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Categories of Process Variability in LPBF

I. Intra-Build

II. Inter-Build

III. Inter-Machine 3



Objective and Aims

Overall Objective: Characterize the variability in microstructure and durability 
of Ti-6Al-4V resulting from LPBF involving multiple identical make/model 
machines under fixed primary- and post-process conditions.

Aim 1: Characterize the intra-build variability

Aim 2: Characterize the inter-build variability

Aim 3: Characterize the inter-machine variability
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Round Robin Partners 
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Partner Questionaire
(Powder + Machine)

Process Control Document

• All partners operating an EOS 
M290

• Single lot of powder for all partners 
(EOS Grade 5 Ti6Al4V)

• Single Process Control Document 
(PCD) for all partners

• All partners use same process 
parameters (Ti6Al4V)

• All partners follow same build design
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Overview of Program and Approach



Build Design and Discretization 

Two Levels (A, B)
Five Zones per level
(0, 1, 2, 3, 4, 5) 

Supports

Coupons

Build Envelope Discretization Build Design (5 zones, 2 levels)
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Total specimens per partner = 684

190 19076 76 76 76

Round Robin Build Sequence
1 2 3 4 5 6

Config 1

Config 2 Config 2 Config 2 Config 2

Config 1

Total Specimens = 684 per partner x 6 partners = 4104

Powder 
sample
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Progress of Partners and Program: Phase I

Level B

Level A
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745˚C for 2 hours with furnace cool



Methods - Characterization of Metal and Powder
Properties of InterestCharacterization Technique

Light Scattering Powder Analysis (LSPA)

SEM

Hall Flow Meter

Inert Gas Fusion (IGF) and XRD

Particle size distribution

Particle morphology

Powder flowability

Powder contaminants 

(oxygen, nitrogen, hydrogen, and carbon)
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Tensile Testing

Micro Computed Tomography (µCT)

Scanning Electron Microscopy (SEM)

Mechanical behavior (ductility, 

strength, toughness, etc.)

Porosity (~8µm voxels)

Microstructure
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Methods - Coupon Selection for Analysis

ØSubset of total number of 
coupons used for testing to 
decrease testing time

ØCoupons were pseudo-randomly 
selected from each zone. 
Selected coupons were kept 
identical across the participants.

ØReserved coupons enables other 
investigations to take place

1652 coupons tensile tested
354 vertical coupons µCT scanned 12



Methods - microCT Analysis of Porosity

1) Effective Diameter
2) Sphericity
3) Large Pores Per Coupon

Deff ≥ 0.125 mm

Effective 
Diameter

𝑆𝐴!"#$%$
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= Sphericity
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Characterizing the Tensile Properties
UTS

YS

Strain at Failure

YS = Yield Strength (at 0.002 offset)

UTS = Ultimate Tensile Strength

% el = strain at failure
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Intra-Build Analysis: Porosity and Properties

1) Build Height (A vs B)

2) Zones (0 to 4)

3) X and Y position

The intra-build analysis presented today includes only the vertical coupons
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Intra-Build: Build Height (Porosity)

ØAnalysis of Variance (ANOVA) shows only P6 has statistical difference between A and B levels for 
the average diameter and count of large pores (d ≥ 0.125 mm)
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Intra-Build: Build Height (Tensile Properties)

ØSignificant differences identified
ØMagnitude of difference in strength is negligible (~10 MPa)
ØLarger difference between A and B levels for strain at failure (up to 1% strain) 17
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Intra-Build: Zones

ØAnalysis of P6 metal separated 
for height levels

ØSome significant differences.  
Inconsistent zones between 
machines
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Pore Characteristics



19

ØFew significant differences 
between zones

ØSignificant differences always 
include Zone 0, independent 
of machine.

Intra-Build: Zones
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Tensile Properties



Ø Process physics can result in spatial distributions. 
Ø Pore distribution of P6 is approximately radially symmetric

Intra-Build: Exact Position (Porosity)
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Intra-Build: Unique Porosity Distributions

Ø3 machines have trends along y-axis of varying strength 
Y Position (mm)
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Intra-Build: Tensile Properties

ØP1 and P6 are the only machines with an x-axis dependency
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Intra-Build: Tensile Properties
ØP1 and P6 have strongest y-axis dependency
ØGas flow and radial laser incidence angle may explain these trends
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Intra-Build: Contribution of Shielding Gas
Turbulence
[Moran et al., 2021] 

Slow Velocity Gas
[Ferrar et al., 2012]

Gas Flow

[Ladewig et al., 2016]
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Root Cause
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Laser Incidence



Porosity and Strain at Failure Correlations

ØNo correlation between porosity metrics 
and strain at failure

ØPores on the surface are not registered as 
pores by µCT which limits correlation

ØDo not capture multiple pore 
characteristics simultaneously (i.e., size, 
shape, location, clustering) 25



Porosity and Strain: Large Pores Only

(a) Pores ≥ 0.125mm Diameter (b) Pores ≥ d90 Diameter

ØImproved correlation with d90 diameter, but still weak
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Overall Variability in Mechanical Properties

Ø33 wrought Ti-6Al-4V coupons cut from the same sheet of metal were tested for comparison 

ØAM metal has similar variability to wrought form metal

CoV of 
YS (%)

CoV of 
UTS (%)

CoV of Strain 
at Failure (%)

Vertical 2.1 1.9 11.8
Horizontal 2.2 1.9 14
Wrought 1.8 1.8 8.3

CoV of 
YS (%)

CoV of 
UTS (%)

CoV of Strain 
at Failure (%)

Vertical 1.9 1.8 10
Horizontal 1.7 1.6 12.1
Wrought 1.8 1.8 8.3

All Machines Identically Heat Treated
(P2, P4, P5, P6)
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Inter-Machine: Outliers

1 mm

Shear lip

Fast fracture

Fracture Surface
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Inter-Machine: Weibull Distributions
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Conclusions

1) Variability exists on the intra-build, inter-build, and inter-machine levels, however the 
overall magnitude for the static properties is similar to that for wrought titanium 

2) Design for additive manufacturing (DFAM) can accommodate the variability 
exhibited by most machines, however outlier machines do exist, necessitating 
individualized DFAM

3) Greatest sources of variability appear to originate from issues with machine 
maintenance or post-processing variability – fine-tuning machine maintenance may 
allow for broader machine equivalency
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