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Abstract

Microstructure-related local deformation and
fracture behavior was evaluated using in-situ atomic
force microscope (AFM) observation and
nanoindentation techniques for a discontinuously-
reinforced Ti-6Al-4V composite. . The material used
was a TiB whisker and TiC particle reinforced Ti-
6Al-4V composite. The ewolution of surface
roughness and slip band spacing was quantified as a
function of applied strain. The microstructural
damage during tensile loading was also studied.
The results from in-situ AFM observation during
tensile loading clearly show that the formation of
slip bands in the Ti-6Al-4V matrix was clearly
observed at the applied strain above 1.3%. The
amount of slip bands and surface roughness
increase with increasing applied strain. The rupture
of TiC particle and multiple cracking of TiB
whiskers were observed at the applied strain above
1.9%. The interaction of slip bands with the
reinforcements, and mechanisms of deformation and
fracture of the composite were elucidated.

The hardness and the modulus of the TiB
whisker and the matrix phase were evaluated
quantitatively by nanoindentation. The load-
penetration curve of the TiB whisker at the peak
load of 2000 mN clearly shows a significant pop-in
event at approximately 1270 mN. The measured
pop-in load was found to vary between 1200 and
1800 mN.

1 Introduction

Discontinuoudy reinforced titanium
compostes with high drength, high giffness and
low dendity are promising materials for aerospace
and automative goplications. Titanium monoboride
(TiB) is attractive because of its high hardness and
giffness, its low densty and chemical stability with
titanium madrix. Furthermore, during powder-
meallurgy processng, TiB reinforcement can be
synthesized in-gtu within titanium alloy marix by
the solution of TiB, particles and subsequent re-
presentation of TiB whisker [1-3]. Underganding
the micromechanisms of deformaion and fradture is
necessary to coondder the oomposte pradical
applicaions. It is very widely recognized tha the
mechanical properties of the composte maerialsare
srongly affeded by local events such as voids
nucleation & the reinforcement/méarix interface,
fradure of the reinforcement, initiation and
propagaion of marix shear dip bands and the
linkage of these local damage [4]. The efficiency of
the dress transfe from the matrix to short fiber
reinforcements such as whisker or paticle plays an
important role in deermining the mechanical
performance Gorsse and Miracle [5] showed tha
the strengh and ductility of TiB whisker-reinforced
titanium composte (TiB/Ti) associgded with the
microdrucure and the reinforcement distribution,
and damage occurred from large-szed or clustered
whiskersat low strain levels and propaga ed through
the whiskers raher than & the reinforcement/matrix
interface. Soboyejo & a. [6] showed tha
predominant faigue cradk growth mechanism of
TiB/Ti composte was the onsg of transverse
cracking across the TiB whiskers and the TiB
whisker bridging which operaed behind the crack
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To underdand the fradture behavior, in-stu
scanning eledron microsoope (SEM) observaions
have been caried ou for TiB whisker reinforced
titanium aloy marix compostes (TiBw/Ti) [7.8].
Although in-situ SEM observaion technique have
given some very interesing reaults, thee are no
repots regarding the effed of surface nano
deformation on the damage and fracture processes in
discontinuoudy reinforced titanium compostes is
not fully understood.

The a@omic force micosope (ARM) is a
powerful tool to analyze the charaderigics of three-
dimensonal surface feaures with nanomeer
dimensons. Using in-stu AFM ingtead of in-stu
FEM observation has several advantages. (i) both in-
plane and ou-of-plain deformation can be evaluae
smultaneoudy & the nanoscale resolution, (ii) the
expaiments are carried out in anbient condition
without vacuum, (iii) the eledrical conductivity for
maerials is not necessary. AFM has been used to
observe dip bands produced by satic and fatigue
loading, and to gfudy the mechanisns of faigue
crack initigion and damage evoluion in severa
different metallic aloysincluding aluminum, copper
and gainless steels[9-12].

On the other hand, it is now wi dely recognized
tha fedures in nanoindentaion load-pendraion
curves can provide valuable indights into the
repponse of maerials during deformaion. For
example, dgnificat features in the load-pendraion
curve can be associaged with microstructural events
including cracking, initigion and propagation of
didocations [13, 14]. However, there is no
expaimental investigation on damage nucleaion in
the reinforcementsof the TiB/Ti composites.

In the present gudy, direct observaion of
nano-scale  deformaion in  discontinuoudy

Fig.1 Microgrucure of the composite.
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reinforced Ti composte during tensle loading was
conducted by an in-stu AFM observaion. The
nano-mechanical response of the TiB whisker was
invedigated using nano-indentation.

2 Experimental Procedure

2.1 Composite Material

The composite material used in this Sudy was
an ingtu TiC and TiB reinforced Ti-6Al-4V
composite produced by Crucible Research LLC
(Pittsburgh, PA). The composition of the alloy was
Ti-6Al-4V-11B-0.8C (al in weight pecent). The
pre-alloyed powder reinforced with TiB and TiC
was produced by adding boron and cabon to a
titanium alloy melt via induction skull melting
followed by inet-gas a@omizaion. The atomized
powder was consolidated using hot isogdic pressng
(HIPing) & 1000 °C followed by extruson &
1095 °C into a plae. A typical example of the
polished extruded section of the composite is shown
in Figure 1. The sample was cut direaly from the
extruded bar and was polihed and eched with a
solution of water, nitric acid, and hydrofluoric acid
in proportions of 85:10:5. The microstructure
consgs of TiB whiskers with diameers ranging
from 0.2 to 3 um (the average sze: =1.6 um), and
the equiaxed TiC particles with diameters ranging
from 3-5 um. The effed of extruson in aligning the
TiB whisker inthe direction of extruson is apparen.
Thevolumefradion of TiB whiske and TiC particle
inthecomposteiscloseto 55 and 4 %, respedively.
The particles presented irregular shapes, with shap
corners, and were usually oriented with their longer
axisin the extruded direction.
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Figure 2 Shape and dmensonsused for in-
Stu observaion.
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2.2 In-situ AFM O bservation

A special loading device was built to fit in the
AFM (AuoProbe M5, Nihon Veeco Corp.). The
maximum loading cgpacity of the device is 2KN.
The load increment was controlled precisely by a
sepping motor. The specimens for in-dtu tensle
teds were prepaed using electrical discharge
machining method with loading paallel to the
extruded direction. The central pats of the
specimenshad a dog-bone shape with awidth of 2.5
mm and a thickness of 1.2 mm as shown in Figure 2.
To alow adirect observaion of damage progresson,
one surface of the specimen was progressively
polished with diamond paste up to 0.25 mm, and
was finally polished with a olution of
MASTERMET (Buehle, Ltd) which has a SO,
particle size of 60 nm in an agueous base (10 pH),
hydrogen peroxide, and anmonia weter of 92:4:4.

A drain gauge was also mounted on the back
side of the specimen to record the elongation during
tendle loading. Thetest was conducted & a cross
head speed of 0.01 mm/min. The loading was
sopped dter a predgermined amount of drain
increment to allow AFM observaion of surface
deformation as indicated by arrows in the Figure 3
with a dress-strain curve The tip was scanned
across a snall surface area to sample the surface
topogrgohy with anon-contad mode at a frequency
of 320 KHz, and aresolution of 512x 512 pixels. To
minimize aeep deformaion in ar during in-stu
AFM observaion, the gpecimen was unloaded to the
elagtic deformaion region (around 500 MP3g). The
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Figure 3 A typical dress-strain curve of the in-

StuTiB andTiC reinforced T i-6Al-4V
composite.

surface roughness profiles and surface average
roughness amplitude, Ra, were analyzed by built-in
software.

The surface average roughness amplitude, R,
was defined as:

1w b
Re=" : L:|f(x,yﬂdxdy, )

where f(x, y) is the surface fundion of the
roughness profile relaive to the cente plane and
Lx end Ly aethe measured leng hs for loading and
recdangular to the loading direction, respectively.
The optical microscope equipped with a CCD
camera was used to find the appropriae mak on
the center of the specimen.

The optical micoscope equipped with a
CCD camera was used to findthe appropriate mark
onthe center of the specimen. The fradture surface
was examined by a scanning electron microscope.

2.2 Nano-Mechanical Properties

Nanoindentaion experiments were carried
out usng a Hysdtron, Inc. Triboindenter. A
Berkovich indenter was employed, and the tip
truncation was calibrated usng a reference
specimen of fused dlica. Anayses for the tip
calibration and the calculation of nanohardness, Hn,
were conducted using the Oliver and Phar mehod
[15]. The reduced modulus, E,, was also calculated
by an analyss of an unloading curve, and is
expressed as

1 1—v2+l—vm2

: 2
E E E. i @

where Eg and v are Y oung’s modulus and Poisson’
s ratio for the pecimen and E;y and v,y ae the
same paranders for the indenter. T he probed sites
and the shape of the indent marks on the pecimen
surface were confirmed before and d&ter the
indentation measurements with the scanning probe
microsoope (PM) capahilities of a Triboindenter.
The obtained S°M images are represated not asa
topographic image but as a gradient image in this
study because the indent marks can be seen more
clearly inthe gradient images.

3 Results and Discussion
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cracking [

Figure 4 Theevolution of surface morphology andtheroughness height derivative image of the composite
reinforced with TiB whisker observed under a ARM & three differatt dtrain levels. (@) and (2°) g = 0.8%, (b)

and (b’) & =1.9%, (c) and (C’) &, = 4.7%.

3.1 Nano-Scale Surface Damage Evolution

The evolution of surface morphology with the
roughness height derivaive image observed under a
AFM at three differet gtrain levels, .= 0.8, 1.9 and
4.7 % are shown in Figures 4. In the surface
morphology image, the reinforcement on the surface
can be clearly seen before draining, but the details

of damage evolution such as cracking of whisker
and marix dip bands with inaeasing the strain is
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Figure 5 Change of surface roughness at the

different regions as afunction of gpplied grain
with stress-gtrain curve of the composite.

obscured due to the presence of large surface
roughness. The roughness height derivaive image
can reolve the ddails of such damage events, as
indicated by (@), (b’) and (¢) in the figures,
respedively. no dip band was observed at a strain
level of 0.8 %, snce it is dill within the elagic
deformaion regime. As the applied srain was
increased to beyond the elastic range, dip bands
were observed at a drain level of 1.3% Cracking of
TiB whisker (as indicaed by black arrows in
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Figure 6 Relative surfaceroughness profiles of a
linein Figure 4(c) based on various step of
different goplied drain.
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figures) were also observed a about the same strain
level. When the goplied drain was increased to
1.9%, localized deformaion a the whisker end (as
indicated by white arows in figures) and the
formaion of more dip bands were clearly observed
in the roughness height derivative images (figure
4(b%)). Astheapplied strain was further increasedto
4.7%, a dgnificant amount of dip bands were
observed as shown in Figures 4(c). Decreasing dip
band spacing with inaeasing plagic deformation in
the matrix suggests tha the cumulative local shear
grain in the dip bands is strongly relaed to local
plagtic strain. Furthermore, the cradk opening of the
ruptured TiB whisker, and the localized deformaion
areas near the whisker ends were found to increase
wi h increasng drain (figure 5(c’)).

The change of average surface roughness
defined as Ry(&)/Ry{&=0) vesus applied strain in
the composite & three different regions is plotted in
Figure 5. The average surface roughness of two
different 5 x 5 mm? regions with diffeent
microgructural feaures as boxed in Figure 4(b) and
the whole region are plotted. Evidently, the average
surface roughness increased as the applied strain in
the composite inaeased for all regions. Obvioudy,
plastic deformation through the formation of dip
bands would mainly roughen the surface [9]. The
change of surface roughness in regions of B-1 and
B-2 ae dgnificat different. The surface roughness
in region B-2 increased rapidy afte draining
beyond 1.8% due to severe localized deformaion a
the end of seved TiB whiskers. On theother hand,
the surface roughness in region B-1, which contains
a highe volume fration of TiB whiskers (without
the presence of whisker ends), was not inaeased

5um
Figure 7 Morphology of dip bandsandits
interaction with TiB whisker: (a) and (&) contains
TiBonly, (b) and (b’) containsbath TiB andTiC.

with increasing grain. Figure 6 shows the surface
roughness profiles of aline in Figure 4(c) based on
various step of different gpplied strain. It is clearly
shown tha the localized deformation & the point of
A and B near the whisker ends were found to
increase with increasing applied drain. These
differences suggest that the localized surface pladic
deformation is sgnificantly affeced by local events
such microgrucural inhomogeneity and anisotropy,
gze and ddribution of the reinforcaments,
reinforcement aacking, dip bands formaion and
interfacial shear strengh.

Figure 7 shows the interaction between dip
bands and TiB whisker. The muitiplefradureof TiB

2um

Figure 8 Scanning prove microsoopy imagesof the composite contained with TiB whisker after
nanoindentaion: (a) the peak load, P=500 uN, (b) P=1000 uN, and (c) P=2000 uN. (T hetriangular
indents marked onthe TiB whisker andthemarix indicaes as black and white arrows, respectively.)
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Figure 9 Load-pendraion curvesof TiB whisker andthematrix: (g the pesk load of P=500 uN,
(b) P=1000 puN, (c) P=2000 uN, and (d) detail of the loading curve in acircleregion of (¢). The
elagtic portion of theload-pendration curvesof both the TiB whisker andthematrix calculaed

from Eqg. (3) are hown in Figure (a), (b) and(c).

whisker is clearly observed near the dip bands as
indicated by white arrows in the figure. It appears
that when a shea dip band intersedsaTiB whisker,
the dress concentraion due to didocaion pile-up
may cause the shear and/or tendle failure of the
whisker. It has been showed tha the fradure of
discontinuous fiber by dip bands plays a dgnificant
role in the damage evolution process of the
composite.

3.2 Nano-Mechanical Properties

The ocontinuous deformaion characeisics of
the TiB whisker and titanium mdarix was
invedigated usng a nanoindentation technique. For

this  purpose, g semdic nanoindentaion
expaimeaits were conduded on both the TiB
whisker and the marix. Secial dtetion has been
focused on the dfed of the pesk load on the
nanoindentaion response in order to account for any
peak load dependence on the elagic-plagic behavior
for both the whisker andthe marix.

Figure 8(a), (b) and (c) showsthe SPM images
contaned with TiB whisker after indentaion
measurement a thepeak load of 500, 1000 and 2000
uN, respedively. The micogrgphs include several
triangular indents marked on the whisker and the
marix as some indentsindicated by black and white
arrows. It is difficult to observe several indents
marks on the whisker a the pesk load of 500 and

6
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1000 uN, but is clealy observed & the pesk load of
2000 uN. The pendraion depth of TiB whisker is
much shallower than tha of the marix & the same
peak load, for example the residual indentaion
depth onthe whiskers a the peak load of 500, 1000
and 2000 uN are 0.8, 25 and 18 nm. The SPM
images show many triangular pyramids tha are
indicated by circle asin Figure 8(b). Thisisthe 0
called “convolution effed” on SPM imaging. When
a probe scans a convexity with an asped raiothat is
lower than tha of the probe, the image shows the
geomery of the probe rather than the convexity
itself.

Typica Loadpendraion curves of TiB
whisker and the matrix & thepeak load of 500, 1000
and 2000 uN are shown in Figure 9(a), (b) and (c),
respedively. A diamond Berkovich pyramid
indenter with a tip radius R=230 nm was used,
which was estimated for the present device hown in
previouswork [16]. Thepenetraion depth h,=0.09R
esimaes about 21 nm. Therdore, the eladic
portion of the load-peneraion curve for a spherical
indenter [13] iscalculaed as

P =§E* +*h¥2«RY2. (3)

Plotted along with the experimental curves for the
spherical tip is the theordically predided eladic
indentation response from equation (3) for TiB
whisker and the marix. Thevalue of E, used for the
theoretical curves wes E; =323 GPaand E, ;=138
GPa, as calculaded from equation (2), usng the
values E; 115=450 GPa[5] and v¢7;g=0.14 for theTiB
whisker, and E; ;=140 GPa[1] and v ,=0.32 for the
Ti-6Al-4V marix, and E;4;=1140 GPa and v;,4=0.07
for the diamond indenter (10 14577 — 2002 [17]),
respedively. The Poisson’s raio of TiB whisker,
VsTig, 1S Not available in the liteaure. For the
present calculaion, it is assumed tha vg1ig= Vs Tigo-

The valueof v¢y;g, Was adopted in the literature[18].

It can be seentha the load-pendraion depth curves
for TiB whisker a three diffeent pesk loads below
~ 800 uN are in reasonable agreement with the
predicted sharp indenter elagic response.

The loadpendraion depth cuve of TiB
whisker at the pesk load of 2000 uN clearly shows a
sgnificant pop-in event at goproximaely 1270 uN
in load, as indicated by a circle in Figure 9(c). The
measured pop-in load was found to vary between
1200 and 1800 uN, and the pop-in extension is

approximately 2.5 nm, as defined in Figure 9(d),
showing a specific deformaion behavior.

On the other hand, the matrix yield point is

observed a the load from 100 to 200 uN. The
caculated elagic depth of pendraion is
approximately 15 nm and the elagic-plagtic response
occurs aftertheyield point.
The popin on the loadpenetraion curve is
consdered to correspond to the change of
deformaion mode from eladic to elagticpladic
response, as described in previous papers[13, 19-21].
It may be associaged with several microstructural
damage including cracking, interface debonding and
the nucleation and propagation of didocaions.
Furthe microstructural analysis using focus ion
beam/TEM analysis is being conducted to beter
understand the damage nucleation mechanisms for
TiB whisker.

Caculated nanohardness, H, and reduced
modulus, E, oltainded from nanoindentaion
measurement are summaized in Table I. In
nanoindentaion  experiment, the maimum
pendration depth, h,,, must obey to the length scale
separability condition of h,, <D/10. D represents
the charadeigtic sze of the haeogeneity within
TiB whikes. $EM images of the composte (see
Figure 1) suggest tha the average szeof 1.6 um is
charadeigic of TiB whiskers. An gopropride
pendraion depth allows accesstotheTiB whiskers
by nanoindentaion is hy, < 160 nm. The
expeaimental results show tha the reduced modulus
and the nanohardness decrease with increasing the
peak load, despite the maximum pendration depth
satisfied the condition of h,,. It isconsderedtha
the decrease of the modulus and the nanohardness
occur due tothe substrate effed relaedto the marix
phase. On the othe hand, the nanohardness and the
modulus for the marix phase is independent on the
peak load.
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