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Mechanics-Manufacturing-Design Synergy
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Nature Provides Numerous Examples of Purposeful Designs with Unigue Mechanisms
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Architected materials exhibit properties not found in monolithic materials

Improving Toughness by Design
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Hypothesis: engineered multi-material systems display improved mechanical performance
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Layered Hard (mortar)-Soft (silicone) Multi-Material
Architectures Enabled by Additive Manufacturing
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Advanced

Manufacturing can

Enable Architected Single-material extrusio'n
Materials Across

Scale and Help
Study them

+ TO - PLA filament extruder

* T1 - Alternative filament extruder

+ T2 - Cement paste extruder (Hyrel)
+ T3 - Silicon extruder (Hyrel)

Multi-material extrusion



Additive manufacturing of hard(mortar)-soft(silicone) multi-material system

Multi-material extrusion for layered
mortar-silicone multi-material composite

Mortar layer extrusion
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Fracture toughness was investigated experimentally for monolithic and layered systems
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Layered hard-soft (Mortar/Silicone)
Single-edge Notched Bend (SENB) test
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J-integral was used to quantify toughness (i.e., material resistance to crack extension)

The J-integral is an integral equation that gives the amount of energy released in

[ Definition } . .
advancing a crack surface by a unit area.

wd Tad
J = | way -752ds

I': Curve surrounding the notch tip

W Strain-energy density

T: Traction vector defined according to outward normal along I
u: Displacement vector

Flat surfaced notched in two-
dimensional deformation field
(all stresses depend only on x
and y). I' is any curve
surrounding the notch tip; I;
denotes the curved notch tip [1]
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Compliance based method to calculate J-integral

*» J-integral is given by: J = ]init +]prop
initiation  propagation

For plane-strain notched bend test
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Layered multi-material shows pronounced toughening compared to monolithic and cast
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Enhanced ductility was achieved for layered multi-material compared to monolithic and cast
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Vastly varying crack propagation mechanism responsible for toughening observed

3DP Mortar 3DP Mortar-Silicone
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How do we numerically investigate fracture in hard-
soft multi-material assemblies?




Coupled phase-field CZM model developed to numerically investigate crack prop in MMs

external energy
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Park-Paulino-Roesler (PPR) [1] used to capture dissipated energy at interfacial zones
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Material properties were determined using specific mechanical characterization tests
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Crack propagation mechanism in tri-layer hard-soft-hard composite
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Toughening Mechanisms in Hard-Soft Composites
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Effect of thickness on overall performance
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Hardened cement-PVS composite show significant increase in toughness vs. monolithic
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Conclusions and outlook
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« Concrete can be re-imagined as a composite £ 0% o e icone 3002852
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soft(silicone) multi-material systems compared
to their monolithic and cast counterparts
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* Numerical investigation of fracture can help
further explain toughening mechanisms
observed in such multi-material systems
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Thank you for your attention! Questions?
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