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In situmicroscopic and spectroscopic studies of samples allow us to understand the mechanisms and
measure kinetics of phase transformations in materials. We use a light microscope and a Raman
microspectrometer to study phase transformations induced by contact loading. Many interesting
phenomena occur in materials during indentation that can only be analyzed during indeimation,
situ. By analyzing what occurs to ceramics and semicondu@osiu we can gain valuable insight

into the mechanisms and kinetics of phase transformation. A microindentation device has been
designed and fabricated to achieve these objectives. The microindentation device can provide the
means to study pressure-induced phase transformations in real time. The basic design of the device
is adaptable to several configurations, so that the device may be used in a wide variety of
applications. The device consists of a piezoelectric actugiezoelectric translatyr load cell,

linear microscrew stage, translation stage containing the specimen mount and specimen holder, and
diamond-tip indenter. For the first time, an indentation tester has been coupled with a Raman
microspectrometer to conduict situ studies of pressure-induced phase transformations. This article
describes the design, operation, and experimentation of a microindentation device iiorsthe
analysis of pressure-induced phase transformations in materiald99® American Institute of
Physics[S0034-674809)04412-3

I. INTRODUCTION materials such as quartz and diamond, however, this device
did not allow measurement of the applied load or indentation
Pressure-induced phase transformations have been stugepth. Thus, it could not be used to determine phase trans-
ied for years using various high-pressure cells. The progressrmation pressures, the manual loading process did not al-
in this field depends strongly on the development of newow for any control over loading and unloading rates, which
technologies and instrumentation. Improvement of anvil concan strongly affect the outcome of the experimdem.more
struction allowed researchers to achieve higher and highejophisticated and precise manual screw-driven device de-
pressures and led ultimately to high-pressure diamond syrscribed in Ref. 7 had similar limitations.
thesis and discovery of many new high-pressure phages. For indentation tests, hardness testafekers, Brinell,
major breakthrough in high-pressure research was achievegockwell, and othejsare utilized. A variety of indenters can
with the introduction of diamond-anvil cellDAC) which  pe ysed to drive phase transformatidiffég. 1). For these
allow for in situ studies of phase transformations at pressureshdenters, stress calculations have been conducted and the
exceeding 1 Mbaf.Our recent, successful use of the combi- equations for calculating hardness values can be found in the
nation of indentation and Raman microscfjled to a new jiterature® The indenter types can be substituted for the pur-
leap in studies of pressure-induced phase transformationspse of studying the effect of shear/compressive stress ratios,
due to the simplicity and efficiency of this technique. Its\yhich are determined by indenter shape, on phase transfor-
ability to drive shear-induced phase transformations thafnation. For this purpose, low-cost cone-shaped indenters
would only occur at higher pressures, as well as its relevancgith different angles can be as effectively used. Eventually,

to industrial processes such as machining and hardness teflis anticipated that an indenter with a flat end could be used,
ing, make it a valuable item. However, the experiments dezg well.

scribed in our first publicatichwere conducted on samples A microhardness tester can also be coupled with a mi-
after application of the contact load. High-pressure phasegioscope. However, in a classical configuration, we cannot
which could not survive depressurization were not realizedsjmyltaneously utilize the indenter and the objective. In this
due to the limitations of the available technology. Inability to configuration, we are forced to focus on an area on the ma-
monitor the indentation process situ also limited our abil-  terja| which we would like to indent. Then the indenter is set
ity to characterize the exact transformation route and the sgpq position. Once the indentation is complete, the objective
quence of phases formed during pressurization and decomys repositioned so that optical measurement can be taken.
pression. To s;nflsve this problem, we used a simple screwrpys with the available technology we are impeded. During
driven devicd®® which allowed studies on transparent ihe indentation process, it is not possible to see the indenta-
tion site nor perform any Raman measurements.

3Electronic mail: ygogotsi@uic.edu To accommodate this quandary, it became necessary to
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Vickers Berkovich Conical ~ Rockwell Knoop does not allow simultaneous Raman analysis and indenta-
tion. A Renishaw Raman microspectrometer was coupled

= <= v U ~T— with a scratch testéf but again, Raman analysis was done

subsequent to scratch tests.
Thus, a device is needed which will allow indentation
% A O O T under the microscope while simultaneously monitoring the
phase transformation process by Raman spectroscopy. This
need has been addressed and represents the scope of work

FIG. 1. Various diamond indenter tips that may be used by the microinden- hich thi ticle is b d
tation device(not to scalg upon whic IS article Is based.

_ _ S _ _ Il. DESIGN AND OPERATION OF MICROINDENTATION
design a device foin situ indentation/Raman studies of DEVICE

ressure-induced phase transformations. . . . .

P Special Ioading devices have been available for simulta’—a" Design of the microindentation device (MID)

neous(in situ) tests. There exist a number of devices, both  The goal of this design effort is to develop and manu-

commercial and noncommercial, for bending and other mefacture a computer-controlled device that would permit in-

chanical tests under a microscop@.g., Kammrath and dentation of our test specimens from several different posi-

Weis3.® However, these devices do not allow us to performtions while simultaneously taking Raman measurements

hardness indentation tests. Additionally, most of them havérom above. Such a device necessitated the following:

been designed for special types of microscopes and loading (i) An indenter positioned orthogonally to a mount on

conditions that do not satisfy requirements for study of phasevhich we can place our specimen, also to be orthogonal to

transformations. the indenter, so that we indent our specimen perpendicularly.
A very limited amount of work has been done in the (i) The ability to rotate the loading device, with the

field of in situ indentation analysis. Particularly in the field of indenter still orthogonal to the mount, so that we can take

transmission electron microscopffEM), work done by Raman measurements at a variety of positions on the face of

Wall and Dahmetf has led to their design of a nanoinden- the specimen. It is also necessary to have the capacity to

tation specimen holder used for observing the evolution ofinalyze the material that “squeezes out” from between the

the microstructure located directly underneath the indenter asurface of the specimen and the indenter.

it strikes the silicon specimen. The microstructure is viewed We needed a simple, reliable and nonexpensive device

in situin cross section using a high-voltage TEM. Their sys-for indentation tests that can be used with a light microscope.

tem is designed for nanoindentation and the indenter iFhe requirements of the design were the following:

moved rather coarsely with a gear motor drive until it is (i) height/width: <50 mm;

within =0.5 mm of the silicon specimen. At that point, the (i) material of the device frame: stainless steel or ce-

specimen holder with its silicon sample is inserted into themented carbide;

electron microscope. Once a desired area is chosen for in- (iii) material of indenter: diamond;

dentation, the indenter tip is positioned until it appears close (iv) working temperature:==200-30 °C;

to the desired indentation area. At this point, the alignment  (v) force: up to 100 N;

of the indenter tip along the direction of the electron beam  (vi) observation of both viewing directioriside and bot-

must be achieved. With these steps being taken, the analysism of the samplemust be possible during indentation into

of the microstructure underneath the indenter as it indents thearied sample types;

sample ranging from 10 to 100 nm indentations can be (vii) two-dimensional positioning of the sample must be

achievedin situ. possible;
This device works in the range of nanoindentations,  (viii) angle change from 0° to 90° must be possible;
whereas for Raman microanalysis an area pi¥ or larger (ix) the indenter must be controllable in its translational

is required. An additional requirement for Raman spectrosmotion and loading; and
copy study is the variability of the incident angle for the laser  (x) direct force and displacement measurement.
beam, whereas the indenter must always be positioned or- The requisite indentation procedures that needed to be

thogonally to the sample surface. accomplished with the microindentation devi@élD) con-
Another indentation device was designed for use with asisted of four different scenarig§ig. 2):
scanning electron microscopeThis device used flat, blunt, (A) Performing a vertical indentation of a transparent

indenters to push single fibers out of a composite materiamaterial from beneath and focusing the laser through this
with the purpose of measuring the interfacial strength inmaterial from above, onto the indenter tip.

composites. Thus, it was designed for a different purpose and (B) Performing multiangle indentations on nontranspar-
for use under different conditions and with different indent-ent material and focusing the laser on the material which
ers. “squeezes out” around the indenter tip.

None of these indentation devices have ever been (C) Performing a horizontal indentation of a transparent
coupled with a Raman microspectrometer. Although a diamaterial and focusing the laser through this material, onto
mond indenter assembly, which occupies one microscopthe indenter tip or material which squeezes out around the
objective position, is commercially available from Leica, it indenter tip.
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straints along with the needed precision operation. The
components are as follow§l) linear translation stage with
microscrew(for course positioning (2) piezoelectric trans-
lator (PZT) (for fine positioning and indentatign(3) load
cell (for registration of load measurement$4) specimen
stage(containing the specimen mount and specimen hglder
and(5) diamond-tip indentefFigs. 3 and 4

Through the in-concert utilization of Raman microspec-
troscopy and the MID, along with a computer program to
control the operation of the device in a closed-loop system
(Fig. 5), the reality ofin situ phase transformation analysis
can be achieved. Any changes or alterations encountered
during operation would be diagnosed and reconciled during
the operation via the software program, e.g., no pause or
system shut down would be experienced.

Laser beam reaches the interface

FIG. 2. Four scenarios of performing indentation analy§9: The micro-
indentation devicél) rests vertically while the laser beam coming through
the microscope objective?) is focused through a transparent mate(&l B ration of the MID
The indenting is performed in thg direction. (B) The microindentation - Operation of the

device is positioned under a 45° angle while the laser is focused on the tip  The MID consists of a diamond-tip indenter, load cell,

of the indenter where material has squeezed out of a nontransparent sam . - . .
(4). (C) The microindentation device rests horizontally while the laser is&lﬁZT' and linear translation stage with microscrew. All of

focused through a transparent materidi) A thin coating(5) is placed ona  these components are housed in a metal frame which is at-
hard transparent substrate.g., sapphife (6) and the laser is focused tached to the translation state, along with the specimen
through the substrate to scan the material of interest. mount and holdefFig. 4). The space constraints under the
microscope have been accounted for so that the MID can rest
(D) Performing a vertical indentatiofsimilar to case on the microscope stage beneath them and experiments can
(A)] on a thin film of material which is positioned between be carried out without conflict.
the indenter tip and a clear and transparent substrate. The The microscrew slide is used for coarse, manual posi-
laser is focused through the substrate and onto the backsidiening of the indenter. Once the indenter is just touching the
of the indented material. test specimen, set screws are tightened and the system is
When considering the design constraints inherent to theeady to perform a hardness test. At this time, the PZT is
system, it is clear that for such a device, small-scale parts ar@ctivated via the control software to provide fine, microposi-
necessary due to the fact that the entire MID must be able tboning (e.g., indentation As the diamond tip penetrates the
rest on a microscope stage without interfering with the mi-material, the load cell concurrently measures the applied
croscope objectives. In addition, not only must the device béorce. The data gathered during the indentation progesss
able to rest horizontally on the microscope state, it also mustf loading or unloading, force applied to specimen,)etce
be able to be oriented at different angles so that optimaprocessed through a data acquisition system consisting of a
Raman laser scanning can be achieved. The MID was desariable channel multiplexer, a multifunction module, and
signed for use with a Renishaw 2000 Raman microspectrondata acquisition control software in a closed-loop system
eter, equipped with a Leica DM LM/P type 20 microscope.(Fig. 5).
However, it can be used with most metallographic micro-  Upon assembly of the MID it was observed, through
scopes and other Raman microspectrometers. The compexperimentation, that the linear microscrew stage was spring
nents selected for the MID all satisfy the size and cost conloaded. The microscrew stage assembly would actually be

SPECIMEN STAGE ——|
LOAD CELL COVER QR
LOAD CELL -—\ oI g

PIEZOELECTRIC

TRANSLATOR ‘\

FIG. 3. As indicated by the figure on
the left, the microindentation device
consists of several miniature compo-
nents, each with its own responsibility
in the functioning of the device. Once
assembled, the microindenter is shown

on the right.
LOAD CELL HOUSING

\ \— LINEAR TRANSLATION SLIDE
MICROSCREW
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FIG. 4. The microindentation devicdl) microscrew, (2) piezoelectric
translator,(3) load cell, (4) microscope objectiveg5) specimen stageb)

indenter, and?7) linear translation stage.

“pushed back” as the indenter struck the specimen. ThisWi,[h
phenomenon was not accounted for in the original design.

Only during experimentation was the importance of this be
havior realized. Therefore, additional work was performed

on the device in the following manner:

(i) A slot was cut and counterbored on the bottom side o

the translation stage.

(ii) The diameter of the slot matched the diameter of the

hole in the upper corner of the microscrew stage.

Controller
(piezoelectric actuator)

Process
(indentation of material)

pﬁ@[@@@ﬂn
L@@mﬁ[r@l] &%

Comparison
(compare load measurement with
user defined maximum load)

(a)

Measurement
(Load Cell)

Control Program Logic Chart
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Loading Rate (um/min)
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FIG. 5. (a) Microindentation device feedback control loop afiyl HP-vEE

program logic diagram.

no

FIG. 6. Microindentation device and the data acquisition system, with the
video and computer monitors in the backgroufid:control computer moni-

tor, (2) video camera monitof3) microscope(4) spectrometer, an@) data
acquisition system.

(iii ) The slot was cut in such a way to where it lined up
the microscrew hole.

(iv) The length of the slot was equal to the full range of
motion of the indenter.

(v) A screw can be used to secure the microscrew stage,
fand all of its attached components, to the translation stage
once it is determined that the indenter is just touching the
material, at which time the PZT will be activated.

The following quantities can be monitored for any speci-
men:

(i) Loading rate: expressed in terms of mm/s or N/s, this
quantity specifies that rate at which the material is being
forced by the indenter.

(i) Maximum load: this quantity specifies the upper
limit that will be acquired with respect to load.

(i) Holding time: once the maximum load has been
achieved, this quantity specifies the time duration that the
indenter will remain at that chosen maximum load.

(iv) Unloading rate: this quantity specifies the rate at
which the indenter should be retracted from the specimen.

By experimenting with different values of the above pa-
rameters, we can study phase transformations in hard mate-
rials or thin films of materials on hard substrates, as sche-
matically shown in Fig. 2.

lll. EXPERIMENTAL VERIFICATION AND RESULTS

We used diamond cones sharpened to a @it angle,
Lunzep to produce the indentations. The experimental sys-
tem based on a Renishaw 2000 Raman microspectrometer
and an Olympus BU 2 microscope is shown in Fig. 6.

A. Nontransparent material

Silicon was used as an example of a nontransparent ma-
terial. Multiangle indentationgconfiguration(B) in Fig. 2]
were performed on silicon where the “squeezed-out” mate-
rial was analyzed. Previous studies have revealed that silicon
undergoes a phase transformation under the pressure of
diamond-tip indenter$. This phase transformation is to a
ductile, metallic statgHerzfeld—Mott transition Further-
more, this phase transformation can be detected through Ra-
man microspectroscopy. While Raman microspectroscopy is
hardly able to detect the actual metallic phases of silicon in
this test configuration, it is able to detect the change to the
metallic phase when it occurs as well as phases that occur



4616 Rev. Sci. Instrum., Vol. 70, No. 12, December 1999 Gogotsi et al.

2

E

L

=

=

9]

\ g

25 pm ’ 25 um =

(a) (b) Squeezed outmaterial. &)
FIG. 7. (8 Microindentation device just prior to indentation. The conical (b)

indenter is on the left-hand side. The sample is in the center, and a reflection
is visible on the right(b) Microindentation device during indentation. Note
the material squeezed out.

500 1000 1500 2000
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during or after unloading. It has been suggested that the abil- Raman Shift (cm™)

ity to performin situ measurements of a material while it is FIG. 9. (a) Spectrum of pristine cubic zirconidb) Spectrum of indented
being indented could allow for a much greater understandingubic zirconia.
into pressure-induced phase transformatibnisrigure 7a)

shows the indenter before it strikes the specimen samplgjeyice is capable of producing phase transformations in
Figure 1b) shows the sample material which has squeezedemiconductors when incorporating the multiangle indenta-
out as a result of the indentation process. This material Whiclign scenario. It also confirmed that the material which

squeezes out is the area of interest for micro-Raman speggyueezed out of the indentation was ductile and the debris

troscopy. The results of these Raman scans can be seengfhund the indenter was not the result of brittle indentation-
Fig. 8. All Raman scans were performed at a magnificationgyced fracture of Si.

level of 500< with the spot size of about 2m in diameter.

The specimen was @00 silicon wafer. As Fig. 8 demon-

strates, there is clear evidence of phase transformations, Transparent materials

namely, evidence of amorphous Si, producing broad bands at . . .

approximately 470 and 150 cih Hexagonal Si—IV is indi- Another material experimented with was transparent cu-

cated by the peak at 506 cthas well as metastable Si—XII bic zirconia stabilized with ¥O5. It is known that cubic
(r8) bands at 169 and 354 cthand Si—Ill (bc8) bands zirconia does not transform to a monoclinic phase under in-
were also foundnot shown in Fig. & Note in the lower dentation. This experiment was conducted in configuration

spectrum the presence of hexagonal silicon is not accompé’-a‘) (Fig. 2) to prove that the spectral changes observed in

nied by any other alternate phases of silicon. This shows, fther materials are due to indentation-induced phase trans-

was earlier postulated, that hexagonal silicon can be creat 8@‘110?5- F|gucrje ?tSh.OV(\j/S Raman _?ﬁectra of the cubic Z'{)—
due to twinning of cubic Si—I without transformation to me- cONa before and aiter indentation. The upper spectrum ob-

tallic Si—Il. On the other hand, amorphous Si-I, Si-lIl, andtained in Fig. ®a) corresponds to nonindented cubic

Si—XIl are expected to be formed through a metaisn ~ Zrconia Once |r_1dented, the area around the mdenter.tlp was
phasé* focused upon with the Raman laser. The spectra obtained are

These Raman spectra show that this microindentatiorﬁzhown in Fig. %0). There is no significant change in the
aman spectrum of this material during indentation except
for a minor peak shift due to stress.

Indentation on diamond was conducted in the test con-
figuration shown in Figs. (@) and Zc). We used th€111)
surface of a large, synthetic diamond cry<@lyellow syn-
thetic diamond from Russjaln situ microscopy observa-
tions of the indentation procesBig. 10 demonstrated that
diamond becomes nontransparent to visible light, that is, the
entire area shows the reflection of the light in the indentation
area. This is in agreement with closing the optical window in
diamond which was discovered under very high hydrostatic
pressuré? The indenter tip became flat after testing, due to

(@ ®) |52

466

506

500

400

300

Relative Intensity

200

100 . the extreme hardness of thiEl1) diamond surface. Although
200 400 600 800 the interaction zone and the material squeezed out could be
Raman Shift (cm™!) analyzed in all configurations shown in FiggaR 2(b), and

2(c) (see Ref. 6 for detaijsin situ analysis through diamond

FIG. 8. (a) Spectra of material squeezed out from between the silicon chip, ; ; ; i
and the indenter. The peaks at about 470 and 150arorrespond to as shown in Figs. (21) and ZC) was hindered by the lumi

amorphous silicon and the peak at 506 ¢morresponds to hexagonal sili- N€Scence of dia.mond under S'tress- ThiS prpblem is known
con. (b) Pristine silicon prior to indentation. for diamond anvils, and a special choice of diamond crystals
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mechanics that has not been previously available. The sys-
tem will use the same housing and drive equipment; the ma-
jor change will be to the indentation device. The indenter
will be replaced with a flat rounded tip. Also, a protective
plate needs to be installed on the rear of the device to elimi-
nate any chance of damage to the microscope being used.
Furthermore, bending tests can be used to calibrate the Ra-
man system for stress analysis, since the tensile stress on the
surface of a bent bar can be easily calculdfed.

The miniaturization of electronic components and devel-
opment of microelectromechanical systerlddEMS) are
revolutionizing modern industrial products. New methods of
micromachining are required to improve the machining qual-
ity and spatial resolution. Additionally, mechanical testing
FIG. 10. Optical micrograph of a diamond indenter in contact with(11€) and quality control of MEMS and MEMS materials is only
surface of a large diamond crystal. Light area at the indenter tip is the phasﬁossible under a microscope because of their small size. The
transformation zone. . . . .

designed device can be used for mechanical testing of
MEMS and materials for MEMS, when properties must be

which do_ no.t produ.ce a h|gh—lqm|qe39§nce background UN3etermined on a microscale. Other important applications of
der loading is required to obtain significant spectra. In ouly o designed device can be envisioned.

case, all Raman bands except the major band of cubic dia-

mond disappeared under the very intense background spec-
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