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Indentation fracture experiments on aluminium-titanium nitride nanolaminates were conducted both inside and outside of a scanning
electron microscope (SEM). Remarkably, indentation fracture toughness increases with increasing strength for bilayer thicknesses
less than 10 nm. In addition, slower strain rates favour formation of lateral cracking while increasing rates favour formation of
radial cracks. SEM movies show that an increase in radial crack length does not occur during the unloading cycle; this is due to
flow of aluminium into the cracks during unloading and is a form of self-healing which should be applicable to metal-ceramic

nanolaminates in general.
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Introduction A single material rarely comprises both
high strength and high toughness. Therefore, composites
are traditionally used for applications that require supe-
rior values for both properties. But what happens when
this combination of properties is necessary at the small
length scales common in micro- and nanotechnology? In
many cases an increase in strength is observed as length
scales decrease, e.g. in thin films [1], micropillars [2],
freestanding nanostructures [3] and nanoparticles [4] to
name a few. This increase in strength generally results
in a corresponding decrease in toughness that translates
into the unpredictable or stochastic mechanical response
common at these scales [5—7]. The increase in strength
(and associated decrease in toughness) is due to a lack
of mobile defects in the small volume under stress while
the unpredictability is due to their random spatial distri-
bution. Therefore, at small length scales ductile materials
can behave as if they were brittle because the stress neces-
sary to initiate plasticity (yield stress) is much greater than
the stress necessary to continue the deformation (flow
stress). When this situation takes place at the nanoscale,
yield can occur as a displacement burst that is associated

with creation of new surface area. This event can be anal-
ogous to fracture since it produces very low strain energy
release rates even in the most ductile of metals such as
gold [5]. In some cases it is also possible to increase
toughness at small length scales [8,9]; many times this
increase in toughness depends on stress state that can
include high hydrostatic pressures. Here we show that it
is also possible to purposefully engineer a material with
a structure that does this inherently.

The motivation behind this work is to create a com-
posite material that has both high strength and high
toughness at the nanoscale all the while exhibiting pre-
dictable yield and plastic flow behaviour. Nanolaminates
are well suited for this and are a rather recent class
of material; the term ‘nanolaminate’ first appeared in
the mid-1990s and only gained popularity in the past
decade [10]. Their structure can be either thermodynam-
ically unstable [11] or amazingly stable [12] due to the
interface structure that begins to dominate mechanical
response at these small length scales. Recent work on
nanolaminates composed of alternating layers of Al and
TiN have exhibited co-deformation of the ceramic layers
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with the metal layers as layer thickness decreases below
Snm [13]. In micropillar compression tests of this mate-
rial the deformation is initially elastic in both the Al and
TiN components. The TiN remains elastic to strains of
up to 5%. This is possible because the Al component
initiates plasticity via a confined layer slip (CLS) mech-
anism with work-hardening rates between 30% and 50%
of its elastic modulus at strains between 2% and 5%.
These extremely high work-hardening rates approach the
theoretical maximum for thin films [14]. This type of
behaviour is also seen in Al-SiC nanolaminates [15].
In addition, nanolaminates can be tolerant to radiation
damage since the interfaces act as sinks for defects that
normally accumulate in coarse-grain materials [16].

In order to quantify deformation and fracture at the
small length scales that are important in the Al-TiN
nanolaminates it is necessary to characterize the mate-
rial at the same length scale, thus the applicability of
nanoindentation. Indentation has been used to quantify
the hardness, elastic modulus and fracture toughness of
materials for many decades. Its history in the USA can
be traced back to use by the US Army in the 1850s for
non-destructive hardness measurements of cannon bar-
rels using self-similar, hard indenter tips during the run
up to the US Civil War [17]. However, it was not until the
1970s that the first in situ indentation fracture toughness
experiments were conducted using an indenter combined
with an inverted optical microscope positioned such that
the tip-sample contact, deformation and crack formation
could all be viewed from below the sample [18]. Crack
growth during the full load/unload cycle could there-
fore be monitored allowing for insights into the fracture
response of these materials [19]. The two limitations for
this type of experiment are the relatively large size scale
necessary for optical microscopy and the requirement of
an optically transparent sample.

In the work presented here indenters both inside and
outside of a scanning electron microscope (SEM) are
used. SEM indentation addresses the limitation of pre-
vious in situ techniques (although it does impose some
of its own, e.g. the requirement of a conductive sam-
ple). In this way, crack growth at sub-100 nm resolution
can be recorded and made into movies during the entire
load/unload cycle which enables insights into the defor-
mation and fracture mechanisms that are active in these
metal-ceramic nanolaminates including the identification
ofunique self-healing mechanisms and the effect of strain
rate on the lateral /radial fracture system.

Experimental The A-TiN nanolaminates were used
as a model metal-ceramic system in this study. They
were deposited by a DC-magnetron sputtering system
with a base pressure of less than 5 x 1077 Torr. For the
Al deposition, the substrate was unbiased while 300 W
was applied to the Al target in an Ar atmosphere of
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4 m Torr giving a deposition rate of 0.83 nm/s. The TiN
was deposited using reactive sputtering of a Ti target
with 300 W of power in an Ar-N, atmosphere using
flow rates of 25 and 15 sccm, respectively, creating a
deposition pressure of 6 m Torr. This produced a depo-
sition rate of 0.06 nm/s for TiN. The laminates were
all 10 wm thick and deposited at room temperature on
{001} -silicon substrates. Four nanolaminates with differ-
ent bilayer thicknesses were tested in this study; AI-TiN
(90-10 nm), AI-TiN (9—1 nm), A-TiN (55 nm) and Al-
TiN (2-2 nm). In each case, Al was the top layer. Further
details on their fabrication and stoichiometry can be found
in References [13,20].

The structure of the nanolaminate is columnar; typ-
ically the column diameter is of the order of 100 nm,
significantly larger than the individual layer thickness.
When bi-layer thicknesses are under 10 nm, each column
can be considered to be a super-lattice since within an
individual column both Al and TiN exhibit {111 }-type
growth where the TiN grows epitaxially on the underlying
Al layer with the same orientation [21].

A total of three nanoindenters were used in this work.
An SEM in situ nanoindenter initially developed by Rabe
and co-workers at Empa-Thun [22] was used to image the
indentation process. Additionally, two standard indenters
available at the Center for Integrated Nanotechnologies
at Los Alamos National Laboratory (LANL), a Hysitron
TriboIndenter® with a high-load option and an Agilent
Nanoindenter XP®, were also used. For indentation frac-
ture testing a cube-corner geometry diamond tip was used
in all cases in order to drive radial fracture at the relatively
small loads and displacements necessary when dealing
with thin films. When possible the tests were run at a
constant indentation strain rate defined by Lucas et al.
[23] as:

(1

where ¢; is the indentation strain rate, h is the instanta-
neous displacement rate, 4 is the instantaneous displace-
ment, P is the instantaneous loading rate and P is the
instantaneous load. Using this relationship it was possible
to access indentation strain rates from 10! to 1073 s~
In order to estimate the indentation fracture tough-
ness of these laminates the equation proposed by Lawn

et al. [24] was used:
) ()

where Ky is equal to the indentation toughness as long as
the final radial crack configuration is in mechanical equi-
librium with residual stress field. The geometric constant
for indentation fracture using a cube corner geometry tip,
&..., has been shown by Pharr [25] to be approximately
0.04. Both elastic modulus, E, and hardness, H, are deter-
mined using the Oliver—Pharr method [26] prior to crack

E
H

Pmax
32

Kr = Ec.c. ( (2)
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Figure 1.

SEM images of indentations into the various nanolaminates, where (a) is AI-TiN (90—10 nm), (b) is AL-TiN (9—1 nm)

and (c) is AL-TiN (55 nm). An image for AI-TiN (2—2 nm) is not shown but is similar to the (55 nm) laminate. All indents shown

here were conducted at an indentation strain rate of 1072 s~! as defined in Equation (2).
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Figure 2.

Schematic of the AI-TiN nanolaminate response to indentation strain rate, ¢;, when indented with a cube-corner geometry

tip. The (90—10 nm) laminate shows only shear bands as indicated at point b above while there is no cracking at point a. Both the
(2-2nm) and (5-5nm) laminates show only radial fracture indicated by the hatched region at point e. Much slower strain rates

would produce shear bands. The (9—1 nm) laminate shows a transition at a strain rate of less than 103

to a mixed lateral /radial system at higher strain rates.

generation while Py, is the maximum load and c is the
crack length as measured from the centre of the indent to
the end of the surface trace of the crack determined via
plan-view SEM images.

Results and Discussion The differences in the inden-
tation response of AI-TiN of different bilayer periods
during similar loadings are shown in Figure 1, where each
indent reached approximately 6 pm in maximum depth
and was conducted at an indentation strain rate of approx-
imately 10=2 s~!. Both the pile-up and cracking are vastly
different for each nanolaminate at this indentation strain
rate; however, the behaviour is actually consistent in
that each laminate exhibits a segment of the indentation-
induced lateral /radial fracture system. A schematic of the
full fracture system is depicted in Figure 2.

104

s~! from only shear bands

It is currently thought that given a wide enough
range of indentation strain rates, each nanolaminate
would exhibit the entire lateral /radial fracture behaviour
depicted in Figure 2. However, due to the limited strain
rates available, each nanolaminate exhibits only a portion
of the fracture system as will be described below.

Beginning with the largest bilayer thickness, the
Al-TiN (90—-10nm) shows only shear band formation
along the face of the indenter, an example of which
can be seen in Figure 1(a) and in the supplemental
movie (90 nm10 nm.mpg). These shear bands can also be
thought of as lateral fracture planes. As the strain rate is
decreased the spacing between shear bands in the AI-TiN
(90—10 nm) laminate decreases as well. If the strain rate
were orders of magnitude higher, for example, a ballistic
rate of the order of 10°s~!, radial fracture would most
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Load-displacement curve and corresponding SEM images of the indent from the AI-TiN (9—1 nm) nanolaminate. Slow

strain rate favours formation of lateral fracture, i.e. shear bands. Image A shows no radial crack at 75 mN. By 92 mN an embryonic
radial crack can be seen. This radial crack is consumed by the shear band that forms on the left-hand face of the indenter by 109 mN.
Permanent radial fracture occurs at 170 mN in conjunction with the large displacement burst above. This video is available online.

likely occur. For example, fracture and spalling of pure
Al occur at these rates, albeit at larger length scales [27].
Since radial fracture was not possible for this bilayer
thickness, the concept of indentation fracture toughness
as defined by Equation (2) was not applicable in this case.

At the other end of the lateral/radial fracture sys-
tem is the behaviour of both the AI-TiN (2-2nm) and
(55 nm) nanolaminates depicted in Figure 2. Here, both
laminates show only radial cracking for indents up to
6 wm in depth; an example can be seen in the supplemen-
tal movie entitled 5 nmS5 nm.mpg. It is thought that much
slower strain rates would be necessary for lateral shear
band formation for these nanolaminates. For example,
rates of the order of 107!°, such as those active in plate
tectonics, would produce lateral cracking. At the strain
rates available there was no change in fracture toughness
since there was no change in deformation mechanism.
However, this is not the case for the AI-TiN (9—1 nm)
nanolaminate.

By far the most complex and interesting deformation
is exhibited by the AI-TiN (9—1 nm) nanolaminate. At a
strain rate of approximately 10~3 both lateral and radial
fracture mechanisms are active as can be seen in the movie
9nml nm.mpg. Three frames have been extracted from
the movie and are displayed in Figure 3 along with the
relevant load-displacement curve; the first frame is at a
load of 75 mN, the second at is 92 mN and the third is at
109 mN.

In the first frame at 75 mN there is no radial crack.
By 92mN two events have taken place; first a shear
band begins to form on the right face of the inden-
ter; second, an embryonic radial crack is beginning to
form at the tip’s apex. This crack is stable and does
not extend. What happens is the shear band to the right
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continues to grow and one on the left face of the inden-
ter forms by 109 mN. The formation of the left shear
band actually consumes the embryonic radial crack. A
permanent radial crack does not form until 170 mN; this
corresponds to a rather large displacement excursion on
the load-displacement curve. For the AI-TiN (9—1 nm)
nanolaminate, a strain rate lower than 10~3 s~! exhibits
only lateral shear bands while an increase in strain rate
decreases the load necessary for permanent radial crack
formation by about half. It is clear that shear bands are
forming at the expense of radial crack formation as the
strain rate decreases. This behaviour increases the lami-
nate’s apparent indentation fracture toughness as defined
in Equation (2) by roughly 50% when the strain rate
decreases from 1to 1073 s~! as can be seen in Figure 4. As
noted by Cook and Roach [28] lateral fracture planes act
to decrease the constraint imposed on the plastic deforma-
tion zone by the elastic matrix through decohesion and
uplift of the plastically deformed material. The slower
strain rates favour lateral shear bands and therefore radial
fracture is decreased. For thin films, strain rate has been
reported to influence the flow stress of nanocrystalline
metals [29,30], and in future work we will be investigat-
ing the effect of strain rate on the fracture of metal-ceramic
nanolaminates in stress states other than indentation.
When comparing the indentation fracture toughness
data taken at a strain rate of 1073 s~! in Figure 4 with the
hardness of these films reported in a previous study [13],
the indentation fracture toughness of A-TiN nanolami-
nates with bi-layer thicknesses less than 10 nm actually
increases in conjunction with indentation hardness as
seen in Figure 5. An increase in hardness (and strength) as
length scale decreases is rather ubiquitous as mentioned
above in the Introduction. In particular, for metal-ceramic
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Figure 4.

Indentation fracture toughness as defined by radial fracture for laminates with bilayer thicknesses less than 10 nm. Error

bars represent one standard deviation. Both AI-TiN (22 nm) and (55 nm) are insensitive to strain rates in this range. The (9—1 nm)
nanolaminate shows a 50% increase in toughness as strain rate decreases from 10! to 1073 s~! due to an increased propensity to

form lateral shear bands which suppresses radial fracture.
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Figure 5. Measures of indentation fracture toughness (solid

symbols associated with right y-axis) at a strain rate of 1073
scales with hardness (open symbols associated with left y-axis)
for laminates with bilayers less than 10 nm in thickness indicat-
ing that stronger can be fougher at the nanoscale.

nanolaminates this increase in hardness can be related to
changes in the dominant dislocation mechanism in the
metal component as bi-layer thickness decreases [31].
When the Al component has a thickness greater than
approximately 30 nm, dislocations form pile-ups within
the Al. During this process, the TiN is mainly undergoing
elastic deformation. As the Al layer thickness decreases
to below ~30nm, pile-ups are not possible and dislo-
cations are accommodated by the CLS mechanism. The
Al is confined by the TiN that is still undergoing only
elastic deformation. This confinement generates the high
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work-hardening rates in the Al and CLS is the dominant
mechanism for Al thicknesses in the range from 30 nm
down to approximately 5 nm at which point the stresses
necessary for dislocation motion within the aluminium
becomes so high that it is energetically favourable for
the dislocations to transmit across the AL-TiN inter-
face, enabling co-deformation of the metal and ceramic
layers [32].

While the increases in hardness and strength
described above are well understood, the mechanisms
behind the increase in indentation fracture toughness
as length scale decreases are rather obscure. This is
because fracture deals with long-range interactions of
unit-deformation processes while strength can be mod-
elled by considering the individual processes. Therefore,
the following discussion must include some conjec-
ture. The question is, do the dislocation mechanisms
that control strength and hardness also control indenta-
tion fracture toughness? The confinement of a ductile,
work-hardening layer between ceramic layers that are
undergoing only elastic deformation presents an interest-
ing situation once cracks are introduced into the ceramic.
After confinement of the aluminium has been breached,
the aluminium acts to plastically flow to blunt crack tips,
which in some cases involves flow into the crack. Similar
behaviour has been seen in Al-SiC nanolaminates [33]
where both experiments and finite element simulations
of the indentation process show that the aluminium layer
continues to deform during both the loading and unload-
ing processes. Figure 6(a) shows an SEM image of an
indent into the Al-TiN (5-5nm) nanolaminate. This
indent was originally loaded to 1 N that equated to a depth
of 9 wm. It was then unloaded and followed by a reload.
The cracks were formed during the original loading and
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Figure 6. Self-healing mechanism active in metal-ceramic nanolaminates: (a) A large indent into the (5-5nm) laminate (1 N
maximum load) which was then unloaded followed by a reload. In this case, aluminium can be seen to have filled the cracks. Cracks
do not grow upon unloading in the (55 nm) laminate as can be seen by comparing (b) which is taken at the maximum load (318 mN)
for a smaller indent to (c) where the indenter tip is completely unloaded. For a semi-brittle material like silicon this is not the case
since cracks do extend upon unloading as can be seen when comparing (d) which is an indent into Si (001) with a load of 102 mN

compared to (e) which is during unloading at 20 mN.

then sometime during the unloading/reloading process;
aluminium flowed into the cracks effectively self-healing
the radial fractures. Aluminium flow will obviously lead
to a tougher film and explains why cracks do not extend
upon unloading as can be seen when comparing the
SEM-indentation images taken from the supplemental
movie of the AI-TiN (5-5 nm) indent at maximum load
in Figure 6(b) to the same indent directly after unloading
in Figure 6(c). To compare, an example of crack exten-
sion in silicon during unloading of an indent is shown in
Figure 6(d) and 6(e); a movie of this indent is available
in the supplemental information and is entitled Si.mpg.
This type of extension is very common in traditionally
brittle materials [34].

The aluminium reflow mechanism can explain
toughening for both the A-TiN (5-5nm) and (9—1 nm)
laminates. However, in the case of AI-TiN (2-2 nm) lam-
inate co-deformation of TiN with Al may be the key factor
in suppression of crack initiation.

Conclusions Indentation fracture experiments on Al—
TiN nanolaminates with bilayer thicknesses of less than
10 nm show that indentation fracture toughness, as mea-
sured from the length of the radial cracks, increases
with increasing strength and hardness at decreasing layer
thicknesses. The (55 nm) and (2-2 nm) laminates have
toughness values of approximately 2.0 and 2.5 MPa-m'/2,
respectively. These values are not sensitive to indentation
rate in the range of 10'~1073s~!. The (9—1 nm) lami-
nate does show a 50% increase in toughness (from 1.0 to
1.5MPam!/?) as indentation rates decrease from 10'to
103 s~! due to the increased shear band formation at
the expense of radial cracking at lower strain rates. In
all cases, radial crack extension upon unloading was not
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observed. It is thought that this is due to the flow of
aluminium into the crack tip. This is a form of self-healing
which should be applicable to metal-ceramic nanolami-
nates in general. For layer thickness greater than 10 nm,
only shear bands were observed (no radial cracks) and
hence indentation toughness values (from the Lawn ef al.
equation) could not be estimated.

Supplementary online material A more detailed
information on experiments is available at http://dx.doi.
org/10.1080/21663831.2013.783515.
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