23 μm, contour: 20.4 μm) compared to coarse powders (no contour: 29.7 μm, contour: 29.1 μm) 

as seen in Figure 6. Therefore, it is reasonable to further investigate the impact of contouring on 

the fatigue life of L-PBF processed non-spherical powders by examining its effect on surface 

roughness. 

Another consequence of contouring is its impact on the shape and distribution of pores, 

particularly in the sub-surface region, as shown in Figure 4B and Figure 5. Without contouring, 

sub-surface pores tend to be more spherical, whereas contouring leads to elongated pores. This 

elongation is likely due to the contouring process parameters, which can eliminate keyhole pores 

formed during normal hatch scanning but create lack-of-fusion pores. Additionally, spattering 

during contouring can cause spatters to fall onto the sample, resulting in lack-of-fusion pores in 

subsequent layers. Given the variability in contouring parameters, such as laser power and scan 

speed, it cannot be considered a fixed solution and warrants further study. 

4.5. Effect of HIP treatment on fatigue life 

The L-PBF process typically entails the presence of internal defects, which, while manageable, 

are essentially unavoidable. To address this issue and achieve the highest possible relative density, 

a high pressure, high temperature process known as HIP was suggested [60]. Numerous 

investigations found no flaws in their samples following HIPing when employing µ-CT [61]. 

Nevertheless, this outcome might be attributed to the limited resolution of the imaging process 

used. In the current study, we adopted a similar approach to mitigate internal pores and improve 

the fatigue performance of L-PBF-manufactured Ti-6Al-4V parts. While the HIP process 

effectively eliminated a significant portion of the internal pores, it had minimal impact on sub-

surface pores, particularly those linked to the surface. Additionally, HIP resulted in a reduction in 

surface roughness, although this reduction was primarily numerical in nature. The process did not 

alter the surface intrusions but rather flattened or rounded them, leading to the observed decrease 

in surface roughness. The reduction in surface roughness, achieved by eliminating the extrusions, 
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does not have an impact on fatigue life since only the intrusions serve as crack initiation sites. This 

explains why the fatigue life of the HIP samples was comparable to that of the as-built samples. 

Gunther et al. [62] showed the same behavior in L-PBF processed Ti-6A-4V parts under fatigue 

testing before and after HIP treatment. They showed that in the as-built surface condition, the 

samples had comparable fatigue lives regardless of the application of HIP process and surface 

defects were the main reasons for fatigue failure, specifically, in the high stress region. 

4.6. Combining post-process treatments on fatigue life 

Most issues affecting the fatigue life of L-PBF processed parts can be addressed by 

eliminating surface roughness, which almost invariably improves fatigue life. While defects 

significantly impact fatigue performance during extended lifespans due to decreased localized 

plastic deformation, other issues such as internal pores, microstructure, and texture persist even 

after surface roughness removal [63]. Combining HIP with mechanical grinding can mitigate 

nearly all these problems. 

First, HIP transforms the microstructure of L-PBF processed Ti-6Al-4V parts from 

predominantly martensitic to a more ductile lamellar α+β structure, enhancing fatigue life [20], as 

demonstrated in Figure 3. Second, mechanical grinding eliminates surface defects, most sub-

surface defects, and induces compressive residual stress near the surface, further increasing fatigue 

life. For instance, comparing the σ′5 values of AB-F-G (303 MPa) and HIP-F-G (413 MPa) samples 

shows a significant improvement in fatigue life. This combination has proven highly effective in 

our study, bringing the fatigue life of L-PBF processed Ti-6Al-4V parts close to that of wrought 

parts. 

The primary factor preventing these parts from achieving the same fatigue performance as 

wrought parts is the presence of texture [20]. While the HIP process decomposes the α′ phase into 

α+β phases, it does not alter the orientation and morphology of primary β grains. Columnar prior 

β grains containing grain boundary α are still present after HIP (as shown in Figure 3), but they 

are less brittle than in the as-built samples. 

4.7. Relationship between variables using correlation coefficients 

Figure 10A showed the results of correlation coefficient analysis. The calculated correlation 

coefficients are consistent between the three methods including Pearson, Spearman, and Kendall 

Tau. It can be concluded that there is a strong anti-correlation between Rv and contour as well as 

pore count and HIP variables. Also, fatigue strength exponent and contour variables show some 

positive correlations.  

To further investigate the relationships between variables, ANOVA was employed to assess 

the consistency of observed correlations across distinct groups. Plots in Figure 10B provided 

evidence of statistically significant differences between group means for the variables under 

consideration. For the fatigue strength exponent variable, the p-value is 0.04999, which is 



24 

 

 

marginally below the conventional alpha level of 0.05, suggesting that there are significant 

differences between at least two of the group means for contour. The p-value for the Rv variable is 

extremely low (p-value < 0.00001), indicating strong evidence against the null hypothesis of equal 

means across the contour groups. For pore count, the p-value of 0.00049 also signifies that the 

group means are significantly different when comparing HIP statuses. The central tendency and 

dispersion represented by the box plots affirm these findings, with notable differences in medians 

and interquartile ranges among the groups, particularly for Rv and pore count. 

The pairwise comparison among the group means for the variables fatigue strength exponent 

vs contour, Rv vs contour, and pore count vs HIP are shown in Figure 10C. For fatigue strength 

exponent variable, the non-overlapping confidence intervals among the groups highlight 

statistically significant differences between each pair of group means when compared across 

contour levels. In the case of Rv, the magnitude of the differences between groups is considerable, 

as evidenced by the length of the confidence intervals, which do not overlap with zero, indicating 

significant differences. Regarding pore count vs HIP, the confidence intervals again suggest 

significant differences between the groups, with no overlap, thus confirming the presence of 

distinct group effects. These results confirm the ANOVA findings by clearly showing the 

significant differences between groups, thus strengthening the evidence for our conclusions. 
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Figure 10. (A) Correlation coefficient analysis, (B) ANOVA analysis results for the correlated variables determined 

in “A”, and (C) Pairwise Comparison Confidence Intervals from Tukey's HSD Test. 

 

4.8. Quantitative analysis of surface residual stress using X-ray diffraction 

Through X-ray diffraction analysis perpendicular to the stress axis in fatigue testing, we 

observed (i) broadening of peaks based on the full width at half maximum (FWHM) in the 

mechanically ground specimens and (ii) slight shifts in peak positions toward smaller 2θ values. 

For instance, in the as-built specimens, the {101} plane of the α′ phase exhibited a peak shift from 
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40.22° to 40.20° after mechanical grinding. This shift signified an expansion of the lattice structure 

in the direction perpendicular to the plane (elastic out-of-plane lattice expansion), while 

simultaneously indicating compression within the plane. This was evident from the increase in the 

d-spacing related to {101}, which increased from 2.240 to 2.241 Å, as determined through Bragg's 

law. The ε values for the tested samples demonstrated that when mechanical grinding was applied 

to the as-built specimens, the values of microstrain increased from 0.046 % to 0.069 %, suggesting 

the possible presence of compressive residual stress. This same trend was observed in the HIPed 

and surface-treated specimens. According to refs. [15,64], it is noteworthy that the presence of 

compressive residual stress is associated with the inhibition of crack initiation and improvement 

in fatigue endurance. 

4.9. Critical defect size analysis 

The effect of defect size on the fatigue performance of L-PBF processed Ti-6Al-4V parts was 

investigated, considering factors such as powder characteristics, contouring during the L-PBF 

process, HIP treatment, and post-surface treatment. The impact of these factors on critical defect 

size is shown in Figure 11. The methodology introduced by Sanaei and Fatemi [40] was used to 

measure the average critical defect size in the samples. As expected, the as-built samples exhibited 

critical defects predominantly as surface defects or micro-notches. In contrast, the mechanically 

ground samples revealed critical defects mainly in the internal or sub-surface regions. However, 

mechanically ground samples had internal defects that extended to the surface, serving as crack 

initiation points. 

These observations clarify why crack initiation predominantly occurs on the surface of as-

built samples, regardless of HIP treatment or contouring. After removing surface roughness 

through mechanical grinding, crack initiation was not solely linked to surface defects. In most 

samples, the crack initiation site was one of the internal defects in the sub-surface region. Another 

noteworthy observation from the Murakami plot [65] in Figure 11 was that cycles to failure 

increased as the critical defect size decreased. This aligns with existing literature [62,66,67], which 

indicates an inverse relationship between average critical defect size and the fatigue life of parts. 
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Figure 11. (A) The relationship between average critical defect size and the number of cycles to failure for L-PBF 

processed Ti-6Al-4V using non-spherical fine and coarse particles under various conditions, including as-built and 

post-processed treatments, is shown. The samples were tested under a stress amplitude of 300 MPa, with additional 

data sourced from references [62,66]. (B) µ-CT data analysis highlighting pore defects with the largest projected area 

in the XY plane across different sample conditions. Clarification: the color bar is for subfigure B. 
 

4.10.  Quantification of the surface notch effect 

An empirical quantitative method is available to establish a correlation between the fatigue 

endurance of a sample with surface notches (such as as-built samples with micro-notches) and a 

sample without surface notches (such as mechanically ground samples). This relationship can be 

determined using the fatigue notch factor and the following equation [68]: 
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𝜎𝑒1 =
𝜎𝑒2

𝐾𝑓̅̅ ̅̅
 (2) 

where 𝜎𝑒1 and 𝜎𝑒2 refer to the fatigue endurance with or without notches, respectively, and 𝐾𝑓
̅̅ ̅ is 

the fatigue notch factor. To calculate the fatigue notch factor 𝐾𝑓
̅̅ ̅, the elastic stress concentration 

factor 𝐾𝑡
̅̅ ̅ and the materials sensitivity to notches 𝑞 can be used as follows which was adapted from 

Arola-Ramulu [69]. This model was selected for the output data from this analysis for comparison 

with the literature. 

𝐾𝑡
̅̅ ̅ = 1 + 𝑛(

𝑅𝑎

𝜌̅10
)(

𝑅𝑡

𝑅𝑧𝐼𝑆𝑂
) (3) 

𝑞 =
1

1+
𝛾

𝜌̅10

 (4) 

𝐾𝑓
̅̅ ̅ = 1 + 𝑞(𝐾𝑡

̅̅ ̅ − 1) (5) 

where 𝑛 = 2  for tension, 𝛾 refers to the average α/α′ lath width, and 𝑅𝑎, 𝜌̅10, 𝑅𝑡, and 𝑅𝑧𝐼𝑆𝑂 refer 

to the average roughness, average 10-point valley radii, maximum peak-to-valley roughness, and 

10-point height roughness, respectively. The following equations were used to calculate values of 

𝑅𝑎, 𝑅𝑡, 𝑅𝑧𝐼𝑆𝑂, and 𝜌̅10 [70]: 

𝑅𝑎 =
1

𝑛
∑ 𝐴𝐵𝑆(𝑍𝑖 − 𝑍𝑚𝑒𝑎𝑛)𝑛

1  (6) 

𝑅𝑡 = 𝐴𝐵𝑆(𝑍𝑚𝑎𝑥 − 𝑍𝑚𝑖𝑛) (7) 

𝑅𝑧𝐼𝑆𝑂 =
1

𝑛
[∑ 𝐴𝐵𝑆(𝑍𝑖 − 𝑍𝑚𝑎𝑥)𝑛

1 + ∑ 𝐴𝐵𝑆(𝑍𝑖 − 𝑍𝑚𝑖𝑛)𝑛
1 ] (8) 

𝜌̅10 =
1

𝑛
∑ 𝜌𝑖−𝑚𝑖𝑛

𝑛
1  (9) 

where 𝑍𝑖  is the height in each point, 𝑍𝑚𝑎𝑥  is the maximum peak height, 𝑍𝑚𝑖𝑛  is the minimum 

valley depth, and 𝜌𝑖−𝑚𝑖𝑛  is the deepest valleys’ radii. As an example, Figure 12 showed the 

measurements of two deepest valleys (i.e., 𝜌𝑖−𝑚𝑖𝑛) used in the notch factor calculation. For an 

ideal sinusoidal surface, Arola-Ramulu [69] suggested that the 
𝑅𝑡

𝑅𝑧𝐼𝑆𝑂
 ratio would be 1, thus, the 𝐾𝑡

̅̅ ̅ 

is dependent on the 
𝑅𝑎

𝜌̅10
 ratio. Moreover, to describe the sinusoidal nature of the 𝐾𝑡

̅̅ ̅, the 𝑅𝑎 can be 

taken as the wave amplitude and the 𝜌̅10 taken as the wave period. The parameters calculated for 

samples under various conditions are presented in Table 4. Pegues et al. [71] reported a fatigue 

notch factor of 4.42 for L-PBF processed spherical Ti-6Al-4V powder. In this study, however, all 

recorded fatigue notch factor values are below 4.42. This indicates that non-spherical powder 

results in parts with improved fatigue endurance and a lower susceptibility to fatigue failure. 

In the present study, if we consider the fatigue notch factor and fatigue endurance limit of the 

mechanically ground fine HIP sample (HIP-F-G) as 1 (indicating no micro-notches on the surface) 
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and 350 MPa (see Figure 7), respectively, the calculated (using Eq. 2) fatigue endurance of the 

same sample before mechanically grinding would be 151.5 MPa. This calculated value was notably 

close to the experimental measured value of 150 MPa. Furthermore, it is worth noting that all the 

HIP samples exhibited a lower fatigue notch factor in comparison to their as-built counterparts. 

This indicates the beneficial effect of the HIP process in diminishing the influence of surface 

roughness on the fatigue endurance of the samples. This transformation in the shape of surface 

intrusions, from sharp notches to more rounded forms, was a direct result of the HIP process. The 

influence of the HIP process on the surface roughness of the samples was observed in the µ-CT 

data obtained from the vertical cross-sections, as depicted in Figure 6B. The HIPed samples 

exhibited less variation in height and higher curvature in the valleys compared to the as-built 

samples, clearly demonstrating this effect.  

 

Figure 12. (left) A line scan taken from the surface of an as-built L-PBF sample fabricated with coarse powder and 

contouring (sample AB-C-C) and (right) two examples showing the measurements of the radii of the deepest valleys. 

 

Table 5. Surface roughness metrics and stress concentration factors computed using Eq. 3-9 for Ti-6Al-4V samples 

processed via L-PBF, with variations in conditions. 

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

̅̅ ̅ 

AB-C-C 29.68 ± 4.5 162.28 ± 23.2 162.28 ± 23.1 24.77 ± 7.6 0.95 3.39 3.27 

AB-C-NC 29.05 ± 5.6 197.09 ± 21.6 197.09 ± 21.5 22.56 ± 5.5 0.94 3.57 3.43 

AB-F-C 20.44 ± 3.4 118.36 ± 25.1 118.36 ± 25.2 27.66 ± 6.5 0.95 2.47 2.41 

AB-F-NC 22.98 ± 5.3 163.89 ± 22.3 163.89 ± 22.3 19.71 ± 7.2 0.93 3.33 3.18 

HIP-C-C 21.30 ± 4.7 109.13 ± 26.2 109.13 ± 26.1 24 ± 8.1 0.93 2.77 2.65 

HIP-C-NC 25.93 ± 4.3 144.24 ± 25.4 144.24 ± 25.5 30.66 ± 6.2 0.94 2.69 2.60 

HIP-F-C 17.94 ± 3.2 112.98 ± 21.7 112.98 ± 21.7 25.57 ± 5.4 0.93 2.40 2.31 

HIP-F-NC 23.03 ± 4.1 159.24 ± 24.6 159.24 ± 24.6 21.42 ± 6.8 0.92 3.14 2.99 
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4.11. Fatigue modeling based on surface roughness 

The fatigue endurance calculated using Eq. 2 can be used to create a model to estimate the 

fatigue performance of the samples. As stated in the work by Budynas and Nisbett [72], the fatigue 

strength of the samples are directly correlated with their ultimate tensile strength (UTS), as follows: 

𝜎′3 = 𝑓𝜎𝑈𝑇 (10) 

where 𝑓 is the fatigue strength fraction factor and 𝜎𝑈𝑇  is the UTS. The average reported UTS value 

of the L-PBF processed Ti-6Al-4V is 1074±70 MPa [18,73–76] and 940±29 MPa [19,77,78] in 

the as-built and HIP conditions, respectively. The 𝑓 value was taken from Ref. [72] is 0.79 for the 

Ti-6Al-4V alloy. By considering the different experimental fatigue endurances for the samples in 

different conditions in this study, and the calculated 𝜎′3 value for the samples, a linear line can be 

drawn on the log-log fatigue graphs [33] as shown in Figure 13A. By using this line, the fatigue 

performance of the samples under any stress can be estimated. Here, the same stress amplitudes as 

the fatigue experiments were fed to the models and the output of the models were plotted against 

the experimental cycles to failure values (see Figure 13B). The data points in these figures are 

within the scatter band of 2 which shows the reasonable accuracy of using these calculations for 

predicting the fatigue life of the L-PBF processed non-spherical Ti-6Al-4V powders under various 

conditions. Moreover, these calculations can be considered a valuable design tool when a certain 

set of data for a specific condition is not available. 

 

Figure 13. (A) Curves plotted for fatigue prediction derived from the Arola-Ramulu model and (B) the calculated 

fatigue performance compared to experimental data with the scatter band of 2. Note that the estimated cycles to failure 

in (B) were calculated using the linear equations obtained from (A).  

 The same approach was taken by previous studies [33,71] in an attempt to create a model 

for predicting the fatigue life of the L-PBF processed Ti-6Al-4V parts using spherical powder, 
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however, their calculations only considered a specific condition of surface treatment to study the 

effect of surface treatment on the fatigue life. In the current study, the calculations were performed 

to re-create the Arola-Ramulu [69] model for the samples subjected to various post-treatments 

such as HIP, and mechanical grinding processes. It is worth noting that the mentioned studies also 

used the EOS M290 machine to manufacture their samples which is the same machine used in the 

current study, therefore, the new insights from this study are reasonably comparable to that of the 

published literature. 

4.12.  Fracture mechanisms 

In our current study, the HIP samples followed a facet formation mechanism due to 

dislocation pile-ups, while the as-built samples exhibited a pseudo-brittle fracture mechanism  

resulting from a localized deformations, as reported in our previous study in [15] and shown in 

Figure 14A and 14B. The schematic representation of theses distinct fracture mechanisms in Ti-

6Al-4V samples with different microstructures is illustrated in Figure 14C. 

 

Figure 14. Micrographs of the fracture surfaces of the L-PBF processed Ti-6Al-4V non-spherical fine powder tested 

under 500 MPa in (A) as-built and (B) HIPed conditions. (C) Schematic showing the fracture proposed mechanisms 

in the martensitic microstructure in the as-built sample (on the left) and α+β microstructure in the HIP samples (on 

the right). For direct presentation of lath size and organization of the laths, refer to Figure 2. 



32 

 

 

Crack initiation in fusion-based AM Ti-6Al-4V, mainly in the samples exhibiting an α+β 

microstructure, has been extensively reported  and is associated with the formation of facets within 

the α phase [62,79]. One explanation for the formation of these facets at interfaces within the α 

phase is based on having few available slip planes and the inherent anisotropy of the hexagonal 

closed-packed (HCP) lattice, as previously noted by Neal et al. [80] and Dunne et al. [81].  

Bache's widely recognized theory [82] proposes that the orientation of adjacent grains 

influences slip behavior: the first grain aligns prismatic or pyramidal planes with the load axis to 

facilitate slip, while the second grain's basal plane is oriented perpendicular to the load axis to 

inhibit slip. This arrangement causes dislocations to accumulate at the grain boundary between the 

two grains. Shear and tensile stresses on the basal plane of the second grain lead to the formation 

of facets, which concentrate stress at the grain boundary and induce a ductile fracture in the first 

grain. This fracture then propagates through the grain boundary into the second grain. 

Everaets et al. [83] offer an alternative theory where the second grain is also oriented 

favorably for slip but with a slight misorientation that creates grain boundaries. In this scenario, 

facets develop within the first grain, and the crack moves into the second grain with minimal 

resistance at the boundary. This type of facet formation is more pronounced in materials with an 

equiaxed α phase compared to those with a basket-weave α+β microstructure. 

In contrast, the fracture behavior in martensitic Ti-6Al-4V parts differs significantly. Moridi 

et al. [84] found that in L-PBF processed Ti-6Al-4V with a martensitic microstructure, fracture 

results from localized deformation within α′ laths. Voids form within primary α′ laths oriented at 

45° to the load axis, where they experience a high Schmid factor. These voids expand under 

loading, eventually linking within the α′ laths and causing a ductile final fracture. However, 

fractures between the α′ laths are brittle. Thus, while the fracture mechanism is ductile 

microscopically, it appears more brittle macroscopically. 

 

4. Conclusion  

This research investigated the influence of various factors including powder characteristics 

(non-spherical morphology and particle size ranging from 50-120 µm or 75-175 µm), process 

conditions during L-PBF (contouring), and post-processing treatments (HIP and mechanical 

grinding) on the pore levels, microstructural features, surface quality, and fatigue performance of 

additively manufactured Ti-6Al-4V specimens. The following conclusions are made: 

• The fatigue performance of components made from non-spherical powders was found to 

be similar to those made from spherical powders, irrespective of the powder size. Fine non-

spherical powders exhibited a marginally better fatigue life than coarse powders. 

• Mechanical surface grinding was effective in improving fatigue performance. However, 

sub-surface pores still limited overall fatigue performance, regardless of whether they were 
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exposed on the surface (Figure 7A). Additionally, contouring did not significantly alter 

fatigue performance, despite a slight reduction in surface roughness (Figure 7B). 

• The HIP process effectively sealed internal pores but did not impact sub-surface pores that 

were connected to the surface. This process also transformed the component’s 

microstructure from α′ martensitic to α+β, enhancing ductility and shifting the fracture 

mechanism from pseudo-brittle to facet formation. 

• Combining HIP treatment with mechanical grinding was the most effective post-processing 

method for improving fatigue performance. This combination nearly eliminated all surface, 

sub-surface, and internal pores and transformed the brittle α′ phase, resulting in fatigue 

performance close to that of wrought materials. 

• Correlation analysis using Pearson, Spearman, and Kendall Tau methods indicated strong 

negative correlations between Rv and contour, as well as between pore count and HIP 

treatment. Positive correlations were observed between the fatigue strength exponent “b” 

and contouring. ANOVA results confirmed these correlations, showing significant 

differences in Rv and pore count across groups. Tukey's HSD Test further identified 

specific group differences. 

• Fatigue lives were analyzed in relation to surface roughness. Fatigue modeling, using the 

linear relationship between σ'3 and endurance based on the Arola-Ramulu model, 

accurately predicted fatigue lives for L-PBF Ti-6Al-4V samples with various surface 

roughness levels, with most data falling within the acceptable scatter band of 2. 
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