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ABSTRACT

Carbon fibre reinforced polymer composite has been widely used in structural component due to
the high specific axial modulus of carbon fibre. However, the transverse Young’s modulus is much
lower and not well studied because of the extremely small diameter (~5 pm). In this work, flat test
surfaces on carbon fibre IMS65 were fabricated using focused ion beam. The transverse Young’s
modulus was measured by nano-scale indentation tests, which were performed on fabricated flat
surfaces, using both atomic force microscopy and nano-indentation. The surface damage induced by
the high energy ion beam was also assessed.

1 INTRODUCTION

Carbon fibre, which has the highest specific modulus in axial direction, is one of the best materials
for lightweight structure applications. Because carbon fibre is made of graphite crystals, it is also able
to be used as anode material in lithium ion battery, where graphite is commercially used. Based on the
multifunctionality of carbon fibre, structural battery is designed as an electrical energy storage multi-
functional composite material [1]. However, the mechanical properties in transverse direction were
less studied due to the extremely small diameter (~5 pum) of carbon fibre. Good knowledge of
transverse mechanical properties of carbon fibre is beneficial for any application including structural
battery, where carbon fibre acts as structural load carrier. It has been suggested that the transverse
Young’s modulus of carbon fibre may increase threefold after lithium intercalation [2]. Such increase
in transverse modulus of carbon fibre would result in up to 43% increase of the transverse Young’s
modulus of whole structural battery composite [3]. Therefore, in order to accurately model the
mechanical properties and the internal stresses of structure battery, an accurate and reliable method to
measure the transverse Young’s modulus of carbon fibre is required for future study.

In present work, the transverse Young’s modulus of carbon fibre IMS65 was measured by nano-
scale indentation tests in transverse direction using atomic force microscopy (AFM) and nano-
indentation. Flat surfaces on carbon fibre were fabricated and cleaned using focused ion beam (FIB).
The surface damage induced during milling process was also studied and discussed. In the future, the
established experimental method will be employed to measure both pristine and lithiated carbon fibres.

2 EXPERIMENT AND ANALYSIS METHODS
2.1 Sample preparation

Flat surface on carbon fibre was fabricated using focused ion beam as shown in Fig. 1. In this
work, Versa 3D produced by FEI company was employed. A single IMS65 carbon fibre was picked
and glued onto a silicon wafer with silver paint. The specimen was then transported into the FIB-SEM
and coated with beam ion assisted Pt deposition in a 5x25 pum area on both sides of carbon fibre at the
milling position. The Pt coating is needed to protect the surface in the milling process and to fix the
test part during the following indentation tests. In FIB-SEM, accelerated Ga* ions shoot on the carbon
fibre in a direction parallel to the silicon wafer substrate and knock out carbon atoms. One should be
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aware that FIB milling generally induces amorphous surface damage and Ga implant, which has been
observed in silicon using transmission electron microscopy (TEM) [4]. To thin down the amorphous
surface damage, milled surfaces were then sputtered by 5 keV Ga* ion beam with current 77 pA and
incident angel of 7° in 3 mins. The milling process is described in detailed in Fang’s work [5].

Figure 1: Flat surface milled by FIB.

2.2 Indentation test

Indentation tests have been widely used to determine mechanical properties, such as elastic
modulus and hardness [6]. In this work, both AFM and nano-indentation are employed to preform
indentation tests on the FIB milled flat surface on carbon fibres.

The indentation test in AFM was performed using MultiMode III with Picoforce extension (Veeco
Instruments, Santa Barbara, CA, USA). Diamond tips (NM-TC, Brucker) was selected with tip radius
around 30 nm. The tip was placed in the center of the flat surface. The ramp distance was set to 1 pm
with ramp rate 200 nm/s. Each surface was measured by 20 indentations at different positions. Both
sapphire and HOPG thin films (Brucker) were measured as reference materials. A schematic diagram
of AFM is shown in Fig. 2 (left). During the test the deflection voltage AV and piezo displacement o
are recorded. The force F and indentation displacement & were calculated using software AFM
ForcelT v3 (ForcelT, Sweden) with following Equations:

F=kxox AV {1}
§=d—o x AV (2)

where k is spring constant, d is the displacement of sample holder and o is detector sensitivity, which
need to be calibrated by using reference materials.

The nano-indentation tests were performed using Bruker’s Hysitron TI 980 TriboIndenter with test
force 1000 puN, which results in 80-100 nm indentation depth. The tip shape is accuralty measured
with SPM (Scanning probe microscopy). Polycarbonate (PC) sample was used as reference material.
The indentation tests were performed in a raster over on FIB milled surface with a step size 400 nm. A
schematic diagram of nano-indentation is shown in Fig. 2 (right).



Figure 2: Schematic diagram of AFM (left) and nanoindentation (right) instruments.

To evaluate the cleanning process and remaining surface damage, indentation tests were perfomed
also on a sample without the final cleaning step. The indentation results on cleaned and non-cleaned
surface from AFM were compared to prove the existence of the amorphous layer. Indentation tests on
cleaned surface were performed using both AFM and nano-indentation. Because the indentation depth
in two instruments are different, the indentation results from AFM and nanoindentation can be used to
compared to estimate the effectivity of the cleaning step.

2.3 Analysis models

From each indentation test, a loading and unloading curve is captured. A typical indentation load-
displacement curve is shown in Fig. 3. Both Hertz model and Olive & Pharr model were used to
analyze the indentation curves in this work. The main difference between the two methods is the data
to be used. Hertz model use the elastic loading part, while Oliver & Pharr only considers the initial
unloading part.

loading

Load, P

unloading

Y

Displacement, h

Figure 3: Schematic illustration of indentation force-displacement curve [7]. The initial elastic
loading part can be analyzed with the Hertz model, while the Oliver & Pharr model can be used in the
initial unloading part.

Hertz model

Hertz model describes pure elastic contact behaviour between an indenter probe and an infinite half
space. In this work, it was selected to analyze the data from AFM tests due to the extremely low
indentation depth (~5 nm), where pure elastic deformation is expected. As proof for pure elastic
behaviour is the unloading curve exactly overlap the loading curve in AFM tests. From an indentation
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force-displacement curve, the effective Young’s modulus is extracted by fitting the curve according to
following equation,

. — :
F= EE*\.-RSE (3)

where the F' is the load force, R is the tip radius, ¢ is the indentation displacement and E* is the
effective Young’s modulus of specimen. The tip radius needs to be calibrated by the reference
material. In this work, Eq. 3 was further transformed into linear relationship by power 2/3 on both

sides as
4R _
- (”T E.“’) 8 (4)

E* can be calculated from the slop of F?3-§ curves [8]. The real Young’s modulus can be
transferred from E* through the following relationship,

t A—p? ea?
E* E E

s
walra

F

(5)

where v; and Ej are the Poison ratio and Young’s modulus of indenter, and v and E are the Poison ratio
and Young’s modulus of the sample. An additional benefit from Hertz model is that it can be modified
to analyze orthotropic material with routine suggested by Swanson [9], which has been proved
working successfully in our following work.

Oliver and Pharr model

The force-displacement curves from nano-indentation were analyzed by Oliver & Pharr model [7]
due to a much deeper indentation depth (~100nm) where the loading curves are considered to be
elastic-plastic. Considering the much deeper indentation depth and cleaning process during specimen
fabrication, influence of the surface damage layer is assumed to be neglectable. The unloading curve is
fitted by a power-law equation suggested by Oliver & Pharr,

P=alh—hs)" (6)

where a and m are fitting parameters, /¢ is the end indentation depth of unloading curve. The contact
stiffness S is defined as the slop of the initial unloading curve as shown in Fig. 3:

e dP
" dh (7)
Furthermore, the effective Young’s modulus E” can be calculated from the contact stiffness S as
5 '.,-"'_JT ;
E* = (8)
28./Ac

where £ is geometry factor of the indenter and A. is the contact area, which can be obtained by SPM.
Once the effective Young’s modulus is known, the Young’s modulus of sample can be calculated with
Eq. 5.

3 RESULTS
3.1 Indentation test from AFM

Indentation tests on both non-cleaned and cleaned surface were performed in AFM. Twenty curves
were captured for each sample. The indentation depth under 1800 nN is around 5 nm. The tip radius is
calibrated as 52.70 nm. Due to the thermal drift, approximate 1 nm shaking of the displacement can
not be avoided, which causes scattering results as shown in Tab. 1. However, the force-displacement
plots still show a good consistence between all indentation tests as shown in Fig. 4 (a). The influence



from thermal drift can be minimized by increasing the number of groups of data because it is statically
random and can balance each other. The average effective Young’s modulus £* from 20 tests on non-
cleaned surface is 13.39+2.34 GPa. With an assumption of Poisson’s ratio as 0.28, the transverse
Young’s Eris calculated as 14.53+2.51 GPa using Eq. 5.

Effective Young’s Effective Young’s Effective Young’s
Test Nr. modulus E /G%a Test Nr. modulus E” /G}%a Test Nr. modulus E* /GIg’a
1 11.34 8 15.45 15 16.40
2 14.11 9 10.71 16 10.36
3 15.47 10 11.56 17 10.22
4 15.03 11 13.25 18 14.96
5 11.24 12 10.61 19 14.70
6 18.00 13 10.98 20 15.36
7 14.88 14 13.20

Table 1: Effective Young’s modulus of IMS65 non-cleaned sample in AFM
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Figure 4: a) Indentation curves on IMS65 non-cleaned surface from AFM tests, b) linear fitting of
indentation curves in F?3-§ plots (fitting force range from 200 to 2000 nN).
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Figure 5: a) Indentation curves on IMS65 cleaned surface from AFM tests, b) linear fitting of
indentation curves in F?3-§ plots (fitting force range from 200 to 2000 nN).

The indentation curves from cleaned surface are shown in Fig. 5 and the effective Young’s
modulus E” were extracted with calibrated tip radius 30.09 nm as listed in Tab. 2. The average E" on
cleaned surface turns to be 24.26+4.24 GPa, which is corresponding to a Er of 26.32+4.61 GPa. This
result is much higher than that from indentation tests on non-cleaned surface. The only difference
between two experiments is the low energy Ga® cleaning process. The higher result from cleaned
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surface indicates an existence of a softer amorphous damage layer on non-cleaned surface and prove
the cleaning process can thin down this damage layer.

Effective Young’s Effective Young’s Effective Young’s
TestNr. modulus E” /Glg)a TestNr. modulus E” /G%a Test Nr. modulus E” /G}g)a
1 26.89 8 31.96 15 20.96
2 26.15 9 22.02 16 20.97
3 23.47 10 22.60 17 33.22
4 19.75 11 29.32 18 25.82
5 17.91 12 20.65 19 25.74
6 29.27 13 24.04 20 19.48
7 21.09 14 23.90

Table 2: Effective Young’s modulus of IMS65 cleaned sample in AFM.

3.2 Indentation test from nano-indentation

Comparing with the indentation test in AFM, nano-indentation tests were performed at a much
larger indentation depth (80-100 nm). The influence from the thermal drift and amorphous damage
layer can be neglected in these tests. A map with effective Young’s modulus E” of fibre IMS65 is
shown in Fig. 6. The homogeneity is shown by the consistent results over the surface. E increases at
the edge of the carbon fibre, where the milled surface cannot be considered as infinite half space
anymore due to the presence of Pt coating. Furthermore, due to the circular cross section shape, the
thickness of the carbon fibre close to the edge is also not enough to fulfill one of the assumptions in
Oliver & Pharr model, which requires the thickness of the half space should be at least 10 times higher
than the indentation depth. The effective Young’s modulus £ results in the middle area (marked in a
red frame in Fig. 6) are collected as valid resource, which gives an average E equal to 24.63+0.67
GPa and Erequal to 26.73+0.72 GPa. Those results are consistent with the AFM tests on cleaned
surface, where only 0.37 GPa and 0.41 GPa difference are found in E* and Er, respectively. The
consistence between AFM and nanoindentation results on cleaned surface indicates that the cleaning
step decrease the thickness of the amorphous layer, which eliminates the influence from the softer
amorphous layer on the indentation results.

Er - Modulus (Gpa)
302 396 370 382 376 342 365 373 393 416 368
442 401 425 412 400 394 382 410 378 410 348
_4BQ _498_475_ 484 452 497 _499 _525_ 532 549 354
289 302 313 305 317 317 337 319 330 345
251 255 262 252 263 264 272 259 276 284
245 247 256 245 238 251 243 254 249 255
239 243 247 241 234 248 241 249 234 250
250 248 242 241 231 245 239 251 234
242 242 240 243 237 246 241 244 245 B
231 247 240 246 237 246 245 243 247 248
234 245 243 251 249 251 242 243 248 252
232 245 237 251 248 244 251 249 249 253
235 242 237 242 252 247 253 242 249 247
250 243 242 249 257 251 250 250 252 252
250 257 248 248 257 248 258 243 254 249
255 264 252 255 255 248 258 254 257 249
260 264 269 259 260 248 269 255 271 252
281 274 278 272 271 258 276
2 363

Total length =6.8um

Total Width =4um

Figure 6: Effective modulus £* from Nano-indentation tests (results in the red frame are considered
as valid results).



4 CONCLUSIONS

In this work, the transverse Young’s modulus ET of carbon fibre IMS65 was measured by both
AFM and nano-indentation. It is proven that the high-energy ions milling process can damage the
turbostratic graphitic structure and cause the formation of amorphous surface layer which is softer than
the non-damaged crystal structure. However, a cleaning step with low energy Ga+ ions eliminates
most of the amorphous layer. Both AFM and nanoindentation provide very consistent result on
cleaned specimen despite different indentation depths and different analysis models. The extracted ET
15 26.32+4.61 GPa and 26.73+0.72 GPa from AFM and nanoindentation, respectively.
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