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Materials under stress

Deform to Comply
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Materials under stress

« Deform to comply by reversible elasticity, or irreversible plasticity
before fracture.
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Tough materials need to be strong and flexible
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Strength and ductility are commonly exclusive
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Toughness depends on many aspects

o INTRINSIC ATOMIC PROPERTIES
(MATERIALS BY NATURE)

Different elements have different
baseline properties.

r (2
<BH < T <Y
Iron Titanium Tungsten |

Atomic bonding strength Higher
Melting point
Elastic modulus
Ideal strength
Lower

CRYSTAL STRUCTURE

More available slip sy g Iy
promote easier plastic deformatuon
and higher ductility.

2]

FCC BCC HCP
(High symmetry) (Moderate symmetry) (Low symmetry)
12 slip systems Many slip systems Few independent
(m)<no> (but higher lattice friction slip systems
Excellent ductility atlowT) Limited ductility
Moderate ductility
Higher sy y — more slip sy -

easier deformation — higher ductility.

These intrinsic properties set the baseline
for strength and toughness. ‘
—

e ALLOYING / COMPOSITES
Vors 3 3

and large

trength Adding elements or
@1 reinforcements can:

Alloying and composites offer enormous potential
but involve complex interactions and trade-offs.

‘ © DEFECTS
Defects act as stress concentrators and
preferred sites for crack initiation.
Inclusions
(nonmetallic
particles)

@ |

Poor bonding
Causes cracking
under stress

Segregation
(compositional)

Microcracks

Fewer defects, smaller size, and better distribution

-+ higher toughness and reliability.

9 CRYSTAL PLANES (TEXTURE)
Most materials are anisotropic,
i.e., texture plays a role.
Different loading directions

relative to texture
Load // easy slip plane — (1) Pole Fig
Easier slip
Pam =
=5 Higher ductility High
| Lower strength
Load // hard direction
VAl I
= Lower ductility Low
intensity

Texture (pnferred orientation) causes
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@ DEFORMATION MECHANISMS

o MICROSTRUCTURE (GRAIN SIZE)

Hall-Petch effect:
Smaller grain size — stronger material.

= -1/2
o, = 0, + kd

Coarse grains
(Lower strength)

Yield Strength. o,

01 1 10 100 1000 Fine grains
Grain Size, d (um) (Higher strength)
Grain boundaries block dislocati ti
Smaller grains — more b ies — higher gth

(often improved toughness as well).

Deformation mechanisms control both ductility and
work hardening (strengthening during plastic strain).

Dislocation
Climb

Stress raisers
Reduce fatigue
and toughness

Cross-Slip

The activation, difficulty, and interaction of these mechanisms determine how a material.
deforms, hardens, and ultimately how tough it will be.

e TEMPERATURE | o STRAIN RATE / LOADING RATE @ ENVIRONMENT / SERVICE CONDITIONS m PROCESSING & THERMAL HISTORY
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Twinning Phase Precipitation
(TRIP / TWIP /
Martensitic) . Q-9
s 10,86
: +' 08>8
) o' 0
—0-Q (<31)
v * Dislocations
induced by bypass or cut
deformation porticles
{0.g., in low-SFE + Absorbs energy — * Increases strength
metals) increases toughness Too coarse —+
less effective
@ RESIDUAL STRESS  MULTISCALE VIEW
85 - Atomic bonding !
o R B - crystal structure 1
-> @ - Dislocations i
- $2 - Grain structure i
Tensile residuol stress Compressive -+ Phases / Precipitates |,
residuol stress Srene i
+ Tensile stresses promote crack - Component ‘
Initiation and growth. 5 2 .

- Compresaive stresses can improve
toughness and fatigue life.

All influence toughness.



The alloy design takes time (years) before it can be widely used

An integrated approach from theoretical design to real-world application

e

E DEFINE REQUIREMENTS

(2]

THEORETICAL ALLOY DESIGN

'3 | CANDIDATE SELECTION

(4]

ALLOY MANUFACTURING

(THERMODYNAMICS SIMULATION) ‘
« Identify application « Use CALPHAD to predict * Select promising
and performance needs phase diagrams, stability, compositions Alloy A
* Set target properties solidification behavior * Narrow down to a (Composition 1) |
(e.g.., strength, corrosion > . Thermodynamic and few candidate alloys 2 - —p -
resistance, temperature) kinetic modeling for experimental Alloy B ‘
* Consider cost, weight, « Optimize composition validation (Composition 2)
::a:;::t::irablhty' (Al/ML, multi-objective ‘ Melting Casting Homogenization Forming
o ty = optimization) Alloy C (VIM/VAR/Arc) Heat Treatment (Rolling/Forging)
X @ ﬂ (Composition 3)
~ —
= —
E SAMPLE PREPARATION @ MICROSTRUCTURE ANALYSIS PROPERTY TESTING 8 DATA INTEGRATION
& EVALUATION
« Machine test specimens OM SEM/EDS : EBSD TE M.echamcal Envur?nmental Fiiorget « Compare results with
(tensile, fatigue, creep, etc.) i ) « Tensile « Corrosion - [ ] : 2one | targets
* Prepare metallographic > - ﬁ::;'::::"’" p e\zgft“’n - g g L I, d * Understand structure—
samples . Fati -3 e property relationships
atigue * Hydrogen & ° ® he all
« Fracture toughness embrittlement P * Does the alloy meet
* Creep requirements?
3 P 1
« Grain structure, phases, precipitates, defects Physical FOpErty E—
! « Composition (EDS), orientation (EBSD) « Thermal properties -« Electrical properties YES NO
« Nanoscale features (TEM), crystal structure (XRD) * Density « Coefficient of thermal expansion Proceed to scale-up Refine design
J \ ) il > = *
(9| ITERATION & OPTIMIZATION | PILOT PRODUCTION [11] compoNENT FaBRIcATION [12]  auauricaTion 13| DEPLOYMENT
| & SCALE-UP | & FIELD TESTING IN APPLICATIONS

* Modify composition
and/or processing

* Re-simulate

* Repeat experiments

t

1' evaluation

J

* Forge, roll, machine,
weld, or additive

* Produce larger heats
* Verify process

robustness and : = manufacture
reproducibility 1 * Produce prototype
components

* Cost and supply chain

FEEDBACK FROM SERVICE PERFORMANCE

Real-world data feeds back into the next generation alloy design

* Prototype testing in
real-world conditions
-> * Long-term performance
evaluation
* Reliability and safety
} assessment

+ Certification and approval
* Full-scale production
* Use in real-world

applications
portation  Co i Power
Generation
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.. NEUTRON SCATTERING .

i A Unique, Powerful Probe of Materials R BT SN BE G0

Heutes Neutron scattering provides a unique, non-destructive,

J bulk-sensitive probe of both morphological and
crystallographic structures, with advantages including
Qf sensitivity to light elements, isotopes, magnetic ordering,
and deep penetration under complex environments.

& @) @ @

BULK SENSITIVE SENSITIVE TO ISOTOPE MAGNETIC ORDERING DEEP PENETRATION WORKS UNDER
Neutrons penetrate deep LIGHT ELEMENTS SENSITIVITY PROBE Probes through thick samples, COMPLEX ENVIRONMENTS
into materials (mm-cm), Strong interaction with Different isotopes scatter Unique sensitivity to pressure cells, furnaces, Operates under extreme

probing the bulk rather light atoms (e.g., H, Li, C, O) neutrons differently, magnetic moments—ideal batteries, and shielding conditions: high pressure,

than just the surface. that are difficult to detect enabling isotope-specific for studying magnetic materials under realistic high temperature, strong
with X-rays. studies and contrast structures and excitations. conditions. magnetic fields, and reactive

variation. or confined environments.

%;E Neutrons reveal what others cannot—deep inside materials, in real-world conditions.
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Neutrons can help alloy design and provide insights

 Understanding materials behavior from design and to operation under complex
environments to accelerate the materials discovery cycle.
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Neutron diffraction approach to index grain level behaviors

T T T T T T L

5%10*

001 101 4x10'
200

) 220 111

3x10

2x10*

1x10*

I||I|II||I|III|II||III||III||I|II|I|]||I|I||IIII|I|I

II||IIIII||IIII|||I|III||IIII||IIII|||I|II||IIII|||II

L‘HWM@L. L

1.0 15 2.0
d [A]

Diffraction lines measure the lattice of grains whose normals parallel to
diffraction vector.

hkl specific diffraction peaks thus reveal the corresponding lattice information
including lattice strain, crystallographic orientations and defects.
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Neutrons reveal evolutions of different grain groups

Anisotropic strains develop within different grain families under plastic deformation.

Before loading F 3 After loading
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Engineering Neutron Diffraction Technologies

Vulcan Diffractometer
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Schematic illustration of the bead-on-plate experimental set-up on engineering diffractometer like VULCAN at SNS (top view, not to
scale). The -90° and +90° detector banks record diffraction peaks of the (h k 1) lattice planes whose normals are parallel to Q; and
Q,, respectively. Strain components along these two directions are measured simultaneously. The bead-on-plate specimen is
positioned on top of the sample stage and aligned at 45° from the incident beam.
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Lattice and stress measurement by diffraction

. . hkl
Lattice strain measurement sm( )

Free Under
Uniform Stress

0

wel . Qnkl — Apka
g = —-——
Under

d 0
hkl Non-uniform Stress

where dpy,; is the lattice spacing at zero applied stress.

Stress tensor calculation do d

hkl hkl
E { nkl v hkl |, _hkl hkl)}

U T A onky | T T gphK (e11" + 37" + £33

where i,j=1,2,3 indicate the components relative to three-dimensional
orthogonal axes.

Ehkl hkl

and v™*"** are [hkl] specific “diffraction elastic constants”.
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Sample

Load frame
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Materials under Extreme

Friction stirring welding/processing

In-situ reduction
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Understand the residual stress development in additively- manufactured
compositionally graded superalloy

René41

As-built o __ +3Ameasured - 3Bmeasured - Calculated from EPMA
i B The neutron imaging revealed the chemical
£ 5. WW composition gradient of the as-built and
j M high temperature treated graded structure.
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The residual stress in an as-built sample
« was resolved with rapid neutron
« diffraction mapping.
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The composition variation and residual stress distribution in additively-manufactured graded superalloy are non-
destructively revealed by neutron imaging and neutron diffraction, and the residual stress is not compositionally
dependent but more geometry and process dependent.

@) ¥ OAK RIDGE
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Residual Stress Build-ups in Complex 3D Printed Automobile Structure

a) Experiment ey b) Simulation
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Neutron diffraction evaluates non-destructively the residual stress buildups and provides computation modeling validation
for process optimization and mechanical integrity assurance.

T. Ikeda, S. Hirose, H. Uozumi, K. An, Y. Chen, A. Seid, T. Okayama,T. Katsurai, SAE
%OAK RIDGE | sano FHOINTIDAN  |termational Technical Paper 2020-01-1071 (2020).
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In-situ residual stress relaxation during annealing treatments
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Neutron unravels deformation mechanism of high-performance
aluminum-cerium alloys for high-temperature applications
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a) SEM of Al-Ce, b) The Al lattice strain behavior of Al-Ce, Al-Ce-Mg, c) SEM of Al-Cel-Mg, d) load sharing of Al and precipitates in the two alloys during different stages.

True Stress (MPa)

In-situ neutron diffraction unraveled the loadsharing of Al matrix and the hardening precipitates at different loading stages.

Alloying aluminum with cerium creates a highly castable alloy, that exhibits dramatically improved high-temperature performance. Neutron
diffraction under load provides insight into the unusual mechanisms driving the mechanical strength.

%OAK RIDGE [§25481° 7. . Sims et al. Mater. Horiz., 2017, 4, 1070, DOI: 10.1039/c7mh00391a
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Probe deformation/hardening mechanism by neutron diffraction

Macro true stress

The FCC-based TRIP-HEA is strengthened by persisting transformation to the hard HCP phase with a
potential work-hardening capacity.
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Fu S. et al, Materials Research Letters 6 (11), 620-626
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Real-Time Diagnostics for Better Engines
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Neutrons provide noninvasive measurement of lattice strains inside components of a firing engine, enabling
the operando study of complex load states and thermal gradients throughout the solid materials in the

running engine.

— A commercial generator engine was mounted in the VULCAN diffractometer.
— Dynamic response of the lattice strain in the engine body during transient operation was resolved.

Wissink et al "Operando measurement of lattice strain in internal combustion engine components by neutron diffraction"”, Proceedings of the National Academy of Sciences of the
United States of America, (2020). hitps://doi.org/10.1073/pnas.201296011

and https://science.osti.gov/bes/Highlights/2022/BES-2022-06-e
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https://doi.org/10.1073/pnas.2012960117

Team Work on A Running Engine Test!
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