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Motivation: AM Structural Parts2

Faster Realization of Parts 
(Reduction Design and 

Qualification Time)

Novel Designs and 
Architectures 

and New Functionalities

Smaller Manufacturing 
Facilities

(Small Lots)

ConventionalTime to Get 
Prototype AM

6-24 
months

0.5-3 
months

https://www.eos.info/en/
Conventional Vs Weight-

Reduced AM Designs



Challenge: Current Design Paradigm3
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New Paradigm: Qualification Response Envelope (QRE)4
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Foundational Research for QRE5

Explore Sources of Variability and Connections to Mechanical Response

Manufacturing Mode Microstructure Flaws and Surface Effects

Material Behavior Part Geometry Different Alloys



Foundational Research for QRE: Mechanical Response6

Yield

Fatigue

FractureStrength
Strain Rate

Anisotropy

UTS

Yield



Foundational Research for QRE: Using Our Understanding7

Design Guidance

Computational Modeling
Topology Optimization

Inspection



Sandia Research8

Qualification Response Envelope (QRE) Fracture in AM Metal Parts

Fatigue in AM Metal Strain-Rate Dependent Behavior of AM Metal

Longitudinal+
Tensile+Bars+

Transverse+
Tensile+Bars+
(Before+EDM+
Cu8ng)+

Notched+Tensile+
Bars+

Longitudinal+
Tensile+Bars+

Challenge+
Geometry+
Specimens+

Build+
DirecBon+

Q
ua

nt
ity

 o
f I

nt
er

es
t

Design

Minimum

QRE



Sandia Research9

Qualification Response Envelope (QRE) Fracture in AM Metal Parts

Fatigue in AM Metal Strain-Rate Dependent Behavior of AM Metal
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Third Sandia Fracture Challenge10

Longitudinal 
Tensile Bars

Transverse 
Tensile Bars 
(Before EDM 

Cutting)

Notched 
Tensile Bars

Longitudinal 
Tensile Bars

Challenge 
Geometry 
Specimens

Build 
Direction

316L Stainless Steel



Variability in Mechanical Response of Base Material11

EDM-Finish 
Transverse: 0.05 

mm/s Rate

EDM-Finish 
Longitudinal: 

0.05 mm/s Rate

EDM-Finish 
Longitudinal: 

0.0005 mm/s Rate

AM-Finish 
Longitudinal: 

0.05 mm/s Rate

Unloading for 
Modulus

B
u

ild

Uniform Cross-Section ➜ Variability

Notched Cross-Section ➜ Less Variability



Global Mechanical Response of Structured Parts12



Interrupted Testing to Track Fracture Evolution13

Interrupted Response

I1 I2
I3

I4

Pre-test data 
showing voids

Ex situ micro-CT 
internal slices for 

Specimen B33

I0 I1 I2 I3 I4



Local Fracture Variation in Structured Parts14

3D Reconstructions Highlighting Crack Volume

Specimen B10 Region 3 Specimen B33 Region 1



Lessons Learned and Open Questions15

Geometric Stress 
Concentrations

Reduced 
Variability in 

Global Response

What size?

What type of stress 
concentration?

?

Voids Local Crack 
Variation

What Dominates Mechanical Response?

Geometry-Dominant Flaw-DominantTransition / Overlap



Sandia Research16

Qualification Response Envelope (QRE) Fracture in AM Metal Parts

Fatigue in AM Metal Strain-Rate Dependent Behavior of AM Metal
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Fatigue in AM Ti-6Al-4V: Variables17

As-Printed vs. Post-MachinedAM Ligament Size

R2 Specimen 
D = 8.89 mm

R4 Specimen 
D = 4.06 mm

R6 Specimen 
D = 2.01 mm

Printed
Cylinders

To Be
Machined



Monotonic Tension Results18

R2 R4 R6

Decreasing Sample Size 

Build 1

Build 2

Machined

Printed



Fatigue Results19

Post-Machined
As-Printed

As-Printed XCT

As-Printed

As-Printed

Post-Machined

Post-Machined

Post-Machined XCT



Fatigue Crack20

XCT-identified 
Pores

Fracture 
Surface 

(Red)

Many 
Pores

SEM Micrograph of Fracture Surface

Fracture 
Surface 

(Red)

Fewer 
Pores

Failure Pore

As-Printed Post-Machined

XCT-identified 
Pores

SEM Micrograph of Fracture Surface



Fatigue: Future Variables of Interest21

Different Post-Machining Methods Build Orientation

Round vs. Flat Fatigue Specimens Witness Fatigue Specimens

Remove Crust Only Polish Machining Marks

Longitudinal+
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Tensile+Bars+
(Before+EDM+
Cu8ng)+

Notched+Tensile+
Bars+

Longitudinal+
Tensile+Bars+

Challenge+
Geometry+
Specimens+

Build+
DirecBon+

Compare to:
• Fatigue of 

specimen cut 
from part

• Fatigue of
entire part

https://www.eos.info/en/
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Qualification Response Envelope (QRE) Fracture in AM Metal Parts

Fatigue in AM Metal Strain-Rate Dependent Behavior of AM Metal
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AlSi10Mg Microstructure23

X

Y (build 
direction)

Z

Si Intermetallic
Precipitates



Tension for 10-2 to 101
24

Y 
(Build)

Z

101 - Teal
100 - Red
10-2 - Blue

X

Colors represent the 
different testing 

directions, and the 
shapes represent the 

locations along the 
build height 

UTS

Yield



Effect of Processing History and Surface Finish25

Evaluated using 
high-throughput 
tensile coupons

Post-Machined
As-Printed

All Post-
Machined

Y (Build Dir.)

X and Z

Surface roughness can be a significant driver of the material response



Si

Al

Bulk

Stress-Partitioning Tensile Experiments26

NEUTRON
BEAM

LOADING
AXIS

TENSILE
SAMPLE

- 90 DETECTOR
+ 90 DETECTOR

BANK 2
LD

BANK 1
ND

Schematic of tensile-loading stress 
partitioning experiment

Collaborators: Bjørn Clausen (LANL), Don Brown (LANL), and Milan Agnani (Mines)

Phase lattice 
stress vs. strain

Stress 
partitioning

SiAl
LongitudinalTransverse

Si Al

(%)



Tension and Compression for 102 to 103
27

Split-Hopkinson 
Pressure Bar 

Testing



Solid Mechanics Modeling Approach28



High-Rate Material Modeling29



EOS and Spall Response30

EOS for AlSi10Mg Like That 
for Al 6061 up to ~13GPa

Isotropic Spall Strength 
(Anisotropic response disappears at high strain-rates)



Quasi-Isentrope Experiments on Z-Machine31

Z3615 Target

Ramp-Release Experiments at Mega-Bar Stresses AM AlSi10Mg exhibits two low pressure 
phase changes



Key Insights from AlSi10Mg Study32

Post-
Machined

As-Printed

Size of Printed 
Part and Surface 

Finish Matter

Strain Rate-
Dependent and 

Anisotropic 
Behavior at Q.S. 

and 
intermediate 
Strain Rates

Strain Rate-
Dependent and 
Behavior at High 

Rates, but 
Anisotropic 
Response 

Disappears

Unexpected 
Phase Changes 
in an Al Alloy at 
High Pressures 



Future Work on Strain-Rate Dependent Behavior33

Effect of Geometry Improved modeling at all rates

EBSD 

SPPARKS

https://www.eos.info/en/

Topology Optimization Design Guidance

Stress 
Concentrations

Ligament 
Sizes

Machining 
Considerations



Summary of Foundational Research for QRE and Future Work34

Sources of Variability in Mechanical Response
• Flaw Structure
• Surface Finish
• Part Geometry

• Build History (Thermal History)
• Microstructure / Anisotropy

Complex Relationship Between
Part Geometry and Flaw Structure

Role of
Inspection

Further
Material 

Characterization

Part Geometry
Effects 

Part Performance 
Predictions 

Future Work for QRE

Topology 
Optimization



Sandia Research to Support Development of AM Structural Parts35

Qualification Response Envelope (QRE) Fracture in AM Metal Parts

Fatigue in AM Metal Strain-Rate Dependent Behavior of AM Metal
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Questions36


