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ABSTRACT

An overview of the research and development activities in the area of high pressures carried out at
the Indira Gandhi Centre for Atomic Research (IGCAR), Kalpakkam is presented. Experimental
techniques for performing X-ray diffraction, electrical resistivity, Raman scattering and positron
lifetime have been developed. In particular, the electrical resistivity measurements can be carried
out at low and high temperatures. One of the novel developments has been the adaptation of the
diamond anvil cell (DAC) in the Guinier geometry for carrying out high pressure X-ray diffraction
experiments. Use of this geometry has resulted in a data acquisition with high signal-to-noise
ratio.

Although all the experiments at IGCAR are based on static pressure apparatus, namely, metal,
ALO3 + TiO, and diamond anvil cells, dynamic method using the exploding wire technique is
utilised for observation of pulse of neutrons from nuclear materials under shock condition. A
variation of this technique, namely, isobaric resistive pulse heating is being developed for studying
the thermophysical properties. Significant progress has been made in the indigenous development
of a DAC. A precision fabrication of a Mao-Bell type DAC has been carried out based on the
inputs from the design considerations obtained through finite element analysis. Another notewor-
thy achievement is the installation of the band structure programmes based on linear methods.

Typical results obtained using the high pressure techniques are highlighted to give a flavour of the
research done at IGCAR. The article closes with an account of the future directions of the research
and development activities at this Centre.



/. Introduction

High pressure research at IGCAR was initiated, about two decades ago, with an aim to provide the
equation of state data on reactor materials. To start with, high pressure X-ray diffraction experi-
ments were performed on UC, ThS and ThSe using a Bassett - Takahashi type DAC [1]. Benedict
states that the work reported in ref. [1] was the first application of a DAC to an actinide com-
pound [2].

Systematic efforts in building high pressure apparatus with the simultaneous capability of reaching
either low or high temperature were launched. Major attempts on the metal anvil cell (MAC) were
made and the result was that a 320 MT [3], and a 500 MT hydraulic presses and a 2-sample, 8-
lead arrangement for carrying out high pressure electrical resistivity to 10 GPa were installed
[4,5]. High temperature was achieved by an internal heating arrangement [6]. The equally import-
ant high pressure, low temperature regime was realised by using a pressure-locked cell in a cryo-
stat [7].

Interesting results on a variety of materials such as Fe, Ni, Th, U, stainless steel, Metglas, quasi-
crystals, Chevral phases and tetracyanoethylene were obtained [8-14, 7, 15]. The electrical resis-
tivity measurements were subsequently automated [16].

In 1986, a Mao-Bell type DAC was used to reach ultra-high pressure. To start with, high pressure
laser Raman spectroscopy was done and interesting results such as phase transitions in dilute
magnetic semiconductors and crystal - amorphous transition in ionic compounds were obtained.
Recent work on Li2SO4 . H2O is discussed in the paper by Sakuntala and Arora in the present
Proceedings [17].

During the end of 80's, the Mao-Bell type DAC was introduced for carrying out the X-ray diffrac-
tion using the film as well as the solid state detector in the angle and the energy dispersive modes
respectively [18]. A novel and unique instrumentation was subsequently set up where the DAC
was used in the Guinier geometry [19]. This geometry significantly enhances the signal-to-noise
ratio and improves the resolution. The article by Yousuf et al in these Proceedings dwells on this
aspect [20]. This new technique was successfully applied to study the high pressure behaviour of a
number of metals and alloys. In particular, it resulted in the structural determination of the high
pressure phase of UAL, above 10 GPa. The paper by Sahu et al in these Proceedings gives the
details of the investigations on UA12 [21].

As a part of the ongoing activity at the Safety Research and Health Physics Group, IGCAR, a high
pressure cell of volume 300 cc with a static inert gas pressure of about 0.2 GPa is being designed
for the study of the rmophysical properties of nuclear reactor fuels using isobaric resistive pulse
heating technique, a variation of the exploding wire technique [22].

In order to make contact with the experimental data obtained under pressure, linearised electronic
band structure calculation techniques have been commissioned . The programmes are based on
linearised muffin tin orbital and tight binding linearised muffin tin orbital methods and these can
be used on a personal computer [23].

In an effort to indigenise the DAC, a precision fabrication of a Mao-Bell type DAC has been
carried out in our Centre. Design considerations for the fabrication are the outcome of the finite
element analysis done here [24]. The cell has been tested to a pressure of -25 GPa and the details
of its fabrication appear in the present Proceedings in the paper by Deivasigamani et al [25].

The know how on the band structure calculation methods and on the DAC can be given to any
user on request.



Rest of the paper is planned as follows:

Instrumentation and techniques used at IGCAR are described in section II. In section III, the
experimental results obtained using an MAC are presented, followed by section IV on light scat-
tering studies made with a DAC. In section V, recent X-ray diffraction data is given. Finally,
future directions are briefly discussed in section VI.

//. Instrumentation and Techniques

1. Metal anvil cell

Using an MAC, 2-sample, 8-lead electrical resistivity measurements can be carried out. Two types
of hydraulic presses, based on different designs with capacities 320 MT and 500 MT respectively
are employed for carrying out high pressure, high temperature studies to 10 GPa and 1500 K,
whereas a pressure-locked cell is used for the low temperature studies to 4K [3,6,7]. For carrying
out the high temperature studies, anvils of alloy steel, such as maraging steel are used whereas WC
anvils are used for the low temperature studies. Recently, we have used Al2O3+TiO2 anvils for low
temperature electrical resistivity measurements. The electrical leads are in the form of thin strips
of copper sputter deposited on the anvil face, Fig. 1. This development has made the cell assembly
easy and has reduced significantly the sample assembling time.

In an effort to automate the electrical resistivity studies under high pressure and high temperature,
a dedicated PC add-on card has been developed and commissioned [16]. This card permits pres-
sure sensing and control, PID temperature control and acquisition of the voltage data from both the
sample under study and the pressure calibrant. A novel feature of this card is that once the parame-
ters are entered, the add-on card operates independently of the PC, except for prioritized interrupts
for data storage and control. All the acquired data is available in the PC memory for storing and
further analysis.

2. Diamond anvil cell

After its inception and development by way of introduction of gasketted geometry to contain the
sample in a liquid or a gaseous medium and the in situ continuous pressure calibration using ruby
fluorescence shift, the DAC has become the most versatile static pressure device [26].

We have Mao-Bell type DAC's, capable of generating pressure of -60 GPa with a temperature
capability of 650 K. The DAC's have been adopted to carry out Raman spectroscopy and X-ray
diffraction studies [17, 18]. Recently, a Guinier X- ray diffractometer has been installed and the
DAC has been adopted to it. In this geometry, the focusing enhances the intensity by at least two
orders of magnitude and the spectral purity of the monochromatic molybdenum K w. radiation is
-95% [19].



3. Isobaric resistive heating

In an attempt to model the thermal response of the nuclear fuel materials under normal, transient
and accident conditions, an isobaric resistive heating technique is being developed to obtain the
relevant thermophysical data.

In this technique, a heavy current discharge pulse from a capacitor bank heats the sample in the
form of a wire. The heating is done in a microsecond time scale, and the parameters such as pulse
current, voltage drop across the specimen, temperatures and dimensional changes are recorded.
Fig. 2 depicts the containment cell for the wire-like sample of metallic nuclear fuel, in an inert gas
pressure, up to -0.2 GPa. This cell can be used to measure the physical properties such as density,
specific heat, thermal expansion and electrical conductivity.

4. Finite element analysis

Performance of the DAC is decided by its ability to develop the high pressure, in the range of
hundreds of GPa, at the centre of the diamond anvil culet, without any failure of the diamonds.
However, the chipping at the edge of the diamond anvil culet is a frequent failure mode observed
in the experiments with the DAC. In order to investigate the failure mode in the DAC and to
evaluate the maximum pressure limit that can be achieved in it, a stress analysis of the DAC can
be done by finite element modelling of the diamond anvils and the gasket.

Bruno and Dunn have done the stress analysis of the diamond anvils and the gaskets by perform-
ing an elastic analysis on axisymmetric model of the diamond anvil and the gasket using the finite
element programme SAP V [27]. However, the elastic analysis was considered to be inadequate
for the DAC, as the gasket undergoes very high plastic strain. Moss et al, and Moss and Goettel,
have done a detailed nonlinear finite element analysis by including the gasket plasticity and the
diamond - gasket interface friction [28, 29]. They used the finite element code NIKE 2 D and
their results have indicated that the failure of the diamond anvil occurs mainly due to cupping of
the diamond tips. Further, this cupping can be postponed by improvement in the diamond tip
geometry by providing double bevel and using a gasket material with high yield strength and
ductility, such as Metglas. Novikov and Polotnyak have made use of a complex elasto-plastic
large strain model for the gasket and have done the optimisation of the geometry and loading
condition of the anvil [30]. Their calculation predicted a maximum theoretical pressure of -465
GPa.

At this Centre, some preliminary elastic stress analysis has been done on the axisymmetric model
of diamond anvil culet mounted on a rigid surface. The diamond anvil is modelled with the 8
noded isoparametric axisymmetric solid element using an INCA code of CASTEM system. The
loading on the diamond anvil has been applied by restraining the .axial movement at the culet side
and by giving the axial displacement at the table side. The results have indicated the excessive
stress concentration near the outer edge of the culet. Such results are expected from the elastic
stress analysis [27]. The validity of using an axisymmetric model has been verified by comparing
the results of axisymmetric and 3 D sector models of diamond anvil. It is planned to carry out the
detailed nonlinear analysis in future by including more advanced features like gasket plasticity
and rezoning capability with nonlinear finite element package " AB AQUS."



///. Experimental results Msing the MAC

Fig. 3(a) shows the steady state electrical resistivity data of tetracyanoethylene as a function of
pressure. At ~2.1 GPa, it undergoes crystalline - amorphous - crystalline structural transitions.
Time dependent resistivity variation is shown in Fig. 3(b), where it can be noted that it shows a
strong change at 2.1 GPa [15].

Fig. 4(a) depicts the temperature dependent electrical resistance variation of nickel at 2.0 and 4.75
GPa. Analysis of the data yields the values of the critical exponents c< = <x'= - 0.115 +- 0.005,
and the amplitude ratio IA/A' I = 1.117 +- 0.05 and ID/D'l = 1.2 +- 0.1. These values are in close
agreement with those predicted by renormalisation group theory. Moreover, this investigation
provides, for the first time, an unambiguous experimental verification to one of the key conse-
quences of renormalisation group theory that the critical exponents and the amplitude ratios are
insensitive to pressure variation in nickel, a Heisenberg ferromagnet. Fig. 4(b) depicts the critical
exponents and the amplitude ratios vs pressure data [31].

Temperature dependence of electrical resistivity of uranium, at three specific pressures of 0.1
MPa, 1.6 GPa and 3.9 GPa, is shown in Fig. 5(a). Analysis of this high pressure, high temperature
electrical resistivity data clearly showed that spin fluctuation is the dominant scattering process as
against the phonon assisted inter band scattering. This experiment has clinched the issue of identi-
fying the dominant scattering mechanism in uranium [II].

Fig. 5(b) shows the pressure dependence of hysteresis during oc- (S, /* - f and ex.- r transitions
in uranium. Major conclusions are:

i. The pressure dependence of hysteresis during c*- (•?> and c<- y transitions can be explained
in terms of the positive slopes of the <*.- f and the oi- y boundary lines in the light of thermally
activated rate processes.

ii. From the pressure independent hysteresis behaviour during the /3 - X transition, it is sug-
gested that either the o - y transition is weakly thermal or its slope is zero.

Inspired by the high pressure studies, the LN2 barrier was broken, and the HTSC material was
discovered. After the discovery of the high temperature superconductors there was a sudden surge
of activity on these materials worldwide. In our laboratory, Y, Ba2 Cu3 O? and similar com-
pounds with Y substituted by rare earth elements like Ho, Gd and Dy have been studied under the
simultaneous action of pressure and temperature [32]. Fig. 6 depicts the result on the supercon-
ducting transition in Ho, Ba2 Cu O? x at 2 GPa. The main findings are (a) an initial semiconduct-
ing behaviour, (b) suppression of the sharp superconducting drop at 93 K into a small dip in resist-
ance, (c) a further, almost zero slope, semiconducting behaviour down to ~60 K followed by (d) a
broad superconducting transition which remains incomplete down to 4K [33].

Fig. 7 depicts the low temperature electrical resistance measurements on the Chevral phase
compound Cu, g Mo, Sg up to 6 GPa. Important points to be noted are: (a) the negative dTJdP,
(b) increase in the width of Tc to several Kelvin and (c) suppression of the structural phase transi-
tion observed at ambient pressures [34].



IV. light scattering studies using the DAC

High pressure Raman spectroscopic measurements have been carried out on LiKSO4 to understand
the underlying mechanism of pressure induced amorphization in this material. It undergoes three
structural transitions at moderate pressures of 0.9, 3.0 and 6.7 GPa followed by amorphization
around 13 GPa. Raman spectroscopic measurements show that the sulphate ions of the high pres-
sure phases of LiKSO4 are endowed with static, frozen-in orientational disorder. Above 10 GPa,
width of the symmetric stretching mode of the sulphate ions increases many folds, as can be noted
from Fig. 8, indicating a wide distribution of bond lengths and bond angles. Evolution of phonon
spectra and their broadening at high pressures suggest that the orientational disorder drives the
LiKSO4 to the amorphization [35].

Dilute Magnetic Semiconductors (DMS), mixed crystals of II-VI tetrahedral semiconductors and
magnetic chalcogenides have many interesting and unusual optical properties and are alluded to
the s-d and p-d exchange interactions between the band electrons and the 3d5 electrons of Mn2+.
Mixed crystals of Z ^ Mnx Se is a prototype DMS, crystallising in zinc blende or wurtzite struc-
ture depending on the'Mn concentration. Raman scattering studies were performed in Zn. Mn
Se for x = 0.063 and 0.097 (zinc blende) and 0.29 ( wurtzite ) to investigate the pressure induced
phase transition and metallization.

Pressure dependence of mode frequencies, Fig 9(a), indicate that the zinc blende structure is
stable up to metallization. However, the wurtzite structure undergoes intermediate structural tran-
sitions at 3.5 and 8.3 GPa, Fig. 9(b).

Two important conclusions of the investigation are:

i. All the 3 samples of Znt_x Mn Se undergo a direct to indirect band gap transition which is a
precursor to the metallization, ancf,

ii. The increase in the Mn concentration decreases the direct to indirect band gap transition pres-
sure [36].

V. X-ray diffraction studies using the DAC

To start with, DAC high pressure powder X-ray diffraction experiments were performed on acti-
nide compounds such as ThS, ThSe and UC. Pressure range of the experiment performed here was
-20 GPa. Observation of a structural transition on UC was just missed and subsequently, Benedict
et al discovered the Na Cl type - orthorhombic transition at -27 GPa [37].

DAC X-ray diffraction was resumed in 1988 after the installation of a powerful rotating anode X-
ray generator, 60 kV, 300 mA, and a Mao - Bell type DAC, capable of sustaining a pressure -60
GPa and above. Interesting results on a large number of systems b ave been obtained. However,
from the consideration of space, only a few results are briefly discussed.
In order to carry out the DAC X-ray diffraction studies under hydrostatic pressure condition, a
ruby fluorescence shift technique has been installed. Fig. 10 shows the fluorescence spectrum at
0.1 MPa and 19.3 GPa. From the data, it can be noticed that our experiments are performed under
truly hydrostatic pressure condition, at least up to 20 GPa.



Fig. 11 shows the X- ray diffraction data on a-Se. It is observed to undergo an irreversible
amorphous to crystalline transition at 10.6 +- 0.1 GPa and a reversible hexagonal to monoclinic
transition at 17.5 +- 0.2 GPa. It is also known that a-Se undergoes metallization at the same pres-
sure of 10.6 GPa . Based on the arguments that the elemental metal can not retain glassy state, we
suggest that the metalliz ation drives the crystallization. Based on the literature data and that ob-
tained by us we have drâ  vn the phase diagram of selenium. Fig. 12 depicts the new phase diagram
suggested by us [38].

After the recent discovery/ that the fullerenes can be synthesized in bulk in the laboratory, our
Centre has taken a leading role. As a part of this programme, high pressure experiments were
performed on the samples of C o and C7Q. Fig. 13 depicts the data on hep phase of C It can be
noted that around 15 GPa, i. undergoes a transition to a low symmetry structure [39]. Experiments
with refined resolution and better signal to noise ratio are under way.

VI. Future directions

Some of the activities planned for taking up for future development are indicated below:

1. In the near future, a 2 GeV Synchrotron Radiation Source, INDUS - 2 will be available to the
users. We are planning to set up a DAC high pressure X-ray diffraction system in angle dispersive
mode. A double crystal focusing monochromator system is planned to be used to derive the single
wavelength, ~10"\ X-ray beam in the energy range 18-25 keV. Detection is proposed to be
done using an imaging plate system. (Development of an imaging plate and the reader system for
such an application as an independent activity has also been taken up[40].)

2. It is planned to set up a laser shock wave apparatus, capable of generating pressures in excess of
500 GPa in order to perform the simultaneous high pressure, high temperature studies of reactor
fuel materials under dynamic conditions.

3. We have already made a precision fabrication of a Mbar DAC. We propose to adopt it for the
laser heating in order to carry out simultaneous high pressure, high temperature studies of reactor
fuel materials.

4. A high pressure photostimulated luminescence apparatus with an optical multichannel analyser
as a detector is being set up. Monitoring the stimulated luminescence behaviour as a function of
pressure is expected to give insight in to the underlying mechanism [41].
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Figure captions:

Fig. 1 : An A12O3 + TiO2 anvil with a working face diameter of 6 mm and an overall diameter
of 12 mm. Thin strips of copper has been sputter deposited on the surface of the anvil
for use as electrical leads.

Fig. 2(a) : Schematic of the experimental apparatus for carrying out the isobaric resistive pulse
heating. The inert gas with an initial pressure of 2000 psi is boosted to 6000 psi with
an intensifier.

• j

Fig. 2(b) : The pressure cell showing the sample in a wire form.

Fig. 3(a) : Steady state electrical resistance variation of tetracyanoethylene as a function of pres
sure. Data is taken for both loading and unloading cycles. Drop in electrical resist-
ance at 2.1 GPa is observed to be irreversible.

Fig. 3(b) : Fixed pressure electrical resistivity variation of tetracyanoethylene as function of
time. Strong time dependent resistivity variation at 2.1 GPa is indicative of the crys
talline - amorphous - crystalline transitions.

Fig. 4(a) : Electrical resistance vs temperature data of nickel at 2.0 and 4.75 GPa. Change of
slope indicates a magnetic transition. Curie temperature, Tc variation as a function of
pressure is shown in the inset. It is noticed that the T r variation is linear up to 5.0
GPa.

Fig. 4(b): Results for oc = o<JA lK\ and ID/Di VS pressure. Our data is compared to that of O.
Kallback, S. G. Humble and G. Malmstrom, Phys. Rev. B24, 5214 (1981) and the
prediction of the renormalisation group theory.

Fig. 5(a): Temperature dependence of the electrical resistivity of uranium at three pressures,
namely, 0.1 MPa, 1.6 GPa and 3.9 GPa. Discontinuous drop in the electrical resistivi
ty indicates the oc - A , the A - y , and the ex - Y transitions respectively.

Fig. 5(b) . Pressure dependence of hysteresis during o(. - ft , A - y and o<- V transi-
tions in uranium.
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Fig. 6 : Normalised resistance of a powder compacted sample of HOj Ba,, Cu3 O? x as a June
tion of temperature.

Fig. 7 : Superconducting transition curves of Cut g Mofi Sg at various pressures.

Fig. 8 : Pressure dependence of the full width at half maximum of the symmetric stretching
mode of sulphate ions. Different symbols refer to different runs. Solid line drawn
through the points is guide to the eye.

Fig. 9 : Pressure dependence of phonon frequencies in the mixed crystal Znf x Mn Se for
(a) x = 0.097 and (b) x = 0.29. Note the softening of the low frequency compon
ent of TO mode at high pressure and the change of slope around 8.3 GPa in Fig. 9(b).
Vertical arrows indicate the transition pressures.

Fig. 10 : Ruby R, and R2 fluorescence spectra at 0.1 MPa and 19.3 GPa. It can be noted that
the R, and Rj spectra are distinct at 19.3 GPa and their separation is the same as that
at 0.1 MPa indicating that the pressure is truly hydrostatic.

Fig. 11 : Energy dispersive X-ray diffraction spectra of amorphous selenium. Crystallisation
above 11 GPa is distinct. Also, a transition above 17.5 GPa can be noticed.

Fig. 12 : P - T phase diagram of Se. The symbols stand for : L-liquid, C - crystalline, m - metal
lie, a - amorphous, s - semiconducting. The dot-dashed line is the liquidus, indicat
ing the melting temperature. The thick line indicates the variation of the glass transi
tion temperature as a function of pressure. < > indicates s - m transition across a
hypothetical curve. Open circles give our data points. I is hexagonal phase and II, the
monoclinic.

Fig. 13 : Energy dispersive X-ray diffraction spectra of C7Q. There is a distinct change in the
spectra above 15 GPa in that the peaks start splitting, indicating a phase transition to a
lower symmetry crystal structure.
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