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Bringing nanomechanical measurements into the real world

The use of nanoindentation for determining
time-dependent behaviour in polymers

Dr Ben Beake, Micro Materials Ltd, ben@micromaterials.co.uk

Multiscale modelling IAG, NPL, 28t June 2007
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1. Introduction to nanoindentation of viscoelastic materials

2. Methodologies for analysis of indentation creep data

3. Elevated temperature nanoindentation

4. Other nanomechanical test methods for viscoelastic properties

5. Summary and wish-list
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Why use nanoindentation for viscoelastic characterisation?

Quick

Instrumented

Simple

Thin Film samples

Any geometry

Different temperatures

Different environments (humidities or testing in fluids)
Combinatorial approaches possible
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The NanoTest pendulum
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Hold at peak load
for creep before
6 unloading
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Hold at 90% unloading for
creep recovery/[thermal
drift correction]

Load (mN)
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Increase in depth = A*In (Bt + 1) d/d(0) = [mef]*In (t/z + 1)

(T Chudoba and F Richter, SCT 148 (2001) 191) (P Berthoud et al J Phys D 32 (1999) 2923)

N/

d/d(0) = [A/d(0)]*In (t/z + 1)

l

d/d(0) = [A/d(0)]*In (Bt + 1)
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Increase in depth during hold period at constant force = A*In (Bt + 1)

ManoTest [NT1] Dwell Period Data Heview
9863
Constant - - :
load e (Alinitial strain) =
oa iy strain rate
tests £ = sensitivity
SIS B = 1/creep time
. B = i
stress if  940.0+ P
330.0-
use flat . In this example
punch 1/ PMMA 5 mN
91” 4 I 1 I 1 I 1 I 1 I 1 - -
oo0 200 400 EO0 800 1000 1200 1400 1600 1800 19.92 Berkovich indenter
Initial el
strain d(0) indentMumbers] 5 CycleMumber | 1 DwellLosd (mi) [ 497 A/d(0) = (39.6/910)
= 0.044
: M awimurn Load p ; A= |39.535 _
Display Data At ﬁPartiaIUnload (it Datato DO - D] = ALn{B1+1) 1) o FET 1/B = 3.44

Hard Copy

J

Export

J

Close

J

Trivial to determine A/d(0)
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1. A/d(0) as a material property?




insition temperatures

olymer ee/e(0) Er Tg (°C)
=3 0.0155 0.939 206.4
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gure 3. Strain rate sensitivity =< /=(0) as a function of y as defined

Eqn (5).
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Figure 4. Strain rate sensitivity ez /=(0) as a function of creep time
1/g,. The perfect fit would correspond to A2 = 1.
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tan delta vs A/d(0)
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y=0.3884"""% | Power law exponents for fit of creep time (t; 1/B)

R?=0.9933 . . .
vs. time of linear loading

10

Polymer Exponent

20 30 40 50

0 t loading (s) Biaxial PET 0.997

Uniaxial PET 0.980

PMMA power law fit PMMA 0927

iPP “A” 0.820

° EREN iPP “B” 0.819

Z EaY sy : UHMWPE 0.712

.| H,-UHMWPE 0.697

2 N,-UHMWPE 0.678

0 ‘ ‘ ‘ | He-UHMWPE 0.650
0 10 20 30 40 50

t loading (s)
1. Variation of creep time vs. loading time is not linear

2. Fits go through zero — no obvious intrinsic creep time
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Can we “predict” creep for any max load and any load history?

PMMA

A/d(0) = 0.0477x-0.0414
1/B =0.1297x + 0.0173

1080

1070 1
1060 1
1050 1
1040 |
1030 1
1020 1
1010 {
1000
900 1
980

Creep on PMMA after loading to 5 mN at 0.167 mN/s

« real creep data

= predicted data with
power law fit on B
predicted data with
linear fit on B
best fit of model to
actual creep data

5 10 15 20

creep period (s)

depth (nm)

4950

Predicted vs actual creep after loading to 97.63 mN at 5 mN/s
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_ i
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4450
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creep period (s)

—e—real creep d

—a— predicted (lir
fit on B)

predicted (pc
law on B)

best fit to ac

Reasonable agreement of predicted creep with actual
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A/d(0) = 0.0709x-0-0952 N,-Plll A/d(0) = 0.0651x-0-0816

HaluodHE 1/B = 0.3884x0.7123 UHMWPE  1/B = 0.4462x°6778

Creep on UHMWPE after loading to 100.25 mN at 5 mN/s Creep on PIlIl N2-modified UHMWPE after loading to 3mN at 1.22
mN/s
11600
1750
11400
1700

11200 1650 - e
_ ] —e—real cree
g . —e—real creep data T 1600 data
= 11000 pcd £ .
£ P = —=— predicted
3 / ) —=— predicted _§' 1550 (power fit

B
10800 (povaer law fit . bgst fit tc
on B) 1500 + & actual da
10600 best fit to
I actual data 1450 -
10400 ’ ‘ 1400 l ‘ ‘ \
0 5 10 15 20 0 5 10 15 20
creep period (s) creep period (s)
°

- Agreement between predicted Gradient in mechanical
and experimental creep properties after ion-implantation
responsible for poor fits
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The NanoTest solution: “isothermal contact”

" heatshield $AMPLe N
maghet — pendulum | l A/.—-msulatmg block
Ul
endulum — \ ~ aluminium

limit P ! W nitride block
imi

Stop resistance |

frictionless — 211 /... sample heater :
" holder control resistance heater

thermocouple  cement

pivot :
i
capacitor 4/ - di .;.l@:rdoenr —

plates Diagram of hot stage courtesy University of Cambridge

control thermocouple

 Horizontal loading configuration has key advantages for drift-free high
temperature testing — heat flows up away from electronics

« Separate heating of probe and sample ensure no heat flow occurs on
contact

 Nanoindentation and nano-scratch testing up_ to 750 C

Thermal drift minimal (under 0.01 nm/s at 500 C)

- A““Ilﬂﬂ‘ll\“o l“ ‘llﬁl f\l\llb l‘lﬂv'l ﬂf\ﬂ‘l“ﬂﬂ Tnf‘o enﬂAo “f\l\lml\vt‘ f\*ﬂ
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High temperature nanoindentation testing of PET film
samples of differing crystallinity

1. Undrawn PET film (amorphous; experimental non-heat set material from
U. Palermo)

2. Uniaxially drawn PET film (~33% crystalline; experimental heat set
material from ICIl; nominally additive-free)

3. Biaxially drawn PET film (~45-50% crystalline; commercial heat set
Melinex from ICI; additive-free)

Film Test temp/C
Amorphous PET 60 70 80 90 110
Uniaxial PET 60 70 80
Biaxial PET 70 80 90 110

Aim: By comparing the properties of the amorphous sample with other
PET samples of differing crystallinity we hoped to be able to deconvolute
effects of Tg and crystallisation
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MEASURING NANOTECHNOL OGY Elevated Temperature Nanoindentation and
Viscoelastic Behaviour of Thin
Poly(ethylene terephthalate) Films

Ashley Gray and Ben D. Beake*
Micro Materials Ltd., Byre Units 1-3, Wrexham Technology Park, Wrexham, LL13 7YP, UK

Investigating nanoscale
polymeric behaviour at
glass transitions...

0.3 4 -
-o— Uniaxially drawn PET film - Undrawn PET film
-&- Undrawn (Amorphous) PET film 3.5
0.25 1 & Biaxially drawn PET film

2.5 -
g
S 2-
w
1.5 1
onset of
1 recrystallizatior
glass
0.5 - transition
. region

60 70 80 90 100 1
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Amorphous PET Amorphous PET
50 nm creep at 60 C 3200 nm creep at 90C

noTest (NT2) Dwell Period Data Review

NanoTest (NT2) Dwell Period Data Review

F42 48— EB09-
535,00~ —
530.00-
. 525,00~ = %000
- 520,00~ = S
: &
" 515,00 z
51000 Sy
505 00- AT
500.00- {
495-?3'| 1 1 1 1 1 1 1 1 1 34 D—, | | | | | | | | |
0.0 200 40.0 E0.0 80.0 100.0 120.0 140.0 160.0 173.4 oo 200 40.0 EO.0 80.0 100.0 120.0 140.0 160.0 173
Time (=] Time (3]
IndentMumbers| 10 Masimur Load Indent Mumbar 5 1 Masimum Load
Dizplay Data At A Crweell Load (mM) 1.05 Dizplay Data At ’7 Patial Unioad Dwell Load (mi) 1.05
Cycle Number 1 AEne Cyele Mumber 1 i Witz
- Analysis — Analysis

¢ Fit Data to DM -0 =& Ln(Bt +17 ¢ Y S = = A )
C Fit Data to Dty - D(0) niBt+1] ) 9 Hard Capy C Fit Data to Dit) - D0} = A Ln(B.t +1) ) o Hard Copy )
A= |a.220 B = [0 6423654 Expot ) A=[133216  B= [n.08s4152 Eport )
e - =
Creep Compliance >> } Close ' Creep Compliance >> } Close )
A - = “~

* Fit to logarithmic creep equation in NanoTest s/w

«  Creep parameter (Alinitial depth) varies with temp ~ tan delta




~qp M!&:TRECI)R IALS High temperature creep

MEASURING NANOTECHNOL OGY

—a— Uniaxial PET
—e— Amorphous PET
—4— Biaxial PET

0 I 1 T
60 80 100

Test temp/C

«  Creep parameter (Alinitial depth) varies with temp ~ tan delta
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High values of A/d(0) only near Tg

A/d(0) [dimensionless]
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Can indentation be used to determine linear viscoelastic properties?

4.05

w
©
()}

* UHMWPE ...
385 M

3.8

w
©

Plasma treated UHMWPE

log (e) creep compliance (1/GPa)
w
'\,

g
o2}
a

©w
o

3.55

15 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 25
log (e) time (s)

(t) o A(t)/(P, tan 0)
P,/A(t) oo nominal indentation stress
e 1/tan 6 o nominal indentation strain
t) = projected contact area at time t J(t) o strain/stress

= effective cone angle of indenter
= Creep load




NanoTest dynamic
compliance testing module

ncludes lock-in amplifier and
sample oscillation system to
vibrate a sample and allow
the compliance to be
measured on a continuous
nasis

Nanoscale analogue of DMA

Collect raw phase angle data
wvith spherical or pyramidal
ndenters

Analyse with a 4-element
inear viscoelastic model

Determine loss and storage
modulus, indentation
complex modulus and tan
delta

‘ Dynamic mechanical compliance testing \

0.375
0.37 3\
\ tan delta = 0.017
5 0.365
° AN
<~ 0.36
o .
& 0.355 \
=
0. 035
\f\\‘
0.345
0.34 . . . .
1000 1500 2000 2500 3000 3500
Depth (nm)

Variation in phase signal with indentation depth for three
repeat tests on an epoxy sample.
Reproducibility of the data and its fit to the model is good

Displacement modulation based dynamic nanoindentation 1
viscoelastic material characterisation SP Singh, RP Singh and JF Smi
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High strain rate nanoindentation
“Nano-impact” testing

Experimental set-up for “pendulum impulse” nano-impact...

4:I:ﬂ-

coil
ﬂnﬂ diamond away

from surface

"

diamond
in contact

limit — L, with sample
stop i:I:l;['
frictionless — sample

t hold
Pull probe ﬂklm: <= PIve :D|ZI]EJ{:A/| e
from it A \ diamond
surface ciﬁ:fe:sm I holder
ﬂl;.:ﬂ:w solenoid ﬂq_=|]=u>
< —>
Ready for Impact After Impact

Swing in
and hit
surface at
high
strain rate

« Repetitive impact is analogous to a woodpecker pecking at a tree!
« Nano-impact is an accelerated fatigue wear test

Experimental variables include static force, impact angle,

P I B [ R - g M

4 - 4 - - L. - . O .. 4 __
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2000 ~

- LDPE
~PC
~ PTFE

-2000 -
-4000 -
-6000 -
-8000 -
-10000 -
-12000 -

Modelling to determine
viscoelastic properties
rebound curves

from

Collaborations with MIT, NPL

-14000 -
0.025

0.075

0.125

0.175 0.226 0.275
time (s)

0.325

0.37

« Single impacts for dynamic hardness, yield stress and viscoelastic

properties
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Combinatorial Material Mechanics:
High-Throughput Polymmer Synthesis

and Nanomechanical Screening™*

By Catkerine A. Tweedie, Daniel G. Anderson,
Robert Langer, and Krystyn J. Van Viier*

1. Nanoindentation on 576
polymers in only 24 hr

2. Rapid nanoindentation without
loss of precision

3. Nano- and micro-mapping is now
possible

4. MIT evaluate photocrosslinkable
and degradable polymers for
drug-delivery and tissue-
engineering scaffold applications

ADVANCED
MATERIALS

E[GP
8 [GPa]

1 23 45 6 7 8 91011121314 1516 ~ 1819 20 21 22 23 24

Minor Monomer

Figure 3. A d array ind n determination of elastic modulus £ for entire §76-ele-
ment polymer libra l}‘ :IN indentatic dt a were acquired and analyzed in 24hf strumant
time, with high pre daocu racy. b] Subarrays of major manomar S(bl ck); major monarmer
n {gr y] and major monomer 22 jwhite). Emor bars rej pres tth e maximum observed standard
deviation of 7.5% among the triplicate subarrays (show on major monomer 22 data for
clarity). L rge asterisks depict palymer 5 p ots lenlmum E f30% monomer 8] an d maximurm E
[3096monome 19 r 22) within a given subarray. Values of E are comparable to the range for mac-
ros copic, crosslinked polymers characterized by uniaxia It sting [25].

A Tweedle et aI Adv Mater 17 (2005) 2599-2604

4PN I PNPNPN NN NS 4 OA O PSNSS 4 S

“the absence of piezo-crystal actuation of the indenter
used herein resulted in frame compliance and
load/displacement signals that were extremely stable
and repeatable.” Adv Mater 17 (2005) page 2604
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Summary

Advances in nanomechanics instrumentation mean that it is possible
to obtain reliable raw data

Several interesting approaches to determine viscoelastic properties

Some work to be done!

Where NPL can help?

Provision of reliable tan delta information

Development of models suited to nanoindentation data
Joint development of new techniques (e.g. nano-impact)
Cross-correlation with other techniques

s




