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1. Introduction

1.1.Motivations and objectives

With the purpose of developing new actuation technologies incorporatimge act
materials, including designing systems which provide significamse reduction of
commercial aircraft, Boeing engineers have been studymepacomposition for a NiTi
shape memory alloy: 60-NiTi. In previous research efforts, develogroharacterization
and modeling of the material were the main objectives witle lgtfort dedicated to the
understanding of the material’s fatigue behavior. As the techna@ogiynues to mature,
such an understanding has now become pertinent. One illustration efeithéon fatigue
characterization of SMAs is the Boeing Variable Geometry @me(vVGC). This
component is subject to one cycle per flight. Current airliners rgodapproximately
20K to 70K flight cycles, therefore the designed VGC can be éqbéc undergo 20K to
70K cycles during its service life. In order to be integratedniraerospace structure in
the near future, the SMA materials must demonstrate suffii@égtie life such that they
can complete their service life while also considering some safety margin.

The primary goal is to collect fatigue data which will hafertain the capacity
of the 60-NiTi to serve as an actuating material. In addition, thedamechanisms are
to be studied to relate process, microstructure and fatigue pespettirough
fractography. Finally, the influence of parameters such aspd@men thickness and the
type of heat treatment is to be scrutinized for optimization purpose.

1.2.Proposed methodology

To test the ability of 60-NiTi to demonstrate the capacity tcagust sufficient amount of
thermomechanical fatigue cycles plus some safety margin, 60-bimiples were
prepared by Boeing engineers as flat dogbone specimens and yssibto isobaric
thermal cycles. The fatigue experimental setup in the ActiateNals Laboratory at
Texas A&M University allows testing of very small specimeRiserefore, three different
narrow cross sections were selected to determine what effecny, the size and
geometric configuration of the specimens have on their fatiggieA stress range was
selected, which included the working stresses of proposed applicplisnsome margin
of safety. Two different heat treatments were selected,amittdditional parameter being
the heat treatment environment (vacuum and air).



2. Experimental setup

2.1. Material system and specimens’ geometry

The material used in this work is a Ni-rich NiTi Shape Mgmaitoy 60Ni40Ti (wt.%).
The geometry of the specimens was driven by the actual V@Rejey. Therefore thin
dogbones with a thickness to width ratio similar to the one seé¢heiractual SMA
actuators mounted onto the VGCs.
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While the length of the specimen is defined as shown above, threewliffeicknesses
were selected to assess any size effect on the fatigudtie three selected thicknesses
were 0.005, 0.010 and 0.015 inches.

2.2. Heat treatments and transformation temperatures for 60-NiTi

One particular property of the Ni-rich 60-NiTi SMA is that#n exhibit SME without
any cold work process. The presence of precipitates favordattiegsof elastic energy
and therefore the realization of recoverable strains upon martensitic phakeriratisn.
The proportions, the distribution and the composition of the precipitates can be modified /
adjusted by applying appropriate heat treatments. The heatérmat consist of a
homogenization treatment of one hour at 850°C with furnace controlled coolatigpw
formation of precipitates followed by an annealing treatmenitbérel or 20 hours at
450°C.

After the selection of two different heat treatments, HT#1 afd#2H the
determination of the transformation temperatures is needed tmctéraze any
differences due to microstructural modifications in terms of precipitabeshis purpose,



a differential scanning calorimeter (DSC) was used to deaterrthe transformation
temperatures under zero-stress. The method of intersectingntangas used to
determine the zero-stress transformation temperatures indicated in éleetialoV.
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The results indicate a significant increase of the transformation tenmesrat HT#2.
2.3.Thermomechanical fatigue testing apparatus

The identification of the loading conditions of the SMA components I¢ldetalefinition
of a series of uniaxial isobaric thermally induced fatigestst The following schematic
represents the stress-temperature phase diagram of NiTi .SW#s red horizontal
double arrow indicates the isobaric loading path and the selecess ¢evels are 50
MPa, 150 MPa and 250 MPa. The maximum working stress identified BMAebeam
in full actuation with the VGC was determined using finite eletrcalculation and gave
a value of ~100MPa. Therefore by testing up to 250 MPa, one can aoogafety
margin and overload conditions.
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The following schematic and picture are a side-view and top-vietheotustom built
fatigue frame used at Texas A&M University. It consddta Plexiglas bath containing a
closed-loop circulating coolant allowing to achieve forced fluid conveatooling onto
specimens immerged in the bath. The coolant is a waterlesgosotdtethylene and
propylene glycol. Heating is achieved through resistive Jowéngeusing a DC power
supply connected to the two ends of the specimens. The specimemsusted from one
end to a fixed point on a rigid aluminum frame while the other entbmmected to
masses hanging vertically through a pulley system. Dispkgemeasurement is
achieved using linear variable displacement transducers (LvVBdm)ected from the
rigid frame to the free-end of the specimens connected to thgnigaweight. The
displacements of the SMA actuators are recorded through LVDEdmaers and the
strains in the austenitic and martensitic states are usedfitee detal, plastic and
recoverable strains.
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Thermocouples
DC power supply

Solid State Relays

LVDT

Chilled coolant

Thermal loading cycles are achieved at a frequency close toz20.Zhe advantage of
such design is the capacity to produce thermomechanical fatigudeiateen 48 hours
and one week in average.

The relatively high cycling frequency may have some influencth@mcompletion of the
thermomechanical transformation cycles undergone in the SMA spesiriherefore,
near quasi-static thermal actuation tests were achieved on&ldélling stage. The



following schematics indicate the loading path applied for eachtaianapplied stress
level and is represented for the two different heat treatmen#] ldnd HT#2, in terms
of the zero-stress transformation temperatures.
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The results are shown in the following strain-temperature curves.
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The amount of recoverable strain generated for both HT#1 and HT#2tHemuasi-
static testing are reported in the following table and are comparealues obtained in
the fatigue frame.

50MPa 150MPa 250MPa
(HT#1 /| HT#2) (HT#1 / HT#2) (HT#1 / HT#2)
MTS loading stage 0.35% / 0.35% 0.7% / 0.75% 1.3% /1.0%
Fatigue frame X10.35% 0.6% /0.7% 1.1%/1.0%

In addition to the validation that the fatigue frame can perfasmwell as the MTS
loading stage in terms of amount of recoverable strain, anotharddeom the different
heat treatments has been identified. The amount of latent h&ansformation in the
case of HT#1 was smaller than in the case of HT#2. The spe@rigbiting the least
amount of latent heat of transformation (HT#1) was charactetizea more gradual
transformation occurring upon thermal loading under the application ofacrettess
while the specimen exhibiting the highest amount of latent heataosformation
displayed a sharp and quick transformation under the same conditloads Bnother
indication that microstructural differences were generatel thie application of two
different heat treatments.
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3. Ni60Ti40 fatigue results

3.1. Representative fatigue data
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3.2. Recoverable strain — Applied stress level
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3.3. Applied Stress — Life

Very little influence from the different heat treatmentsfatigue life for a given applied
stress level. No significant size effect on the service life of the SNUaETS
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3.4. Plastic strain — Life

Accumulated plastic strain values calculated from the non-recovered steaigtenite.
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Amount of plastic strain represents the amount of damage/deésxismulated
throughout the cycles

= Possibility to define a failure criterion through saturated plastic at &ilure.
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A summary of the test specimens, the testing conditions arddtieg order is given in
the following table.
Tables identifying the run orders and the loading conditions applied to each run.

Run order Specimen # Heat treatment | Thickness (mils) |Applied stress (MPa)
1 SP# 6 HT2 A2 10 226
2 SP# 4 HT2 A2 5 107
3 SP# 3 HT1 Al 5 204
4 SP#7HT1 Al 15 243
5 SP#5 HT2 A2 5 103
6 SP#5HT1 Al 10 90
7 SP# 3 HT2 A2 15 142
8 SP# 7 HT2 A2 5 250
9 SP# 2 HT1 Al 10 250
10 SP# 4 HT1 Al 15 203
11 SP# 8 HT1 Al 10 100
12 SP#9 HT1 Al 15 100
13 SP# 10 HT1 Al 5 100
14 SP# 9 HT2 A2 10 100
15 SP# 10 HT2 A2 10 250
Heat Treatments Al 1hr @ 850C, 1 hr @ 450C
A2 1 hr @ 850C, 20 hrs @ 450C

Table summarizing erroneous tests with invalid results.

SP# 1 HT1 Damaged during preliminary testing
SP# 1 HT2 Damaged during preliminary testing
SP# 2 HT2 Not applicable for isobaric uniaxial fatigue testing

irregular cross section with major notches

SP# 6 HT1 MTS tested

SP# 8 HT2 MTS tested

SP#5 HT1 No failure (run out at ~60K cycles)
SP# 5 HT2 No failure (run out at ~60K cycles)
SP# 4 HT1 Invalid results (computer malfunction)

The last table is a collection of the fatigue results imseof recoverable strain and
accumulated plastic strain at half the life and at failure life of thedtegkecimens.
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Comprehensive results for water jet processed specimens for heat tredtment

The following table is ordered according to increasing sample thickness

HT1-1hr @ 850C, 1 hr @ 450C
. . Applied| Cycles to | Recoverable | Plastic | Recoverable | Plastic
Specimen | Thickness . . . : .
stress | failure strain strain strain strain
number (mils) (MPa) Nf @ 1/2Nf | @ 1/2 Nf @ Nf @ Nf
3 5 204 6896 0.01073 0.00257 0.01063 |0.00685
10 5 100 67571 0.00464 0.00861 0.0046 0.01457
2 10 250 3838 0.01209 0.02585 0.01329 |0.03511
5 10 90 57598 0.00583 0.01337 0.0048 0.0323
(run out)
7 15 243 5251 0.0106 0.026 0.0104 0.03667
9 15 100 55811 0.00383 0.00726 0.00427 |0.01074
1 Damaged during preliminary testing
4 Invalid results (computer malfunction)
6 MTS tested
8 Invalid results (computer malfunction)
The following table is ordered according to increasing applied stress level.
HT1-1hr @ 850C, 1 hr @ 450C
Specimen| Thickness Applied Cyc_les to Recove_rable Plas_tic Recove_rable Plas_tic
stress failure strain strain strain strain
number (mils) (MPa) Nf @ 1/2 Nf @ 1/2 Nf @ Nf @ Nf
5 10 90 57598 0.00583 0.01337 0.0048 0.0323
(run out)
9 15 100 55811 0.00383 0.00726 0.00427 0.01074
10 5 100 67571 0.00464 0.00861 0.0046 0.01457
3 5 204 6896 0.01073 0.00257 0.01063 0.00685
7 15 243 5251 0.0106 0.026 0.0104 0.03667
2 10 250 3838 0.01209 0.02585 0.01329 0.03511
1 Damaged during preliminary testing
4 Invalid results (computer malfunction)
6 MTS tested
8 Invalid results (computer malfunction)
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Comprehensive results for water jet processed specimens for heat trei2ment

The following table is ordered according to increasing sample thickness.

HT2 1 hr @ 850C, 20 hrs @ 450C
. . Applied |Cycles to| Recoverable | Plastic |Recoverable| Plastic
Specimen | Thickness . : . . .
stress failure strain strain strain strain
number (mils) (MPa) Nf @ 1/2 Nf | @ 1/2 Nf @ Nf @ Nf
4 5 107 18338 0.0067 0.01406 | 0.00734 0.01926
5 5 103 (riisgjt) 0.00495 |0.01676 | 0.00425 0.01901
7 5 250 3035 0.01123 | 0.00956 | 0.01063 0.01669
6 10 226 8897 0.00955 |0.01154 | 0.00895 0.02059
9 10 100 41463 0.00384 |0.01581 | 0.00424 0.02473
10 10 250 creep like behavior - slip in grips
3 15 142 creep like behavior - slip in grips
1 Damaged during preliminary testing
5 Not applicable for isobaric uniaxial fatigue testing - irregular cross section with
major notches
8 MTS tested

The following table is ordered according to increasing applied stress level.

HT2 1 hr @ 850C, 20 hrs @ 450C

. . Applied|Cycles to| Recoverable Plastic Recoverable | Plastic
Specimen | Thickness . . . . .
stress | failure strain strain strain strain
number (mils) (MPa) Nf @ 1/2 Nf @ 1/2 Nf @ Nf @ Nf
9 10 100 | 41463 0.00384 0.01581 0.00424 0.02473
5 5 103 58341 0.00495 0.01676 0.00425 0.01901
(run out)
4 5 107 18338 0.0067 0.01406 0.00734 0.01926
3 15 142 creep like behavior - slip in grips
6 10 226 8897 0.00955 0.01154 0.00895 0.02059
7 5 250 3035 0.01123 0.00956 0.01063 0.01669
10 10 250 creep like behavior - slip in grips
1 Damaged during preliminary testing
5 Not applicable for isobaric uniaxial fatigue testing - irregular cross section with major
notches
8 MTS tested
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4. Heat Treatment Environment and Size Effect

4.1. Different processes

Two consecutive series of specimens were processed in tweediffeanners. The first
series was water-jet cut to the required dogbone dimensions andrdaat in high
vacuum atmosphere while the second series was EDM cut and lzedl tre air. The
result is the observation of a major influence on the fatiguelitbin specimens while
larger specimens don’t seem to be so affected. Also, the existéreceonsequential
oxide layer is observed on the fracture surfaces of the failed specimetreatet in air.

4.2. Influence on Stress — Life results

For the first series of specimens heat treated in high vachens-N curves didn’t show
much difference between the influence of the different thicksessel of the two

different heat treatments. However, the presence of an oxidel&d/the thin specimens
(0.005 in.) to fail prematurely while the thick ones sustained simuarber of cycles to

failure as the ones heat treated in high vacuum, as seen in the following result.
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4.3. Assessment of microstructure through fractography

* Influence of thickness under identical stress level of 250MPa

—0.005in

SP3 HT1 — thickness = 5 mils

= 0.005 in

SP7 HT1 — thickness = 15 mils

Influence of thickness can be seen as cracks are generated Huwr thickness of SP3
HT1 where as SP7 HT1 displays more of a bulk behavior
Different failure behavior from thickness 5 mils to 15 mils

Transverse cracks and transverse tear up — strong dependettoy width to height
ratio. Propagation of fatigue lines across the thickness.

SP3 HT1 — thickness = 5 mils

0.005in

Thicker specimens display bulk behavior with random orientation guatiamage and
propagation. Observation of a two stage failure: slow propagation raadddar up as in
bulk material.
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= 0.005in

SP7 HT2 — thickness = 15 mils

e (0,005 N

The second series of specimens failed too early under 100MPa and d S(pydied
stress as a result of being heat treated in air instead bf wvaguum atmosphere
performed on the first series of specimens.

HT in air, 100 -150 MPa
N¢ < 2000 cycles

0.005 in

Fracture surface, thickness = 5 mils

HT in vacuum, 100 — 150 MPa
N¢ = 50000 cycles

Fracture surface, thickness = 5 mils
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Transverse fatigue lines across the thickness (as seen in vheatitneated specimens).
Significant contrasted surface layer on the specimens: ioiigle layer formed upon
heat treatment. Interface is clear and cracks can be identified.

0.001 in  —

0.005 in

Thick specimens exhibit oxide layer of similar thickness
Oxide layer is less influential on thicker specimens (smalieportion of oxide layer in
thick specimens). Shear stresses at SMA/oxide interface

= Crack initiation with partial loss of random fatigue lines distribution.

Microcrack at
SMA/oxide interface
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Preliminary secondary electron microscopy (SEM) observationsat@fué striations:
initiation, propagation and final failure. The thin specimen shows tioitiaat one edge
with propagation across the width until the cracks became unstabltherspecimen
failed.

The cracks that formed during propagation and before final faiuenm $o all be oriented
transversely to the thickness.

The thicker specimens however display two main initiation zonesth@mdpropagation
appears to take place mostly across the thickness.

In the thicker specimens, the cracks appear more serratedamwititergranular aspect
while the thin specimens seemed more to have undergone transgranular cracks.
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Fracture surfaces for Vacuum HT#1

SP#9 HT1 - 15 mils — 100MPa
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» Fracture surfaces for Vacuum HT#2
The following micrographs represent fracture surfaces for vaddli#®, in the case of
100MPa and 250MPa applied load, respectively. Much different fractucssrin this
case from the HT#1. A more ordered structure, with larger propagaties 2nd clear
evidence of a high precipitate / inclusion content.

SP#4 HT2 - 100MPa — 5 mils

SP#9 HT2 - 100MPa — 10 mils
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SP#10 HT2 - 250MPa — 10 mils
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4.4 Comparison between 60-NiTi and 57-NiTi fatigue behaviors

A different composition of NiTi with expected similar propertiebeing investigated to
assess any difference or similarities. The selected congposs 57Ni43Ti (wt.%,
referred to as 57-NiTi). The heat treatment that was appbecsponds to the heat
treatment #2 in air. Two tests were achieved under 100MPa and tws othder
250MPa. The corresponding strain — life curves are reported in the following plots.

57-NiTi-Air HT#2 SP1 & SP2 - 250MPa
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In the following stress — life results, under high applied st2s8MPa), 57-NiTi shows
good properties with consistent results with 60-NiTi. However, undaviPa@the life of
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the 57-NiTi actuators is much less than the 60-NiTi one. Resul&#liTi air HT at 15
mils and results for 57-NiTi air HT at 15 mils as welloall us to compare only
composition variation influence. The slightly higher fatigue life Sf-NiTi under
250MPa can be explained by the fact that on the previous strainpldife the plastic
strain is rapidly stabilized and exhibits a better stabiliegghre than the one seen in 60-
NiTi fatigue cyclic behavior. At lower applied stress ley&g-NiTi shows poor fatigue
properties and fails earlier than the 60-NiTi.
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This behavior can be confirmed in the plastic strain — cyclesiliord plot seen below.
Results for 57-NiTi yield a much narrower cycles to failiemege compared to the one in
60-NiTi for a similar applied stress range. Plasticiista this case appears to have a
very strong influence on the response of the SMA.
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Plastic Strain

Plastic strain - Cycles to failure - Heat treatment #2
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