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@ Motivation and Objectives

« We examine microstructures of:

« Conventional structural materials by quenching in the high temperature structure
and examining at room temperature.

* This cannot be done for SMA’s because of the diffusionless phase transformation
(austenite/martensite) cannot be suppressed by quenching

www.nasa.gov
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ength Scale in Engineering Materials
Where Does Neutron Diffraction Fit?

ATOMIC SCALE T~ m—  STRUCTURAL SCALE
(NANOMATERIALS) (MICROSTRUCTURES) (COMPONENTS)

e
10-10 100  10°% 107 106 105 104 103 102 10t 100

A nm nm mm m

e )
[ sem/mB |
_ | om | _

_ |_HRTEM/STEM | _

| ATOMPROBE /FIM | _
| NEUTRON / X-RAY DIFFRACTION |

A

_—
-

|

_ [ LoADFRAMES |

www.nasa.gov



Applications of Neutron Diffraction

ourtesy: Mario Bieringer
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@’ Neutrons at the Experimental Area

 Now we have neutrons, what next?

neutron beam Nomenclature
%te(ﬂor /k wavevector \

- A @’ ~ ~— 4nsin@ N E: energy
E, K, # E,k ‘Q‘ - ‘ko _k‘ = P Q: scattering vector
h: reduced Planck constant
B L (kj _ kz) m: mass (1.67 x 10-24q)
sample KAE =E,-E=ho=1t" —"—"= A: wavelength

2m \26?. scattering angle /

INCIDENT NEUTRON
BEAM

»  Neutron beam with a known
wavevector (k,) and energy
(Eo)

»  Detect number of scattered
neutrons with a wavevector
(k) as a function of the \
scattering function S(Q,w)
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Neutron Diffraction Data

normalized intensity (arbitrary units)

»Peak position
Elastic lattice strain
Intergranular strains
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»Peak intensity
*Texture changes

normalized intensity

d-spacing (A)

lattice pléne spacing (A)

normalized intensity
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*Phase fraction

»Peak width
*Qualitative information

normalized intensity

d-spacing (A)
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Oak Ridge National Laboratories-SNS

Spallation Neutron Source at Oak Ridge National Laboratory . "[SNS
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Isothermal Deformation - Loading Actuators

1000 .
— martensite (30 °C)
— austenite (320 °C)
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@ Isothermal Deformation - Loading Actuators

Martensite Austenite
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s 2e BT Martensite i 200 300
temperature (°C)

« Deformation mechanisms revealed- complexity and multiplicity of mechanisms can’t be

resolved another way
* e.g., reorientation planes/limits, stress- induced-martensite region, martensite desist...

O. Benafan, et al., Journal of Applied Physics, 2012, 112, 093510, p. 1-11. Www.nasa.gov




@“ Isothermal Deformation — Where to Load

Actuators? Does It Matter?
Loading in martensite Loading in Austenite

10 10
8 | 8 7
E\i 6 initial heating E\i 6 ]
= =
= =
Rt B
> 4r T % 4r .
| N N initial cooling
|
0 I 1 1 1 0 1 1
0 100 200 300 0 100 200 300
temperature (°C) temperature (°C)

« No major differences in transformation strains
 Large strain evolution (ratcheting) difference

O. Benafan et al., International Journal of Plasticity, 2014, 56, p. 99—118. www.nasa.gov




@’ SMA Properties — Can they be Optimized for

Actuators?
0.30 ‘
1. Material and Geometry* — heatied
* Binary 55NiTi — ¢ =5.08mm (0.2in) 05 |
« Stress free transformation temperatures _
e A =92°C %o.zof
« A =105°C 7
° MS:710C 015
* M, =55°C
« Effective coefficient of thermal expansion S 50 100 150 200 250
o a; :13_0X10_6 /°C Temperature (°C)
600 ‘ ‘ ‘
* a, =6.4x10"°/°C s
« Effective elastic moduli 0T
. E;:74 GPa _ 400
o E:,l =50 GPa % 300 - e =
 Effective Poisson’s ratios & oo b
e v,=0.33 i
° * 100 7 — austenite |
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@ Transformation Temperatures: DSC vs.
Strain-Temperature vs. Neutrons
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d-spacinzg (A)
Transformation temperatures during the reverse transformation measured from

strain-temperature and DSC data were found to differ from the actual onset of
transformation as revealed from neutron spectra.

* The austenite phase starting to form at ~75 °C,

O. Benafan et al., Scripta Materialia, 2013 68(18), p. 571-574
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@ Dynamic Young’s Modulus for Ni,g o Tlcg 4

Young's modulus (GPa)

Young's modulus (GPa)
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Dynamic Young’s modulus data obtained from the impulse excitation of vibration tests.

The average dynamic modulus of martensite at room temperature was about 70 GPa, but

decreased with increasing temperature with an average minimum value of 60 GPa at ~80
°C.

O. Benafan et al., Scripta Materialia, 2013 68(18), p. 571-574
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@ 0.2% Offset “Yield” Stress Behavior of Nig4Tlg, 4

* The onset of inelastic deformation
(generally referred to as ‘yield’) in the
martensite phase is dominated by
reorientation and detwinning
mechanisms.

» Decrease with increasing temperature,
reaching an averaged minimum value
of 140 MPa between 65 and 80 °C.

» The onset stress then sharply increased
In the two-phase region and reached
near saturation (with a still slightly
positive slope) at 350 MPa near 130 °C.

 Inelastic deformation over this
temperature range (~90 — 130 °C),
which includes the B19'— B2 phase
transition, is attributed to the nearly
concurrent operation of stress-induced
martensite and plastic deformation.

stress (MPa)

400 -

300

200 -

0.2% offset-stress (MPa)

100 1 1 1 1
0 40 80 120 160 200

temperature (°C)

O. Benafan et al., Scripta Materialia, 2013 68(18), p. 571-574 www.nasa.gov




@ Transformation Temperatures: DSC vs.
Strain-Temperature vs. Neutrons

30 L
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Transformation temperatures during the reverse transformation measured from

strain-temperature and DSC data were found to differ from the actual onset of
transformation as revealed from neutron spectra.

* The austenite phase starting to form at ~75 °C,

O. Benafan et al, Scripta Materialia, 2013 68(18), p. 571-574
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Thermomechanical Cycling of Actuators

Electron diffraction In situ diffraction Outcome

12
100 MPa - 165 °C — cooli

0 cycles

strain (%)

S5NiTi

20 cycles

50 cycles

20 40 60 80 100 120 140 160 180

temperature (°C)
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@’ SMA Properties — Can they be Optimized for

Actuators?
0.30 ‘
1. Material and Geometry* — heatied
* Binary 55NiTi — ¢ =5.08mm (0.2in) 05 |
o Stress free transformation temperatures _
e A =92°C %o.zof
« A =105°C 7
° MS:710C 015
* M, =55°C
« Effective coefficient of thermal expansion 1 0 100 150 200 250
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600 ‘ ‘ ‘
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o Effective elastic moduli 007
3 E;:74 GPa _ 400
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@« Coefficient of Thermal Expansion:
Large Anisotropy

] . : L B L L B L B | ()
 Atomic scale measurements of thermal strains 0.4 Solid hnes: caicuration el
[ =" calculation (isotropic average) 1
0-35_ LI L L LA Ihl L '(' |I '/') T — f\g
[ —=—heating (vol.%) 1 o S 0.2
—e&—cooling (vol.%) '_1009\/ [= I
< ¥ \ - heating (strain%)- = < I
8\, :_\----cooling (strain%)] 80 = 0 ok
.S 0.30} : 1 S 7
© : - . i= g ol
» ~ 4 460 E = 0.2
= o ] °© - 1oi_'
Q = {1 e - B19' NiTi (heating) ;
S 0.25p {40 2 : 9
) i Past o4 vy
o i o 20 40 60 80 100
g 120 Z)‘ temperature (°C)
E 0.20F 1 = Heating  Cooling
_ 105 (10/°C)  (106/°C)
20 40 60 80 100 120 140 160 e G 472308
temperature (°C) expansion %2 43.8 32.1
e« QOutcome tensor 0 227 27.3
] o o B19' components 290 24
« First report on NiTi CTE tensor (monoclinic NiT e -
martensite) including negative expansion in pm ” 109
certain crystal orientations CTE (extensometry) 103 9.0
.. B2 CTE* 13.0 13.1
 Parametric input for most SMA models NT " CTEexemomety) 124 123

“isotropic average Tself-consistent model

[1] S. Qiu et al., Appl. Phys. Lett. 95, 141906 (2009) www.nasa.gov
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Coefficient of Thermal Expansion:
Large Anisotropy

« Similar observation in HTSMASs (e.g., NiTiPt— B19)

11—
“ solid symbols: neutron data 111 -
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7 01
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| 29 50 21
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40 80 120 160 200 240

temperature (°C)

015 1 Gl symbols: neltron data
...... extensometry i/ .
[ ---me- calculation (isotropic average)
- =100 %
—~ 01+ 110 .
S a 111 'V
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g 0.05 B N Q// ) ]
IS i 4
- - /
i /%
: T - ]
0 7 /é B2 Ni, Ti_ Pt (heatlng) :
240 260 280 300 320

temperature (°C)

340

O. Benafan et al., unpublished work
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@’ SMA Properties — Can they be Optimized for

Actuators?
0.30 ‘
1. Material and Geometry* — heatied
* Binary 55NiTi — ¢ =5.08mm (0.2in) 05 |
o Stress free transformation temperatures _
e A =92°C %o.zof
e« A =105°C 5
° MS:710C 015
* M, =55°C
« Effective coefficient of thermal expansion S 50 100 150 200 250
o a; :13_0X10_6 /°C Temperature (°C)
600 ‘ ‘ ‘
* a, =6.4x10"°/°C s
« Effective elastic moduli 0T
. E;:74 GPa _ 400
o E:,l =50 GPa % 300 - e =
* Effective Poisson’s ratios & oo b
e v, =0.33 i
° * 100 b i — austenite |
Vv = 0.387 - - martensite
o 1 2 s 4 s
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@ Elastic Moduli: Hard and Soft Orientations

 Strain anisotropy and texture measurements

““““““““““““““““““
—~ 400
© :
D_ L macroscopic

L @ 100 detwinning start
= 200 == ey 4 AR
N—’ & 102
(Vp] 100 model
(Vp] r 012 model
()] 102 model
— OL ----- 100 single crystal
) | ====- 012 single crystal
" | ====- 102 single crystal ‘
© 7
D 200 oo S
_Q L macroscopic
o detwinning start
@ -400 -

““““““““““““““““““““

04 -03 -02 -01 0 01 02 03
lattice strain (%)

e Qutcome
* First validation of ab initio calculation

 Entire compliance matrix, not just a
Young's modulus

* Revealed mechanisms responsible for
deflated modulus values obtained from
conventional macroscopic tests

400 | ]
L macroscopic

— rdetwinning start

© D (i

o 200j -

2

S o S S ]

N I

D

42 200 ool

mag:roscopic
_400 | detwinning start ]
4 2 0 2 4 6
strain (%)
Single crystal| Model Neutron diffraction
hkl E crystal E model neutron .
hid hk Ena  |#0fpoints| R

100 128.2 129.8 132.2 6 0.997
012 136.0 146.7 145.4 6 0.978
102 157.3 152.8 167.1 6 0.999
-120 33.8 106.0 101.4 6 0.997
121 84.2 116.3 104.6 6 0.996
-112 177.6 147.6 165.1 6 0.999
-122 120.2 143.7 110.5 5 0.991
-111 85.9 130.2 104.7 5 0.999
011 175.9 155.7 117.1 6 0.995
-121 53.4 122.0 93.3 5 1.000
-110 41.0 105.1 78.2 6 0.997

[1] S. Qiu et al., Acta Mat., 2010
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@ Elastic Moduli: Hard and Soft Orientations

NITIPt
10 ] —=—011 ——111 ® 030 4 122
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800 Y e
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lattice strain (%)

O. Benafan et al., unpublished work www.nasa.gov



@/ Elastic Moduli: Hard and Soft Orientations

NITiPt
—=—011 —111 = 030 4 122
~-002 --°--120 © 121 -+ 013 ¥ 032
2507
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lattice strain (%)

O. Benafan et al., unpublished work www.nasa.gov



@ Optimization of Two-Way Shape Memory Effect

« Uniaxial deformation at room temperature
followed by free recovery

AN Y . 5
6«: j S R Mlrririirurases
%aé% 7777777 temperature (°C)
o 2 4 6 8 10 12 14 16 18 20 22 2.5 \ \ \ \ \ \
strain (%0) (a)
« Outcome . g o514% £=16%
X 20 ¢ 0% -
 Established a quick and efficient method g | FTEEs® e o o i
for creating a strong and stable TWSME 2l N S
« Texture maps were used to determine g0}
deformation modes — correlated with 2 6
e . E ’ S U S N S S Sy Sy {7/
TWSME stability and magnitude (not "
possible another way) Yo 2 4 s s w1

cycle number (#)
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In situ neutron diffraction during shape setting of
bulk polycrystalline NiTi

pre-strain
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T=300°C
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— :\"—I"--..
L NN

cooling
¢¢¢¢

Guidelines for shape setting any actuator: stress
and temperature limits for shape setting

Neutrons revealed mechanisms responsible for

the stress generation and relaxation during
shape setting.

Shape Setting of SMA Actuators
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[1] O. Benafan et al. (2012)
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Torsional Characteristics of 55NITI
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angle of twist (deg)

angle of twist (deg)

Torsional Characteristics of 55NITI
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« Microstructural evolution during isothermal and
Isobaric deformation of NiTiHf

1 (a) | i
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Outcome
« High work output and dimensional stability

e Texture measurements were correlated to the lack
of evolution in this alloy

« Confirmed relationship of microstructure and
load-biased tests: From Neutron spectra

« Neutrons showed why training of Hf alloy is not
necessary
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Extension of Neutrons to Novel High
Temperature SMAS
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[1] O. Benafan et al. Metall. Trans. A, 43, 4539 (2012)
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Temperature SMAS
* The role of retained martensite during thermal-mechanical cycling in
NITIPd high temperature shape memory alloy was revealed
a geesll o s 82000 9 cpes] 82000
o —Guei| 2 || ok 2 ||—o
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°C i ; -spacing
e (Qutcome temperature (°C) d-spacing (A) -150 MPa/25 °C, Cycle 0 -150 MPa/25 °C, Cycle 1 -150 MPa/25 °C, Cycle 4
« Direct correlations were made between i
macroscopic changes in actuator performance
parameters, and atomic-scale evolution from
neutron spectra AR5 C, CyeT 4 MPAZS C, Cye
« The rate of evolution of texture and volume

Extension of Neutrons to Novel High

fraction of the retained martensite plays a key
role in the stability of the actuator

(©

NiTiPd

B19 (011),

S.Qiuetal.,
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@/ Neutrons can be used to study most
actuator forms

Oweldflat 15.0kV 12.1mm x250 SE(L)

0% IR B3 B L
NiTiBellow 15.0kV 9.6mm x300 SE(L) 100um
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