Non-Ferrous Structural Alloys
/ An Industry/University Cooperative Research Center

Center for Advanced
@)CAN FSA

Project 29-L: Identification of
Deformation Mechanisms in Thermally Stable
Cast Al-Cu Alloys via Neutron Diffraction

Spring Meeting
April 7th = 9th 2020

e Student: Brian Milligan (Mines)

* Faculty: Dr. Amy Clarke (Mines) %OAK RIDGE

* Industrial Mentors: Amit Shyam (ORNL), National Laboratory
John Carpenter (LANL)

°°°°°°°° IOWA STATE enter Proprietary — Terms o
@ O M I N ES UNNERS [TY ‘ :/Ier:beprsh:p Kgr:ement LE:ITIFSA




Acknowledgements 3¢ LCAN FSA

_/ CENTER FOR ADVANCED
ROUS STRUCTURAL ALLOYS

Research sponsored by:

* The Department of Energy, Energy Efficiency & Renewable Energy,
Vehicles Technologies Office (VTO), Powertrain Materials Core
Program (Jerry Gibbs, VTO Materials)

e The Center for Advanced Non-Ferrous Structural Alloys (CANFSA),
a National Science Foundation Industry/University Cooperative
Research Center (I/UCRC) at the Colorado School of Mines and
lowa State University

This research used resources at the Spallation Neutron Source, a
DOE Office of Science User Facility operated by the Oak Ridge
National Laboratory.

SPRING CANFSA MEETING — APRIL 2020 Center Proprietary — Terms of CANFSA Membership Agreement Apply




Project 29-L: Identification of

Deformation Mechanisms in Thermally
Stable Cast Al-Cu Alloys via Neutron

Diffraction

e
SLCANFSA

NON-FERROUS STRUCTURAL ALLOYS

« Student: Brian Milligan (Mines)
* Advisor(s): Amy Clarke (Mines), Amit Shyam (ORNL)

Project Duration
Ph.D.: August 2017 to May 2021

Problem

» Deformation and phase transformation behavior at a micro-
scale in Al-Cu alloys is not well understood.

Objective

* Apply in-situ neutron diffraction, SEM, TEM, mechanical
testing, and synchrotron X-ray imaging to better understand the
mechanical behavior and phase transformations in these
alloys.

Benefit

* Improvement of properties of thermally stable Al-Cu alloys
(including new ORNL alloy), as well as furthering scientific
understanding of precipitation strengthened Al alloys.

Recent Progress

» Paper to Materials Science and Engineering: A on
creep at 300°C was accepted

* Created new model for anisotropic load transfer
between matrix and precipitates

* Re-wrote publication for Acta Materialia on alloy
206 room temperature neutron diffraction

* Gave talk at TMS2020

* Passed qualifying exam

Description % Complete Status
1. Initial literature review 90% °
2. In situ neutron diffraction, creep testing, and TXM 65% °
3. Microstructural characterization pre- and post- creep and tension 50% °
4, Qualitative assessment of neutron diffraction and mechanical test data 80% °
5. Application and development of qualitative modelling to micro-scale diffraction data 60% °
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Industrial Relevance CANESA

@ CENTER FOR ADVANCED
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* Cast Al-Cu alloys have high
strength, low density, and
are very castable

— Used in various industries
such as for cylinder heads in
light-duty engines

* Understanding of
deformation mechanisms
allow prediction of
mechanical behavior

— Strain hardening behavior

commonly overlooked, but is
relevant for fatigue life

Cylinder head cast with ORNL ACMZ alloy.
Credit: Jason Richards (ORNL)
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Al-Cu Alloy 206 Used in All
Experiments

Composition of Alloy 206 (wt%)

¢,CANES
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STEM images courtesy of Lawrence
Allard. Zone axis is [001].
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H_eat Treatments - CAN FSA

Microstructure ) o

Step Solutionize Water Quench Peak Age Overage
Temp. (°C) 500 80-90 190 200, 300
Time (h) 5 <1 5 200
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Neutron Diffraction CAN FSA

Experiments at SNS VULCAN Q&) oo
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Y-plot Demonstrates Load
Transfer Between Phases C‘QCANFSA
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0 0.001 0.002 0003 0004 0005 0.0006 0.007 0.008
Elastic Strain

PWA 1422 superalloy, reproduced from [1]
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Peak Age: 8" Precipitates Shear
Easily, No Load Transfer %FT§A

o(111) |
a (200) 1
a (220) |
a(311) -
Bulk |

I omé0o

* 0" precipitates easily 0

) : 0 0.0025 0.005 0.0075
sheared by dislocations [2] . .
Lattice Strain
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300°C Overage: Orowan Looping, Load
Transfer and Precipitate Fracture

N 4 |
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SA
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— Bulk
* O precipitates un-shearable [3] O 0002 0004 0006 0.008

* Precipitate fracture at high strain [4]
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200°C Overage: Orowan Looping, @&
Load Transfer, and Anisotropy C/A—&ESA

ON-FERROUS STRUCTURAL ALLOYS
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Lattice Strain
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Hypothesis: Anisotropic Strain
i
Hardening Caused by ®CAN FSA

AnISOtrOpiC Load Transfer CENTER FOR ADVANCED

NON-FERROUS STRUCTURAL ALLOYS
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Anisotropic Load Transfer
Caused by Precipitate Rotation @.CANFSA

=) c >
| ppts.
N

Y High elastic
strains

CENTER FOR ADVANCED
NON: OUS STRUCTURAL ALLOYS

Strain IS
accommodated
/ via rotation

Post-compression Al-Cu alloy RR350 reproduced from [5]
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(200) Grain Orientation has
Highest Load Transfer CJPQCANFSA

elastic

(220) grain [ ower @
orientation
(200) grain orientation @

: _, strains
(d) High (e) () Some strain” (2)

elastic acommodated
strains @ via rotation @
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Dislocation Mechanism for
Precipitate Rotation @PEAN(ESA

o

Orowan loop

Extra half-planes
cause precipitate
rotation

Dislocation (a) @ (b) @ (c)

SPRING CANFSA MEETING — APRIL 2020 Center Proprietary — Terms of CANFSA Membership Agreement Apply




Anisotropic Rotation CANESA

Dislocation Mechanism (D) e
0]
(111) grain orientation (200) grain orientation

(111) slip plane Active slip

systems cause

Active slip _
no net rotation

systems cause
net rotation [100]
A

(d) 001]

O

N
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Modeling Precipitate Rotation: @
Assumptions

* |so-strain conditions

* Precipitates deform

Uniaxial bulk strain

4

elastically i ;
° Y3 and y,g are | | |

accommodated via rotation

[6] e

* Applied stress and stress
from load transfer do not

interact
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Modeling Precipitate Rotation: CANFSA
Total Lattice Strain
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hkl _
Ototal = o'app + o'transfer
hkl
chkl — _ Ototal
lattice — Ehkl

*Assuming precipitate does not vyield

_ hkl
Otransfer = €transfer * E

chkl  _ T app n
lattice — Ehkl
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Transfer Strain 1. Calculate
Specimen Strain State CJPQCANFSA

Ny

.. = A e 0
_0 0_

y | €transfer

2 &,=8, T .
(200) type [—.»z \ b éy) 0
precipitate 0 0
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Transfer Strain 2. Rotate Strain CANFSA

State to Precipitate Axes Q8

(111) type
precipitate
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e, 3¢,
| _ -3g, .lg
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Transfer Strain 3. Rotate
Back to Sample Axes @CANFSA

-
------
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€2.¥12=

Precipitate Rotation €transfer
(200) 0° €,
(111) 36° 0.78¢,
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Modeling Precipitate Rotation:
Comparison to Experiments @‘QAN’ESA

Precipitate Comparison Matrix Comparison
4007 X 30 le 200
= 0
[a¥ 2
= 300 T
2 260 e420
& 3
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& 2™ & 511220
5 E 40 331 @311
S 100 2
3 e Data 5 0422
_MOdel R 20 . . . ® 111
0 H+ : : ,
0 0.01 0.02 0.03 o 05 1 15 2 25

L attice Strain Measured Matrix Initial SHR

Model attempted to predict behavior of precipitates in (422) grain
orientation, data is for (211) 8’ precipitates
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Progress CANFSA

Aug-17 Aug-18 Aug-19 Aug-20

1. Literature Review
Al-Cu Alloys and Neutron Diffraction
Precipitate-Based Modeling

2. Characterization

Neutron Diffraction

Transmission X-ray Microscopy
Electron Microscopy

3. Strength Modeling
Macroscopic Model
Precipitate-Scale Model [
Grain-Scale Model

Thesis Writing I
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. © CANFSA
Challenges & Opportunities (PE) o

* Only one precipitate orientation in the 200°C overaged condition is
measurable with high confidence
— Other conditions with higher volume fractions of 6’ precipitates may be
worth looking at

* Delayed shearing may be interesting as a function of load transfer
(and orientation)

* Load transfer during creep is another area of study
— Will load transfer still happen during climb?
— Will the precipitates still be measurable at high temperature?

Thank youl!
Brian Milligan
bmilliga@mines.edu
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