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Testing methods

» Single cantilever bending

Jaya et al., J. Mater. Res., 2014
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Testing methods

» Single cantilever bending
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Testing methods

» Single cantilever bending - Temperature
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Testing methods

» Single cantilever bending-Size effect
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Testing methods

» Single cantilever bending-Size effect
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Plastic zone size already comparable to sample dimension!!!

1) Stress state caused dimension dependence
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Testing methods

» Single cantilever bending-Size effect
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Testing methods

» Single cantilever bending-damage sensitive phase
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Testing methods

> Double cantilever beam

Flat punch

3 um
Liu, S., et al. Applied Physics Letters, 2013

(e —uh)

Pros: Cons:

1) Less FIBtime 1) Friction coefficient between tip and test sample required
2) More stable crack propagation 2) Currently only applicable to brittle materials

3) Free of residual stress 3) Success rate low

—— @ Empa
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—— @ Empa

» Double cantilever beam
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Pros:

1) No need to consider friction
2) Observation of stable crack propagation
3) Interfacial toughness measurement
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Testing methods

> FIB influence
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Testing methods

» Nanoindentation
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Pros: Cons:
1) No FIB induced damage 1) Residual stress/substrate effect
2) Simplicity 2) Only applicable to brittle materials

3) Need special crack system
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Testing methods

» Nanoindentation

Bruns et al. Materials and Design, 2020 1056



Testing methods

» Pillar splitting
= | g (b)

Load On Sample (mN)

Pros:

1) Less FIB induced damage

2) No measurement of crack length

3) No substrate/residual stress influence
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Aspect ratio: >1

TN

Cons:

1) Alignment when doing indentation
2) Cohesive zone FEM for evaluation y
3) Only applicable to brittle materials

—— @ Empa
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Testing methods

» Pillar splitting
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W=65.3°: Berkovich tip

W$=35.3°: Cube corner tip
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1) y increases with the E/H ratio;
2) y decreases with indenter angle;
3) Poisson’s ratio has little influence on y.
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Testing methods

» Pillar splitting

J.P. Best et al. Scripta Materialia, 2019
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Summary and comparison
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Testing methods
Single cantilever Pmax, a  Wedge/Cone X Vv v v X
Double cantilever Pmax, 4 Flat punch v Vv ~ X X
Naoindentation Pmax, a Berkovich/cub X X X ~
e
Pillar splitting Pmax, vy Berkovich/cub X Vv X X X
e

—— @ Empa

Materials Science and Technclogy 1060



Mode-dependent fracture toughness
testing at the micro-scale

—— @Em pa
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Motivation: Cleavage of GaAs

Desired crack §
propagation [f ¢

™~

Change from
mode I (start) to
mode III (end)

ImLiieer ~ .
I Initial crack .
1.2 mm{ :ﬂ 1 T Different fracture modes
i Deviated crack

]:[-V] LASER ENTERPRISE

GaAs:
"ZnS" sphalerite structure

{110}-cleavage planes
Kz = 0.31 .. 0.46 MPamo®

Belsinger et al., Eng. Fract. Mech., 1994
River-lines on GaAs fracture surface
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Macroscopic mode-dependent testing

Mixed mode study Mode I and IIT study

PMMA specimen subjected to pure mode 1 asphalt specimen subjected to pure mode 111

Richard and Kuna, Eng. Fract. Mech., 1990 Aliha et al., Materials and Design, 2015
All fracture-mode specimen Edge Notched Disc Bend (ENDB) specimen for mode IIT

—— @ Empa
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Maximum tangential stress criterion

Mode | Mode Il

Zro, . 7 09
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Fig. 2 Polar plot of stresses near the crack tip for symmetric case (kg = 0) Fig. 3 Polar plot of stresses near the crack tip for skew-symmelric case

Erdogan and Sih, Journal of Basic Engineering, 1963

»  Crack extension in a large plate subjected to general plane loading

+  Skew-symm. plane loading leads to crack deflection under ~70°,
crack growth not in inital plane

—— @ Empa
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Ideal case

Mode I / K; - FE model

microcantilever
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Mode I / K; - FE model

Ideal case p-SENT geometry
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Mode IT / K;; - FE model

Ideal case Symm. in-plane shear sample
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2,50E+00

Ideal case
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Mode T fracture testing

{110}<100> crack system
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Mode II fracture testing

0,8 e 0.8 :
—— 81
0833 E 06 g
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* Inclined {110} planes in both
cases
« Sliding does not occur ina
homogeneous crystal
* The angle between notch
direction and crack
propagation direction for:
{110}(100y): 45° > "tougher”
{100}(110): 60° - closer to
MTSC

{100}<110> crack system

{110}<100> crack system

—— @ Empa
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Mode TIT fracture testing

1,0 1,0
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« Inclined {110} planes in both
cases

 Sliding does not occur

« Complex fracture pattern

« Again: {110}100) slightly
tougher than {100}(110) crack
system

{110}<100> crack system
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Fracture toughness / MPam'?

0,8¢

Overview - fracture toughness

Il Literature

{100} bridges|
2z {110} bridges
[ ]{100} STN

_ [ {110} STN

7
?
g
/
o
/

é

Mode |

Moae [l

Mooie 1]

Erdogan and Sih, Journal of Basic Engineering, 1963
Kl versus Kll at the beginning of crack extension in a
cracked plate under plane loading

 Literature data: Double-cantilever beams (DCB) and indentation

fracture match results of this study

*  Mode I lower bound, mode IT and mode IIT higher
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Summary and Conclusions : GaAs single crystals

New micro-scale specimens for pure mode IT and pure mode ITT
fracture experiments were designed and characterized by FE
modeling.

Mode I, IT and IIT fracture testing of anisotropic single crystal
GaAs was performed focusing on crack systems {100}<110> and
{110k100>.

Critical stress intensity factors of GaAs were determined for
mode I, IT and ITT loading and fracture patterns were analyzed.

Mode I: Careful when studying anisotropic material and when
applying the bridge notch (can influence fracture toughness)

Mode IT and IIT results confirm macroscopic studies and GaAs
shows fracture anisotropy because of-the:preferred {110}
cleavage planes

—— @Em pa
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Studying interface fracture in ceramic matrix
composites



Ceramic matrix composites

Curved tile made of SiC/SiC  SiC pipe reinforced with SiC/SIC  SEM image of microstructure

*  Good high temperature mechanical properties, improved fracture and damage
tolerance, good corrosion resistance in air and fuel gas atmosphere

- Complex shaping and geometries possible (large and thin walled components)
+  Applications: Aero-engines, nuclear technology (radiation tolerance)
- SiC fibers surrounded by a SiC matrix with a Pyrolytic carbon (PyC) interphase

*  Knowledge of interface tfoughness necessary to allow proper design of
components

@ Empa
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Failure along PyC interphase: Push-out test

{ Mode II ‘ load

(il , -interface
fiber

Mueller et al., J. Eur. Ceram. Soc., 2013 Ast, Schwiedrzik et al, Mat. & Des., 2020

= State of the art: Fiber push-out tests using a flat punch indenter
= Assumptions concerning stress distribution and crack growth along interface
= Can novel micromechanical specimens measure local fracture toughness more

accurately?

—— @Empa
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Micromechanical sample development

*  Parametric finite element
simulations were performed ) CN-model @) CN-modell
varying notch depth, interphase |
thickness, and interphase
stiffness

¢ AnGIYSIS Of KI,II,III [ siCfiber © PyClayer [ SiC matrix

distributions at the notch root
show that one mode is dominating
in each specimen geometry

- The geometry factor was
determined and normalized by the

varied parameters to allow ey g2 s
T : PRERT TS P ‘_ 1,
quantitative analysis of the s, M gt P
experimental force measurements Sro] s s % A0
M“g.s_ : "é WE oy o - g
; "8 &1 71 1= '3

T 02 03 :ﬁ.\: 05 06 | 02 03 :f.\; 05 06

Ast & Tian et al., Acta Materialia, 2023
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Materials Science and Technology 1077



Micromechanical sample preparation

" Ps laser ablation of large areas to
create edge near visible SiC
fibers in correct orientation

= FIB milling from top and side to
create freestanding cantilevers
at a fiber-matrix interface

= Optimization of FIB settings at
low currents to generate sharp
and reproducible notches with
known depth

= Cutting of curved notches along
the PyC interphase

—— @ Empa
Materials Science and Technology
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Experimental setup

= Preparation of notched
and unnotched
specimens loaded in
bending and shear

= Testing inside a SEM
USlng an In SITU FIB/SEM Crossbeam Auriga
micromechanical tester

RURIGA

= Simultaneous
measurement of force
and displacement allows
fracture mechanical
analysis

—— @ Empa
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Interfacial fracture toughness - mode I

0,6

Load /f mN
o
Y

o
ha

o
o

100 200 300 400
[Mspﬂacennentfruﬂ

0

" Consistent fracture loads: K;. of PyC interphase is 0.24+0.02 MPa/m
" Fracture surfaces are consistent with fiber-PyC interface failure

" Crack deviates from fibre-PyC interface at free edges due to complex
stress state

—— @ Empa
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Interfacial strength - bending

a)o,s
0,6 ’
z
E Inside interface:
504 fiber-PyC
g
0,2

Outside interface:

T T T ‘n-l ‘ : \ -" . Pyc-matrix “
50 100 150 e W Sy, - 1pm_|

2
(=}

g

Displacement / nm

" Loading of unnotched cantilevers allows measuring interfacial strength

= PyC interphase strength in bending: 934 + 137 MPa
" Failure along the fibre-PyC interface on the inside, crack deviates at free
edges

—— @ Empa
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Interfacial fracture toughness - mode IT

QO
o

Load / mN
i

w

0 50 100 150 200
Displacement / nm

" Kirc of PyC interphase: 0.17+0.06 MPa/m

= Higher variation likely due to small deviations from perfect symmetry
= Crack travels consistently along the fibre-PyC interface

—— @ Empa
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Interfacial strength - shear

Load / mN

C interphase
=)

sl I fiber
j7 |

0 100 200 300 400 500 J

" Loading of unnotched shear specimens allows measuring shear strength
" PyC interphase strength in shear: 418 + 36 MPa
" Cracking in shear mode along fibre-PyC interface

—— @ Empa
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TEM lamella lift-out at fiber-matrix interface

1. Protection layer 2. Trenches milling

-

/i

5. Grid attachment

) ==l 1
e = ’

6. Man. detachement 7. Polishing 8. Glancing incidence

—— @ Empa
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Why does the fibre-PyC interface fail?

" TEM lamellae were prepared by a
FIB lift-out technique

" TEM highlights different grain
structure of fiber and matrix

" Interface between SiC fiber and
PyC interphase is rougher
compared to the PyC-matrix
interface

" Crack in a confined system steers
towards the more compliant phase

®* Theoretical defect size was
computed to be around 20nm-

" Local defects of 20-50nm size
can be found at the fiber-PyC
interface

—— @ Empa
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Summary

Novel FIB-based specimens were developed that allow probing
of local mechanical properties of thin interphases

Mechanical characterization of the specimen geometries by
parametric finite element analysis allows interpreting the
experiments in a quantitative fashion

Consistent measurements of fracture tfoughness and strength
under bending and shear loading can be obtained

PyC interphase is stronger and tougher in bending than shear
Failure always occurs at the fibre-PyC interface

Bending strength is consistent with flaw size found in TEM
analysis

Materials Science and Technology
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Micromechanics at extremes

—— @ Empa
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High temperature testing

—— @ Empa
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Motivation for high temperature testing

Measurement of properties at application relevant
temperatures

Identification of ductile-brittle transition tfemperatures

Measurement of mechanical properties at varying
temperature allows identifying deformation mechanisms
based on thermal activation analysis

—— @Em pa
Materials Science and Technology
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Challenges in elevated temperature nanoindentation

experimental = mechanical deformation + thermal drift + noise
data behavior

\ )
|
artifact of
measurement
due to thermal
effects

thermal drift - drift occurs due to thermal expansion of
the indenter tip and load frame

system stability - control electronics and sensors must
be protected from heat to avoid noise in experimental
data

sample and tip oxidation - undesirable for surface
property testing. oxidative loss of diamond will damage the
indenter tip at high femperatures (>400 degrees C)
without high or :

(>]

frame drift on heating to 200°C

faterials Science and Technology 1090






thermal drift

schematic load-displacement thermal drift data

P

Load
Depth (nm)

Slope = drift rate (nm/sec)

Depth Time (seconds)

O thermal drift measured at 10% peak load value during
unloading, typically less than 0.05nm/sec at RT

—— @ Empa
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Materials Science an

effect of drift rate on hardness

Let's assume an ideal tip area function for simplicity. A.=24.5 d2

Let maximum depth of penetration be 'd’ nm.
Let drift rate be 'r' nm/sec
Let loading time be 't' sec

Let the data unaffected by drift be represented by H,
Let the data affected by drift be H,

Therefore, change in hardness due to thermal drift (AH) = (H, - H;)/ H,
If we take 5% change in hardness as the tolerance in our experiments:

Fmax _ Fmax
Hy,—H;p _ 245 (d+rt)2  24.5d2
AH = = 25l = 0.05
Hy max
24.5 d?

Rearranging, we obtain:

1.05r%t% + 2.1 drt + 0.05d* = 0

d Technology
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hardness with 5% error

60 -
Maximum indentation
depth
- 25nm
— 100nm
’a- 40 - el 250nm
2 —— 500nm
® — 1000nm
£ 30- ——2000nm
(@)]
&=
S 20
|
10-L
0 — : T S p—

T L] I L) L] I L)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Drift rate (nm/sec)

low thermal drift rates essential for accurate property measurement at elevated
temperatures and low indentation depths

—— @ Empa
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solutions to overcome thermal drift

frame drift
(a) long stabilization times to heat the tip passively - sample heating
(b) heating both indenter and sample separately - indenter tip heating

(c) active surface referencing - differential displacement measurement

contact drift

(a) tip-sample surface temperature matching - Calibrating and matching the
tip femperature with the sample surface temperature in case of sharp tips

(b) use flat punch - constant contact area during indentation/micro-pillar
compression

electronic drift

(a) contain heating locally to avoid heat flow back to the sensors/electronics
by water cooling

—— @Em pa
Materials Science and Technclogy
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System Thermal Drift

15 15
1.4 . . . . 14 . . .
5] Drift Settling in Air 5] Drift Settling in Vacuum
2] 1.2
T 1?- g1 |
& 10 2 10 Roughing Pump
£ 094 £ 09 o) +i
E 0.8 E o.a-: / peration
< 0.7 1 w© 0.7
= 061 Cabinet Open 5 06 \
£ 054 £ 054
0.4—'\'\ 047
03] 0.3 \_/.\_
0'2-: .‘.\- O N L SROL W 0'2_: . ﬂvh‘" o ol -"'v‘\-a'\l'i.- % A o N .
g:;‘_ | \'\ J . ‘ s “.\"’.‘"""{‘\'7"” z;' | \-‘J | Vi -’ il ""f ‘.".r..-a...-”-"a,.“j\v.w
0 I1 I2 I3 I4 I5 IG |7 I8 |9 I10 I11 |12 . 0 I5 I10 I15 I20
Thermalisation Time (hours) Thermalisation Time (hours)
* Air currents from opening cabinet  Vacuum pumping disturbs system.
disturb system. » System temperature reaches
« System temperature achieves uniformity by conduction.

uniformity by convection.

—— @ Empa
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jis

/ coil ceramic pendulum
A/

magnet

frictiopdess pivot

sample
limit stop ple holder

A

x-y-z control

capacitor plates L
mdenting tip

balance weight

-

|:‘I/damping plate

A

impact solenoid

Tip-Sample Heating

heat shield

pendulum

\

resistance
heater

sample

\

e ~ aluminium
nitride block

resistance heater

control

thermocouple  cement

control thermocouple

— insulating block

Conventional Heated Sample/Tip Schematic
Courtesy of Jamie Muir-Wood, Cambridge University

 Heater schematic for a MicroMaterials Itd. Nanoindentation system.

* Horizontal indentation plane avoids convective heating problems in
atmosphere; vacuum removes convection.

- Tip and Sample heaters/thermocouples on indeBenden’r feedback loops

allow testing to be performed at thermal equili

rium.

Materials Science and Technology
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25 4
| ——arc

———54°C

20 4 108°C
| ——183°C
217°C
15

10 4

Displacement (nm)

5

Thermal Drift at Elevated Temperature

v:‘ } gk KJV:%AAI !“f[

|

,«4\

M

AR

-5

1 v

Tip and Sample at Nominal Temperature

by g
hgghiol

T T
20

I30
Time (sec)

40

50

60

Displacement (nm)

Sample set temperature = 300 °C —>90°C
300°C

—310°C
M_

0 5 10 15 20 25 30

_ Seconds
Tip Temperature Tuned
Courtesy of Sandra Korte, Cambridge University

m  Heating both the sample and tip is required to achieve thermal equilibrium, but this
does not immediately remove issue of drift.

= Thermocouples cannot be placed exactly at the contacting surfaces, so there is a
gradient between measured and true temperature.

= True tip temperature can be calibrated, but variation in sample geometry and
thermal conductivity prevent simple sample temperature calibration.

m  Assuming drift is zero at thermal equilibrium, varying sample temperature until
drift drops to zero achieves both zero drift and accurate sample temperature.

—— @ Empa
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Sample Oxidation

* Nearly all metals oxidise.

- Reactive metals such as
Samarium can oxidise
quickly at room
temperature.

- Careful preparation is
required to maintain the
oxide thickness on a
sample does not $ 8
interfere with Samarium: 1 hour after polishing in air.
indentation
measurements.

—— @ Empa
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Sample Oxidation: Theory

m At elevated
temperatures,
oxidation rates
increase.

= Nickel Oxide
growth rates
exhibit parabolic
kinetics,

X o At

m After 1 hour at 750°C,

oxide thickness:
O ~450nm at 1 bar of O,
0 ~30nm at 106 bar of O,

100 —

i
-l =

Oxide thickness after 1 hour {um)

0.01

0.001

—p(O_) =1 bar

p(0,) =107 bar

p(0,) = 10" bar

...............................................

RSSO JURPN Peeennnns . ZNi + 02 = ZNiO

ciata from Gulbransen & Andrew (1952)

800

1000

1200 1400 1600 1800

Temperature (K)

m  High vacuum allows nano-micro scale mechanical testing at elevated
temperatures with minimal interference from surface oxide layer and
prevents oxidative erosion of small features of interest.

—— @ Empa

Materials Science and Technology

1099



Sample Oxidation: Prevention

- L2 5
n“‘,

> A -
@, .p‘.'ﬂ": Y
L L

. ™
&
P
|

Air. zoo%,"-'indenng;'gle;fE‘?r‘é‘%ai'idafion High Vacuum, 400C, no oxidation

ki 3
. 'T_m.lr.._ ; »

- Copper indented in Air at 200C oxidised rapidly within 12 hours.
- Indents made prior to oxidation show some preferential oxidation.

* Indents performed in High Vacuum show no visible evidence of
oxidation. Any oxide is too thin for optical inference colors to form.

—— @ Empa
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Tip Oxidation: Theory

10° W WY e el Bariich 2
10°4 —+— 700°C = 70nm radius aat
s —4—950°C = 17.4um radius et
E 10 < 108 = i
E E, 7 ‘/‘/’ /'/
o 10° S L ol -
© 4 6 o .
o < 10 e /
£ 40 S 400 g A
w 5] A
B2 G_J' 4 0/
é 10° g i .//:7-
a 10°] .~
10 _ _ - G Predicted Area Functions
Experimental Data from Literature A After 10 Hours
O T T T e oo oo T T T T T e oo qoo0 10000
O, Partial Pressure (ppm) Depth (nm)
m Literature data (Evans and Phaal, 1962) m Area functions calculated by
taken under flowing O, at varying approximating tip as conospheroid
pressure and temperature. with tip blunted by etch distance.

m Extrapolated mean diamond etch rates
between low angle crystal faces :

0 0.5nm/hr at 700°C.
0 150nm/hr at 950 °C.

O Blunting at 700°C is tolerable or
within manufacturing limits.

O Blunting at 950°C is excessive.

—— @ Empa
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Tip Oxidation - Morphology

450C in Air for 30 minutes 750C in Argon (15ppm O,) for 90 minutes

» Berkovich tip exposed to three
successive atmospheres.

- 30min in Air at 450°C.
- 90min in Argon at 750°C.
- 90min in Argon at 900°C.
+  Faces get smoother after exposure
below 900°C, though edges blunt.

- Pitting is observed after 900°C
exposure.

900C in Argon (15ppm O,) for 90 minutes

—— @Empa |
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Tip Oxidation: Area Functions

* Initial blunting at
intermediate
temperature
appears the
worst.

+ At elevated
temperatures,
the tip can
appear to become
sharper due to
edge grooving,
but this is not
real sharpening.

% Deviation from Initial Scan

50 -
Initial
40 450°C in Air
————— 750°C in Argon
900°C in Argon
30
204
10 P g
'/
| /
, /. "
’,’
10 4 !
!
‘I
[}
2041 ;
i
! | ' | ! I ! | ! |
0 50 100 150 200 250

Depth (nm)
Change in Diamond Area Functions after Oxidation
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Tip-Sample Reactions

Diamond Tip During Indentation of
Nickel at 100°C

—— @ Empa
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in-situ SEM high temperature system

High Conductivity «—— Watercooling Circulation Channel ——
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indenter temperature tuning

7000 280
Depth: 74.2°C
. 6000 / Load Profile :'240
E 5000 - L 200
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5 -1 151 1 .
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. o — el
& 1 Indenter: 74 2°C S') | e 1.‘
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JM Wheeler, P Brodard & J Michler,

Phil Mag, 92 (2012) 3128-3141. Set Tip Temperature (°C)

Temperature Shifts at several Surface Temperatures
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temperature distribution

Indenter Temperature Calibration Curves

500 » N7
I j .00\:\?"/ 1

450 - .......Q.e\?}:/j_,/’._

soo ) &~ | Goodagreement between both Raman and
= | -] thermocouple indentation measurements.
< 350 ...!.1,53.’. S S
8 472°C 242°C ; ej o |
=] Calibrated Temperature Gradient % L ;‘S . . .
g 300 - # 1 Larger value expected, since heating element is
S 5501 | closer to the indenter than the indenter's control
= / | 1 thermocouple in this tip design
- 200+ . .
o 7~
3 w0y 1 Al h greater t t i
g Berkovich Indenter - Thermocouple ows muc gl”ea er emper‘a ure ClCCUf'ClCY n

100 ~-® -~ Flat Punch Indenter - Thermocowple |1 glevated temperature indentation.
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=il e Sample Surface - Thermocouple
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Set Temperature (°C)
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nanoindentation of fused silica

10+ —25C 1 . & .4
---100°C i 4] ol SR S %
9 -200°C " 4 N I D Licions:- S s, 7 A
294°C 3 = —— T
8+ 384 °C r . 3 )
------ 472°C I 3 ’L_____._-:--—-—----_ﬂ |
'S S A A Y A S DL LT il I o
7+ - - L Lo Zodo !
L] k7
f i o —=— Current work
S o S A Hl NIST database, 2002 |~
= o E L ; - - & - Beake & Smith, 2002
; 5 P 7--f i a— i T 4 Schuh et al., 2006 ]
& L i ,' H _,-' . 11+ ; —--—v—-—Trenkle et al., 2010 -
3 4 ;I ,, i E 10_'_1{_“ : ----—--- Everitt et al., 2011 ]
S5 O 9+ :_-_,.,;,‘_;% ]
3T .'I ,’ I g [ E\E i ‘“;!—-; ‘i-’_ E::“:: ~ A
B / ] ()] e J_ i -~
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1 5 ,f -/ 5 [ h
74 s F
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isplacement (nm
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Load-displacement curves are shown uncorrected for drift, with a 60s hold period. All
thermal drift is < 0.05 nm/s.

Good agreement is observed between elastic modulus results on fused silica of the
current work
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Case study: Load bearing Capacity of Hard Coatings:
Nitride based ceramic coation
on nitrided tool steel surface

How to get a simple materials index for forging,
forming and milling operations?

— EMPAQ



http://www.empa.ch/plugin/template/empa/3/*/---/l=1

—— @ Empa

hitride - based PVD coatings

. : N . Wear
Addl_ng to hardness: friction :Cold welding: Ox!dat|on Wear ‘ resistance
TiN ; : : resistance |resistance : °
C ++ ++ ++ _— + —_—
Al + — — +(+) (%] +
Cr + (%) +) + ++ +
Si T+ @ +) + + +

Application temperature [°C]
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plasma nitrided & coated surface

AlCrTiN

or
AICrN/SiN,

Nitrided steel

Steel

e i :
4 MatExpert 026864

3" 2 N B A 2 A

To establish a failure map we need to measure
fracture strength of the coatings

and the yield strength of the substrates

at service temperature!

@ Empa
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fracture strength of ceramic coatings /T iT 5

m Representative coatings of all 5
CrN-based coating generations:

O CrN, AICrN, AICrTiN, AICrSiN, AICrTiSIN
N always 50at%, rest mostly Cr & Al, Ti & Si few at%

m  Coating Production
O 411 industrial PVD unit from PLATIT AG 3um

00 Combination of lateral (LARC®) and central (CERC®)
cylindrical rotating arc cathodes

[0 Process pressure of 3.5 to 4 Pa
O Bias voltage of -40V

O Targets: highly pure Cr, Ti, AlCr, Al,
and AlSi materials from Plansee AG

O Coating thickness of approx. 7 pym

m  Sectioning and Pillar Preparation
0O Tescan Vela and Lyra dual-beam FIB

O Cross-sectioning trenches cut using Ga*at 30 kV and ~
6 nA , then fine milled and polished using ~700 pA.

O Micropillars with an aspect ratio of ~3 were cut using
the same parameters

3 um

—— @ Empa
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microstructure

FIB Cross-sections of Coating Microstructures

Microstructural observations
O Adhesion layers present
0 Micron long columnar grains in CrN
00 Grain refinement in each series
0 ~200nm voids and inclusions

Crystallite size from XRD:
~16nm for CrN and ~11nm for all
others.

Offset Arbitrary Units

(111),
|| —=—CrN
! eereee AICIN
1 | oo AICFTIN |
_ ey ~-—v--= AICTSIN
T | | ~--- AICFTISIN |
i i = |
ii‘ (2 (311)
] j‘.-‘_- j |
A S 1
1 . ¥ |
30 5l e o
Angle (20)

X-ray Diffraction

90
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stress-strain curves of AICrTiN coating

Eng. Stress (GPa)

14 7

|

|

| L | L |

|

AICITIN

] 1 | L |

|

0.00 0.0

—— @ Empa
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Eng. Strain

25°C

200°C

500°C

cience and Technology

Wheeler et al. Surf. Coat. Tech. (2014)
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stress strain behavior
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a'-.). 54 i ] 61 - ] ] ;_-_ / \'\ _ ]
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w ,r - 1 WLl ] w ,r
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Eng. Strain Eng. Strain
m  Stiffness values are lower than expected from Indentation - Adhesion layer/sink-in
m  Most coatings do not show catastrophic brittle failure
= Evidence of plasticity-enabled ‘ductility’ or graceful failure at higher temperatures
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deformation and failure mechanisms

= Pillar failure occurs by fracture, in all cases.

0 No obvious slip or barreling due to plastic flow.

O Failure observed within top coating layer, not substrate or adhesion layer.
m Fracture occurs at defects, such as voids and inclusions, frequently.

@ Empa
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trends with temperature

I

—
(6]
T

—=—CrN al
----#---- AICrN

.......... Y Yp— Alch|N
—=v--—AICrTiN | ]
---~--- AICrTiSIN |

L
w A
| |
I I

-
o
|
T

— —
SN
T 1]|1I| T
| *, 01] | -
Tl b L
J!‘I
I8y
'ja‘,'

©
|
T

e i

Failure Stress (GPa)

1] | B
0 : I : I : I : % ' } :
0 100 200 300 400 500 600 In situ Observation of Failure
Temperature (°C)

m  Each new coating generation shows improved high temperature strength.
m  Low temperature strength can be misleading about high temperature behavior.

m  Addition of Ti or Si to the coatings decreases temperature sensitivity, adding them
together achieves the greatest temperature insensitivity.
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Yield strength (GPa)

yield strength of nitrided layer
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Does plasma
nitriding make sense?
Other effects such as
residual stress
and higher toughness?
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plasma nitrided & coated surface

E (6Pa) o, (GPa) o; (GPa)

AlCrTiN 535 10.6
(8.7)
AlCrN/SiN 524 13.1
’ 9.3)
Nitrided 306 7.6 -
(1.4)
ﬁg;@igggtqgessm _ o L b HT -steel 243 2.2 -
(1.3)

Room Temperature (500°C)
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on nitrided steel as substrate

1011

1010

10°

1E-3

Yield of on m’rr'lded steel

as substrate below
AlCrTiN coating

failure mechanism map
Fracture of AICrTiN

W300= tool steel,

N-W300 = nitrided tool steel
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scratch testing - can we predict the failure load?

R=200 um Scratch length (mm)

—— @ Empa
Materials Science and Technology
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application of coating failure mechnism maps

R=200 pm
g 10" e S E(GPa) o, (GPa) o; (GPa)
P [
N 7 S
0P =1.13-1.26x 10° mef/ E AICITIN 535 10.6
A 2 8.7)
E wp-o-- ¥ -0 - . AICTN/SIN, 524 13.1
& 3 # Coating fracture (93)
-l - |- - = = rTiN on N-
10°E e = Nitrided 306 7.6 -
4 A AICITiN on N-W300 ] (1.4
101?E-3 T GY/E2|°Y(GY+CGf)2 HT-steel 243 2.2 B
" 13)
b cracking from scratch edge

AICrTiN

Lc1 ~ 45-50N

LYRA3 TESCANN  SEM HV: 30.0 kV WD: 8.97 mm
SEM MAG: 28.9 kx Det: SE 2pm
View field: 10.0 pm  Dats oz0744  EMPAThun

1 R

EMPA_Thun 20.0KV 8.0mm x1.10k SE(M)

fine cracks under tip


http://www.empa.ch/plugin/template/empa/3/*/---/l=1

conclusions

- Micro-pillar compression near service temperature is a useful method for
studying fracture and yield strength of hard ceramic coatings and
nitrided steel layers, respectively

- Temperature dependence of hard coating decreased by adding Si and Ti.
Reversible softening of nitrided steel layer at high temperatures
independent of testing geometry

- Failure mechnisms map constructed from simple mechanical analogons
allow to estimate failure mode and critical load

— EMPAQ


http://www.empa.ch/plugin/template/empa/3/*/---/l=1

Case study: deformation mechanisms of
nanocrystalline metals

— EMPAQ



http://www.empa.ch/plugin/template/empa/3/*/---/l=1

alemn/s) Need for nanomechanical testing

engineering your ideas

Transparent Light

Antrtiecion Comting " Cases where bulk testing is not possible:

s < T * Thin films
cppodie W = Microcomponents/MEMS devices
sowomptps oyt Small length-scale testing

" = Individual phases of complex materials
= Size effects

—— @ Empa
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Why low temperature tests - case of the Titanic

Brittle Ductile

[
I
| .
1 Transition

I Temperature

W

The Titanic on the seabed, 3,784 meters deep Temperature —p
Chapy test results on
steel samples at -4°C
(the temperature of
Atlantic waters when

The Titanic sank)
Reference: Robert Gannon,
Popular Science, 1995

Energy Absorbed on Impact —p

Steel from Titanic’s hull — Brittle fracture Modern high quality steel - Ductile fracture

—— @ Empa
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High strain rate micromechanics - Scientific motivation

— N .
0000y . . . L4
1 MlcroandNano i E i E i E i E i E i : i E
’g 1000 Ell z;zzMééh?zniéél il e i e i o i L i L i e o e i
c {| Experiments | ”“UHKWO‘\{‘{O o
; _' . i = i | i . i . matenal proper’ues = i -
§ 100 ELE . i T T - i . i . o . i . i . i . i .
] .| b e e e e e o T L
.E D | o o o L o o L o |
n 1 o = i . i . i . o . i . i ClassmalMD g
04 s
1 o - o - o SLI\/IE/AcceIeratedMD - b - i - i
1_: N N N N N N N R R

104 1072 10° 102 10% 10° 108
Strain rate (/s)

High strain rate experiments help bridge the gap
between experiments and simulations

Materials Science ani d Technol logy 1129












—— @ Empa
Materials Science and Technclogy

Deformation mechanisms in nc metals

\
\q_ Hall-Petch Law (a)

S ~d”

Deformation mechanisms

Actual

/

Hardness or Strength, ©

sliding Normalized Grain Size, &

Mechanical properties are dominated by grain size

Pronounced time-dependent plastic behaviour

Grain growth through FIB irradiation and at elevated temperatures
Electrodeposition into lithography moulds

Thermal activation analysis at low temperatures and high strain rates

1130
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Micropillar array preparation by electrodeposition



Workflow for producing nc metal microstructures @ Empa

a

L

ITO coated
glass slide

Solid metal
microstructures —
Easily transferable
to testing stages

Spincoat

positive
photoresist

Resist and
Substrate removal

<
<

Exposure to
acetone

[
»

Materials Science and Technology

Two-photon
lithography

- Exposure to

v

«

.. developer
Positive - :
i Polymer with
photoresist .
Spum-40um microstructure
cavities
Metal electro-
deposition
SEM stub

A

Sample holder
attachment

Cavities filled
with metal +
overgrowth



Nanocrystalline Ni micropillar array @Empa

Materials Science and Technology

" Array of 4000 electrodeposited nanocrystalline Ni micropillars

" No FIB damage, no FIB-induced grain growth, no taper

¥ Grain size estimated based on XRD: ~28nm
® Random grain orientation



Materials Science and Technology

Thermal activation analysis at subambient
temperatures and high strain rates



alemn’s)  Challenges in low temperature indentation

engineering your ideas

» Thermal drift

= Frame drift — displacements due to thermal
contraction within the indenter frame
components

= Contact drift — displacements due to thermal
expansion/contraction in sample and tip due
to heat flow from temperature mismatch

= Electronics drift — Change in electronic
signals with time or temperature

= Control electronics and sensors must be @

protected from cryogenic temperatures Thermal drift for AT of 200K
Courtesy of J.M. Wheeler

» Condensation
= Condensation on the sample surface is
undesirable for surface property testing

Materials Sciem ce and Technol logy 1135






alemnis) Thermal management concept

engineering your ideas

LT RT

Local cooling of nano-contact:
- Cold finger linked by conductive braids to sample and tip: stable base temperature.
- Miniaturized heaters for sample and indenter for independent temperature tuning.
- Thermal isolation and radiation shielding of the cooled parts to reduce frame drift
and protects sensitive electronics.

—— @ Empa
Materials Science and Technology
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In situ quasistatic cryoindenter setup alemnis) @
mpa

engineering your ideas and Technology

Temperature range: 120K to 300K

Strain rate range: 104 to 10-'s

Load range: 500mN

Nitrogen pumped through cold
finger cooling indenter tip and
sample holder to a base
temperature of 120K

Isolating Cooling
shafts 1k bralds

m Thermocouples and heaters on
tip and sample holders allow

indepedent temperature control
gg\‘ '\} m [solating shafts and heaters in

W ’
el fﬂﬂu«

" < closed loop control keep the

Loalfl frame at constant temperature
ce




alemnis) Frame compliance measurement

engineering your ideas

Load [mN]

—— @ Empa

120 0.001
100
0.0008
Indent in
80
E 0.0006
o H P
o0 - — T =3 — constant
b E S
a 0.0004
40
0.0002
: AW
0 - J 0
0 500 1000 1500 2000 0 500 1000 1500 2000
Depth [nm] Compliance corrected displacement [nm]

* Room temperature drift <5 nm/min
* Frame compliance: 4.85nm/mN (14% increase compared to standard setup)

Hardness: 1.2 GPa

Young’s modulus: 115 GPa :|> Compares well with literature [Schuh2006]

Materials Science and Technology 1138



alemnis) Thermal drift measurement

engineering your ideas

120

100

80

60

40

Load [mN]

20

-20

—— @ Empa

y =-0.9791x + 1483.1
1480 RZ = (.0066

yd

Displacement [nm]
=
Y
~
=]

>
/ 1460

/ 1455
0

-~

400 800 1200 1600 1450
0 5 10 15 20 25 30
Depth [nm] ) Time [s]
’ Drift hold segment

= Thermal drift measured experimentally by recording the change in depth with time at

10% of peak load during unloading.
= As the applied load is very low and the material is not expected to creep during

unloading, the displacement is assumed to occur due to thermal drift.
= After 3-4 hours of stabilization, a drift of <60nm/min is reached

Materials Science and Technology 1139



alemnis) Drift tuning and correction at -150°C

engineering your ideas
|

Raw data Drift measurement
0.12 : - 1.100E-06
Warmer |gd enter
0.1 - 1.000E-06
\ y = -1E-08x + 1E-06
0.08 E R? = 0.9999
_ = 9.000E-07 \\
z / g
'§ 0.06 o \
S / / / é_ 8.000E-07 \
0.04 / / / a \
7.000E-07
0.02 U \
0 J--—-/T }H 6.000E-07
0.00E+00  5.00E-07  1.00E-06  150E-06  2.00E-06 " 8 A >9 64 63 4

Depth [m] Time [s]

= By changing the indenter or sample temperature, the drift can be tuned

= Linear drift — drift correction possible

—— @ Empa
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Temperature matching for drift minimization

® |ndentations are performed with a 2
minute drift measurement at 5% of
the maximum load

m Measurements are performed at
different AT

m Thermal drift as low as 2 nm/min can
be reached

60

50 |

Load [mN]
& &

=]
(=]

10 |

15

10

Thermal drift [nm,/min]
o

-10

-15

Materials Science and Technology
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Temperature at the nanocontact

m Replaced tip by a thermocouple

m Direct measurement of sample
surface temperature

m Determine calibration curve to
sample holder temperature

m Plotting the tip temperature for which
minimum drift was observed vs.
sample surface temperature allows
calibrating the tip temperature

Sample surface temperature [K]

300

250

200

150

100

SEM surfaee
thé’?’ﬁ'}OCOUpTe

/

/

]

100

150

200

250

Sample holder temperature [K]

300



Quasistatic results

@ Empa
Materials Science and Technology
4 4 4
3is 35
3 w 3
= 25 #M - 25
F a
o
& E 15 /} % 15
i 1
0s // 0.5
0 i}
o 0.0z 0.04 0.06 0.08 0.1 0.12 o 0.0z 0.04 0.06 0.08 01 012 a 0.02 0.04 0.06 0.08 01 0.12
Strain Strain Strain
1035
Tum Tum Tum
] I I

m Homogeneous deformation, barrelling of micropillar
m  Weak dependence of yield stress on strain rate, strong dependence on temperature



In situ high strain rate cryoindenter setup

e,

I‘-
-

Piezo Vs
®
]

Tk

~

© Indenter

tip

. . ) | M
Piezoelectric |

Load cell

Cooling
braids

Isolating
shaft

alemn@ @ Empa

engineering yourideas =~ Materials Science and Technology

Temperature range: 120K to 300K
Strain rate range: 1 to 103s™'
Load range: 1N

Standard load cell is replaced by
a piezoelectric load sensor on the
indenter tip side

For measurement duration
<50ms, thermal drift remains
negligible for an uncooled tip in
contact with a cold sample



Instrumentation for high frequencies

and strain rates

Maximum actuation
speed — 8mm/s

Strain rate range
(gage length ~4um) —
0.0001/s to 2000/s — 8
orders of magnitude

Piezoelectric actuator/
—_— .
~ displacement sensor

Piezoelectric
load cell

Sample

b
3 =
L g
-
- -

}' .

.

High speed actuation
with accurate
displacement control

=
w [N]
L |

Displacement {um)
=

5mml/s
0.5
0 T T T 1
0 0.1 0.2 03 0.4
Time (ms)

Constant strain rate
and accurate strain

|
| ~
|
|

- System resonances

alemnis) @Empa

engineering your ideas Materials Science and Technology

154 e

’ Load cell ringin
3, ging

High stiffness 7
load cell Strain gage

load cell

4 - Piezoelectric """
load cell . om

Eng. Stress (GPa)
»
I

104 4

000 001 002 003 004 005 006 007 008 009 0.10
Eng. Strain

_| Indentation head

100 T Frame

High speed electronics for

input and output

High bandwidth amplifiers and
acquisition systems

[ 00mz [ 7 36kHz
0 : % oo
) : N
= 100t ookt e e Sample
8 i |Leadasl] [ 40kHz
200 f---eebee ceebee| 740Hz foidees -+
-300 - ”:i! — - .
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~ Frequency (Hz)
~
NG High stiffness frame
\\
~
~
~
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30
20
g z
= £
£ 20 =1
o w
] 0 e
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] e
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5 '
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Ramachandramoorthy & Schwiedrzik et al., Nano Letters, 2019



Measurement duration for negligible load drift -
mpa

d Technolagy

Thermal drift negligible for

4 4 50 me the initial 50ms at 160K

T

Load (mN)
(8]

]'.l'd L T E T T T T T 1

0 50 i 100 E 150 200 250 300 350 400
Time (ms)

Indenter not
in contact

W W
e .

Maximum duration of cryo temperature/high strain rate tests possible — 50 ms
Translates to a strain rate of ~3/s for a gage length of 8um

Indenter in contact with the top of the ncNi pillar



High i I
Igh strain rate results @ Empa

160K 224K 300K
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Results consistent with quasistatic experiments:
m  Weak dependence of yield stress on strain rate, strong dependence on temperature



Thermal activation analysis
@ Empa

Materials Science and Technology

Strain rate sensitivity: = ) .
dino ; M0:0082 —%3
m= : g S - .
diné s o .
" misincreased at lower temperatures ¥ . i f .
26 B

Strain [ ]



Thermal activation analysis

Strain rate sensitivity:

B dlno
~ diné

" mis increased at lower temperatures

m

Apparent activation energy:

" Extrapolated strain rates for
0,=2.65GPa

" Q,,is approx. 55 kl/mol (0.58eV)

In (Strain rate)

Materials Science and Technology
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Thermal activation analysis

Strain rate sensitivity:

B dlno
~ diné

" mis increased at lower temperatures

m

Apparent activation energy:

" Extrapolated strain rates for
0,=2.65GPa

" Q,,is approx. 55 kl/mol (0.58eV)

Apparent activation volume:

ding
Vapp — kBT ?
"V

Lpp INCreases with temperature from
5b3 at 160 K to 11b3 at 300 K

@ Empa
Materials Science and Te: logy
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TEM analysis @Empa

Materials Science and Technology

undeformed 160K, 0.001s™" 160K, 300s

Sy =

" TEM lamellae have to be extremely thin, preparation and imaging are
complicated

® A change in grain shape from elongated in growth direction to oblate
is observed in deformed pillars

® Grain size seems more heterogeneous in deformed pillars



TEM analysis @ Emps

Materials Science and Technology

160K, 0.001s"! 160K, 300s!

S

.8 g
L % 5
w

" TEM lamellae have to be extremely thin, preparation and imaging are
complicated

® Change in grain shape from elongated in growth direction in
undeformed to isotropic/oblate in deformed pillars

® Grain size more heterogeneous in deformed pillars

® Twin density does not increase



Discussion

Electrodeposited micropillar arrays:

" Large number of specimens
" No FIB damage, no taper
" Influence of confined growth on grain structure?

® Grains elongated in growth direction

Instrument development:

" In situ experiments at low temperatures and in large strain rate range:

® 120K to 300K
¥ Strain rate range: 104 to 103s"

" Large strain rate range — even low m may be measured

—— @Em pa
Materials Science and Technology
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Discussion

Deformation mechanisms in nc Ni:

" Activation volume and energy are consistent with dislocation

nucleation, i.e. intragranular plasticity, but also other deformation
mechanisms like grain boundary or defect diffusion are likely present

Temperature dependence of activation volume reflects thermally-
dependent interplay of different deformation mechanisms

Experiments at lower temperature are needed to identify at what point
thermal activation is supressed

Post-test TEM analysis: higher variation in grain size and change in
grain shape, needs to be verified

Next steps: TKD analysis for improved grain size and shape statistics

Materials Science and Technology
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Micromechanical testing at high strain rates
and varying temperatures of 3D-printed
polymer structures

—— @Em pa
Materials Science and Technology
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Two-Photon Lithography (2PL)

Two-Photon Lithograph Fouiintei
Direct Laser Writing allows 1
3D printing of micron-sized —> e
polymer components 2 i

+ A resolution in the tens of Photoresist .
nhanometres can be achieved o

+ Excellent for rapid | }
prototyping, templating or
surface modification

Here:

- Photonic Profession GT
(Nanoscribe GmbH)

+  Commercially available
negative photoresist "IP-Dip’
an acrylate-based polymer

+ ITO covered glass substrate _ L
fo r‘ ' m p r‘oved ad h es ' O n https://jontyhurvvi.tz.com/n

()

—— @ Empa
Materials Science and Technclogy
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Microlattices and the Fabrication of Metamaterials

METAMATERIALS

Three-dimensional mechanical
metamaterials with a twist

Tobias Frenzel," Muamer Kadic,“?'* Martin Wegener">*

Highly porous microlattices as ultrathin and efficient impact absorbers

Chang Quan Lai®™*, Chiara Daraio”

Science

—— @ Empa
1157
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Micromechanical Testing: Experiments

Fabrication I Two-Photon Lithography (IP-Dip, Nanoscribe GmbH) I
= I )
Micropillar : . . :
Tests { Compression J I Micro-tensile Test ' Nanoindentation
. : Pill I Dogb | Berkovich ti
Geometric Dimensions Har | I 5 egbone ‘ ereovich tip
J 52 um cross-section h....:700 nm

d: 6pm; h: gum
I

10%4to10%2s™? 104to10*s™ Quasistatic,

Conditions 25 to 80°C ambient ambient
I I I
. Yield | Yield |
Properties _strength, E I strength I Hardness, E

—— @ Empa
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Micropillar compression tests

: : 500
10 micron flat punch diamond

‘ 25°C - 0.07 s

400 ~3 um strain 7
A
& 300k S -
< Strain hardening g ;
2 S | i
o Yieldi e
Deformed 5 i g - / ]

o
micropillar /V‘
100 | /
-——Fitting for elastic -
modulus//

1 A 1

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Glass substrate Strain (-)

—— @ Empa
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Stress (MPa)

Micropillar compression tests - Strain rate dependence

10 micron flat
punch diamond tip

Glass substrate

400

350

300 |

250

200

150 |

Deformed
. _micropillar

25°C

100 - L&
o

7*10%s"  7*10%s7  7*10%s™

1
0.05

1
0.10

Strain

1
0.15

0.20

Strong strain rate dependence in
deformation behaviour of polymer
pillars

All pillars were 6 pm in diameter
and 9 um in height

3 Pillars were measured for each
condition > measurements
showed good reproducibility

Yielding occurred above 2 mN >
reliable measurement possible

Data acquired in the quasistatic
regime was corrected for thermal
drift

1160



Yield strength (MPa)

Micropillar compression tests - Yield Strength

250 F——

© 25°C ;
o 35°C ¥ ]
A 50°C $“~’
200 — v g5°C ! 1 BL i E
80°C + a
= |
150 |- % o
i e
° %
100 | : $ :f
3
50 |- a 2
O PEEEETTTT BRI BT T AT BT B AR TTT] B W T TrTT R
1E-4 0001 001 0.1 1 10 100 1000

Materials Science and Technclogy

Strain rate (s™)

- Yield strength increases strongly
with higher strain rates

- Higher temperatures lead to a
significant drop in yield strength;
this effect is less pronounced at
higher strain rates
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Micro-tensile test - Yield strength

* Yield strength from tensile tests is
slightly lower than from compressive
tests

* Both tests give a similar strain rate
dependence

300 T T ™ T T ™
250

200: compression tests s

i °\§ § {
100 | ~ e
; 3 ) Y

50 L tensile tests

Stress (MPa)
Yield strength (MPa)
o

0 A 1l i | V] Al yl
1E4 0001 001 01 1 10 100 1000
Strain rate (s)

Strain (-)
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Experimental observations

T 0
RT ©O— IP-Dip pillars
350 L~ - |—&— PMMA (Richeton, 2006) i
—o— PMMA (Chou, 1973)
500 1 —B— PMMA (Bauwens-Crowet, 1973) |
o v— PMMA (Jordan, 2014) v
& .
= 250 e
=1 o %7
=) a B
e 2001 Y B ‘? ‘
= T /
o s} e Zertn P
EJ /ﬁ/ /Q ’//O
> ook gl e e
o o
50 | o
O 'l l | | | | 1
1E-5 1E-4 0.001 0.01 01 1 10 100 1000

Strain rate (s™")

= PMMA closest chemical sibling
to IP-Dip

* The strain rate dependency of
yield strength in 3D pr'ln‘red
polymer micropillars compares
well o the data acquired in

macroscopic compression tests
of PMMA

e
9: | ostbmotie 1] | ® ; IP Dip: Yielding occurs at higher
2 sl strains and stresses, slope
N : increases before and after yielding
% it . 3 1 . .
5[ Hertenngmociue J - Hardening modulus increases at
" osp higher strain rates
1E-4  0.001 0.01 OS.:rain ra1te (-) 10 100 1000
—— @ Empa
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Strain rate - Temperature Superposition principle

1.0

09
| Mlogey = 2 (1_ 1
< osf 098 = ¥m10\T " Trey) =
D_ [

0.7 o ~
= . l o 25°C
w
g 06 | [}
B s A( 0(0) l_i v a
o T T T, f ] °
S, 04 R
o - 50°C
8 o3 - .
= o
3 02
8 o

0.1 R

'80°C

00 1 1

1 1 ! 1
-5 -4 -3 -2 -1 0 1 2 3

Reduced yield stress (MPa/K)
o
(6]

Richeton et al. (2006) propose a
formulation for a cooperative model
using an Eyring type equation to
describe the principle of Strain rate -
Temperature Superposition for the
compressive yield strength in polymers

- Yield stress increases with
decreasing temperature and increasing
strain rate

1
Oy _ Ji(Tref) n 2k sinh~1 ( € >n
T Trer 4 &' (Tref )

Data was fitted with the formula of
Richeton model > parameters
describing activation of yielding for
the specific polymer are extracted
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Strain rate - Temperature Superposition principle

Log (strain rate (s™))

Yield stress (MPa)

1 SR B R T A = B
200 -
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*14 a1
ol 0%
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-4 3
—— @ Empa
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Summary

This is the first systematic experimental assessment on the
micromechanical scale of yield strength and elastic modulus of 3D
printed polymer structures investigating the effect of higher
strain rates and temperature.

It could be shown that such tests can be conducted reliably ranging
over 6 orders of magnitude of strain rate showing a strong strain
rate dependency of yielding behaviour as well as elastic modulus.
Measurements at elevated temperatures showed a strong reduction
in mechanical properties of the polymer.

A model based on the temperature-strain rate superposition
principle developed for macroscopic testing was applied to describe
the yielding behaviour on the microscopic scale allowing to predict
properties beyond the measured scope.

This work can be continued to more complex (lattice) geometries.

—— @Em pa
Materials Science and Technology
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Conclusions and outlook

DDD

- RN
100005 - * Micromechanical investigation of
] S deformation and failure under
Micro and Nano oy o .
210004 Myeananioat [ extreme conditions is a new phase
1. Experiments ] .
% _ > material properties Space n SmG“ scale research
g 100 - W « Open questions on amorphous
() E Dynamic Nanowire Tensile Testing . .
& 3 Classical MD p|GS'|'ICI'|'y ) )
10 « Natural extension of dynamic
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Enhancing strength of micro-architectures
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Adapted from: Garcia-Taormina et al. (2021) J. Mater Res., 36(18), 3607-3627.
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Study goals

m Develop additive manufacturing process for
hybrid metal-ceramic microscale metamaterials

m Using a combination of synchrotron-based
ptychography, SEM, micromechanical testing,
and computational models, investigate

m structure-property relationships and failure
mechanisms

m influence of geometric deviations from the ideal
shape and internal defects on mechanical
performance

—— @ Empa

cience and Technology 1183



Two photon lithography

Immersion two-photon lithography
for micrometre sized sample fabrication

Polymerisation

= Based on two photon absorption o OB [beetold

= 2PP threshold determines voxel size
= Allows 3D printing below diffraction limit . kel prsile

Immersion lithography

Glass wafer

Photoresist
slide

3D piezo-electric
scanning stage
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Template assisted electrodeposition

Two-Photon
Lithography
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Materials Science and Technology 1185



Atomic layer deposition

Atomic layer deposition:

m Self-limiting process
m  Sub-nm thickness control
m  Conformal coatings

Process conditions:

m  Deposition temperature 65°C
m 1000 cycles of
m Trimethyl aluminum
= H,O
m  Al,O; film with 134 nm thickness

—— @ Empa
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Resulting structures

- Template assisted electrodeposition allows synthesizing metal
micro-architectures with sub-micron feature sizes

- Process results in high quality, repeatable structures

—— @ Empa
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Microcompression experiments

0.8

— Ni lattice & 134 nm Al,O4
— Ni lattice
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" Quasistatic compression experiments inside a SEM

" Measurement of force and displacement

= Uniaxial deformation allows interpretation as apparent stress-strain behaviour
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Micromechanical behaviour

Strut based Ni vs. Ni-Al;O; lattices

Octet noALD vs. ALD Pure Ni lattice With Al,O; ALD coating
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Micromechanical behaviour

Surface based Ni vs. Ni-Al;0; TPMS metamaterials

Gyroid noALD vs. ALD Pure Ni lattice With Al,O3 ALD coating
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Ptychographic X-ray Computed Tomography (PXCT)

m High-resolution
tomography down to 16 nm
isotropic 3D resolution

m  Coherent diffractive
imaging that uses multiple
diffraction patterns by
scanning over specimen

m High phase sensitivity =
high density sensitivity

Pilatus 2M

M. Dierolf et al., 2010, Nature 467, 436
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Lift-outs - Fixation on OMNY pins for PXCT scans

Undercuts & struts cut
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Ptychography for Ni micro-lattices

phase: S04656 (750x750)

pm

amplitude: S04564 (750x750)

- Final

pm

amplitude: S00417 (750x750) - Final
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0.015
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0.015
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0.005

Imaging parameters:

Photon energy of 6.2 keV
850-1000 projections

24 ym x 32 pym field of view
Minimum pixel size: 19 nm
Achieved resolution: 44 nm
Scan time: 8-10 hours
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Image processing workflow

Axial reconstructions — Sagittal reslicing ==  Volume rendering / segmentation
from beamtime Image sequence videos based on metaImage files

Uncompressed gyroid

N

5pm

—— @ Empa
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Defect distribution and failure mechanisms
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Defect distribution and failure mechanisms

Strut based Ni-Al:O; lattices - PXCT Surface based Ni-Al:O; TPMS metamaterials - PXCT
Uncompressed Compressed Uncompressed Compressed
Undamaged
metallic
base lattice
Failure at
pre-existing Ni
defects ALO,
Failure
Localised in direction of
delamination highest shear
of Al,O; layer stress
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Microstructural analysis by TKD

Cutting slice from Gyroid Attached slices Thinned slices (100-150nm)
structure for lift-out preparing for thinning for TEM and TKD analyses

Gyroid-
slice™
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thick
slice
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uncompressed

compressed
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Microstructural analysis by TKD

Gyroid Uwhpr *ed IPFZ+GB

>

= Heterogeneous grain size between 100nm and luym in undeformed structure
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Segmentation and meshing pipeline

PXCT reconstructions to Volume rendering from
create metalmage files metalmage files

=
@
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w
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£
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2

uncompressed

5
ImageJ & 3D Slicer [Eaml

3D Segmentation of
Ni and Al,O4

Volumetric meshing and
export for Abaqus

“3D Slicer

Python
(meshio)

- A workflow was established allowing o segment and mesh the PXCT datasets
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Mechanical modeling

= Automatic meshing procedure from
segmented ptychography datasets using
Python libraries allows simulating
realistic geometries

= Comparison of ideal input structures to 5 wses
real 3D printed shapes allows gty
+6.250e-01
investigating the effect of defects fiseie 0l
+3.472e-01
= Goal: Predictive modeling enabling a Sy

simulation-based design approach

—— @ Empa
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Summary

Exploiting architecture and size effects in the design of mechanical
metamaterials allows reaching unprecedented combinations of

A novel process was developed for microscale additive manufacturing
of hybrid metal-ceramic micro-architectures and lattices

Under mechanical loading, the ceramic coating enhances the apparent
strength, the metal lattice retains its ductility

PXCT reconstructions used for volume rendering and 3D
segmentation to extract Ni base lattice and ceramic coating

Low adhesion of Nickel oxide layer leads to delamination at the
interfaces of the Alumina coating. This enables the ductile behaviour
after failure of the ceramic coating

Automatic mesh generation from PXCT datasets allows studying
failure mechanisms as well as the effect of geometric imperfections
and defects
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Deformation in nanocrystalline
gold and 3D gold composites
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EMPA, Thun

Content

203 Mechanics of nanocrystalline gold

1. Metal matrix composites made from
electrodeposited gold

composite
- Fabrication
- Microcompression tests

- Varying alumina content

* High temperatures (up to Gold +alumina
loooc) EMPA_Thun 10.0kV 5.3mm x2 00k SE(M)

Compressed at 50°C

2. Deformation of nanocrystalline gold

. \
The

= Micropillar compression

* Varying strain rate (10- to

700 s1)
. ngh 'I'emper'a'l'ur'es (up .l_o Nanocrystalline gold
loooc) EMPA_Thun 3.0kv 85mmx@ooksEqy " 50oum llEMPA Thun30kv 96mm x7.00ksE(M) 5.00um
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EMPA, Thun

Composite design

204 Mechanics of nanocrystalline gold

= 3D model of isotropic truss lattice

= Lattice desigh was selected for high
stiffness

= Template printed using Two Photon
Lithography with IP-Dip (Nanoscribe
GmbH)

» Truss diameter of 600 nm and an
overall unit length of 5 ym
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EMPA, Thun

Template assisted Electrodeposition

1205

Mechanics of nanocrystalline gold

Two-Photon Electrodeposition Plasma
Lithography Etching
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EMPA, Thun

Nanoindentation of Gold and Alumina coatings
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EMPA, Thun

Compression of gold pillars at room temperature

297 Mechanics of nanocrystalline gold
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EMPA, Thun

Compression of gold pillars at elevated temperatures

8 . )
20 Mechanics of nanocrystalline gold
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EMPA, Thun

Strain rate sensitivity of nanocrystalline gold

1209 Mechanics of nanocrystalline gold
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EMPA, Thun

Summary deformation of nanocrystalline gold

1% Mechanics of nanocrystalline gold
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EMPA, Thun

2 Mechanics of nanocrystalline gold
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EMPA, Thun

Hollow gold structures

Mechanics of nanocrystalline gold

20 pm

25 nm ALD AlLO,
g
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EMPA, Thun

Microcompression tests of gold composite structures

223 Mechanics of nanocrystalline gold
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EMPA, Thun

Microcompression tests of gold composite structures

4 Mechanics of nanocrystalline gold
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EMPA, Thun

Microcompression tests of gold composite structures

Mechanics of nanocrystalline gold

pure gold pillar: 785 MPa
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EMPA, Thun

Composition, density and properties of composites

6 n .
2 Mechanics of nanocrystalline gold

- 3.2% 11.9%
76.1% 79.3% 88% 100%
14.7 19.3
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EMPA, Thun

Microcompression tests at elevated temperatures

27 Mechanics of nanocrystalline gold

1G 1 1 I 1 I 1 | 1 T T T 1
23°C: 848 £ 58 MPa | 900 k- i
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= Both, pure and composites, loose strength with increasing femperature

= Indirect comparison, however, the composite retains more strength at increasing temperature
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(@)

Simulation of the ideal composite behaviour

Simulation — 350nm
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= Simulation of compressive behaviour of ideal composite by applying periodic BC to a unit cell

= Stress concentration and localized plasticity in matrix near the ceramic lattice visible
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Summary

= Novel process to fabricate 3D nanostructured Metal Matrix
Composite containing a ceramic reinforcement phase

= Strength and thermal stability of metal matrix are improved by
ceramic reinforcement

= Thermal activation analysis reveals a change in deformation
mechanism between quasi-static and high strain rate regimes

= Strength can be tuned by varying architecture and wall thickness
of hollow reinforcement lattice

= Finite element modelling is able to predict yield strength and point
out highly stressed regions
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