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FOREWORD

The ir.dira Gandhi Centre for Atomic Research is now two decades old. Til! the year 1980, the
R & D activities of the Centre were reported through annual/biennial reports covering activities in
all the fields and disciplines. With the significant growth made in the programmes in individual
disciplines from the year 1981 onwards, the Metallurgy and other Programmes have been bringing
out their own annual or biennial reports. It is again a measure of the growth of the activities in the
discipline of Metallurgy in the Centre that a decision was taken that from 1989 onwards biennial
reports of the constituent Divisions will be separately published.

It is a matter of immense pleasure for me to write this FOREWORD for the first biennial
report of the Division for Post-Irradiation Examination and Non-Destructive Testing Development
(DPEND). The activities of DPEND are both mulridisciplinary and interdisciplinary, which is
evident from the contents of this report as well as from the distribution of the basic disciplines of
the forty scientific members of the Division. Metallurgy : 15, Mechanical Engineering :13,
Physics: 7 and Electrical/ Electronics/ Instrumentation : 5. A major activity of the Division has
been the projects relating to the setting up of the Radiometallurgy Laboratory with "Hot Cells" to
facilitate post- irradiation examination (PIE). This facility will be fully commissioned this year,
ready to receive fuels and materials from FBTR for PIE. It is to be pointed out here that our "Hot
Cells" have already handled irradiated materials ; neutron source pin required for startup of FBTR
has been assembled and fabricated in DPEND's cells on four occassions, including twice during
this reporting period. We have also examined the damaged fuel subassembly from FBTR. The
cells are now getting ready for operation in the inert nitrogen environment required for the
examination of the carbide fuei of FBTR and I would like to specially thank the dedicated team
that worked on these project activities.

Since Non-Destructive Evaluation (NDE) plays an important role in PIE, the Division has
been given a mandate for R & D activities in NDE. It is a matter of immense pride and great
satisfaction for me that today, the Division and the Centre are recognised as the leading group in
NDE research in the country, whose work has also received acclaim from peers abroad. 1 would
like to draw your attention to some of the new results in this area, contained in this report: (1) The
use of cluster analysis methods to analyse ultrasonic signals to obtain high sensitivity defect
detection and characterisation in austenilic stainless steel welds, whose dentritic structures
normally restrict sensitivivty to low levels. (2) Unequivocal verification of our viewpoints on
wave reflections taking place at the transducer/couplant / specimen interfaces through a theoretical
model and definitive experiments (3) Evaluation of the errors in the estimation of Fractal
Dimensions through morphological operations. Another noteworthy activity has been in the realm
of Archaeometallurgy, in characterising three Panchaloha Vishnu Idols from Madras Musuem
through Non-Destructive methods.

Two important successful development activities during the period are the indigenous
development of the remote milling and drilling machine and the development of pressurised
capsules for irradiation creep experiments in FBTR. I should also mention the successful
fabrication at DPEND of NDT reference standards with controlled defects for use in Nuclear Fuel
Complex on PHWR and PFBR tubes.

Today, DPEND and the Metallurgy and Materials Programme are poised to play a crucial role
in the development of fuels and materials for our Fast Breeder Programme. As in the past we will
also continue to render our expertise to the Nuclear Power Corporation, the Heavy Water Projects
and Reprocessing Plants in materials selection, materials development and in In-Service
Inspection.

Kalpakkam (PLACID RODRIGUEZ)

Head, Metallurgy & Materials Programme



PREFACE

This is the first separate biennial report of the Division for Post- Irradiation Examination
and Non-destructive Testing Development (DPEND). Before 1989, the activities of our
Division have been brought out in the combined report of the Metallurgy and Materials
programme.

Principal areas of work in DPEND pertain to post-irradiation examination of fuel and
structural materials, irradiation experiments, non-destructive evaluation for material
characterisation, quality assurance and inservice inspection, failure investigations, remote
technology, etc. The areas of work are clearly muftidisciplinary.

The emphasis, right from the beginning , has been to build expertise on the basis of
interdisciplinary efforts and team work. This strategy has not only enabled achieving the
desired objectives but resulted in development of original softwares, indigeneous
instrumentation and innovative techniques.

You would appreciate the magnitude and quality of these developments as you read
through this report. We have taken the path of interactions with other agencies within, and
outside the department to sharpen our abilities and propagate our expertise. Noteworthy is
our contributions to modifying existing standards and contributing new NDT standards for
the Bureau of Indian Standards.

The years 1989-1990 have witnessed our thrust to complete the activities with respect
to commissioning the hot cells with recirculating nitrogen gas environment which requires
to be maintained to the stringent purity levels of oxygen and moisture, building our
expertise in irradiation experiments and consolidating our position of leadership in NDE
activities.

The coming years would be more challenging and exciting as we would be performing
post-irradiation examination and conducting irradiation experiments in FBTR to generate
valuable data on fuels and structural materials related to Fast Breeder Reactor and
Presurised Heavy Water Reactor programmes. Our activities in NDE would extend to the
frontline areas of predictability of NDE signals, development of expert systems and
validation of the approaches for life prediction and extension programmes.

The success of the efforts in science and technology lies in creating a working
environment, where every member of the team feels like contributing to the objectives of
the programme.

We have been fortunate enough to be encouraged by the enlightened management
and guidance of Dr. Placid Rodriguez, Head, Metallurgy and Materials Programme and
strengthened by the committed efforts of our colleagues. I wish to express my grateful
thanks to the dedicated efforts of the editorial team for bringing out this report.

BALDEV RAJ ^ ^ r " ^

Head, Division for PIE & NDT Development
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1.0 RESEARCH AND DEVELOPMENT IN NON-DESTRLCTIVE
EVALUATION

1.1 Effect of Crack Closure due to Compressive Stress on Ultrasonic Examination
(M.Thavaslmuthu, C.V.Subramanlsn, D.K.Bhattacharya and Baldev Raj)

Pulse-echo ultrasonic technique is widely used for the examination of welds. In this technique,
the presence of an echo pulse indicates the existence of a flaw and the amplitude of the signal is
related 10 the flaw size. There are a variety of factors that may influence pulse echo height. For a
crack, one of the factors is the crack tightness. If a crack is tight i.e., the faces are very close to
each other, partial transmission of ultrasound can occur at points along the crack face.
Investigations have been carried out to understand the problem of crack closure by testing on a
simulated crack in a carbon steel weldmeni specimen subjected to varying compressive stresses.
Shear and longitudinal wave angle beam was used at different angles in pulsc-ccho mode. Both 2
MHz and 4 MHz frequency probes were used [1].

From the study, the following results were obtained.

(a) In angle beam examination, all the probes (various refraction angles and frequencies) were
sensitive to the presence of compressive stress.

(b) The study with 2 MHz shear wave probes of different angles showed that testing with the
steeper beam angle of 70 was less affected by crack closure than a 45 angle.

(c) The amplitude drop due to compressive stress was more linear for 45 shear wave probe
than for a 70 probe. From this it could be inferred that if proper care is taken for giving
allowance for reduction in amplitude (in terms of dB) more reliable testing could be done
with 45 probe.

(e) Compared to a 2 MHz shear wave angle probes, 4 MHz probes were less affected due to
the presence of compressive stress in the crack faces. Hence a frequency of 4 MHz is not
only better than a 2 MHz probe by way of a better defect sensitivity, it is also better due to
its less sensitivity to compressive stress.

(0 Longitudinal angle beam probes were less affected by compressive stress than shear wave
angle beam probes and T/R longitudinal probes.

(g) The gap between the crack faces reduced from 34 \\.m at zero stress to 5 ftm at 200 MPa.
Further increase in stress to 366 MPa did not alter the gap between the crack faces
significantly. This is also reflected in the observed saturation in the drop in signal
amplitude of all the probes at a stress level of about 200 MPa. It is found that even at the
crack gap width of about 5 urn, there was a drop of 30-50% in signal amplitude due to
acoustic transparency of crack under compressive stress. It is necessary to lake into
consideration the influence of extent of gap between crack faces (related to stress at the
crack) while evaluating the size of the crack, as the reflected echo amplitude depends not
only on the crack size but also on the crack gap.

1. M.Thavasimulhu, C.V.Subramanian, D.K.Bhattacharya and Baldev Raj, Proc. Nat.
Welding Seminar, New Delhi, 2.1 (1989).

1.2 Non-Destructive Evaluation of Residual Stress in Austenitic Stainless
Steel Butt Weld Joints by Ultrasonic Technique

(P.Palanhhamy, A.Joseph, K. V.Kaslvlswanathan, D.K.Bhattacharya and Baldev Raft

An ultrasonic technique based on the measurement of longitudinal bulk velocity has been used
for the measurement of residual stresses at the butt weld joints in AISI type 304 stainless steel
(SS) plate of 15 mm thickness. Semi-destructive hole drilling strain gauge method was also used
for the measurement of residual stress on the same plate in order to compare the results obtained



by the two techniques. Pulse-Echo Overlap (PEO) method was used for the ultrasonic velocity
measurement. The principle of this measurement consists of making two successive back echo
signals lo overlap on the oscilloscope by driving the X-axis with an adjustable carrier frequency
whose inverse is the travel time between the signals considered. When a correct overlapping is
achieved, one signal appears on one sweep of the oscilloscope, and the other signal appears on the
next sweep. Once the overlap is achieved, the digital display gives the travel time with a resolution
of 0.1 ns.

The principal steps involved in the measurement of residua! stresses by ultrasonic technique
are: (i) determination of acoustoelaslic constant (AEC), using standard tensile lest specimens with
applied loads, (ii) ultrasonic velocity measurement in the welded pads, and (iii). estimation of
residual stress using AEC. AEC constant is defined by the following equation:

where,
VL = ultrasonic longitudinal velocity in the material under stress
VLO = ultrasonic velocity in the stress free material
A - Acoustoelastic constant.
f = stress

A flat tensile specimen of annealed AISI type 304 SS was tested using a universal tensile
testing machine. A 2 MHz commercial longitudiru.' beam ultrasonic probe (Krautkramer B2SN)
was used. With no load, ultrasonic velocity was measured through the thickness of gauge length
using PEO technique as discussed earlier. Measurement of ultrasonic velocity was repeated with
increasing tensile load. The percentage increase in the velocity as a function of increasing stress in
the specimen was recorded The slope of the straight line plot between stress and longitudinal
velocity was found by regression analysis. The slope is the AEC value. For residual stress
measurement, ultrasonic velocities were measured along a line perpendicular to the weld axis by
using the same 2 MHz longitudinal wave probe. Relative changes in the velocities were converted
into stress by using the acoustoelastic constant measured earlier. Fig. 1.2.1 shows the variation in
the residual stress along a line perpendicular to weld axis in the 15 mm thick plate.

Subsequent to the measurement of the residual stress pattern by ultrasonics, strain gauge
method was used as per ASTM standard E-837-81. Strain gauge rosettes were pasted at various
locations. Using a 1.59 mm diameter milling cutter, holes were drilled at the centre of the rosettes,
to a depth of about 2 mm and the strains experienced by individual members of the rosettes were
monitored. From the strain values, the stresses in the principal directions were calculated. Fig.1.2.2
shows the stress distributions as obtained by the above procedure on the 15 mm thick weld pad in a
direction parallel to the weld axis.

In general, the residual stress pattern associated with welding shows tensile stresses of high
magnitude in the weld region. The magnitude is reduced rapidiy to become compressive in nature
in the Heat affected zone (HAZ). Beyond HAZ, the magnitude approaches the stress value in the
parent metal. A similarity in the stress distribution pattern is observed for the. ultrasonic and hole
drilling measurements. However, (he absolute values of the measured stress at corresponding
points from the two methods cannot be compared since the strain gauge method gives only the
surface and subsurface stress distributions ( for a depth appro*. 2 mm), whereas the ultrasonic
method used in this work pertains to the stress distribution averaged through the thickness of the
weld plate.

[The part of the work using strain gauge technique was carried out in collaboration with
Structural Engineering Research Centre, CSIR Complex, Madras.]

Supporting Participants: S.Sivanandan, P.Sukumar and N.Dhakshinamoorthy
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1.3 Couplant Correction for Ultrasonic Measurements
(P.Palanlchamy, P.Kalyanasundaram and Baldav Raj)

Ultrasonic pulse-echo technique is being widely used for non-destructive material and defect
characterisation. The basic measurements for material characterisation are ultrasonic velocity and
attenuation. For the correct determination of material properties, these measurements should be
made as accurately as possible. However, ultrasonic measurements are basically sensitive to
various physical parameters such as beam divergence, specimen surface roughness, pressure
applied to the transducer, couplant thickness, etc. In our earlier work [1] on this subject, we have
given a simple procedure to estimate the error introduced due to couplant thickness (couplant
correction) during ultrasonic velocity and attenuation measurements. Experimental determination
of couplant corrections were also reported for various surface roughness. We have estimated the
couplant correction of the order of 0.6 to 0.8 ns for precise velocity measurements. This small
value of couplanl correction in velocity measurement is of significant importance for determining
material properties such as acoustoeleastic constants which are used for measuring residual stresses
in the materials, by ultrasonic test techniques. We have received valuable comments on this work
from abroad. From the comments, we understand that in spite of various advances made in
pulse-echo measurements, there still exists different viewpoints about the wave reflections taking
place at the transducer/couplant/specimen interfaces. Our viewpoints for the wave reflections at the
interfaces are:

(i) wave reflections are taking place both at the transducer/couplant and the

couplanl/specimen interfaces,

(ii) for small couplant thicknesses (normal contact testing) these two wave reflections
interfere with each other and introduce a finite time delay (tt) to each additional echo to
appear on the oscilloscope screen.

To support our viewpoints, a theoretical model was evolved and experiments were conducted
with various couplant thicknesses.

For maintaining different couplanl thicknesses, polythene sheets of 50 and 100 |im thickness
were used. The instruments used in our experiments were ultrasonic transducer analyser model
UTA-3 (Aeroiech Laboratories) and signal analyser model SM-2100B (Iwatsu). The transducer
used was 2 MHz (B2SN, Krautkramer) and couplant was the coupling agent ZG, Krautkramer.
Figs.1.3.1 to 1.3.3 show the waveforms at the interfaces with time delay between them for three
different couplant thicknesses. Fig.1.3.4 shows the interference of two echoes and the resultant
time delay. Finally, Table 1.3.1 shows the experimental and calculated time delays between
interface wave reflection for couplant thicknesses 100,1500 and 2000 fun. Results obtained from
theoretical model based on our viewpoints were found to be in agreement with experimental
results.

This is a significant advancement in understanding the couplant behaviour in conventional
ultrasonic testing.

Conclusion

In this work, we have shown experimentally that during pulse-echo operation, ultrasonic wave
reflections take place not only at the couplant/spedmen interface but also at the
transducer/couplant interface. Further, these two wave reflections interfere with each other and
introduce a finite time in between any two consecutive echoes due to (he thickness of the couplanL
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Table 1.3.1
Experimental and Theoretical Values of Delay Times

S.No.

1
2
3
4

Couplam
thickness
infim

Direct coupling
100
1500
2000

Delay time between

Experimental (us)

2.58
3.58

interface wave reflections

Theoretical (fis)

0.15
2.26
3.01

1. P.Palanichamy, C.V. Subramanian and Baidev Raj, Brit. J. NDT, 32, 78(1989).

2. P.Palanichamy, P.Kalyanasundaram and Baidev Raj, Brit. J. NDT, 32,242 (1990).

3. H J.McSkimin and J. Andreatech, J. Acoust. Soc. America, 34,609 (1962).

4. E.P.Papadakis, Physical Acoustics, Vol. IV-B, Ed. W.P.Mason, Academic Press, London ,
269 (1968).

1.4 High Sensitivity Defect Detection and Characterisation in Austenitic
Stainless Steel Welds

(P.Kalyanasundaram, C.Rajagopalan and Baidev Raj)

Ultrasonic beam scatter due to dendritic structure restricts the sensitivity (say to 5 % of weld
thickness notch) of defect detection using conventional ultrasonic lest inspection of austenitic
weldmenis of thickness greater than 10 mm, using shear wave probes. However, early detection of
such small defects, before they grow daring service, to a level detectable by conventional
ultrasonic methods, will help monitor the cracks during inservice inspection, thus enabling
corrective measures IB be taken to reduce down time of the plant, minimise repair costs and enable
the prediction of the remnant life of the plant. Signal analysis methods have been exploited to
realise these objectives. Reliable high sensitivity detection and characterisation are also helpful in
establishing confidence in repair decisions of high performance components.

Cluster analysis methods viz. (i) Scalar Mean Peak Power Method (SMPP) and (ii)
Normalised Mean Deviation Vector Method (NMDV) are used to analyse ihe ultrasonic signals in
this case. Cluster analysis methods aim at expressing the results in terms of probability
(percentage) that a signal belongs to the defect cluster or in other words the probability that the
signal is from a defect [1].

Experiments and Results

To evolve, apply and standardise signal analysis methods, artificial defects, such as 5%, 3%,
2% and 1% of plate thickness notches, single holes having diameters 1.0 mm and 0.5 mm, and a
cluster of holes were made in the weldment of a 14.0 mm thick austenitic stainless steel plate,
using electrical discharge machining. Table 1.4.1 shows the dimensions of these defects. In
another austenitic stainless steel weldment of thickness 16.5 mm, natural defects, such as porosity,
line defects (cracks, etc.), were introduced (confirmed by radiography). Conventional ultrasonic
examination, using 4 MHz shear (45 ) and 4 MHz longitudinal angle (45 ) beam probes, could
only detect the presence of 5% notch and cluster defect in the weldment, that too with a narrow
margin of approximately 4% of full scale height (FSH), but could not detect the other defects.
Table 1.4.2 gives the full scale height (FSH) values for various defects and noise signals, as shown



by a conventional flaw detector. Ultrasonic signals were oblained, using 4 MHz shear probe, from
all these defects. Detectability of 5% and 3% notches and large single hole was achieved using
cluster analysis principles. Subsequently, ultrasonic signals from the remaining defects in the plate
(with artificial defects) were used as lest signals, to establish the validity of these cluster analysis
methods. Typical noise signals (signals acquired from the defect free portion of the weld) were also
used as test signals and these cluster analysis methods could detect them as noise signals. The
above analysis, yielded satisfactory results also when longitudinal angle beam probe was used.
Reliable detection was achieved for natural defects in the 16.5 mm thick weldment.

Results of cluster analysis methods are shown in Table 1.4.3.

Demodulated autocorrelogram patterns of signals obtained from these defects and from the
defect-free regions of the weld show distinguishing features with respect to the number of lobes of
the pattern. Typical DMAC patterns for a noise signal and for signal from the 1 % notch are shown
in Figs. 1.4.1 (a) and 1.4. l(b), respectively.
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Fig.1.4.1 Typical DMAC patterns for (a) noise signal and (b) 1 % notch signal.



Table 1.4.1
Size of EDM fabricated Artificial Defects

Type of Defect

5% Notch

3% Notch

2% Notch

1% Notch

Single Hole A

Single Hole B

Depth

mm

5%ofT

3%ofT

2%ofT

l%ofT

NA

NA

Widlh
inmm

1.40

0.80

0.55

0.25

NA

NA

Length
in mm

12.5

12.5

12.5

12.5

15.0

15.0

Diameter
in mm

NA

NA

NA

NA

1

0.5

Cluster of Holes NA NA 10.0 (each) 0.5 (each)
— 5 holes over a circular area of diameter 10mm.

T = Thickness of the weld =14.0 mm

Table 1.4.2
Results of Conventional Ultrasonic Examination Artificial Defects

Defect Type

Amplitude % in the flaw detector

(Gain is set to 20 dB all through)

Shear wave Longitudinal Wave

(Average Values) (Average Values)

Noise

5% Notch

3% Notch

2% Notch

1% Notch

Cluster of holes

Single hole A

Single hole B

25.0 %

30.2 %

27.5 %

26.0 %

19.0%

27.0 %

24.3 %

21.3 %

11.0%

15.0%

12.0 %

9.2%

8.6%

19.4 %

9.6%

6.8%



! •

Table 1.4.3
Defect Probability Values for Classification of Defect and noise signals from austenitic

stainless steel weldments using shear probe.

Artificial Defects
(14.0 mm thick wcldment)

Defect type

Noise 1

Noise 2

Noise 3

5% Notch

3% Notch

2% Notch

1% Notch

Cluster Defect

Hole A

HoleB

% Defect
Probability

SMPP
Method

9.2

10.3

37.9

83.0

66.0

85.0

78.4

: 69.7

94.0

50.0

NMDV
Method

22.2

48.4

41.6

99.0

85.0

96.0

95.0

95.0

99.0

91.0

Natural Defects
(16.5 mm thick weldment)

Defect type % Defect
Probability

SMPP NMDV
Method Method

Noise 1 15.1 58.1

Noise 2 33.2 53.4

Line Defect 1 95.2 100.0

Line Defect 2 99.0 100.0

Porosity 70.0 93.4

Supporting Participants: K.A.Gopal and S.Kumaresan

1. P.Kalyanasundaram, C.Rajagopalan, Baldev Raj, O.Prabhakar and D.G.R.Sharma, British
J.ofNDT.33, 290(1991).

1.5 Characterisation of foreign inclusions in Composites by Ultrasonic
Signal Analysis

(C.Rajagopalan, P.Kalyanasundaram, M.Thavaslmuthu, C. V.Subramanlan and Baldev Raj)

A variety of paper and plastic materials are used in handling and transporting uncured
composite materials. These materials, at times, find their way into the composite laminate and get
incorporated in the composite plate or component. These inclusions might reduce the effective
strength of the composite material, by causing delaminations. An attempt was made to detect and
characterise a variety of artificially injected foreign inclusions in a 3 mm thick carbon-fibre
composite material. This work was referred to this Division by the Aeronautical Development
Agency, Bangalore.

Experiment

Two experimental approaches were used to acquire ultrasonic signals from the composite plate
and signal analysis principles were applied on them. The experimental approaches are: (a)
Ultrasonic immersion technique and (b) Ultrasonic dry couplant technique.

In the Immersion method, testing was carried out using a conventional ultrasonic flaw detector
model (EEC, Bombay) ESM 2M with a 10 MHz focussed immersion probe. With the help of the



manipulator, different foreign inclusions in the test specimen were brought under the purview of
the test.

In the dry couplant technique, alignment of probes, pressure exerted by the probes are some of
the crucial factors to be controlled. Care was taken to control these factors. Though, in certain
applications, both the sides of the specimen may not be available for testing, in the present case
(for a plate geometry), this problem does not arise. The equipment used in this technique was a
(SONATEST) Dryscan Ultrasonic Flaw Detector UFD 200 with a 1.25 MHz frequency probe. In
this technique, to detect and characterise inclusions, ultrasonic energy is transferred into the object
under test and is received from the other side of the object through rubberised pads connected
intimately with the transmitting and receiving probes. The rubberised pads replace the need for a
conventional couplant. The probes are kept on opposite sides of the specimen under test.

The above methods could detect the presence of the foreign inclusions, but it was not possible
to characterise the inclusions and classify them. Hence signal methods such as the TSE method and
the DMAC pattern analysis method were applied to this problem.

Signal Analysis Methods and Results

The values of total spectral energy obtained by dryscan and immersion techniques for various
inclusions are listed in Table 1.5.1. The corresponding values obtained using the dry couplant
technique and for the immersion technique are not to be compared, because of different
experimental methods. However, it may be observed from Table 1.5.1 that, by a single technique,
it is not possible to characterise all the inclusions. For example the TSE for cpoxy and organic
liquid by using dry couplant technique are closer to each other whereas they arc distinctly different
if we use the immersion technique. Also, in the case of immersion testing, the TSE values for
organic liquid and teflon are closer, whereas they are quite different when dry scan technique is
used. Hence, it can be inferred that the TSE approach demands the use of two experimental
techniques, which is not practicable every time. In view of this practical difficulty, pattern analysis
of demodulated autocorrelogram is carried out so that all the inclusions can be characterised using
a single experimental technique.

Demodulated autocorrclogram (DMAC) patterns were generated from these signals. Envelope
of the demodulated patterns, generated using signals obtained in the immersion technique, for the
good region of the composite plate and for a foreign inclusion (Paper) are shown in Fig.l.S.l(a)
and 1.5.1(b) respectively. DMAC patterns for noise signals and for inclusion signals are visually
distinct. Each type of inclusion generates a unique pattern that is typical of that inclusion. Hence
by using this technique, it is possible to r.ot only detect the presence of a foreign inclusion but also
to characterise i t [ l ] .

Table 1.5.1
Total Spectral Energy (TSE) Values for Different Foreign Inclusions

Type
of
Foreign
Inclusion

Good portion
Paper
Epoxy
Organic liquid
Teflon
Aluminium foil
Non-metallic Wiremesh

TSE (in arbitrary

Dry Scan Technique
(milli ref. units)

18.45
9.26

63.92
62.95

7.28
3.82

15.12

reference units

Immersion Techni
(kilo ref. units)

2.61
5.37
4.67
7.03
7.09
6.52
1.81

10
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Fig. 1.5.1 Envelope of the demodulated pattern for the (a) good region of the composite plate and (b) a
foreign inclusion (paper).

1. P.Kalyanasundaram, CRajagopalan, C.V.Subramanian, M.Thavasimuthu and Baldcv Raj,
British Journal of NDT, 33,221 (1991).
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1.6 Defect Detection in End-plug Welds
(C.Rajagapalan, C.V.Subramanian, M.Thavasimutbv. P.Kalyanasundaram and Baldev Raj)

Thin walled (380 (Jjn) zircaloy tubes containing nat jral uranium dioxide fuel pellets are used
as fuel elements in pressurised heavy water reactors, the mainstay of Indian nuclear power
programme. To close the ends of these fuel clad tubes end caps are resistance welded to the
cladding lube on both sides. The quality of these elements has to be of the highest standard. At
present, these welds, after complete fabrication of the fuel elements, are inspected using helium
leak test and samples of these welds, at the beginning and end of the welding campaign, are sent
for melallographic evaluation, to establish confidence in quality. A limitation of helium leak lest is
that it can detect only through-and-through holes. Defects that are not through-and-through holes,
but may develop into one while in service, are not detected by this test. Ultrasonic testing offers a
potential alternative. However, conventional ultrasonic testing has limitations in detecting such
defects due to the presence of echoes from the edge of the tube and the geometry of the welded
region. In order to overcome such difficulties, signal analysis methods were applieri on ultrasonic
signals.

Experiments and Results

For this study 10 MHz immersion type focussed probe was used. The fuel clad lube was
placed in a water lank and signals from the defective and defect-free portions of the weld were
acquired for analysis. The signals were subjected to power spectral analysis. The results can be
summarised as follows: Overall frequency contribution to the signal i.e., the distribution of energy
in various frequency components of the signals show distinct variations, between signals from the
defect of the endcap weld and those from the geometry factor alone. Autopower spectra of the
signals from the defect have single broad peak (Fig. 1.6.1 (a)), whereas for signals due to the
geometry factor, there is a distribution of energy over a few narrow frequency bands (Fig.l.6.1(b)).

-IH.*f»V

Warner MU IMS

Fig.1.6.1 Autopower spectra o< signals from (a) defect and (b) geometry factor.
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DMAC patterns show distinct differences in maximum amplitude of the central lobes between
signals from defects and those from the defect-free region of the weld. Figure 1.6.2(a) and 1.6.2(b)
show two typical DMAC patterns. The DMAC pattern shown in Fig. 1.6.2(a) is that of a signal
from a defect free region (contribution due to geometry factor alone), whereas Fig. 1.6.2(b) is that
of a signal from a defective region in the end plug weld.

7<fc. DELAY uiS

Fig.1.6.2 DMAC pattern for signal from (a) defect free region and (b) defective region in end-plug weld

The signal analysis approaches were developed using artificial defects and known leaking end
plug welds. Defective welds as revealed by signal analysis approaches were examined for
sequential microscopy. Microscopy confirmed the NDT findings. A comprehensive study is
planned on a large number of welds to establish confidence in the methodology for adopting it in
the shop floor.

1.7 Evaluation of Bond Integrity in Sandwiched Structures by Dry
Couplant Ultrasonic Technique

(C.V.Subramanlan, M.Thavaslmuthu, P.Palanichamy, D.K.Bhattachjrya and Baldev Raj)

Dry couplant ultrasonic technique has been used for the evaluation of bond integrity in
sandwiched materials [1]. The materials tested were : (i) aluminium foil honeycomb structure
bonded with aluminium face sheets with adhesive resin, and (ii) aluminium - fibre reinforced
plastic(FRP) - aluminium sandwiched structure.

Both pitch-catch and through transmission methods (Fig.1.7.1) using 5 mm diameter pencil
probes of 1.25 MHz nominal frequency were applied for evaluating the integrity of the bond
between the face sheet and the honeycomb structure (Fig.1.7.2). It was possible to evaluate, as to
whether the disbond was in the near surface face sheet or in the far surface face sheet. In the
through transmission method, the received signal amplitude was higher where there was no
disbond and lower where there was a disbond. When disboncls were located on both ihe face

13
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Fig.1.7.2 (a) Honey-comb structure; (b) testing of honey-comb structure by pitch-catch method (left) CRT
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Both pitch-catch and through transmission methods (Fig.1.7.1) using 5 mm diameter pencil
probes of 1.25 MHz nominal frequency were applied for evaluating the integrity of the bond
between the face sheet and the honeycomb structure (Fig.1.7.2). It was possible to evaluate, as to
whether the disbond was in the near surface face sheet or in the far surface face sheet. In the
through transmission method, the received signal amplitude was higher where there was no
disbond and lower where Ihere was a disbond. When disbonds were located on both the face
sheets/core interface, an additional loss of received signal amplitude and displacement of the beat
pattern took place. AU the ultrasonic defect indications could be correlated with features of
disbonds observed microscopically.

Significant reduction in the amplitude and shift in X-axis of the beat pattern during testing in
the through transmission mode, demonstrated the capability of the technique for detecting disbonds
in aluminium-fibre reinforced plastic-aluminium sandwiched structure also.

1. C.V. Subramanian, M. Thavasimuthu, P. Palanichamy, D.K. Bhatlacharya and Baldev Raj,
NDT International (In Press).

1.8 Occurrence of Kossel Lines in Radiographs of Directionally Solidified Gas Turbine
Blades

(B.Venkatraman, C.Babu Rao, D.K.Bhattacharya andBaldnv Raj)

The main and significant process in X-radiography is absorption. Diffraction through Bragg
reflection is another process that might be significant in some cases. Mottled features in
radiographs of austenitic stainless steel weldmenis have been attributed to diffraction. Diffraction
pattern was obseived while establishing the radiographic procedures for dircctionally solidified
columnar grain IN-100 nickel alloy gas turbine blades. These were identified as Kossel lines.

The main factors favouring the formation of Kossel lines, are : (i) single crystal material (ii)
divergence of X ray beam and (iii) monochromatic X-ray beam.

In directionally solidified turbine blades, large columnar grains (a few in number) are present.
In microfocal radiography, the widely varying thickness latitude of the turbine blade, limitation of
the tube current and the requirement of magnification necessitate a small source-to-object distance.
As a result, the X-ray beam is divergent and encounters only very few grains. Therefore the first
two factors for the formation of Kossel lines are satisfied.

The third factor i.e. the monochromaticity of X-rays is not satisfied in the radiography. This
is one of the reasons due to which the Kosscl lines thus formed arc diffused and non-uniform.

It is known that change in kV shifts the X-ray energy spectrum. Corresponding shift in Kossel
lines is given by :

5 x = | £ S ...(1.8.1)
where 8 x is the shift in the Kossel line, 5 X is the shift in wavelength, S is the distance between
the object and the film and d is the lattice spacing.

Taking 5 X to be equal to the shift in the minimum wavelength of the X-ray spectrum
corresponding to the change in kV (in our experiments, we varied the voltage of microfocus unit
from 70 kV to 120 kV) and keeping S equal to 30 mm, 8 x was estimated to be 1.1 mm. The shift
in the diffraction lines actually observed was of the order of 1 mm which agrees well with the
theoretical estimate.

These observations indicate that the diffraction lines encountered in the microfocal
radiographs of trailing edges of directionally solidified nickel alloy gas turbine blades are indeed
Kossel lines. It may be mentioned here that as the zone of radiography is shifted to thicker regions
of the blade, the Kossel lines merge with background because their intensities are then insignificant
as compared to the background.

15



While interpreting the radiographs of turbine blades, diffraction Kossel lines are less
problematic than mottling, the latter arising during the radiography of polycrystalline blades. It is
possible to detect the defects even in the presence of Kossel lines because the shapes of these lines
are significantly different from those of porosities or shrinkage cavities, which are the predominant
defect types in turbine blades. In the case of polycrystalline blades, since the diffraction mottling
appears to be similar to porosities, evaluation is quite difficult. However, there will be problem if
any of the Kossel line masks the image of a defect. As observed, a change in kV will not bring
about a significant improvement. A small lilt in the blade without changing its relative position
with respect to the X-ray source will alter the Kossel pattern thereby revealing the defect.

Supporting Participants: P.Balaraman and P.Sukumar

1. B.Venkatraman, C.Babu Rao, D.K.Bhattacharya and Baldev Raj, Brit. J. NDT, 32, (1990).

1.9 Eddy Current Testing of Heat Exchanger Tubes Using Three Frequencies

(M.T.Shyamsunder, B.P.C.Rao, D.K.Bhattacharya and Baldev Raj)

During the manufacturing stage of heat exchanger tubes, single frequency eddy current testing
is one of the most important non-destructive test techniques. However, when the same is used for
inspection of tubes in heat exchanger assemblies, single frequency technique is inadequate since
signals due to spurious sources such as support plates and probe wobble, interfere with the signals
due to defects. It is known that these locations , where support plates are present, are one of the
potential sites for defect formation. These problems can be successfully overcome by employing
Multifrequency Eddy Current technique in which more than one frequency is used simultaneously.

The basic approach of this technique relies on the skin effect phenomenon of eddy currents.
This allows one to obtain independent information at differeni test frequencies. The results

0

Fig.1.9.1 Oscilloscope response due to a 3 mm hole in the presence of support plate and probe wobble
when (a) single frequency is used and (b) three frequencies are used.
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obtained from individual test frequencies are processed in real time so as to obtain output signals
which are free from parameters but preserving the desired test data.

A three frequency eddy current technique has been developed and tried in a mockup facility
using tubes corresponding to the intermediate heat exchanger (IHX) assembly of Prototype Fast
Breeder Reactor (sodium-to-sodium heat transfer). The ID of the IHX tube is 21 mm and its wall
thickness is 1 mm. The optimum test frequency for inspecting the tubes is found to be 200 kHz. A
ring of austenitic stainless steel (AISI 316) was introduced around tubes to simulate the presence of
support plate. The two frequencies used for eliminating signals due to support plate and probe
wobble are 100 kHz and 400 kHz respectively. Fig.l.9.1(a) shows the oscilloscope response due to
a 3 mm through hole in the presence of support plate and probe wobble when single frequency
technique is used. It is difficult to interpret this signal to arrive at correct sizing of the defect on
comparison of this signal with the standard signals. Fig. 1.9.1 (b) shows the response due to a 3 mm
hole under similar conditions but when three frequency technique is used. From the above figure it
is clear that three frequency technique is powerful in eliminating the signals due to unwanted
support plate and probe wobble. Also it is very easy to interpret this signal as compared to that
from single frequency.

1.10 The use of Magnetic Barkhausen Noise Signals for the Assessment of
Post-Weld Heat Treatment in Butt Welded 2.25 Cr-1 Mo Steel Tubes

(O.K.Bhattacharya, S.Valdyanathan, V.K.Sethi; andBaldevRaj)
* Nuclear Systems Division, IGCAR

Magnetic Barkhauscn Noise (MBN) signal analysis has been found to be sensitive for the
assessment of Post Weld Heat Treatment (PWHT) of Ihe butt weld joints in 2.25Cr - IMo steel

PARENT!
METAL

Fig.l.10.1 VHN microhardness profile across weld metal/HAZ regions (a) before PWHT and (b) after PWHT.
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lubes. This technique is relevant for the tubc-to-tubesheet and tube-lo-tubeweld joints in steam
generator assemblies of fast breeder reactors.

PWHT reduces the micro and macro stresses at the weld joint and reduces the hardness of
weldment and the heal affected zone (HAZ). These are associated with a significant increase in the
MBN activities. 14 cm long tube specimens with 17.2 mm OD, and 2.3 mm wall thickness were
obtained with a TIG autogenous butt weld joint by an inlernal orbital welding set up. The weld
joint was at the middle of the specimen. Vickers Hardness Number (VHN) microhardness (100
gms) profile along the weld joint on a longitudinally cut specimen showed a high level of hardness
(500 VHN) across the weld metal/HAZ regions (Fig. 1.10. la). After PWHT (heating at 1003 K for
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-H A/m +H A/m

' A,ioo

RMS VOLTAGE (A.U)
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Fig . 1.10.2 MBN rms voltage plots obtained at the weldment and parent metal regions for (a) before PWHT
and (b) after PWHT

30 minutes), the level of hardness reduced to 270 VHN (Fig.!. 10.1b). This value is near to the
hardness of the parent metal (220 VHN).

The experimental setups used for the acquisition and analysis of MBN signals are discussed
elsewhere in the report [2].

MBN rms voltage plots (Figs. 1.10.2a and 1.10.2b) obtained at the weldment and parent metal
regions before and after PWHT gave the following information: Before PWHT the
weldment/HAZ regions gave much lower MBN activities as compared to those obtained from the
parent metal regions. After PWHT, the difference in the MBN activities at the weldment region and
the parent metal regions become nearly equal. The signals were picked up by a sensor coil of 1 cm
width having 4000 turns. The weld width was about 5 mm. The technique was therefore found to
be sensitive to assess as to whether the PWHT treatment had been carried out or not.

1. D.K.Bhattacharya, S.Vaidyanathan, V.Moorthy, and Baldev Raj, paper presented at the
Indo-German seminar on non-destructive materials characterisation, Bhabha Atomic
Research Centre, Bombay, (1990).

2. Article 3.4 of this report.

k
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1.11 Magnetic Barkhausen Noise Signals in Low Cycle Fatigue Damaged
Polycrystalline Iron Specimens

(D.K.Bhaltacharya, S. Vaidyanathan, K.B.S.Rao', P.Kalyanasundaram and Baldev Raj)
* Materials Development Division

A programme has been undertaken to establish the Barkhausen noise signal analysis technique
for the assessment of faligue/creep-fatigue damages in ferromagnetic alloys. In the first stage
polycrystalline iron has been chosen for the study. Low cycle fatigue tests have been carried out at
room temperature in polycrystalline iron specimens at total strain ranges of ±0-5%, and ±0.75%.
Tests were stopped at two intermediate points in the stress versus number of cycles and just when
macrocrack started forming. Thus, specimens with four different extents of fatigue damages were
obtained. The microstructurc of the specimens consisted of single phase ferrite. The average grain
sizes were 40 urn [1].

Magnetic Barkhausen noise signals were acquired under both closed and open field. The
experimental setups are described elsewhere in the report f2,3]. B-H loops were also generated. For
the closed field, the range of applied field was from +64 kA/m to -64 kA/m. For the open field the
range was from +24 kA/m to -24 kA/m. The magnetising frequency was 33 mHz.

It has been found that the parameters derived from the B-H loops do not distinguish between
the control specimens from those which are fatigue loaded. All the parameters derived from the BN
signals are able to distinguish the control specimens from the fatigue loaded specimens. However,
not all of the parameters have shown promise for distinction among the fatigue loaded specimens.
It has been found that the cumulative event counts obtained before the magnetic reversal or the
total counts during the entire half cycle of a hysteresis loop under an open field of magnetisation is
a promising parameter in this regard [4]. Under a closed field of magnetisation, the same parameter
although not as good as the one under an open field, is still better than the other parameters. It
appears that the part of the BN signal which are associated with domain nucleations gives better
information on the changes in the microstructural features in the surface layers occurring due to
fatigue damage. This method holds promise for assessing the fatigue damage in the engineering
components even in those circumstances where details about operational history of the components
are not completely known.

1. D.K.Bhattacharya, S.Vaidyanathan, V.Moorthy, and Baldev Raj, paper presented at the
Indo-German seminar on non-destructive materials characterisation, Bhabha Atomic
Research Centre, Bombay, (1990).

2. Article 3.4 of this report.

3. Article 3.3 of this report.

4. D.K.Bhattacharya, S.Vaidyanathan, K.B.S.Rao, P.Kalyanasundaram and Baldev Raj, To be
presented at Int. Symp. on Fatigue and Fracture in Steel and Concrete structures,
Dec.19-21, Madras, India, (1991).

1.12 Non-Destructive Characterisation of Panchaloha Vishnu Idols
(C.Babu Rao, Baldev Raj and D.K.Bhattacharya)

Three bronze investment cast idols of archaeological importance were characterised by
non-destructive and metallurgical techniques. The idols were obtained from Government
Museum, Madras. Each of the three idols of Lord Vishnu belongs to different periods (9th, 13th,
and 16th century A.D).

The following aspects were considered :
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1. Dimensional characteristics (photography, holography and moire' contouring)

2. Chemical composition

3. Casting features (by insitu metallography and radiography)

4. Physical properties (Seebeck effect, hardness and electrical conductivity)

The following general conclusions and observations could be made :

(i) Holography is suitable to compare the actual object with the reconstructed image.

(ii) Contrary to popular belief, no trace of gold was found in these idols. Silver was found in
trace quantities only. It was found that copper had been available in pure form (98.6 %)
as early as 9th century. There had been a gradual increase in the amounts of alloying
elements in the idols of later centuries. It is inferred that alloying was done purposefully,
to improve casting qualities and to get the desired finish. Detailed investigations are
required to confirm this.

(iii) In two of the three idols, where the main body and the pedestals were separate,
measurements of physical properties like thermo emf, electrical conductivity and
hardress indicate that the main body of the idol was given a different metallurgical
treatment / attention as compared to pedestal (or other ancillaries like Prabhavali).

(iv) Radiography and in-situ metallography have corroborated the conclusion on the
difference in the treatment as discussed under (iii) given. Radiographs of the main body
showed little defects compared to the radiographs of anciUarics, where the defect density
was higher.

(v) Microstructures in general indicated typical cast structures. There were large shrinkage
cavities in the ancillary structures. This indicates that casting quality of the mainbody
was better as compared to uv ancillaries.

(vi) Radiography revealed the presence of alignment studs at the joint between the main body
and pedestal region of 13th century idol. These would have proven extremely handy
white handling hot metal structures during welding.

(vii) A unique repair region was found in the 9th century idol. One of the legs of the idol was
found to be repaired / mended. This was clearly evident in the radiograph manifested
by a different optical density indicating an alloy of lower density employed for repair.

The studies using non-destructive techniques have clearly established the possibility of
scientific and comprehensive fingerprinting of bronze idols which are part of our rich metallic
heritage.

Supporting participants : P.Balaraman, T.Jayakumar, K.V.Kasiviswanathan, Rakesh Kaul,
S.Kumaresan, N.G.Muralidharan, N.Raghu, A.S.Ramesh, C.V.Subramanian, P.Sukumar,
M.Thavasimuthu, R.Vanmathi, B.Venkatraman.

R.Geetha, T.R.Mahalingam, C.K.Mathews, R.K.Prabhu, S.Sahasranamam,
A.Thiruvenkadaswamy and S.Vijayalakshmi (Radiochemistry Programme).

V.N.Srinivasa Desikan, (Curator, Govt. Museum, Madras)

Sarada Srinivasan (Research scholar)

1. Baldev Raj, C.Babu Rao and D.K.Bhaltacharya, Report submitted to the Govt of Tamil
Nadu, Evaluation of National Strategies for Fingerprinting of Ancient Icons and Idols,
(1991).

2. Baldev Raj, C.Babu Rao and D.K.Bhaltacharya, To be published in 'Current Science'.
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2.0 MATERIAL CHARACTERISATION
2.1 Correlation of Acoustic Emission Events with Parabolic Oxidation Behaviour of

2.25 Cr - IMo Steel
(B.B Jha, Baldev Raj, A.S. Khanna and D.K. Bhattacharya)

Experimental work on 2.25 Cr -1 Mo steel at various temperatures has shown that there exists a
relationship in this steel between the acoustic emission (AE) activity generated during oxidation and
the corresponding parabolic oxidation rate [1],

Results indicate that oxidation kinetics are generally parabolic in nature at these temperatures.
The parabolic rate constants measured by plotting the square of the weight gain as a function of
time showed increasing values of the constants wilh increase in temperature of oxidation. The values
were : 5.35 x 10"7,9.95 x 10"7,32.23 x 10'7 and 150.1 x 10"7 mg2 mm"4 min"' at 773, 873,973 and
1073 K respectively. It was observed that as the temperature of the isothermal oxidation increased,
the AE event rate increased resulting in an increase in the cummulative AE events generated
(Fig.2.1.1). There is a non-linear relationship between total AE events generated and parabolic rate
constants. Variation in the oxidation temperature did not show variation in the rms level of the
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Fig.2.1.1 AE events and their cumulative plotted against time at various temperatures during isothermal
oxidation.
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signals. The peak amplitudes of the AE signals were confined to narrow range and the b -parameters
calculated from the cumulative amplitude distribution plots did not show any systematic variation
with the change in the temperature of oxidation.

The b-parameler was estimated from the equation

F(V) = (V/Vo)'b

where,
F(V) = No of AE events having amplitude more than a given amplitude value of' V .

Vo = Lowest detectable amplitude

b = 'b' parameter

The b-parameter is often used to characterise the source of AE [2].

Similarity of peak amplitude distributions and rms values of AE signals generated during the
isothermal oxidation at the various lest temperatures indicated that the energetics of the AE signals
were similar in these temperatures. The absence of a change in the b- parameter values showed that
the micromechanisms of isothermal oxidation taking place at various temperatures considered here
were essentially the same. Thus different event rate and subsequently the difference in total number
AE events generated during the isothermal oxidation at various temperatures are indicative of the
enhanced energy release of the growing oxide layers, energy release being higher for higher
temperature oxidation. Such variation can be used to characterise the growth rate of oxide layers at
various temperatures.

1. B.B. Jha, M.S. Thesis, I.I.T. Madras, (1989).

2. A.A. Pollock, NDT International, 6,264 (1973).

2.2 Use of Acoustic Emission to Study Breakaway Oxidation and Oxide Spalling
Behaviour in 2.25 Cr-lMo Steel

(B.B.Jha, BaldevRaj, A.S.Khanna andD.K.Bhattacharya)

Acoustic Emission (AE) has been used to study the breakaway oxidation of normalised (1223
K/ 2 hr / air cooled), 2.25 Cr -1 Mo steel specimens. AE is a dynamic technique and has advantages
over other techniques such as thermogravimetry and microscopy.

The oxidation was carried out at 1173 K. The study aimed to characterise the AE phenomenon
as a result of breakaway oxidation and internal cracking during post-oxidation cooling. Time domain
AE parameters viz. rise time , event duration, ring- down counts, RMS voltage and amplitude
distribution analysis have been used to differentiate the phenomenon of breakaway oxidation and
the internal cracking of the oxide scale. Experimental details are given elsewhere [1].

AE was acquired using a piezoelectric transducer with a resonant frequency of 175 kHz with a
total system gain of 96.4 dB and threshold voltage of 0.7 V at which no spurious signals were
picked up. For parallel thermogravimetry studies, a Mettler TA1 thermoanalyser was used. The
balance had a sensitivity of 0.005 mg in the temperature range of our investigations.

Results showed that there was a sudden increase in AE activity at a point ' C (Fig.2.2.1)
during isothermal oxidation resulting in higher rise time and event duration indicating that the
characteristics of AE pulses generated in this region are different from those generated before the
point was reached. The increase in AE activity is due to the occurrence of breakaway oxidation
(confirmed by the thermogravimetry results). Rise time and event duration plots obtained during
cooling of the oxidised samples from the test temperature showed a value of higher rise time and
event duration than what was obtained during post breakaway oxidation. Comparing the rms voltage
plots of the AE signal during cooling of the oxidised sample and during post breakaway oxidation as
well as the logarithmic cumulative amplitude distribution plots it was clear that strength of AE was

22



higher during cooling than what was obtained during isothemial oxidation after breakaway. The
increased values of the AE parameters is possibly a manifestation of the source mechanisms having
higher time durations. This is evident from the slope of the AE pulses for these two regions. The
slope of AE pulses calculated at most abundant peak amplitude was found to be two orders of
magnitude higher in breakaway oxidation region (5.6 x 10* dB/ns) than the internal cracking region
(8.8 x 10"4 dB/ns). These differences show that the characteristics of the pulses of AE for the iwo
regions are different. In one case, it is taking place in smallei lime duration and in other case it is
taking place in larger time durations. Results based on frequency analysis [2] also support this
argument
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Fig.2.2.1 Various AE parameters obtained during isothermal oxidation at 1173 K. Point 'C - start of
breakaway oxidation.

The derived parameter i.e. b-parameter [3] is also useful in distinguishing the breakaway
oxidation and internal cracking processes. A large value of 'b ' represents a phenomenon dominated
by low energy emissions while a small value of 'b' represents the dominance of high energy
emissions. The calculated 'b' value obtained for isothermal heating is 2.5 and the same for cooling
is represented by 0.95 in the lower amplitude region and by 2.3 in the higher amplitude region. The
exponent 2.3 being closer to 2.5 indicates that the source mechanism responsible for AE generation
during cooling is initially similar to that taking place at breakaway oxidation. As the process
proceeds, more intense AE is generated shifting the value of 'b' parameter to a lower value.

Present work has demonstrated that acoustic emission technique successfully detects on-line
occurrence of breakaway oxidation and is capable of giving additional information related to
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dynamic changes in Ihe material and the oxide scale. The additional information cannot be obtained
by thermogravimetry and microstructural studies. Since, microcracking in the oxide scale precedes
much earlier to the observation of weight gain, AE technique delects the breakaway point earlier
than the thermogravimetry method.

1. B.B Jha, M.S. Thesis, I.I.T, Madras, (1989).

2. B.B. Jha, Baldev Raj and A.S. Khanna, Oxidation of Metals, 26,263 (1986).

3. Article 2.1 of this report.

2.3 Detection of Oxide Scale Damage in zircaloys using Acoustic Emission Technique

(A.S.Khanna, B.B.Jha, Baldev Raj, P.Kalyanasundaram and C.Rajagopatan)

The main interest in the oxidation behaviour of zircaloys is related to the high Pilling Bedworth
ratio of the oxides. The oxidation results in stress generation, causing mechanical strain and damage
to the scale and as well as in the substrate. It is difficult to study such damages by conventional
ihermogravimetric technique in its inability to distinguish (he damage processes occurring
simultaneously or taking place in a certain sequence. Acoustic Emission (AE) technique was found
to be an important technique in this regard. In this technique the transient elastic stress wave
generated as a result of the fracture of the scale , decohesion of the scale from the matrix and
buckling of substrate material, can be acquired in real time and analysed later.

Time domain analysis of AE signal has confirmed the thermogravimetric result with respect to
the occurrence of breakaway oxidation. Burst type AE were mainly observed in the post breakaway
region for the two materials tested viz. zircaloy-2 and zircaloy-4. There was around four to five
times increase in the AE signal amplitude obtained, when specimens were cooled as compared to the
signal obtained during post breakaway isothermal exposure.

AE signals were also analysed in frequency domain to extract the significant features of post
breakaway oxidation. It was found that, for zircaloy-2 predominant frequency is in the range of
140-158 kHz whereas it was 140-170 kHz in the case of zircaloy^l.

The difference in post breakaway oxidation for these two alloys has been revealed in energy
content of the AE burst signal. For zircaloy- 4, the energy of the AE burst signal instantaneously
increased indicating the occurrence of major scale damage taking place in localised manner during
post breakaway region. In the case of zircaloy-2, energy of the burst signal gradually increased,
indicating that the scale damage had been uniform during postbreakaway region.

At higher temperatures during cooling, energy of the burst signal was low due to the presence
of sufficient plasticity in the scale as well as in the substrate metal. As the temperature was lowered,
energy of the burst signal increased due to the decrease in the plasticity of the matrix. Ai 873 K, the
observed burst AE had the highest energy and there after on further lowering the temperature, burst
signal having lower energy content were obtained. This lowering of the energy of the burst signal
may be due to the less damage at lower temperatures.

2.4 Study of the Spallation Characteristics of Oxide Scales by Acoustic Emission
Technique

(B.B.Jha, Baldev Raj, A.S.Khanna and D.K.Bhattacharya)

The effectiveness of Acoustic Emission (AE) technique for the characterisation of the spalling
behaviour of oxide layers formed on 2.25 Cr -IMo steel when cooled from high oxidation
temperatures has been experimentally established. AE parameters viz. AE counts, total cumulative
counts, RMS voltage along with amplitude distribution mode of data analysis have been used to
characterise the spallation behaviour. AE results have been substantiated by SEM examinations of
the oxide surface [I],
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2.25 Cr - 1 Mo specimens of size about 1 cm and 1 mm thickness were spot welded to
platinum rod waveguide at one end and to a stainless steel plate at the other. A piezoelectric
transducer with a resonant frequency of 175 kHz was placed near the spot welded region of
austenitic stainless steel plate to capture the AE signal being transmitted through the platinum wire
waveguide. AE monitoring was carried out using an AET-5000 system. A total system gain of 96.4
dB and a threshold voltage of 0.7 V was maintained throughout the experiment. 2.25 Cr-1 Mo
samples were oxidised for one hour at 773 K, 873 K, 973 K and 1073 K and then furnace cooled.

There was an increase in the AE event rate, when oxidation temperature was increased from 773
K to 1073 K . Typically the total number of AE events generated during cooling from 773 K, 873
K, 973 K and 1073 K were found to be 78,412,441 and 1734 respectively. RMS voltage level of
the AE signal also indicated that the strength of the AE signal increased with an increase in the
temperature level from which the specimen was cooled. This is in conformity with observations of
scale by optical microscopy, made after the completion of the lest. Peak amplitude distribution of
AE event plots obtained during cooling from various temperatures showed an increase in the
population of high amplitude events with the increase in the temperature from which the oxidised
specimens are cooled. The b- parameter [2] of AE occurring during spaliing of the oxidised
sample during cooling showed a consistently decreasing trend from low temperature cooling to
higher temperature cooling indicating that the propensity of spaliing is more when cooling starts
from higher temperature. This is attributed to higher thermal stresses in specimens oxidised at
higher temperature and then cooled.

1. B.BJha, M.S. Thesis, l.I.T. Madras, (1989).

2. Article 2.1 of this report.

2.5 Influence of Secondary Phases on Acoustic Emission Generated during Tensile
Deformation and Fracture in Nimonic Alloy PE16
(T.Jayakumar, Baldev Raj, D.K.Bhattacharya, P.Rodriguez and O.Prabhakar')

* U.T.Madras
The acoustic emission (AE) generated during tensile deformation depends on the secondary

phases present, and their influence on the operating deformation process. The influence of
secondary phases like MC, M23C6 and 7 ' on the changes in deformation process and the
consequent changes in AE behaviour were studied, in a nickel based super alloy, nimonic alloy
PE16. The different secondary phases were introduced into tensile specimens by suitable heat
treatments. Various time domain AE parameters were used for correlation of AE with deformation
processes. It is possible to characterise the AE signals associated with (1) operation of Frank-Read
and grain boundary sources (2) dislocation activity at y/MC interface, (3) decohesion and fracture
of MC and M23C6, (4) particle shearing process and (5) Orowan looping process, using different
time domain AE parameters.

Fig.2.5.1 shows the variation in rms voltage of AE signal with strain in tensile specimens
undergoing deformation by different deformation processes. Continuous type weak AE is generated
in solution annealed specimen with single phase austenite (Fig.2.5.1 (a)) Decohesion and fracture of
MC carbides resulted in burst type (Fig.2.5.1 (b)) and more energetic AE compared to that in solution
annealed specimen. The events associated with decohesion of y /MC interface are of higher
energy compared to those with decohesion of 7/M23C6. This is attributed to higher imerfaciaJ
energy for y'/MC as compared to yMnC6.

The presence of 7 ' led to large scale increase in acoustic activity compared to solution
annealed specimen. This is manifested as a broad rms voltage peak near yield region in the case of
particle shearing process (Fig.2.5. l(c)) and large number of ringdown counts in the case of Orowan
looping process without any peak in rms voltage (Fig.2.5. l(d)). Particle shearing and Orowan
looping processes generated AE events with higher PA, energy and ringdown counts, larger event
duration and higher rise time than in those generated in solution annealed specimens. The
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Fig.2.5.1 Variation in rms voltage o1 AE signal with strain in tensile specimen undergoing deformation by
different processes, (a) Solution annealed specimen with single phase austenite; (b) Decohesion
and fracture of MC carbides; (c) Particle shearing process; (d) Orowan looping process and (e)
Presence of both y and MC in the microstructure.

generation of stronger AE signals from particle shearing process compared to those with Orowan
looping process is attributed to the irreversible energy change associated with the former. In
presence of both y'and MC in the microstructure, continuous type AE with superimposed bursts are
seen (Fig.2.5.1(e)). When both y'and MC are present together, the individual AE signal
characteristic of (1) decohesion and fracture of MC and (2) particle shearing process are retained
even though there is modifications in the AE signal.

Detailed discussion on how various other AE parameters gel altered under different
deformation processes has already been reported elsewhere [1-5], This study establishes the
strengths of AE technique for studying and characterising deformation processes in a complex
engineering alloy.

Supporting Participants: R.Gnanasekharan, N.G.Muralidharan, A.S.Ramesh and S.Radhika.

1. T.Jayakumar, MS Thesis, 1IT, Madras, 1989.

2. T.Jayakumar, Baldev Raj, D.K.Bhattacharya, P.Rodriguez, and O.Prabhakar, Proc. 12th
World Conference on NDT, 2, Amsterdam, The Netherlands, (1989).

3. T.Jayakumar, Baldev Raj, D.K.Bhattacharya, P.Rodriguez, and O.Prabhakar, J. Acoustical
Society of India, 17,169 (1989).
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4. T.Jayakumar, Baldev Raj, D.K.Bhatlacharya, P.Rodriguez and O.Prabhakar, Trans. IIM, 40,
147(1987).

5. Baldev Raj and T.Jayakumar, ASTM-STP-1077,218 (1990).

2.6 Acoustic Emission During Tensile Deformation of Annealed and Cold Worked AISI
Type 304 Austenitic Stainless Steel
(C.K.Mukhopadhyay, B.B.Jha, T.Jayakumar, K.V.Kasivlswanathan, Baldev Raj)

Acoustic emission (AE) generated during tensile deformation of annealed and cold worked AISI
type 304 stainless steel has been studied. Tensile specimens having gauge dimensions of 36 x 8 x 5
mm prepared from solution annealed (1323 K for 1 h) and different cold worked conditions viz. 10
%, 20 % , 40 % and 50 % were used. Tensile testing was carried out at a nominal strain rate of 5 x
W4 s'! at ambient temperature (298 K). AE signals generated during tensile deformation were
recorded and analysed using an AET-5000 system. A piezoelectric transducer having resonant
frequency at 175 kHz, a preamplifier( 60 dB gain) and a compatible bandpass filter ( 125-250 kHz)
were used to capture the AE signal. Total system gain of 90 dB and a threshold of 0.9 V were
maintained throughout the experiment. Various time domain AE parameters were used to analyse the
data.
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Fig.2.6.1 AE signal rms voltage and engineering stress as a function of engineering strain for AlSt type 304
stainless steel
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Variations in rms voltage of the AE signal as a function of engineering strain are shown in
Fig.2.6.1. intense AE at low strain levels in annealed specimen has been attributed to dislocation
avalanche (dislocation generation and multiplication) by operation of Frank - Read and grain
boundary sources and dislocation motion during yielding [11. Comparison of results among different
specimens indicated that acoustic activity generated at low strain levels is decreased with increase in
prior cold work except for 10 % cold work. Logarithmic cumulative amplitude distribution of the
AE signal obtained for different specimens (Fig.2.6.2) showed the dominance of many higher peak
amplitude cvenLs in case of 10 % cold worked specimen in comparison to the other specimens. This
decreased acoustic activity at low strain levels in case of higher cold worked specimens was
attributed to the decreased glide distance for moving dislocations by prior cold work in accordance
with the model proposed by Agarwal et al [2]. Whereas, increased acoustic activity in 10 % cold
worked specimen was attributed to ihc easy formation of strain-induced oc-martensite in this
specimen because small amount1; of prior cold work assists in rx-martensite formation while
extensive cold working suppresses the nuclcation in the subsequent transformation [3].

31 31 « SO K
PEAk AMPLITUDE I 111 I

Fig.2.6.2 Logarithmic cumulative amplitude distribution plots of the AE signal obtained during tensile testing
of AISI type 304 stainless steel.

AE in the post-yield region of the present material was found to be maximum in uie annealed
condition. On the other hand, AE studies during tensile deformation of annealed 316 stainless steel
has shown that the rate of AE activity in the post-yield region is insignificant [1]. This reduced
post-yield activity in AISI 316 has been attributed to the decrease in both glide distance for moving
dislocations and the formation of dislocation avalanche. Thus, post-yield AE in the annealed
specimen of the present material was attributed to the strain-induced a martensite transformation.
Reduction in the post- yield AE with increase in prior cold work can be attributed to the reduced
amount of strain -induced a transformation in the cold worked specimens because of stabilisation
of austenite. Large amount of deformation of austenite increases its dislocation density and thus
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makes the cooperative movements of atoms required for the formation of martensile more difficult
14]. X-ray diffraction and magnetic etching techniques revealed the presence of strain induced
cxmartensite in all the deformed specimens.

Supporting participants : S.Sivanandan, N.Dhakshinamoorthy and P.Sukumar.

1. Baldev Raj and TJayakumar, J. Acoustic Emission, 8,126 (1989).

2. A.B.L.Aganval, J.R.Frederick and D.K.Felbeck, Met. Trans. (A), 1,1069 (1970).

3. J.R.C.Guimaraes and J.C.Shyne, Scripta Met., 4,1019 (1970).

4. Dieter Fahr, Met. Trans. (A), 2,1883 (1971).

2.7 Magnetic Barkhausen Noise Signals in Hardened and Tempered 2.25Cr - 1 Mo Steel
Specimens

(D.K.Bhattacharya, S.Valdyanathan, V.Moorthy, and Baldev Raj)

A programme has been initiated on the development of techniques based on Barkhausen Noise
signals for various applications [1]. These data are intended to be supplemented by the parameters
derived from the B-H hysteresis loops. The experimental set-up developed for this purpose are
discussed elsewhere in this report [2,3]. In this section, the work on microstructural characterisations
on heat treated 2.25 Cr - 1 Mo steel specimens are reported. Yoke based closed magnetic field was
used with the range of applied magnetic field strength from +64 kA/m to -64 kA/m.

2.25 Cr - 1 Mo steel rod specimens with the following nominal chemical compositions were
used: C - 0.133 / Si - 0.34 / S- 0.024 P - 0.020 / Cr • 2.40 / Mo -1.2 / Mn - 0.42 / Fe - Balance.

The specimens were austeniiised at 1223 K for 2 h in air followed by water quenching. After
removal of the oxide layers, the hardened specimens were characterised by VHN macro hardness (5
kg), by B-H loop tracing and by MBN rms voltage plot. The hardness values were in the range 410 -
420 VHN and the B-H loop/rms plots were similar. Tempering was then carried out at 823 K, 873 K,
923 K, 973 K and 1023 K in air for various duration of lime upto a maximum of 500 h followed by
air cooling. The oxide scales were removed from the tempered specimens by progressively fine
machining operations ending with the same surface finish in all the specimens.

The microstructure of quenched specimens was fully martensitic. Optical microscopy showed
typical tempered martensitic structure in the tempered specimens. Recrystallisation and grain growth
were visible for specimens tempered at 973 K and 1023 K beyond 100 h.

Plots of VHN macro hardness (5 kg) values vs tempering time at various tempering
temperatures showed progressive reduction of the hardness values with increasing tempering time,
the initial rate of reduction being higher higher the tempering temperature. The rate of reduction
slows down with increasing tempering time. The data show that the variations in the hardness values
do not reflect the sequence of the carbide precipitates that are known to take place in this type of
steel i.e. Fe3C, M02C, CnC3, M C , and M C. As regards the B-H characteristics, the sheared loop
of the quenched state becomes squared within a shoit tempering time, excepting at 823 K where
even after 10 hours of tempering some degree of shearing is present. B-H loop parameters have not
shown significant variations by which the tempered specimens could be characterised. On the other
hand, MBN signals were strongly affected by the carbides present in the microstructure. The
following parameters from the MBN rms voltage plots were used for the analysis of the MBN
signal, (a). Presence of single or overlapping double peaks,(b). Area under the plot and, (c)
Maximum peak height.

For water quenched specimens and those tempered at 823 K upto 100 hours and at 873 K upto 5
hours single peak was observed in the region where movement of the 180 degree domain wall is
predominant. This can be explained by the presence of long range elastic strains associated with the
dislocations in the quenched microstructure and the cementite platelets which would prevent domain
rotation. In the specimens where M02C rod shaped precipitates were present, an overlapping second
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peak was prominent. It is possible that M02C precipitates which are known to be aligned in the [100]
easy magnetisation direction of ferritc would act as strong pinning points for the movement of 180
degree domain walls, but may facilitate domain rotation.

In the specimens where both FeaC and M02C are expected to be present the overall MBN
activities denoted by the area and the peak height parameters first increase and then decrease. This
variation is more predominant for the first peak and somewhat less for the second peak. This type of
variation conforms to the known information Uiat the size, and the number density of the Fe3C
carbides first increase and then decrease before the onset of the precipitation of CnC? carbides.
Since the probability of nucleation of reverse domains would depend on the size of the carbide
precipitates, and the MBN activities would in turn depend on the number of domains taking part in
the MBN activities, there seems 10 be a malching correlation between the two observations.

The trend in the variations in the MBN for specimens tempered at 973 and 1023 K upto 500 h
show a gradual decrease to low activities. This corresponds to gradually lower carbide number
densities, and recrystallisation/grain growth.

For specimens tempered at 1023 K for long duration of time (at and beyond 100 h) a single
peak corresponding to the knee of the B - H loop was observed. This is surprising since this
corresponds to the rotation of 90 Jegree domains. It is known that a significant amount if not the
major amount of the MBN signals should come from the movement of the 180 degree domain walls
corresponding to the coercivity region of the B - H loops.

The indigenous instrumentation and expertise base is considered to be of significant value in
characterising the microstructurcs during inservice inspection of fcrritic components.

1. D.K.Bhattacharya, S.Vaidyanathan, V.Moorlhy, and Baldev Raj, paper presented at the
Indo-German seminar on non-destructive materials characterisation, 1990, Bhabha Atomic
Research Cenlre, Bombay, (1990).

2. Article 3.3 of this report

3. Article 3.4 of this report.

2.8 Measurement of Crystalite Size and Microstrain in ColdRolled AISI Type 304
Stainless Steel using X-Ray Diffraction Technique

(T.Jayakumar, R.Haberkorn and Baldev Raj)
* Institute for New Materials. University of Saarland, Saarbruecken, FRG.

X-Ray diffraction (XRD) technique has been applied to determine crystallite size and
microstrain in cold rolled AISI type 304 stainless steel. Cold rolling of any material results in
decrease in crystallite size and increase in internal strain. The line width of the reflections obtained
by XRD depend on the crystallite size and the microstrain. By using the line widths of same basic
reflections (say for example (111) and (222)), it is possible to separate the contributions for change
in line width due to change in crystallite size and microstrain using Keochendoerfer separation
method [1],

The full width at half maximum (FWHM) of the X-Ray intensity peak for a given reflection (J3)
is given by

P = (P size)/(1-(P strain/4p size)

where

P size = contribution to FWHM size of crystallite

P strain = contribution to FWHM due to microstrain

P strain = 4 e tan 9

psize = k X/D c o s 8
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where

£ = mean strain in the crystallite perpendicular to the selected lattice plane

© = angle of intensity peak from a given reflection

X = wave length of the radiation used for the XRD

D = Volume weighted mean crystallite size

K = Scherrer constant

By knowing the (} values for a set of planes, say (111) and (222), it is possible to estimate the
P size and 3 strain. The values were obtained after firing the XRD intensity peak profiles using
Pearson Vn function.

The changes in p with cold work in AISI type 304 stainless steel were measured by using Cu
K a - radiation. Measurements were made for two basic reflections (111) and (200) with their
corresponding higher order reflections (222) and (400).

Figs.2.8.1(a) and 2.8. l(b) show the change in the crystallite size and microstTain with cold work
for (111) and (200) reflections. The crystallite size is highest with a value of 389 and 153 nm
measured from rolling plane and cross section respectively. The crystallite size decreased to a
smaller value (40-80 nm) after 20 % cold work and remains conslam or shows a small decrease with
further cold work.

CRYSTALLITE SIZE VERSUS COLD WORK STRAIN VERSUS COLD WORK

osoo

0.400 -

0.300 -

<

20 1,0

COLO WORK %

0.200

0.100

0.000

V I 111 ) ROLLING PLANE A ( 111 > CROSS SECTIONS
O I 200 ) CROSS SECTIONS

COLO WORK %

• I 200 ) ROLLING PLANE

Fig.2.8.1 Variation in (a) crystallite size and (b) internal strains witfi cold work in AISI lype 304 stainless sreel
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The microstrain in the direction perpendicular to (111) increased from 0.03 % to 0.15 % in the
case of measurements made from the rolling plane and from 0.095 to 0.23 % for the cross section
after 10 % cold work. Further increase in cold work did not show any increase in microstrain. On
the other hand, the microstrain perpendicular to (200) increased continuously with increase in cold
work upto 40 %. The saturation effect in microstrain observed in the case of (111) is attributed to
the fact that the (111) is a glide plane and after certain amount of microstrain accumulation, glide
takes place.

This study demonstrated the application of Koechendocrfer method for estimation of crystallite
size and microstrain. It was also observed that the increase in microstrain with cold work is direction
dependent [2].

1. A.Koechendoerfer, Z.Krislallogr., Mineral V. Petrogr., 105,193 (1944).

2. T.Jayakumar, R.Habcrkom and Baldev Raj, To be communicated to Applied
Crystallography.

2.9 Microstructural Evaluation in Nimonic Alloy PE16 using Ultrasonic Velocity
Measurement

(T.Jayakumar, H.Willems, Baldev Raj and W.Arnold')
*hfP, Saarbruecken, FRG

Ultrasonic velocity measurements were made to characterise secondary phases MC, M23C6 and
Y in a nickel-based super alloy Nimonic alloy PE16. Nondestructive microstructural
characterisation using ultrasonic velocity helps in quality control during heat treatment and
assessment of degradation in service of components.

Velocity measurements were carried out on plane parallel specimens having dimensions 18 mm
dia. and 10 mm thickness. Solution annealing was carried out on all specimeas at 1313 K for 4 h to
obtain single phase austenite. Subsequently, thermal ageing was carried out in the temperature range
973-1173 K for different durations to obtain MC, M23C6 and y phases. Velocity measurements
were made with longitudinal and shear waves by using cross correlation technique. Density and
hardness measurements were made on all specimens 10 establish their correlation with velocity
measurements. Details of heat treatments, microstructural features, hardness, density and
longitudinal velocity for different specimens are given in Table 2.9.1.

Influence of important heat treatments in ultrasonic velocity

The density increases when secondary phases are introduced. The increase in density is more in
the case of y as compared to MC. Specimens with lowest volume fraction of y (specimen
aged at 1073 K) show lowest density. The hardness is not altered by introduction of MC.
Precipitation of y led to substantial increase in hardness. Increase in hardness is more at lower
ageing temperature (973 K) when the volume fraction of is higher.

Presence of secondary phases led to increase in velocity. The increase in velocity depends on
the type of phase (MC or y ) and amount of phase in the case of y . Even though there is overlap
of velocities for some of the heat treatments considered, it is still possible to use velocity
measurements with prior calibrations for quality control during heat treatment for a given set of heat
treatments.

Influence of Size of y: Figs.2.9.1(a)and 2.9.1(b) shows the variations in hardness, density,
longitudinal and shear velocities at 5 MHz with size of the y for specimens thermally aged at 973
and 1073 K. In specimens aged at 973 K rapid increase in longitudinal and shear velocities with the
size of y as against slow increase in hardness is explained as follows: velocity is dependent on
the elastic properties of the material whereas hardness is a measure of resistance to deformation, a
plastic property. As the supersaturated solid solute elements come out of matrix from the start of
ageing to form y, the modulus of the alloy starts changing which in turn results in velocity change.
Only when y reaches a minimum size (which takes larger ageing period) before its resistance lo

33



DENSITY

HARDNESS

973K IO73K

-i"

SIZE OF I . nm —

1 0

0.8

0.6-

0.4

0 2-

00

LONGITUDINAL

SHEAR

3?3K

:x~.

;073K

_e_

0 e 16 24 32 4C 46 56

SIZE OF y ; nm —
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deformation is reflected by an increase in hardness. Therefore the maximum in velocity reaches
fast as compared to hardness which takes longer ageing period. Even though similar behaviour is
expected in specimens aged at 1073 K, the kinetics are faster and the specimens aged for 30 min.
minimum ageing period could not reveal this.

Influence of volume fraction of y : Fig.2.9.2 shows linear dependence between the volume
fraction of y and the ultrasonic velocity in the case of specimens aged for and beyond optimum
duration of ageing (i.e. with y size <10nm) at 973,1023 and 1073 K. This relationship can be used
to evaluate nondestructively the volume fraction of y.

This study demonstrates the potential of ultrasonic velocity for microstructural evaluation
having applications for quality control and inservice inspection with prior calibration. Siz.e and
volume fraction of y and presence of carbides are found to influence the velocity in nimonic alloy
PE16.

1. T.Jayakumar, H.Willems and Baldev Raj and W.Amold, in Proc. Review of Progress in
Quantitative NDE, San Diego, USA, 1990 (In press).

2. TJayakumar, H.Willems and Baldev Raj, Accepted for Publication in Trans. 1IM.

2.10 Nondestructive Characterisation of Cold Worked AISI Type 304 Stainless Steel
using Ultrasonic and Magnetic Methods

(T.Jayakumar, H.Willems', T.Koble, W.Theiner and Baldev Raj)
*lzfP, Saarbruecken, Germany

Cold working of 304 stainless steel leads to development of (110)p texture and formation of
soft bec a-martensite through hep e martensite. Ultrasonic velocity, attenuation and absorption,
and magnetic hysteresis loop and Barkhausen noise measurements were made for characterisation
of changes in microstructure with cold work.

Velocity measurements using longitudinal and shear waves were carried out in different
directions with different polarisation directions in the cold rolled specimens. There is change in
velocity with cold work under different polarisation and propagation conditions. The difference in
velocity of shear waves propagating in normal direction and polarised in rolling and normal
directions is found to be most sensitive parameter for the estimation of cold work. Fig.2.10.1 shows
the texture coefficients estimated from ultrasonic velocity measurements. The deviation from

O C 411

• C412

A C 413

20 30

COLD WORK %
SO

Fig.2.10.1 Variation in fourth order expansion coefficients (FOEC) of orientation distribution function (ODF)
with cold work.
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linearity of one of the texture coefficients is attributed to ot-martensile formation. This can be
confirmed by carrying out similar studies in AISI 316 stainless steel where a is not formed with
cold work. The Rayieigh wave velocity is found to decrease linearly with cold work with 14 %
reduction after 50 % cold work.

Both piezoelectric and laser based ultrasonic absorption measurements showed increase in
absorption upto 30% colii work and saturation beyond thai. This is explained in terms of increase in
dislocation density initially and its subsequent saturation. The good correlation between ultrasonic
and laser based measurements obtained indicate that laser based measurements can be made
effectively even on small specimens, which is not possible with piezoelectric based measurements.

There is reduction in ultrasonic attenuation in all the three directions (rolling, transverse and
normal). This is attributed to reduced scattering associated with formation of texture. As the
difference in elastic constants is reduced with reduction in anisotropy from one grain to another (by
formation of texture), the scattering is reduced. The contributions of absorption out of total
attenuation of ultrasonic signal is found to increase from 0.2 % to 14 % with increase in cold work
from 0 to 50 %.

Magnetic hysteresis and Barkhausen noise measurements were carried out to characterise the
magnetic a martensite phase in the cold worked specimens. The hysteresis loops are found
sheared in the cold worked specimens. The shearing is attributed to the demagnetisation effect in
presence of magnetic dipoles on the surface of a magnetic phase. The slope (B/iI) of hysteresis
loop is found to increase with increase in cold work indicating the state of magnetic phase changing
from hard to soft. The area of hysteresis loop increased with increase in cold work indicating
increase in amount of a with increase in cold work. The MBN signal was also found to increase
and broaden with increase in cold work . The peak amplitude (Mmax) and the corresponding
magnetic field (Hmax) of ihe MBN signal for different specimens indicate thai there is almost no
difference in Hmax with cold work. However the Mmax is found to increase with increase in cold
work (Fig.2.10.2). This is attributed to increased volume fraction of a with increase in cold work.

0,4 -I

10 20 30

COLD WORK , 1.

Fig.2.10.2 Influence of cold work on magnetic Barkhausen noise.
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Both hysteresis parameters and MBN signal amplitude indicate that magnetic methods are more
sensitive as compared to other methods. This is because of the fact that presence of a could be
detected even in 10 % cold worked specimens by magnetic methods as against detection of a only
in specimens cold worked for more than 20 % using X-ray diffraction technique and
equivalent ferrile measurement using ferritcscope.

1. TJayakumar, Characterisation of microstmctures in metallic materials, IzfP internal report,
35 (1990).

2.11 Ultrasonic Studies on Sensitised AISI type 304 Stainless Steel

(P.Palanichamy, A. Joseph, K. V. Kasiviswanathan, D. K. Bhattacharya and Baldev Raj)

Austenitic stainless steels have been extensively used in the construction of nuclear reactors
because of their excellent mechanical properties and corrosion resistance. However the unstabilised
austenitic steels like AISI type 304 and 316 are susceptible to Intcrgranular Corrosion (IGC) and
Stress Corrosion Cracking (SCC). Scnsitisau'on is the prime cause for these corrosion degradation
and failure. Sensiusation may result from heat treatment, welding, slow cooling through the
temperature range of about 673 to 1123 K causing precipitation of chromium rich carbides mostly
along grain boundaries. In polycrystallinc material, ultrasonic attenuation occurs mainly due to
scattering of waves at the grain boundaries. Precipitates formed along grain boundaries during
sensitisation would modify ultrasonic wave propagation process. Ultrasonic attenuation
measurements can be used for monitoring such changes due to sensitisation. In this work, an attempt
has been made to characterise the ultrasonic attenuation behaviour of AISI type 304 SS specimens
thermally aged at various temperatures and time durations.

AISI type 304 stainless steel in the form of 5.5 mm thickness strips were used for the study. All
the specimens were first solution annealed at 1323 K for 1 hour and subsequently water quenched.
Several specimens were thermally aged in the temperature range of 773 to 1073 K in steps of 373 K
for different time periods varying from 0.5 to 100 h (0.5, 1, 5, 10 and 100 h). After the heat
treatment all the samples were polished for removing the scales on the surfaces.

Ultrasonic attenuation measurements were carried out using Karl Deutsch Echograph - 1030
equipment and the immersion tank facility developed indigenously at our laboratory. Pulse-echo
technique was employed for the investigation. The system was first tuned to obtain an echo train in
the CRT screen. Measurements of echo amplitudes made were ensured to be on the far field zone of
the transducer. All the echoes having more than 20 % amplitude were considered for attenuation
calculations using the formula,

where H is the echo amplitudes and n is the number of echoes considered and a is the ultrasonic
attenuation. 5 MHz (L5M) and 10 MHz (L10M) immersion transducers of Krautkramer make were
used for the investigation. In order to avoid near field effect of the transducer, 20 mm and 40 mm
water columns were maintained for 5 MHz and 10 MHz transducers, respectively. First three
backwall echoes were considered for the attenuation calculations.

Results of the ultrasonic attenuation measurements using 5 MHz and 10 MHz probes are
presented graphically in Fig.2.11.1 and 2.11.2, respectively. In general, for both frequencies,
increased ultrasonic attenuation coefficient is observed for the sensitised specimens as compared to
annealed ones. The percentage variation in attenuation coefficient for 5 MHz frequency is found to
be less than that of 10 MHz frequency. For both the frequencies, specimens heat treated at 973 K
show maximum percentage variation in ultrasonic attenuation coefficient. For all the temperatures
(773, 873, 973 and 1073 K) attenuation coefficient increases upto 1 hour treatment and slight
decrease in the attenuation values are noticed for further ageing time. The measured attenuation
noticed for 1 hour treatment may be due to the initial nucleation and precipitation of chromium
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Fig.2.1I.l Variation of ultrasonic attenuation coefficient (5 MHz) with ageing time in AISI type 304 stainless
steel.

Fig.2.11.2 Variation of ultrasonic attenuation coefficient (10 MHi) with agoing time in AISI type 304 stainless
steel



carbide (CtaCe) formed along grain boundaries. These distinctly formed carbide precipitates give
rise to more scattering of ultrasonic wave and hence maximum attenuation was observed. During
further ageing, the precipitates formed grow in size and tend to interconnect with each other. This in
turn slightly reduces the scattered components of the beam and reductions in the attenuation are
observed. The percentage variation in ultrasonic attenuation coefficient observed for 5 MHz
frequency varies from 7.55 to 15% whereas for 10 MHz frequency, it is from 21 to 28% and
therefore for monitoring sensitisation, 10 MHz frequency probe would be more useful. It is well
understood that ultrasonic attenuation measurements are affected by factors like diffraction, couplant
effect, plain parallelness etc. In our study the use of immersion technique eliminates the error due to
couplant and the use of line focus immersion probes minimises the error due to diffraction. The
standardised procedure for ultrasonic attenuation measurements is useful for monitoring sensitisation
and grain boundary precipitation, a vital factor for the engineering performance of the materials.

Supporting Participants: S.Sivanandhan, andP.Sukumar

2.12 Errors in the Estimation of Fractal Dimension using Morphological Operations

(S.Kanmanl, C.Babu Rao and Baldev Raj)

Fractal dimension is nowadays being used as a parameter of complexity in the description of
various shapes and forms [1], Among the various methods of computing the dimension, the method
of morphological operations was found to be easier to implement in an image analyser. This method
makes use of Minkowski's definition of fractal dimension, where a mathematical ball of radius V is
used in the limit of 'r' approaching zero, to cover the feature of interest. However, in practice, with
finite lattice points, a ball can only be approximately realised by using structuring elements. Hence
in addition 10 the error due to discretisation and the error due to the finite lowest value of V , the
shape and symmetry of the structuring element also add to the error.

'""[ o 100 x 100 PIXEL

D 300 x 300 PIXEL

• 500 x 500 PIXEL A

A SAJPE 09871

RUELLS FORMULA

Fig.2.12.1 Deviation in the computed values of Fractal dimension corresponding to the structural element
shown in the inset.

39



In ordc,! io fu.cl/se the variation of the errors with respect to (he factors piscusset! abcvj, ."ractaJ
curves o!' sov-rd fn-.ct.il dimensions were creeled. Thr-ir .".imojh'n estimated by the morphological
method was c^rr.p:-iTcA with ihc r.vailablc results obtained by oj;-r methods and wish ?.n analytical
formula which is vgUci in csitain limits.

The tfMOr tacressjd with the complexity of ^ e curve( i.e increasing Fractal dimension) for all
structuring elor.ionts as indicated for or.c specific structuring iterr-ent in Fig.2.12.1. Tnc fracai
dimension for very small values of 3 is given as

1 + a2 / 2.773 + higher orrks: terms

The variation of the error with the shape and s>Tm.;try of the structuring element is
indicative of any patircular 'rend and hence needs further analysis.

1101

awTBaldcv Raf i-Ied a;
(1983).

2.13 Diffusion and Compatibility Studies in AISI Type 316 Stainless Seeel / Soditia
System

(Vaideh!Ganosan, V.Gancsari, T.Jayakumsrsr.dD.K.Bhattachatya)
*Radiockenustry Programme

Compatibility and diffusion studies in AISI 31Sj6\'a system '>i?.s been undertaken to understand
the influence of sodium exposure on A1S! 316.Ths objective of the investigation is to find a
cqtrelation bctAvsni the wt loss dam and mu!ti30Mpcre\;i dltTusioa coefficient.?, DNacv and DN'"xi.
DAaN'i is ccivelated to the ferrite layer growth in this system. This studies alrr? a1, using simple
boundary coiK'iuor.s in diffusion to solve iijiporiam metallurgical problems [1 ].

The samples (15 s 10 v. 2 mm) were soUtion aaicalai arid exposed !o sodium st 773, 873 f.-ti
973 K for the; durations of 500, 1000 1503 and 2C00 b in a siaiic isoLlier.Tial sodium system. T;i?
nominal oxyg.-:' and carbon analysis of the sodium were 1-2 pptn and 10 to 12 ppm respectively.

The dep'Ji of depicted layers observed as white layer under SEM (Fig.2.13.1) were found '.o be
of liie order of 8
to lOfim. Taking
the layer \vid£ as
8 fim for 773 K -
500 h treausd
s a m p l e
calculating ilie
c c m p o s i t i o n

value frari riie
expression x2 =
4 .Pt , DXacr =
DNa.\i - .CSS x
10'16 sq.m. Is.
EDAX analysis
of these samples
confirm depletion
of nickel and
chromium in the
white layer.
Mult;compo:ieni.
diffusion profiles

Fig.2.13.1 Cress-section ot AISI 316 SS exposes to wdium at 773 K Jar 500 hours are to be
showing ui-i'crmly dsp'eted :Eysr{8-10 y-n).
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determined using SIMS. XRD results indicated presence of ferritc in the exposed samples.

In the 773 K - 1000 h and 773 K - 2000 h exposed samples the presence of o was detected
using XRD (Table 2.13.1). Metallography using electrolytic etchant4.1 % KOHreveal the cphase
selectively. Annealed AISI316 is prone to a phase formation [2]. This is attributed to the presence
of high angle grain boundaries, the generally observed sites for a phase nucleation.

Microhardness values measured by applying 50 gm load, on the sodium exposed surface
increased to 250 ±10 VHN as compared to the hardness value of 150 ± 7 VHN in the annealed
condition. The increase in trie microhardness on the surface is attributed to the carbon pick-up in
stainless steel and this was confirmed qualitatively by SIMS. Precipitation of ferrite in austcnite
matrix on the sodium exposed surface as observed by SEM is shown in Fig.2.13.2(a). These
precipitates are rich in Fe and Mo, similar to the observation of Kolster et al. [3].

i • $ t c 1 1 ; 4 ;
<#* t »i , ' H v .

Fiji.2.13.2 (a) Precipitation of ferrite in austenite matrix on sotf\"i exposed surface, (b) EDAX profile of matrix
region (austenite). (c) EDAX profile of white precitaidtes (ferrite)
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EDAX profiles corresponding to austenite matrix and fertile precipitates are shown in
Figs.2.13.2(b) and 2.13.2(c). The weight loss data in sodium is found to increase with increase in
duration of exposure. Also the weight loss is generally more at higher temperature of exposure
(Table 2.13.2).

Establishing composition profiles of major and minor elements using SIMS are in progress.

TABLE 2.13.1
XRD - Results

A. 773K -SOOhrs

20 9 sin 9 d plane

1.
2.
3.
4.

B. 773 -1000 hrs

1.
2.

3.
4.

C. 773 K - 2000hrs

43.8 21.9
44.8 22.4

51.0 25.5

74.8 37.4

28.7 14.35

43.8 21.9
50.8 25.4

74.8 37.4

1.28.8 14.4

2.

3.
4.

43.8 21.9

44.8 22.4

51.0 25.5
5.74.8 37.4

0.37
0.38
0.43

0.61

: 0.25

0.37

0.43

0.61

0.25

0.37

0.38

0.43
0.61

2.08
2.03

1.79

1.26

3.08

2.08

1.79

1.26

3.097

2.08

2.03

1.79
1.26

= Bragg angle; d = Imerplanar spacing ; Cu Ka larger,

2.

2.

3.
4.

TABLE -2.13.2
Weight loss data

At 773 K

Duration (

(hrs)

500

1000

1540

2000

mg / sq. cm)

.0325

.025

.1325

.285

(my,
(01 l)a
(200)y

(220)?

(030)*

(Hl)r
(200)y

(220>,

(030)o
(111)Y

(011)a
(200)Y

(220)Y

X = 1.54056 A

A

Duration

(hrs)

500

1000

1490

2013

t 873 K

(mg/sq. cm)

.025

.213

.285

.575
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1." J.S.Kykaldy, Canadian J. Phy., 35,435 (1957).

2. R.L.Millsr, Proc. Int. Metall. Society, (1970).

3. E.H. Koister, J. Nucl .Mater., 55, 155 (1975).

2.14 ErnbriUlvTOtfut and Structure -Property Correlations in Fe-Cr-Mn Alloy

(Vaidehi Ganesan, T.Jayakumar, Baldev Raj and K.Srlnivasa Raghsvan)
*Dept. of Met. Engg., I1T, Madras.

Fe-Cr-Mn and Fe-Al-Mn alloys are considered as a replacement for Fe- Cr-Ni aJloys because of
limited nickel and chromium resources [1]. It is well known that Fe - Cr alloys undergo severe
ductility loss at 748 K due to phase separation and associated spinodal decomposition. It is also
known that Lhe commonly present C and N in commercial Fe- Cr alloys improves the strength arid
reduces the phenomenon of 748 K embritflement. However, it is not known how the addition of Mn
and Al to Fe-Cr alloys influences this embrittlement phenomenon.

Therefore a programme has been undertaken to study the changes in microstrucmre ana
mechanical properties in both synthetic and commercial Fe-Cr-Mn alloys ,with particular reference
to 748 K embrhtlement phenomenon. The results obtained for a Fc-38% Cr-10%Mn model alloy
are reported here.

The cast alloy was then hot forged (1273 K) and solution annealed at 1473 K for 3 hrs followed
by air cooling. Cr and Mn rich precipitates were observed in the solution annealed alloy. The
annealed samples were given 748 K (475 C) treatment for the durations in the range from 300 s to
2001i.

Detailed analysis of these samples using different techniques are in progress. Tne results
obtained so far arc as follows :

The inicrohardness value of the precipitate ( 650 + 5 VHN) is higher than the matrix (400 ± 5
VHN) . The phases observed in this model alloy are a, <r, y and E . Similar phases have been
reported by others for Fe-C:-Mn commercial alloys [2]. There is clear evidence for twin formation in
specimen solution annealed and aged at 748 K for the durations of 3 h , 5 h, 25 h, and 50 h. Trie
sample aged for 17 h at 748 K revealed ordering along with spinoda! microstructure (Figs.2.14.1(a)
and 2.14. J(b)). This agrees with Cahn's theoretical predictions of spinodal decomposition in ternary
systems [3J.

Fig.2.14.1 (a) Microstrucivid of phase separation in Fa-Cr-Mn model alloy at 748 K -17 hours.
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Fi^.2.14.1 (b; SAD at 120 KeV showing orde'inj ard twin !c-mation. Two phsir.es am ouperir.ipcssc:.
01 dor arid lighsr otdor Laus zones are clearly observed.

Sokiliorr arncabu allo; revcabd the mitrcsiruciure of a martensite and retailed austenits.
'Hie Orowai'i iuops observed in ihe micrastmcturs, indicated thai Uie material undergoes deformaiion
during aif coding. Tabis 2.14.1 gives ihs details of h«<t ircatments and correspoiidir.g
microstnicturcs forrjiflereni specimens.

The fonnution of microcracking is expiaiiiod as follows : In Fc-Cr-Mn model alley, ";'
decomposas spinorJnlly to a +<s +y (retained austeniic) at !473 K. After the 748 K treaissent,
due to siacfcii-g rearrengeitient, y transforms to £ ( rnartensite wiih hep crystal structure), a, <s
and s are cJl highly brittle phases inducing deformation and microcracking in rhe mode! ajloy.
Microcracking has been observed in the specimen treated for 200 h at 748 K (Fig.2.14.2). Neutron
irradiation of the commercial alloys was reported to enhance the precipitation of a, a, arid e,
and act as nucleation sites for microcracking [4]. The accelerated precipitation of a, o ,and z by

Fig.2.14.2 Mi.rreracking obnorved in Fe-Cr-Mn nrocfei alloy a! 746 K - 200 hours.



neutron irradiation and the stress generated under irradiation environment, caused the
microcracking inspite of the presence of elements like C and N which should have otherwise
reduced the embritllement phenomenon. On the other hand, microcracking observed in our synthetic
alloy by thermal aging is attributed to enhanced precipitation of embriuling phases in the absence of
C andN.

Number of elasticiilly scattered electrons and their distribution contributes to image formation
in electron microscope pictures. Inelastically scattered electrons are confined to small angles and
they do not contribute for the image formation.

Using single scattering electron model the scattered electron distribution are simulated in Fe-
Cr- Mn and Fc-Cr alloys. Eventhough many investigators proposed spinodal decomposition in Fe -
Cr alloys, no micrrstructural evidence from electron microscopic observation could be observed .
This is attributed to close values of electron scattering factor for Fe and Cr. Since Mn has different
electron scattering factor as compared 10 Fe and Cr, addition of Mn to Fe and Cr is expected to give
evidence for spinodal decomposition by TEM. This has been confirmed by simulating the electron
intensity distribution in case of both Fe-Cr and Fe-Cr- Mn alloy systems using single electron
scattering model. This simulation (Fig.2.14.3) shows wider distribution of elastically scattered
electrons in the case of Fe-Cr-Mn alloy as compared to Fe-Cr alloy indicating the possibility for
obtaining higher contrast in TEM image .Indeed Fe-CrMn alloy gave good contrast picture for
spinodal decomposition.

"•>,.
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Fig.2.14J (a) Distribution of electrons in a thin foil of Fe-Cr using 'single scattering electron model'.
Energy - 120, density = 7.5, thickness = 1000, Z = 25.
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Fig.2.14.3 (b) Cistrlburcn of electrons in a thin 'oil of Fe-Cr-Mn usinj 'single scattering electron crncfe''.
E.wrgy = 120, der.sily = 7.3, thickness = 1000,2 = 25.

rUicr siudias on characterisation of mierostructurai char.ges using ultrasonics and magnetic
methods in Fc-C'r-Mn alloy and Fe-12% Cr commercial alioy and influence of liiese rnicrostmcturai
changes on iciisile and impact properties are in progress.

1. Y.Hosoi.Y-Okazaki, N.Wade, K.Miyahara, J. NucI Mat., 169,257 (1939).

2. Y.0ka7aki,K.MiyaharaetalJ.JapInst. Met, 53,502 (1989).

3. J.E. Monal and J.W.Cahn, Acta Met., 19,1037 (1971).

4. J.M.McGirihy, F.A. Garner, Conf 891204-9PNL-SA- 16900DE9000111.
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Table 2.14.1

Treatment

Solution annealed

748 K - 3 h, 5 h

748K- 17 h

748K - 30h, 50 h

748 K • 200 h

Microstructure / salienl features

a -martensite, a phase, retained

austenite, tweed contrast,

Orowan loops

G-Pzone formation

Coarse stage of decomposiiion

(cellular), ordering & twin

reflections (SAD)

e-phase-martensitc, iwin reflections
in SAD.

Micro cracking (Fig 2.14.2, SEM)

Cr & Mn rich precipitates
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3.0 INSTRUMENTATION DEVELOPMENT

3.1 Control and Instrumentation for Inert Gas Recirculation System

(Y.Ramaseshu, S.Keshavamurthy Rao, R.Ramakrishnan and P.Kalyanasundaram)

The radioactive 'Hot Cells' in DPEND are required to be operated in an inert gas atmosphere to
avoid chemical reactions of carbide nuclear fuel with the air environment. A recirculatory type
ventilation system with high level of gas tightness is designed to provide this environment. The
system consists of blowers, filters, cooling systems and purification columns. The instrumentation
and control system continuously monitors and controls various process parameters viz. pressure,
temperature, oxygen and moisture levels in the hot cells to enable strict surveillance and control of
the parameters within the specified limits.

The signal conditioning circuits and control logics wilh necessary interlocks for driving the
final control elements have been developed at DPEND. A brief description is given below.

(1) Pressure Control Loop:

The continuous monitoring and control of the pressure inside the hot cells is very important.
The radioactive hot cells are operated at negative pressure under nitrogen gas environment
(typically -25 mm of water column (we)) with respect to operating area. The detailed schematic
diagram of the pressure control loop is shown in the Fig.3.1.1.

rwufc
UD".

C001HG
COR

Fig J . I .1 Schematic diagram ol the pressure control bop.
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The final control elements for controlling the pressure inside the hot cells are butterfly valves.
The butterfly valves 1 & 2 (BFV1 & BFV2) arc used to control the nitrogen supply lines into the
Hot cell and the butterfly valve (BFV3) is used to control the exhaust side of the cell.

The pressure inside the hot cell is continuously monitored by pneumatic static pressure
regulator (SPR) (3-15 pounds per square inch gauge (PS1G) output), which controls the final
control elements. A Differential Pressure Transmitter (DPT) with a range -50 mm water column to
+10 mm water column is used for each cell and it gives 4-20 mA output corresponding to the above
range. Emergency over-ride signals, namely under pressurisation (-40 mm water column), less
negative (-15 mm water column) and over pressurisation (equalisation with operating area) signals
are generated. An electronic control unit receives the output from DPT, decodes these levels and
energises the corresponding solenoid valves in the pressure control loop for the desired operation.
This in turn drives the final control elements for desired safe operation.

Auto/Manual (feedback/open loop) operation is incorporated in the system to simulate normal
linear signals or over-ride signals to drive the final control elements.

The process mimic drive electronics has also been integrated to display the current operational
status of various components of the system. One of the inlet nitrogen supply lines is provided with a
cooling coil. When the cell is approaching the pressure of-15 mm water column, the chilled
brine line is passed to cool the inlet nitrogen gas through electrical-pneumatic 3-way by-pass valve
SV 4, so that the cell pressure reduces below -15 mm we. When the cell reaches 0 mm pressure
(equal to operating area pressure) the BFV4 & BFV5 are energised for emergency exhaust through
the slack.

Table 3.1.1
Final Control Elements and Control Logics

Cell
pressure
w.r.t Final control elements Control logics
atm.

BFV] BI-V2 BFV3 BFV4 BFV5 RL) RL2 RL3 RL4

-40 mm OPEN OPEN CLOSE CLOSE CLOSF. OFF OK ON OFF

LINEAR PROPORTIONAL CLOSE CLOSE ON OFF ON OFF

OPERATION

•15 mm CLOSE CLOSE OPEN CLOSF. CLOSE OFF OFF OFF OFF

we

0 mm CLOSE CLOSF. OPEN OPEN OPEN OFF OFF OFF ON

we

* Rl 1 to RL4 represent relay contacts which control the solenoid valves

** BFV1 to BFV5 are the final control elements which are butterfly valves controlled by
solenoid valves.
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(2) Sampling System :

The measurement and control of process parameters (oxygen and moisture) is very important
for the nitrogen gas recirculation system. This system requires very stringent requirements of very
low levels of oxygen and moisture. A sampling system has been designed and provided for the
continuous monitoring and control of oxygen and moisture levels. The schematic diagram of
sampling system is shown in Fig.3.1.2.

TBANSFOBMEB

0 ] ANALYSER

READ OUT UNIT

ROTAMETER

MINIATURE PUflP

rmiATURE punp

HOIST USE
AHAIYSER

Fig.3.1.2 Schematic diagram of sampling system

This system incorporates a recirculatory system extracting the sample gas flow from the hot
cell and passing it through the sampling system consisting of oxygen and moisture sensors,
needle valves, miniature pumps etc. The recirculation of sample gas flow should be typically 2
litres/minute and can be adjusted using needle valves. A rotameter in the loop indicates the sample
gas flow.

The sensor used in the oxygen measurement is solid zirconia with air reference. During
operation this is kept under a constant temperature of 1000 deg F by a control unit for stable
outputs. The output from the zirconia sensor is fed to a signal conditioner, which provides a
standard 4-20 ma signal with 4 selectable linear ranges (0-25%, 0-10000 ppm, 0-1000 ppm and
0-100 ppm). This conditioner is also provided with 2 level set-point controller for control
applications.
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The sensor used in the moisture measurement is Michcll thin-oxide film-capacitance type with
the working range of 0-100 ppm. This generates a standard voltage as a measure of moisture and
gives a single level ON/OFF controller for control application.

(3) Resistance Temperature Detector (RTD) Conditioner:

The sensor for the temperature measurement for the Inert Gas Recirculalion System (IGRS)
has been standardised on 3-wire RTD arrangement. The signal conditioner with 2 level ON/OFF
controller has been developed. The signal conditioner gives the standard 4-20 ma output.

Control and Instrumentation for this type of closed loop recirculation and purification inert gas
system for highly radioactive hotcells is the first challenging experience faced and executed by the
Department.

Supporting Participants: A.Francis Angeles and S.Kaliamoorthy.

3.2 Microprocessor based Data Acquisition System for Radioactive Hot Cells

(Y.Ramaseshu and P.Kalyanasundaram)

The continuous monitoring and control of various process parameters such as temperature,
pressure, oxygen, moisture and radiation levels are essential for the smooth running of the
Radioactive hot cells. The involved complexity and the nature of the signal conditioning
requirement necessitated the development of a dedicated microcomputer based data handling
equipment which should be capable of not only carrying out the standard functions of logging
but also initiate control actions. A microcomputer based Data Acquisition System has been
designed and developed by integrating the hardware and software. The various sensors with
their ranges are given in Table 3.2.1.

Fig.3.2.1 Schematic diagram of the microcomputer based Data Acquisition System
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The schematic diagram of the microcomputer based Data Acquisition System is shown in
Fig.3.2.1. The scope of the work includes the design, development and testing of the hardware,
software and necessary interfaces for the Data Acquisition System with the following features:

(a) 256 - channel Data Acquisition System interfaced to the microcomputer using HDAS-16.

(b) Auto Zero and Auto Calibrate, to continuously monitor and correct the analog drifts.

(c) Gain selection by selective attenuation.

(d) 64 - segment, K - Type thermocouple linearisation by interpolation.

(c) CRT page display routines for reporting.

(0 Hard copy print out of the process parameters.

(g) Key - board interactive function select routine.

(h) Input/Output Interface based on Programmable Peripheral Interface (Intel 8255).

(i) Termination and Driver Card to drive bus and control signals of microcomputer.

(j) Signal Conditioner for RTD temperature sensor.

Table 3.2.1
Various Sensors and their Ranges

Parameter Sensor Range

Temperature RTD (PT-100) OlolOOC
K-Type Thermocouple 0 to 600 C

Pressure DP Transmitter 0 to -50 mm we
Oxygen Solid Zirconia Cell OtolOOppm
Moisture Capacitance Type 0 to 100 ppm

(k) Signal Conditioner with cold junction compensation for K-Typc thermocouple

compensation.

(1) 120 parameter solid state two level, multiplexed status parameter display system with
alarm annunciator.

This project has been executed employing modular concepts and has been integrated and
tested [1].

Supporting Participants : R.Devaraj, SJeeva, C.Karunanidhi and P.Krishniah.

1. Y.Ramaseshu, M.S. Thesis, submitted lo Department of Mechanical Engineering, Indian
Institute of Technology, Madras (1991).

3.3 B-H Loop Tracer

(S. Vaidyanathan, P.Kalyanasundaram and D.K.Bhattacharya)

To determine the B-H loop for soft magnetic materials, a system has been integrated. A high
current power supply and a high voltage ramp generator produces the required symmetrical
triangular wave. The sweep rate can be adjusted from 1 second to 60 seconds for a full cycle. The
field is generated by an electromagnet (Figs.3.3.1(a) and 3.3.l(b)). To study the effect of
demagnetisation on the shape of the B-H curve, a separate solenoid assembly is provided. The
maximum field excitable by the solenoid is around 0.1 MAT/m and by the electromagnet is around
1.0 Tesla. the flux is measured by a flux meter model MF5DP of M/s. Walker Scientific, U.S.A. The
field is measured by a gaussmeter model MG5D M/s. Walker Scientific, U.S.A. Both the flux
density and the applied field strength outputs are connected to an X-Y recorder. Provision is made to
study the initial magnetisation curve and the B-H curve.
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Fig.3.3.1 (a) Block diagram of setup for B-H loop measurement, (b) Elearomagnei assembly used for B-H
loop study.

B-H loops are useful to study the magnetic properties of the material and evaluate the bulk
microstnictures in a nondestructive fashion for engineering components in field or in service.

3.4 Magnetic Barkhausen Noise System

(S. Vaidyanathan, P.Kalyanasundaram and D.K.Bhattacharya)

When a ferromagnetic material is subjected to a varying magnetic field, the discontinuities in
the movement of the domains, rotation of the domains etc. produce Magnetic Barkhausen Noise
(MBN). The characteristics of the noise depend mainly on the microstructure and internal stress. To
study this effect, a system has been developed indigenously.

A block diagram of the setup is shown in Fig.3.4.1(a). The varying magnetic field is produced
by a high current power supply (50 Amps / 50 Volts) which is controlled by a high voltage sweep
generator. The sweep generator produces a symmetrical unidirectional triangular wave whose
amplitude and frequency can be controlled by front panel switches. Since the power supply is
unidirectional, to reverse the direction for every alternate sweep, a zero cross-over logic is
incorporated. By using a relay and the high current power supply, a bidirectional variable sweep is
produced. A magnetic flux of 0.1 Mega Ampere Turns/metre can be achieved using this set-up. The
electromagnet assembly used for the MBN study is shown in Fig.3.4.1(b). The overall duration of
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the full cycle of magnetisation can be varied from 0.25 seconds to 75.0 seconds in steps. The
specimen can be magnetised by a yoke assembly or a solenoid so as to produce a closed field or
open field respectively.

HIGH CURRENT
POWER SUPDLY

ELECTROMAGNET
ASSEMBLY

SENSOR COiL

i

X-Y RECORDER MEN AMPLITUDE
(RMS)

SENSOR COIL
f~ FIELD CO'L

Fig.3.4.1 (a) Block diagram of setup for magnetic Barkhausen noise studies (b) Electromagnet assembly
used for magnetic Barkhausen noise studies.

When the magnetic sweep is applied on the sample, Barkhausen signals are generated and these
signals are picked up by a differential coil. The differential coil eliminates the common mode
magnetic disturbances. The signals picked up by the coil are amplified by a low noise differential
amplifier with a fixed gain of 33 dB, followed by a variable gain bandpass amplifier. The overall
maximum gain of the system is 88 dB, with a bandwidth of 100 Hz to 100 kHz. The amplified,
output signals are fed to a root mean square (rms) converter. The time constant of the rms converter
can be varied from 25 milliseconds to 3.5 seconds in steps. The rms output is fed to a level shifter
with zero shift controls. The final conditioned output is fed to a X-Y recorder to plot rms Barkhausen
activity with respect to magnetic field. The field is measured by a Hall probe in the case of yoke
closed field magnetisation. In the case of open field solenoid magnetisation the current passed
through the solenoid coil is calibrated by a Hall probe and is used as a measure of the applied field.

The indigenously developed hardware has been successfully employed to study the adequacy of
post-weld heat treatment [1] in 2.25Cr-lMo ferritic steel, microstructure characterisation in
quenched and tempered ferritic steels [2] and to evaluate fatigue damage in armco iron [3].

1. Article 1.10 of this report.

2. Article 2.10 of this report

3. Article 1.11 of this report.



3.5 Acoustic Barkhausen Noise System

(S. Valdyanathan, P.Kalyanasundaram and D.K.Bhattacharya)

When a ferromagnetic sample under stress is subjected to a varying magnetic field. Acoustic
Barkhausen Noise (ABN) signals are generated. The characteristics of the ABN signals are. largely
dependent on the internal stress of the sample and to a limited extent on the sample's
microsiructure. A block diagram of the system indigenously developed at DPEND is shown in
Fig.3.5.1(a). The bi-directional varying magnetic field is produced by a high current power supply
coupled with a triangular ramp generator. The sample is kept in the solenoid and is connected
acoustically to the piezoelectric transducer. The solenoid assembly used for the ABN study is shown
in Fig.3.5.1(b). The transducer is connected to a wideband, high gain amplifier. The overall gain of
the amplifier can be varied from 75 dB to 125 dB. The amplified signal is fed to an rms converter
with a noise suppression circuit. The noise suppression unit removes the effect of the background
noise produced by the transducers and the system, etc. This output can be fed to an X-Y recorder to
plot the rms ABN activity. The signal is also fed to a comparator whose threshold can be adjusted by
a ten turn potentiometer. The output of the comparator is connected to a monostable multivibrator
and a frcqucncy-lo-voltage converter. This output after sufficient smoothing produces a voltage
proportional to the event rate, which can also be plotted.

HIGH CURRENT
POWER SUPPLY

T

COIL ASSEMBLY

PIEZO TRANSDUCER

X - Y RECORDER
ABN AMPLIFIER

(RMS OR EVENT RATE)

f- SOLENOID

PIEZO
TRANSDUCER

SAMPLE

Fig.3.5.1 (a) Block diagram of setup for acoustic Barkhausen noise studies (b) Etectroma8net assembly tor
acoustic Barkhausen noise studies.

This system is intended lo be used for characterising the internal stresses in ferriuc materials.
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3.6 Development of a PC based Data Acquisition System for Eddy Current Testing

(B.P.C.Rao, HI. T.Shyamsunder, D.K.Bhaltacharya and Baldev Raj)

An IBM PC/AT based data acquisition system has been developed at DPEND to acquire data
from eddy current equipment and to store and process the same [I]. The system displays the
information acquired from the equipment in real Lime. A corresponding software for the analysis of
the acquired signals namely amplitude and phase has been incorporated. The system offers the
advantage that it can be used very near to the site (if not ai the test site) during in-service inspection
to store data from thousands of tubes in heal exchanger assemblies. Critical acquisition parameters
like sampling rate and number of quantisation levels were studied. It has been found that
degradation of signal is not significant when sampling rate is more than 666 samples per second and
when the number of quantisation levels are more than 256 i.e. 8 bits.

The system has been developed using a 12-bit analog to digital converter with a sampling rate
of 2500 samples per second. The indigenously developed system would automate the inspection
process and also drastically reduce the storage space since magnetic and strip chart recorders are
dispensed with. The data is stored on floppy/optical disks for future comparisons for life assessment
and/or replacement decisions.

1. B.P.C.Rao, M.T.Shyamsundcr, D.K.Bhatucharya and Baldcv Raj, J. Non Destructive
Evaluation, 10,29(1990).
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4.0 DEVELOPMENT OF TECHNIQUES
4.1 Assembly and Welding of Antimony Pins

(K.A.Gopal, Jojo Joseph, P.V.Kumar, N.Raghu, V.Venugopal, N.G.Muralldharanand
K. V.Kasivlswanalhan )

Two campaigns for assembly and fabrication of antimony pins for the neutron source of FBTR
were successfully completed in the hot cells of Radio Metallurgy Laboratory during June 1989 and
June 1990. The radioactivity level of the antimony pellets was higher in these campaigns compared
to the previous occasions. The activity of the antimony pellets received during these two campaigns
was 52.4 TBq (1417 Ci) and 45 TBq (1216 Ci). These pellets were inserted into the pin remotely.
The air present in the space between the pellets and clad tube was replaced by helium. The endplug
was kept in position and welded autogeneously by Gas Tungsten Arc Welding (GTAW) process. The
operation was carried out in the hot cell using a welding chamber.

The pins were subjected to helium leak lest after fabrication and were found to be satisfactory.
The leak testing procedure has been simplified by using long stainless steel bellows into which the
antimony pin is loaded and the bellows are evacuated and helium leak rate determined using an
"Alcatel" mass spectrometer and pumping unit. The testing was carried out in collaboration with the
Quality Engineering Section. In both the campaigns the finished welds were found to be good with
helium leak rates of less than 10"6 std cc/s.

The completed assembly of pin was remotely lowered into dummy sleel sub assembly placed in
a shielded flask located in the underground trench below the hot cell. The operation of lowering was
monitored on closed circuit television and executed without any hitch. The flask was later
transported to FBTR.

It may be recalled that an indigenous remote welding chamber was designed and fabricated at
DPEND for this purpose. The chamber and associated remote welding procedures have been
successful in the various campaigns over the last 5 years for the fabrication of neutron sources for
FBTR. By this way, it has been possible to establish a proven indigenous technology for remote
welding of stainless steel tubes in hot cells.

Supporting participants : R.E.M.Jebaraj, N.Kulasegaran, T.M.M.Koya, N.V.Kumar,
K.Vedachalam, QES, Health physicist (RML).

1. Jojo Joseph, V.Venugopal, N.G.Muralidharan, K.A.Gopal and N.Raghu, Biennial Activity
Report of Metallurgy Programme 1987-88 , 350 (1990).

2. P.V.Kumar & Baldev Raj - Proc. Nat Welding Seminar, Calcutta, IIW, III-28-1 (1985).

4.2 Generation of NDT Reference Standards

(K.A.Gopal, Jojo Joseph, P.V.Kumar and Baldev Raj)

Standards having artificial defects are required to standardise non destructive test (NDT)
procedure for quality assurance of components. The reference standards having artificial defects
(notches/ holes) are made as per applicable international/ national codes. The reference standards are
of same material having representative dimensions as the material to be tested. The dimensions of
the artificial defects in the standard represent tolerable defect size in the component and are decided
based on the criticality of the component and its application. The purpose of standard having
artificial defects is to set the sensitivity of the NDT equipment (by selecting suitable instrument
parameters) so that a clear indication is obtained from defects made in the standard.
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Artificial defects were generated on PHWR fuel lubes, PHWR coolant tubes aid PFBR blanket
tubes using electro discharge machining (EDM), for use at Nuclear Fuel Complex (NFC),
Hyderabad, as non-destructive lest (NDT) reference standards.

Table 4.2.1 gives the details of the artificial defects generated.

To achieve the very small dimensions of the notches in fuel tubes, special electrodes for use in
EDM unit had to be developed. Oxygen-free high conductivity copper sheets were hand lapped to
attain the required thickness and a special jig was fabricated to hold these thin sheets during further
lapping operations to generate ihe included angle of 60 degrees. From these thin blades of copper,
electrodes of length 375/750 microns length were cut out by wire cutting facility in the EDM unit
and after verification of the dimensions of these electrodes by profile projection and microscopic
measurements, these were used lo generate the notches on the fuel tubes.

Special fixtures were developed to hold the electrodes inside the tube for generation of notches
on the internal surfaces of the tubes. Several trial operations were carried out for determining the
electrode wear, optimum dielectric flow and EDM parameter sellings.

Dimensions of notches attained were chc'.ed by microscopy and non-contact measuring
equipment.

The generation of the notches in coolant tubes involved the following work :

(i) Preparation of fixtures and grinding of copper foil electrodes into contour required for
the transverse notches,

(ii) Improvisation of a dielectric tank of size approximately 400 mm x 400 mm on a X-Y
stage and positioning of this stage in a correct position with respect to the electric
discharge machine head,

(iii) Preparation of Fixtures and clamps for holding the tube in a correct alignment with

respect to the EDM head and to ensure that both notches are in the same axial line,

(iv) Optimisation of flow of dielectric medium and determining the ideal position of

discharge of the dielectric medium on the lube inside surface,

(v) Fabrication of an extension linkage mechanism to enable machining of a notch inside

the lube.

(vi) Monitoring of vibration of the electrode extension fixture and reducing the same by

eliminating the source of vibration,

(vii) Conducting trials to optimise machine sellings and determining electrode wear rate and
notch size.

(viii) Removal of oxide layer on autoclaved tubes to enable machining of notches
The measurement of notch size was carried out by n.cans of measurements on epoxy resin

replicas taken from the notches or by using the EDM machine head itself.

The completed defect standards have been delivered to NFC.

It is worth mentioning here that the work of generating very small artificial defects is highly
specialised in nature. DPEND is unique in the country to have the expertise and comprehensive
facilities for machining and characterisation of fine (micrometer range) notches/ defects required for
calibration of NDT equipment and other engineering applications. It deserves mention that there are
only a few known suppliers of characterised fine notches/ defects in the world. Foreign companies
which were willing to lake up these jobs were quoting prohibitively high rales for the same work.
In this context, DPEND's contribution was significant and resulted in considerable saving of foreign
exchange.
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1. PHWR fuel tubes
Material
Outside Diameter
Wall thickness
Notch type
Included angle
Notch position

Usage

Table 4.2.1
Details of artificial defects generated

Zircaloy
15.5 mm
0.5 mm
V notch
60jfc 1 degrees
In transverse & longitudinal direction on both
external and internal surfaces
As ultrasonic test standard

Parameter of
notch

Base width
Depth
Length

PHWR coolant tubes
Material
Outside Diameter
Wall thickness
Notch type
Notch position

Other requirement

Usage

Parameter of
notch

Base width
Depth
Length

Dimension Dimension
specified achieved
(in microns) (in microns)

50 52/55
25/38/50 25-30/40/50-53
375/750 370/735

Zircaloy
92.0 mm
4.5 mm
Rectangular notch
In transverse & longitudinal direction on both
external and internal surfaces
Location of defects to be inside the lube at a distance
of not less than 150 mm
As eddy current standard

Dimension Dimension
specified achieved

(in mm) (in mm)

0.150 0.135-0.165
0.300 & 0.750 0.320 & 0.780
25.0 24.98

3. PHWR coolant tubes
Material
Outside Diameter
Wall thickness
Notch type
Included angle
Length of notch
Depth of notch
Notch position

Zirconium - niobium alloy
90.35mm
3.9 mm
V notch
60 degrees
12.5 mm
1 %, 2% and 3% of wall thickness
In transverse & longitudinal direction on both external
and internal surfaces
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Other requircmem

Usage :

4. PFBR blanket tubes
Material
Outside Diameter
Wall thickness
Notch type
Included angle
Length of notch
Depih of notch
Notch position

Other requirement

Usage

Location of defects to be inside the lube at a distance
of not less than 150 mm
As ultrasonic test standard

Siainless steel
14.33 mm
0.6 mm
V notch
60 degrees
1.5 mm
0.05 mm
In transverse & longitudinal direction on both external
and internal surfaces
Location of defects to be inside the tube at a distance
of not less than 150mm
As ultrasonic test standard

Supporting participants: B.Venkatraman, A.Murugcsan, SPECS

4.3 Profiling of a Standard Leak Source

(C.Babu Rao, B. Venkatraman, D.K. Bhattacharya and Baldev Raj)

An interesting application of microfocal radiography conceived and executed, was the profiling
of a pinhole leak source. The leak source was a through and through hole made by Electric
Discharge Machining in a stainless steel pipe having an outer diameter of 25 mm and wall thickness
of 2.5 mm. Conventional replica technique could not be used due to constriction in the middle of
the hole. Optical microscopy could only give the dimensions of the lop of the leak. For
measurement of the hole diameter at the inside of the tube wall, a light source was placed inside the
tube against the hole. However the complete profile of the hole could not be measured.

A microfocal radiography unit with rod anode was used to radiograph the hole in a
configuration as shown in Fig. 4.3.1. A backward throw probe was used in which the X-rays were
emitted as a panoramic cone in the backward direction (-5 x -60 x 36O ). The hole was positioned
with a slight offset as shown such that the X-ray beam fully covered it. The film plane was chosen
to be parallel to the tube axis instead of being parallel to the hole axis to be calibrated for two
reasons: (1) a separate fixture was required to be fabricated to hold and position the film, and (2) the
exact orientation of the hole was uncertain. The eccentricity of the probe with respect to the pipe
and the parallality of the film plane with respect to the tube was ensured using a cathetometer and a
vernier. A 2OO p.m diameter wire of the tube material was placed near the top of Ihe hole to
calibrate the magnification factor. A nominal projective magnification of 10 was employed. Since
the hole axis was not perpendicular to the X-ray beam, and since the film plane was not exactly
perpendicular to the hole axis, the resultant magnification on the radiograph would not be uniform
with the image of the bottom portion of the hole having a larger magnification, due to its proximity
to the source than that of the top. The actual magnification of the top (Mr = L / Yi) and bottom
(MD = L / Y2) of the image of the hole are given by :

— (4.3.1)

--(4.3.2)
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Fig.4.3.1 Schematic diagram of configuration for radiography of hole.
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Fig.4.3.2 Apparent profile and actual profile of hole obtained after appropriate corrections for magnification
and projection.
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where r is the radius of the wire (1OO (im) and V is Ihc thickness of the tube (2.5 mm;. M is the
magnification of the image of the wire. Magnification of the top of the leak source was found to
be 9.76 and that of the bottom 12.24. The projected length of the image of Ihc leak source is given
by

T = Mr . I . l an6 — (.4.3.3)

where 0 is the angle between the hole axis and the X-ray beam (Fig.4.3.1). The apparent diameter
at any section on the image is obtained from the radiograph by taking the density profile along the
section. Fig. 4.3.2 shows the apparent profile and the actual profile obtained afler appropriate
corrections for magnification and projection using equation 4.3.3.

The top diameter was found to be 230 urn, and the bottom diameter, 111 \im. The dimensions
as obtained radiographically, agreed well with those obtained by microscopy.

4.4 Focal Spot Imaging of Microfocal X-Radiography Unit

(B.Venkatraman, C.Babu Rao, D.K.Bbattacharya andBaldevRaj)

Conventionally, the focal spot size in a radiography unit is measured by pin hole imaging
technique. It has not been employed so far in the case of microfocal units due to the small size of
focal spot resulting in a poor contrast of the resultant image. These limitations have been overcome
and the feasibility of pinhole technique established using appropriately small pinhole and digital
image processing.

A 15 (im circular pinhole made by laser drilling in a 200 p.m thick circular nickel wafer was
used for imaging the X-ray focal spot. The circular shape of the pin hole was verified and its
diameter measured by a microscope. The pinhole diameter should be smaller than the expected
focal spot size or else, the image obtained will not be of the focal spot, but only of the pinhole.

An X-Y-Z microsiage with capability to tilt was made, on which the wafer with the pinhole was
mounted. The pin hole was aligned in the case of the radial probe using the X-Y-Z translations for
examination with the radial probe. In the case of backward throw probe, since the emission is from
-5 to -60 x 360 i.e. in the backward direction, the pin hole was tilted through 28 and aligned. The
film plane was set perpendicular to the line joining the focal spot and the pinhole. The alignment
was checked by taking a radiograph and verifying the circularity of the image of the wafer.
Deviations from circularity would indicate that the pinhole was not perpendicular to the X-ray beam
[2].

The contrast of the image was poor, as expected. The optical density of the focal spot image
was 1.87 and those in the immediate background varied from 1.83 to 1.85. Eyes however could
perceive the image at low illumination levels. For quantitative assessment, visual perception is
obviously inadequate. Digital image processing enabled enhancement of the radiographic image
and delineation of the boundaries of the focal spot image.

If "f" is the dimension of the focal spot, the dimension of the image " F ' is given by

F = M . f = (L/S) . f —(4.4.1)

where M is the magnification, L is the film to focal spot distance and S is the pinhole to focal spot
distance. The magnification obtained was verified by taking the ratio of the diameter of the
radiographic image of nickel wafer with its actual diameter. Optical density profile was taken
across the image and the full width at half maximum was taken as a measure of F which was
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Fig.4.4.1 Image of the focal spot obtained using a radial panoramic probe.

Kig.4.4.2 Imago of the focal spot obtained using a backward ttirow probe.
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obtained in terms of pixels. The pixel si/e with respect to ide film was calibrated by drawing a
sharp black line on the same film and determining the widtii of the line in terms of ihe pixels on
this line. The width of the line was determined earlier using a travelling microscope.

Figs. 4.4.1 and 4.4.2 show the images of the focal spot obtained from a radial panoramic probe
and a backward throw probe respectively. The intensity distribution within the focal spot portray the
uniformity or otherwise of the intensity variation of the focussed electron beam on the target. This
information is useful for the optimisation of the performance of focussing and beam deflection.

1. E.C.Lopez, C.Babu Rao, D.K.Bhattacharya and Baldev Raj, BriL J. NDT, 28,199 (1987).

2. B.Venkatraman, C.Babu Rao, D.K.Bhatiacharya and Baldev Raj, Communicated to NDT
Int.

4.5 Studies on Bond Strength in Explosively Bonded AISI304 Stainless Steel-Aluminium
Specimens

(N.G.Muralldharan, N.Raghu and K. V.Kasiviswanathan)

Developments in explosive welding technology offer a technique for joining of dissimilar
metallic materials. Explosively bonded stainless steel-aluminium components have number of
applications in the nuclear reactors, for example, in the development of neutron windows for neutron
radiography applications. Aluminium which possesses low absorption coefficient for neutrons acts
as window for neutrons and stainless steel provides sufficient structural integrity to the system.

Investigations were carried out to assess the mechanical property changes of the joints annealed
at temperatures upto 750K for ten hours duration. The objective of annealing is to assess the
application of these bonded components at high temperatures. Ram tensile testing and
metaliographic investigations, including EDAX studies were carried out on these specimens.

Ultrasonically tested AISI 304 Stainless steel bonded to commercial aluminium plates were
taken for the experiments. The problem of assessing the bond strength of an explosively welded joint
is important due to the thin profile of the bond area. Ram tensile test method ensures failure of the
specimen in the bonded zone and hence truly represents the strength of the bond. Fig.4.5.1 shows the
schematic arrangement of the ram tensile testing jig and sketch of the specimen used for the study.
The jig used for the study was designed and developed indigenously to suit the selected size of the
specimen so as to ensure testing of adequate bond area and failure at the bond zone.

The specimens were encapsulated in quartz tube and vacuum sealed and were kept in a furnace
for ten hours at 475 K, 550 K, 600 K, 675 K and 750 K. The specimens were tested at the room
temperature using ram tensile testing jig in an INSTRON 1195 tensile testing machine. The ultimate
load required to break the bond was recorded by noting the drop in the load during testing.

Optical and electron microscopic studies were carried out on the samples etched using ion beam
etching technique since conventional etching methods were not seen to be effective in revealing
characteristic features of microstructures, especially at the weld interface, owing to complex stress
pattern and presence of dissimilar materials in the bond zone.

Results and Discussions

The variations in bond strengths observed on the tested specimens shows that the mechanical
strength of the bond decreases due to exposure at higher temperatures and the weld retains only half
of its original strength after annealing at 750 K. It is also observed that tensile strength decreases
sharply at 475 K while after 550 K it shows a gradual drop with the increase in annealing
temperature. Microhardness measurements reveal increased levels of hardness at the interface and
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microhardness profile across the weld interface of the tested specimens shows hardness values on
ihe aluminium side of the specimens annealed at higher temperature to be much below the original
hardness values.

Microstructure of the specimen (Fig.4.5.2) at the weld interface shows grain growth in the
aluminium region after annealing. EDAX studies shows steady increase in concentration of iron,
chromium and nickel in aluminium as a function of annealing temperatures (Fig.4.5.3).

Supporting Participants: C.Radhika, K.A.Gopal

1. N.G.Muralidharan, N.Raghu, K.V.Kasivisvanathan and Baldev Raj, Proc. Nat. Welding
Sem., IIW, New Delhi, 1.1 (1989).

4.6 Development of Liquid Metal Facilitated Cutting of Austenitic Stainless Steel
Components

(Rakesh Kaul, N.G. Muralldharan, K.V. Kaslvlswanathan and Baldev Raj)

Liquid Metal Embrittlemeni refers to the loss of ductility of metal/alloy when deformed in
contact with specific liquid metal. The practical application of this phenomenon has been reponed
by the French [1 ] for cracking LMFBR fuel subassemblies. The process involves weld deposition of
embritiJer on the component to be sectioned. This technique has the advantage of sectioning without
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A simplified view of weld splitting model is presented in Fig. 4.6.1 (!]• The area behind the
transition point expands due to thermal heating while the area ahead of this point remains relatively
cool. The temperature difference gives rise to a differential rate of expansion of material around the
transition point creating a moment around the transition point and pulling the material apart at the
area weakened by the molten embrittling agent.

Initial testing of the Liquid Metal facilitated splitting was initiated with the deposition of copper
(as embrittlcf) on AISI 304 stainless steel plates having dimensions 300 x 75 x 3.24 mm and 300 x
75 x 1.6 mm using Gas Tungsten Arc Welding (GTAW) process. This resulted in the development

•RANSiTlON POINT
(3ETWEEN uOT AND

-WELD PUDDLE
\)

LMOMENTS GENERATED BY
THERMAL EXPANSION

Fig. 4.6.1 Simplified view of weld splitting model

of small transverse cracks (normal to the length of the weld bead), while no longitudinal crack
(along the length of the weld bead) was noticed. Even application of tensile stresses by means of
bending the plates did not result is any marked improvement

Subsequently brass was used as the embrittlcr which resulted in the development of long cracks
along the length of the weld bead. Metallographic and fractographic examination revealed severe
intergranular attack (Figs. 4.6.2).

It was noticed that cracks so developed in the stainless steel plate stopped after propagating to
some distance through the material. Method of post-weld heating, involving heating of weld area by
an oxy-acetylene torch (brazing torch No.2), resulted in the opening up of the already developed
crack. This behaviour can be explained in the following manner. These cracks stop due to
limited/interrupted supply of embrittlcr. Post weld heating restores the supply of embrittlcr to the
crack tip, making the crack to propagate further into the material.
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crack. This behaviour can be explained in the following manner. These cracks stop due to
limited/interrupted supply of embritller. Post weld healing restores the supply of embrittler to the
crack tip, making the crack to propagate further into the material.

It was found that thin plates (t = 1.6 mm) were consistently split while thicker plates (t = 3.24
mm) were relatively difficult to split. In the latter case, cross sectional area was larger and moment
developed as a result of differential expansion of material around the arc zone, was not sufficient to
overcome the resisting forces of the material expansion around the arc zone, thus necessitating the
application of external tensile/shear load or the development of larger heal affected zone.

The effect of tensile stresses, on the relative ease of splitting was studied by the deposition of
brass on the convex surface of the bent SS plates. Tensile stress developed on the convex surfaces of
the bent plates facilitated easy splitting of SS plates. An improvement in case of splitting is noted
with the degree of bending.

Susceptibility of cold worked plates to cracking was studied by the deposition of brass on the
20, 30, 40 and 50 percent cold rolled plates. Results clearly indicate an enhanced susceptibility to
cracking with increase in the degree of cold work. 50% cold worked plates were almost completely
partitioned while as received plates of 3.24 mm thickness did not show any cracking.

Direction of rolling also has been found to have a strong influence. Results show that
cold-rolled plates show much more pronounced tendency for cracking when embritilcr deposition is
made along the rolling direction as compared to the case when it is made across the direction of
rolling.

This splitting technique has also been tested on FBTR subassembly wrapper (in the as received
condition using various amperages). Brass deposition on the wrapper resulted in the development of
highly branched cracks. However, clear splitting of wrapper was not achieved. It is expected that
internal stresses developed in the wrapper and loss in ductility after irradiation would result in the
easier splitting of the sub- assembly wrapper.

Supporting Participants : N.Raghu, C.Radhika, N.V.Kumar

1. Bargeois. M, Bouhellea J.E, Eymmcrry R, and Vials M, Proc. Topical Meeting on Fuel
Reprocessing and Waste Management, Jackson, Wyoming, (1984).

4.7 Design and Fabrication of Die and Punch for Miniaturised Disk Bend Test

(N.G.Muraiidharan, A.Ramabathlran, Rakesh Kauland K.V.Kasivlswanathan)

The microstnictural and metallurgical changes due to neutron irradiation cause a significant
degradation of the mechanical properties of metals and alloys. In order to study irradiation damage,
a small specimen is required because of severe limitations on specimen size in irradiated material
testing facilities. It is therefore desirable to use specimens of minimum volume. Miniaturised Disk
Bend Testing (MDBT) for mechanical property evaluation has been reported for such applications
[1]. A program has been initiated to develop this method for regular application in DPEND. Disk
shaped specimens, no larger than those used for transmission electron microscopy (TEM) were
chosen. These specimens arc 500 limes smaller than the conventional uniaxial tensile test specimens
currently being used for post irradiation testing and can thus provide significant savings in
irradiation testing volume and cost.

MDBT involves bending the specimen of 3 mm diameter and 0.25 mm thickness,
symmetrically at the centre of the specimen, producing a simple axisymmetric stress stale. The test
fixture, as shown in Fig. 4.7.1 consists of conical punch and die made of EN 8 steel. The die was
designed to provide uniform support around the edge of the disk, preventing shear deformation or
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breakage at the edges during a test. A die and punch system was developed indigenously for the
purpose. The radius of curvature of punch measured by using a profilomcter was found to be 0.6
mm.

1 /2 " BSW - 2 0 T P I

0.6R -"1
1. PUNCH

r-20-

2. LOCATING DISK

Fig. 4.7.1 Test fixture for miniaturised disk bent test (MDBT).
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Fig. 4.7.2 Variation of central deflection of the specimen as a function of load.
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Alignment of the punch and die with the specimen is critical since disk stiffness increases with
eccentricity of loading. The eccentricity has been reduced by careful experimentation and by
accurate machining of key components. The specimen is kept in a precisely machined groove in
such a way that the geometrical centre of the disk and the punch are same. This arrangement
ensures axisymmetric bending of the disk.

This test apparatus has been adapted to Instron 1195 tensile testing machine. The punch/die
fixture was placed between the cross head of the tensile testing machine. The specimen was placed
into the die and tests were performed by forcing the punch against the specimen at a constant cross
head speed of 0.0005 mm/min until specimen failure occurred. Punch load and displacement were
monitored during the test.

MDBT specimens were made out of AISI 316 SS plate and tested in INSTRON 1195 using
MDBT die and punch. The load versus central deflection of the specimen was plotted (Fig.4.7.2).
Standard tensile test specimens were also made from the same plate and the yield strength calculated
from MDBT was correlated with conventional uniaxial tensile test result. Yield strength obtained
from uniaxial tensile test and MDBT were found to be within an error of ± 30 MPa.

Supporting Participants : K.A.Gopal, N.Raghu and C.Radhika

1. Michael P.Manahan, Nuclear Tech., 63,295 (1983).
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5.0 SOFTWARE DEVELOPMENT
5.1 Pattern Recognition, Cluster Analysis and Total Spectral Energy (TSE) Approaches

to Nondestructive Evaluation of Materials
(P.Kalyanasundaram and C.Rajagopalan)

Pattern Recognition Approach

In this pattern recognition method, Demodulated Autocorrelogram (DMAC) Patiem, which is
the amplitude (in dB) vs delay (in \is) plot of the demodulated autocorrelation function, is obtained
by taking the log of the square of the autocorrelation function of any time signal. These
demodulated autocorrclograms form different patterns for signals from defective and defect-free
regions of the material / component [1]. It is possible to differentiate and characterise noise and
defect signals by (a) visually examining the DMAC patterns and (b) applying pattern recognition
principles. In order to examine the pattern with case, the envelope of the pattern is extracted, by
smoothing the resulting pattern [2]. These patterns can be characterised, thereby quantifying this
approach, by the following features:

(i) The width of the pattern: This can be directly measured from the signal analyzer.
(ii) The number of lobes present in the pattern : This number can be found by visual

counting or by an algorithm.
(iii) Curvature of the curve passing through the peaks in the pattern,
(iv) Fall in the peak value of the central lobe and the adjacent lobes, and so on.

Cluster Analysis Approaches

Cluster analysis techniques developed, aim at forming clusters using crosspower data of noise
and defect waveforms and thereby evaluate the probability that a signal is from a defect in a material
Two cluster analysis methods viz. Scalar Mean Peak Power (SMPP) method and Normalised Mean
Deviation Vector (NMDV) method have been developed [3]. These methods and the formation of
clusters in these methods are described in Figs.5.1.1(a) and 5.l.l(b), respectively.

Total Spectral Energy (TSE) Approach

The total spectral energy (TSE) parameter can be used as a quantitative measure of the energy
content of the signal. Signals from energetic natural processes have a larger TSE value as compared
to those from less energetic natural processes. Hence it is possible to use TSE values to differentiate
signals, even if their power spectra look similar. In a way, the TSE value is one of the first few
parameters to be looked into, to know about the complexity of the processes under study. The TSE
value 'E' is the integral of (he power spectrum over all the frequencies, expressed mathematically as

E = Jp ( f )d f ...(5-1.1)

where P(f) is the power at frequency T .
If the integration is carried out over selected frequency bands, then the ratio of energies in

different bands will aid the understanding, as to which of frequencies are predominant in a process.

The above approaches developed in the laboratory have been applied for a variety of
applications such as, reliable detection of defects with high sensitivity and their characterisation in
anisotropic weldment structures and composites. Spectral energy approach is found particularly
suitable for the detection of debonds in adhesive joints using ultrasonic probes and in the detection
of leaks in the pressure tubes of Pressurised Heavy Water Reactors using acoustic emission probes.
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I P.Kalyanasundaram, B.Rai, P.Barat and TJayakumar, Int. J. Pressure Vessel & Piping, ^6,
103(1989).

2. P.Kalyanasundaram, C.Rajagopalan, C.V.Subramanian, M Thavasimulhu and Baldcv Raj,
British J. of NDT, 33, 221 (1991).

3 P.Kalyanasundaram, C.Rajagopalan, Baldcv Raj, O.Prabhakarand D.G.R.Shanna,accepted
for publication in the British J. of NDT.

5.2 Temperature Distribution in the Cross Section of a Plate During Welding

(S.Uurugan, P. V.Kumar and Baldev Raj)

A computer program has been developed, using the approach of Blodgell (1 ], to determine the
temperature distribution in the cross section of a plate during welding, after some length of weld has
been deposited. At that stage, it can be considered that heal flow in the plate is mainly perpendicular
to the line of weld The heal loss ahead of the arc will be compensated by the heat gained from
behind the arc, supplied by the arc when it was in a previous position. Due to this, heat flow is
occurring mainly across the cross section of the plate. The radius of the melled zone is calculated
using the data on heal input, geometry and thermal properties of the material. The cross section of
the plate is divided into many semicircular segments around the melted /one. Heat conducted from
one segment to next segment raises the temperature of the second segment and lowers the
temperature of first segment. Due to rise in temperature of second segment, heat is conducted to
third segment and this causes rise in temperature of third segment and fall in temperature of second
segment. This process o! raising and lowering of temperature in successive segments continues
throughout the plate till the heat is dissipated. By iteration technique, the temperature distribution in
the cross section of the plate at different intervals of time is computed. The program was used with
the data used by Blodgctt and it is seen that the computed results match with the results reported by
him.

This program with a slight modification to include a specific geometry will be useful to
determine the temperature distribution in the cross section of any regular weld geometry and the
variation of temperature with time. The duration for which the weld cross section is subjected to a
specific temperature range, for instance, the sensitisation temperature range, can also be determined.
The temperature distribution data will be useful during failure analysis of a welded geometry and for
determination of residual stresses.

1. O.W.Blodgctt, Welding Journal. 63, 19(1984).

5.3 Development of an Interactive Database fur Garter Spring Locations in PHWRs

(B.P.C.Rao, M.T.Shyamsunder, D.K.Bhattacharya and Baldev Raj)

One of the major concerns of safety in Pressurised Heavy Water Reactors is the requirement of
the assurance that the garter springs (a total of 1224 for a 230 MWe reactor) which surround the
pressure tube should remain at their specified locations during the lifetime of the reactor. However,
the garter springs lend to shift during various stages of commissioning and operations mainly due to
flow induced vibrations. Thess shifts in springs are monitored at different stages during the lifetime
of the reactor by eddy current non- destructive testing.

A software package has been developed so that a comprehensive database covering all the
reactors in India is i» 'ailable [ 1 ]. The package being user friendly is amenable to operation by any
individual on an IBM compatible Personal Computer. The package gives ready access to the data
about spring locations, shift from previous inspection, shift from desired location, direction ol the
shift, etc.. Menu driven options for data retrieval, data modification or data appending are provided.
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In addition, there are a number of options for display combinations according to the choice of the
user. A graphic display with options of viewing the entire end shield map or selected channels, has
been incorporated for visual convenience.

1. B.P.C.Rao, M.T.Shyamsunder, P.Kalyanasundaram, D.K.Bhattacharya and Baldev Raj, To
be published in British). NDT, U.K.
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6.0 MECHANICAL EQUIPMENT AND SYSTEMS - DEVELOPMENT
AND COMMISSIONING

6.1 Design and Fabrication of Indigenously Developed Oil Filled Window Tor Isolation
Area

(A.Ramabathlran, V.VenugopalandK.V.Kasiviswanathan)

The hot cells of Radiometallurgy Laboratory (RML), is an alpha, beta and gamma facility
required to handle high plutonium bearing irradiated fuels To avoid spread of alpha contamination
during operations involving cell door opening or cell roof plug opening, the civil layout of the cells
are provided with isolation areas behind the cells called lower isolation area and above the roof of
the cells called upper isolation area. These areas also serve as maintenance area and area from
which special frogman entry through Scalhcne type system into the cells can be made.

These isolation areas arc provided with shielding wall (500 mm of concrete wall) for the lower
isolation area and 300 mm of concrete wall for upper isolation area. The walls arc also provided
with window openings (two numbers in lower isolation area and three numbers in upper isolation
area) through which visual surveillance of these areas for equipments like valves, cell shielding door
positions can be made in addition to surveillance of frogman operations in the area in case of man-
entry in to isolation area.

Indigenous development of the glasses required for these windows were done successfully in
collaboration with Central Glass and Ceramic Research Institute (CGCR1), Calcutta and Bharat
Opthalmic Glass Limited (BOGL), Durgapur. However, due to non- availability of suitable
technology, these glasses could not be procured with anti-reflection coating to avoid reflection losses
at the glass interfaces and production of multiple images causing distortion of view.

To ensure a clear view in the above mentioned areas through a mullilaycred glass construction
(individual glass thickness being 100 mm), design and developmental efforts were undertaken to
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Fig. 6.1.1 Cross-sectional view o! a typical oil filled window in lower isolation area.

convert these glass assemblies to an oil filled window. The window openings were originally
provided with mild steel embedded parts (EP) to facilitate direct glass assembly into them, providing

76



equivalent shielding. In the present design, these EPs are lined with leak tight 1.6 mm thick stainless
steel (SS) lining. This is to avoid the chemical reaction of mineral oil which is to be filled in the
glass interfaces, with painted mild steel EP surfaces which are known to cause oil degradation and
fogging. The mineral oil to be fiU>d will have approximately same refractive index of that of the
glass (refractive index number = 1.5) to avoid losses due to internal reflection.

Fig.6.1.1 shows the cross sectional view of a typical oil filled window in the isolation area
behind the cell. It consists of 5 number of radiation resistant glass slabs of size 880 X 670 X 100
mm of density 2.5 gm/cc. Spacers are provided to maintain the gap between each glass slab. Front
and rear side of the openings are closed with 8 mm thick toughened glass, which are held in position
by machined frames and gaskets for leak tightness. The EP provided is extended out to the warm
work area by 100 mm as shown to facilitate assembly of glasses with gaps as mentioned above and
provision for oil filling and drainage. The window assembly is also provided with a reservoir kept
above the window, to facilitate thermal expansion of the oil during ambient temperature fluctuations
and ensure bubble free oil levels inside the window.

One window location is already lined and provided with frames and gaskets as described above.
The assembly with cover glass plates was also tested for leak tightness by filling water. Procedures
for glass handling assembly and oil filling are also drawn up. The desired expertise and confidence
in indigenous design and assembly of glass windows of typical applications for lead cells has been
achieved.

Supporting participants : S.Kaliamoorthy, E.Prabhakaran, M.Ramanathan, J.Mariamichcal
andMEDS

6.2 Experiences During Erection of Neutron Radiography Rig

(S. Venugopal, A.Ramabathlran and K. V.Kaslvlswanathan)

Neutron Radiography is one of the important Post irradiation Examination (PIE) techniques
planned on Fast Breeder Test Reactor (FBTR) fuel sub - assemblies and pins in the hot cells of
Radio Metallurgy Laboratory (RML). One beam hole with collimated beam having L/D ratio of 200
(approximately) is provided for this purpose in the Neutron Source Reactor being built below the hot
cell No.3 of RML.

A sophisticated neutron radiography rig was designed and fabricated in collaboration with
Central Workshop, BARC. The rig has got two major sub-systems viz. a tubular outer shell and a
cage drive mechanism. The outer shell is 7.8 metres long made into five segments. The shell
extends from the hot cell floor to the reactor vault floor. Fig.6.2.1 gives a schematic sketch showing
the neutron radiography rig, the cross section of hot cell and reactor vault. The shell of the rig acts
as containment providing leak tightness required for the inert atmosphere in the hot cell and precise
guide to the cage which will carry the objects like fuel sub-assemblies, fuel pins, control rods etc. to
be radiographed. At the neutron radiography site facing the collimated neutron beam hole, the
tubular shell has aluminium window incorporated as shown in Fig.6.2.2, made out of explosively
bonded stainless steel/aluminium plates from which the stainless steel portion is machined out
leaving 1 mm thick aluminium portion, at the window location. Leak lightness of integrated
assembly are achieved by flange joints, provided with the copper gaskets and knife edges. The drive
mechanism kept on the hotcell floor consists of a drum and pulley system which is stepper motor
driven with wire rope attached to the cage, moving precisely in the shell of the rig guided by
hardened rails.

The embedded penetration provided in the cell floor was found to be out of alignment with the
reactor vault centre, having a shift of 14 mm in "X" plane and 2 mm in "Y" plane. To take care of
this shift, as well as providing a leak light joint at penetration region (marked "A" in Fig.6.2.1) an
eccentric flange was designed and fabricated. The eccentric flange was erected and finally welded to
the Embedded Part (E.P) in a leak tight way as shown in Fig.6.2.3. The alignment of eccentric flange
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Fig. 6.2.1 Schematic sketch showing neutron radiography rig, cross-section of hot cell and reactor vault
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Fig. 6.2.2 Incorporation of aluminium window and its sectional view with cage and job

78

I



ECCENTRIC PLATE

GUIDE TUBE

i HOLDING PLATE

COPPER GASKET

Fig. 6.23 Welding details of the eccentric flange.

was done by optical alignment technique. Tfi?. rig design was done with provision of spigot type
joints at the flanged joints to ensure alignment during erection. However several trial erections had
to be done to achieve the alignment accuracy of ±0.5 mm w.r.t the beam hole plane. The bottom of
the embedded part on the cell floor was also out of plane and the provided eccentric flange could not
be directly accommodated for welding on the existing E.P. flange. This required provision of an
additional plate to the E.P. and lowering of the eccentric flange to accommodate the level
differences. These discrepancies were noted only after trial assembly and alignment. This
necessitated special provision to be made on the last segment and cell vault floor consisting of a
clamping flange and screws for precise movement of the rig segment. The final alignmeni was
checked using theodolite. The welding of the eccentric flange to the EP was done by provision of an
external stainless steel sleeve as shown in Fig.6.2.3. The joint configuration as shown was modified
to do this difficult overhead welding with low head room for the welder. A final alignment accuracy
of ±0.2 mm in X and Y plane were achieved as against ±0.5 mm originally envisaged. The
alignment of the central line of the neutron window to the centre line of the neutron beam collimator
was within ±0.5 mm as against ±1 mm envisaged in design. Helium leak testing of the segment
joints and cell penetration joint gave leak tightness better than 10'10 std. cc/s.

This neutron radiographic rig has unique features for accurate alignment of objects to be
radiographed with provision for sequential radiography and object rotational facility for tomography.
With the care taken during design and manufacture and procedures adopied for erection at site, it
was possible to execute this task satisfying stringent requirements.

Supporting Participants: S.Vcnkatesan,
M.Ramanathan, J.Mariamichael, MEDS and QES.

T.M.Mohammed Koya, E.Prabhakaran,
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6.3 A Cassette Drive Mechanism for Neutron Radiography
(K.V.Kaslvlswanathan, A.Ramabathlran and V.Venugopal)

Neutron radiography of irradiated FBTR fuel subassemblics, fuel pins and control rods is
planned as a part of comprehensive Post Irradiation Examination (PIE) in RML hot cells. Neutron
radiography is to be carried out using the Neutron Source Reactor (NSR) and a radiography rig. The
details of the Neutron Source Reactor and the Neutron Radiography Rig arc described elsewhere [ 1 ].

The aluminium window provided at the neutron radiography site for neutron beam is having a
size of 210 x 75 mm. To image a full fuel subassembly with length of 1661 mm or a full fuel pin
with length of 530 mm, it is essential that a sequential radiographic method is adapted. The
radiography location in the reactor vault will be inaccessible due lo radiation from irradiated
subassembly, fuel pin and NSR. Hence, it was decided to design and fabricate a remotely operated
cassette drive mechanism. Using this mechanism, a number of radiographs have to be taken in a
required manner without manual intervention and need to retrieve the irradiated objects from the
radiography site into the hot cell no. 3, which is a umc consuming operation.

Cassette drive mechanism

Fig.6.3.1. gives a schematic sketch of the cassette drive mechanism. The indexing head consists
of 10 cassette holders each of 220 x 95 mm size arranged in a regular decagonal shape.
Radiographic film/ foil can be inserted in lo the machined slots provided in this cassette holder. All
the cassette holders are fixed lo a base plate with a gear at the bottom which in lum rests on a thrust
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Fig. 6.3.1 Schematic sketch of cassette drive mechanism tor neutron radiography.

bearing. The bottom of the thrust bearing rests on a rigid support structure. A Stepper motor with
pinion is fixed to this structure and is engaged with the gear fixed at the bottom of the base plate.
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Using this arrangement, the cassette holder can t\- rotated to any desired orientation such thai each
cassette holder along with the. radiographic film can tx positioned to face the aluminium window. In
addition -o the stepper motor for controlling thr orientation, an indexing plate with 10 cquispaced
index locations is also fixed at the bottom of tlic b; <c plate. A spring loaded positioning lever is
attached !o ihe support structure. When the indexing head is rotated and comes to a halt in order to
place (h•: film holder towards the window, tins lever will settle firmly into the groove made on the
indexing plate, such that the cassette holder faces exactly towards window.

Due to the presence of aluminium window flange and to facilitate the indexing head to rotate
freely, a minimum of 50 mm gap has been provided between the cassette holder face and the
aluminium window. To reduce the distance between the film and the irradiated object during
radiography in order to avoid geometric unshirpness, a pneumatic cylinder is fixed at the centre of
the indexing plate. Cassette holder is pushed forward by this pneumatic cylinder towards the
neutron window. Mechanical slops ensures a constant 3 mm gap and avoid ramming of cassette
holder into the thin aluminium neutron window. The film holder is brought back by four springs and
guide pins fixed at the four comers of the u.ssclte holder, when the cylinder is retracted.

Solenoid operated flow control valves .ire used to control the speed of the cylinder plunger to a
minimum level to avoid jerky movements and inertia] over travel.

The cassette holder consists of a "V" groove into which the radiographic film/ foil can be
inserted and removed easily using a remote tong. Behind the "V" groove, 3mm thick cadmium
sheet is provided to minimise backscattcred neutrons fogging the image as well as shield the film at
the rear locations against transmitted neutrons. This cassette drive mechanism occupies less space
and ensures reliable operation remotely. The design also takes into account maintenance aspect.
This mechanism has been successfully fabricated and tested at RML for reliable operation.

Supporting Participants: E.Prabhakaran, M.Ramanathan, J.Mariamicheal, and MEDS

1. Article 6.2 of this report.

6.4 Experience in Mockup Erection of Lead Bricks for Lead Cell no.I and II

(A.Ramabathiran, V.Venugopal, K.V.KaslviswanathanandBaldevRaj)

Trial erection of 250 mm thick lead bricks for construction of Lead Cell I and II was carried out.
This trial erection was done to measure gross variations in the vertically, to finalise the location of
service ports in the lead bricks for the provision of service lines and ventilation pipe lines and also to
gain experience in handling the 250 mm thick lead bricks.

A handling device as shown in Fig.6.4.1 was designed and fabricated for handling the
individual lead bricks. This device facilitates the bricks to rotate in any position. A special hand
operated crane of capacity 0.5 tonne was designed, fabricated and erected in the lead cell area. The
crane stands on a "A" frame on one side and the other side is supported on the existing concrete
beam. The crane can move on the wheels above the rails fixed to the beam floor, and roof plug
beam. Monoblock of one tonne capacity moves on the cross beam of the crane. The load testing of
the crane was carried out and this crane was used successfully. The lead brick can be placed at any
desired place with in the lead cell I and II area with the help of the crane.

Machined M.S. base channel of 300 x 100 mm size thickness was welded on the floor of ihe
lead cell embedded part (EP). The plate was levelled by placing suitable shims in order to keep all
the bottom bricks in one plane. The lead bricks were stacked on the base plate row by row. Totally
150 tonnes of lead bricks of different types viz bottom bricks, corner bricks, window bricks, top
bricks and manipulator bricks were transported by pellet truck and fork lift of capacity 2.5 tonne and
each type of brick was segregated. The individual bricks were cleaned and shaved off the burrs on
the chevron (on the sides of the bricks). Three window bricks of weight one tonne each were
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Kig. 6.4.1 Handling device for lead bricks

erected, using fork-lift. Fig.6.4.2 shows Ihe various shapes and types of lead bricks used for the
erection of lead cell. Care was taken while loading the window brick. In all, 13 rows of lead bricks
were erected including manipulator bricks. The containment box provisions and lead brick
provision for manipulators and windows were matched. Filling the gaps between ihc lead brick
opening and shielding glasses were also undertaken.
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Fig. 6.4,2 Various shapes and sizes oi lead bricks used (or errection.

A glove box was designed for transferring the active samples from lead cell 1 and II and for
loading the sample in the Ion beam etching sample holder. The glove box can also be used for
posting materials for lead cell I & II and lead cell HI. The glove box will be used for making the
replica of the irradiated fuel and structural material samples for microstruciure evaluation. In order
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to match the port hole of the glove box with the lead cell I and 11, provision has to be made in the
lead bricks and containment box. The .suitable locations for drilling holes on the brick were
finalised.

Supporting participants: T.M.Mohammed Koya, M.Ramanaihan and J.Mariamichael

6.5 Design and Fabrication of Gripper Mechanism for Vertical Transfer System of
RML Hot Cell

(T.Johnyand K. V.Kaslvlswannthan)

A gripper assembly which can be operated remotely with the help of master slave manipulator
has been designed and fabricated for lifting subassemblics frori fuel subassembly pot to the hot cell
No. 1. The grippcr mechanism will ensure positive g,rippinj' of subassemblies during lifting or
lowering operations carried out remotely inside hot cell No. 1 of RML. The original design of HBTR
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F i g . 6 .5 .1 Details ol gripper mechanism for fuel sub-assembly.
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grippcr assembly has been modified to suit the conditions in the hot call no.l and all components
except stainless steel fingers were fabricated in DPEND workshop. Fig.6.5.1 shows the details of the
gripper mechanism. This assembly has been fabricated with stainless :rfcel material.

To assess the performance of the grippcr mechanism, trial operations have been carried out
inside ihe hot cell no. 1 for lifting and lowering a dummy snbassembly wilh the help of manipulators
and found working satisfactorily. After trial operation certain modifications like safety locking
device etc., have been incorporated in the design for safer operation of the grippcr.

Supporting participants: N.S.Viswanalhan, E.Prabhakaran, J.Mariamicheal and MED>

6.6 Design and Fabrication of HKPA Filter Chamber and Remotely Operated Pr. filter
Mounting Arrangement

(T.Johny and K. V.Kasiviswanathan)

High Efficiency Paniculate Absorber(HEPA) filter chamber has been designed and ten numbers
of the same have been fabricated for installing in the emergency exhaust lines of hot cell ventilation
system. The emergency exhaust lines are connected to the exhaust system III of RML ventilation
sysicm and released lo atmosphere through slack. The design of these filter chambers incorporate

PRESSURE PAD

.PREFILTER
^610X610X295

Fig. 6.6.1 Details of pre-filter mounting arrangement inside hot cell.

the facility for changing the filters without breaking the containment by bag in - bag out
arrangement. The filter chambers have been provided with a frame to cover the bag which will act as
secondary containment.
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These filters were fabricated with mild steel material and all welded joints were checked with
liquid pcnetrant. After fabrication, all filter chambers were subjected to helium leak test at a
pressure of 1.5 kPa and leakages noticed were less than 10
been installed in line after epoxy painting.

std cc/s. All filter chambers have

The exhaust lines of hot cell ventilation system are provided with prefilters of efficiency 80 %
to reduce load on absolute filters provided in the main recirculation loop. Since these prefiUcrs are
located inside hotcclls, remote operation with the help of master slave manipulators is required for
replacement of filters. A pre filter mounting device has been designed, fabricated and installed
inside hot cell using cam operated clamps suitable for operation with master slave manipulators.
Fig.6.6.1 shows the details of the mounting arrangement. The design facilitates easy installation and
removal of pre filters inside the hot cells by the help of a pair of master slave manipulators. For
mounting the filter inside the hot cell, uniform pressure is applied on the filter through pressure pad
which is located between filter frame and cam. These pressure pads are kept in position by springs.
The design also provides facility to vary the sealing pressure on the gasket by adjusting the location
of the cam mounting member in the stud.

Supporting participants: S.K.M.Rao, V.Venugopal, A.Ramabathiran, R.E.MJebaraj

6.7 Design of La-Calhene Flange Transfer System and Experience in Erection or
Vertical Transfer System

(T.Johny, A.Ramabathiran, K. V.Kasivlswanathan andBaldev Raj)

For carrying out post irradiation examination of fuel subasscmblies, the assembly has to be
transferred from FBTR to RML hot cells through under ground irench. As the hot cells are provided
with high purity nitrogen atmosphere and trench area with air atmosphere, the transfer of

r LA-CALHENE
FLANGE

BELLOW

CELL
FLOOR

Fig. 6.7.1 Vertical transfer system assembly with bjl low and La Calhone flange
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subassembly from trench to hot cell has to be carried out with out breaking the hot cell containment.
The vertical transfer system has been designed for transferring the radioactive subasscmblies from
FBTR to RML hot cell number 1 without breaking the hot cell containment.

The Fig.6.7.1 shows the details of the system. The system mainly consists of La-Calhene
flange with pneumatically operated cylinders, axial expansion joint (bellow), cell flange, supporting
studs etc. The sub assembly container can be brought under hot cell No.l using a lead sriielded flask
with trolley, which can be operated remotely from operating area of hot cells. Limit switches are
provided at required positions of the trench to limit the trolley movement exactly below the opening
of hot cell No.l in the FBTR fuel transfer opening area. The fuel container can be raised to align to
the La-Calhcne flange assembled in the hot cell area by using a power screw connected with a
motor. This will exert the required force of 175 N (approximately) to the La-Calhcne flange for
alignment. The alignment accuracy required is of the order of ± 1 mm in X-Y plane and 15' for
parallality between the flange surface and fuel container matching surface. The bellow provides
flexibility in vertical movement without breaking the containment.

After alignment of container flange with La-Calhene flange, cell door to container door
connection and container door to container flange disconnection can be obtained by actuation of
pneumalic cylinders through solenoid operated valves for opening the container door along with cell
door and to lift subasacmbly using a gripper mechanism and incell crane. The entire operation can be
performed remotely using master slave manipulators, pneumatic cylinders, solenoid operated valves
and sub assembly grippcr mechanism.

Trial remote operations were carried out using a tnockup system to evaluate the performance of
the system and gain experience in alignment. The shielded flask containing irradiated fuel
container has to travel a distance of 30 meters between FBTR storage bay and RML hotcell No. 1
and alignment has to be assured repeatedly at both the places. The alignment of the trolley to the
cell opening involved tedious and painstaking adjustments. Necessary modifications to the existing
container lifting mechanism in the transfer carriage were undertaken. These included, provision of a
mechanically actuated brake to the container to hold rigidly during La-Calhene flange engagement
operations. Fine alignment of the carriage X-Y drive plates were made with the help of instrument
plum'i Successful demonstration of repeated operations were done using the mock-up system. The
experience gained in these operations were incorporated in the design of a final system which is
under fabrication.

The vertical La-Calhene transfer system for long radioactive objects is the first of its kind in the
world and necessitated robust development strategies to ensure success, painstaking care is also
essential because the operation is crucial for the complete fuel cycle at IGCAR.

Supporting participants: S. Kaliamoorthy, E.Prabhak'iran, M.Ramanathan J.Mariamichcal,
SPF.CS and MEDS

6.8 Design Fabi Nation, Installation, Testing and Commissioning of F;esh Nitrogen Gas
Storage Battery at DPEND

{S.K.M.Rao, T.JohnyandK.V.Kasivlsvanathan)

Fresh Nitrogen gas storage battery is a sub system of the recirculatory type inert gas ventilation
system for hot cells in RML. The main functions of this facility ire to provide inert gas in the hot
cells by initial filling and subsequent make up and to purge the activated charcoal adsorber bed,
catalyst bed, molecular sieve and silica gel beds of inert gas system. In addition, this facility will
also meet any additional fresh gas requirement in any of the hot cells.

The capacity of nitrogen gas storage battery is approximately 1050 m3 whereas the total cell
volume is approximately 320 m thus providing approximately three times the cell capacity.
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Fresh Nitrogen gas storage battery and gas distribution piping have been designed and
fabricated. All other necessary components for the system were procured and integrated in the sub
system. The gas storage battery and distribution piping have been installed at siie and successfully
tested and commissioned.
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Fig. 6.8.1 Schematic layout ot tresh nitrogen storage battery and gas distribution piping.

Fig.6.8.1 shows the schematic layout of fresh Nitrogen storage battery and gas distribution
piping. The gas storage baucry consists of three sets of high pressure gas manifolds with 60 nos. of
cylinders per manifold. The gas cylinders arc of 40 litres water capacity and filling pressure of 14
MPa. Each high pressure gas manifold is provided with manifold valves for interconnecting the
individual gas cylinders. Main manifold valve for isolating the manifold, heavy duty pressure
regulators for controlling the down stream pressure of the gas, pressure gauges and isolating valve
on the downstream side of the valve are a few of the salient features of the gas manifold battery.
Major works involved were design of manifold, general arrangements of manifold and distribution
piping fabrication and procurement of components, pressure testing of manifolds, interconnecting
the instruments and devices, testing and commissioning activities.

All butt welds of high pressure manifolds were fully radiographed and evaluated as per the
requirement of ASME code Section VIII Div.l.
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The high pressure manifolds were hydro tested at 22.5 MPa pressure and then subjected to
pneumatic testing at 14 MPa. The downstream gas distribution piping was tested with nitrogen gas
at 1.5 MPa pressure and checked for holding the pressure for 24 hrs.

The total integrity of the system and leak tightness were checked and found satisfactory. After
satisfactory testing and commissioning, painting of the manifolds and distribution piping and colour
coding were carried out.

6.9 Indigenous Development of Stainless Steel Bellow Sealed Globe Valves

(K.V.Xasiviswanathan, S.K.M.Rao and T.Johny)

Stainless Steel Bellow Sealed Globe valves of size 4 inch NB have been indigenously
developed. Effort was made lo identify the possible manufacturers of stainless steel bellows, to
standardise the fabrication and testing procedures and to integrate the bellow with stainless steel
globe valve. These valves are required for throttling and regulating the gas flow from the gas supply

PLUG
STELLITED
STELLITED
SEAT

FLOW
CONTROL TRIM

Fig, 6.9.1 Bellow sealed globe valve with pneumatic operated diaphragm actuated.
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Fig. 6.9.2 Flow characteristic? of a typical bellow sealed globe valve.

header to individual hot cells in the recirculatory type inert gas system for hot cells of RML
Detailed chscussions were held with the supplier at the design stage itself. The main critenon in me
above exerc.se was to maintain economy of cost, quality material, workmanship and acceptable
r^Trements '" **" * " " " m i t a t i o n s o f ^pacc at site. The design was optimised tosJi ts i*

Stainless steel bellow sealed globe valve with hand wheel for manual operation (Qty 20 nos)
d e v o i d R

Wn P " e u m a f c
K ° P e r a t e d ^ P 1 " ^ ^tuator (Qty 8 nos.) have been indigenously

developed. Bellows were fabncatcd as per the requirements of EJMA Code and welding has been
evaluated as per the requirements of ASME Code Sec.VIII Divn. 1.

Cyclic Test of 10,000 cycles on two sample bellows were specified in the purchase order and
Ae same was demonstrated at the manufacturers site. The bellows were tested i15.oS?cycle anS
no damage was nouced. These sample bellows were retested and found satisfactory.

Replaceable type seat and plug were stellited with lapping to achieve zero leak tightness across
metal to metal contact when the valve is in fully closed condition. A difference in hardness of 5 RC
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of stelhte facing on plug and seat respectively.
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Fig.6.9.1 indicates the details and overall dimensions of SS Bellow Sealed Globe Valve with
pneumatic operated diaphragm actuator. For manual hand operated valves, the diaphragm is
replaced with hand wheel arrangement.

Flow characteristics of the valve were evaluated using a test rig at manufacturers site. Fig.6.9.2
indicates the flow characteristics of a typical valve. Linear flow characteristics were achieved for the
valve.

The valves were tested for leak tightness across port to port and out side atmosphere using
Helium Mass Spectrometer with sensitivity of 2 x 10"6 std cc/s and no measurable leaks were
noticed. Thus indigenous development of stainless steel bellow sealed globe valves to stringent
specification was achieved.

6.10 Quality Control And Leak Testing of Piping for Inert Gas System

(T.Johny, S.K.M.Rao, K.V.Kaslviswanathan andBaldevRaj)

The inert gas system piping work for ventilation of RMI. hot cells has been completed and
system is poised for commissioning. The piping system consists of stainless steel pipes of sizes
varying from 15 mm (NB) to 400 mm (NB), equipments like charcoal adsorber beds, high efficiency
paniculate air filters, cooling coils, hermetically sealed blowers, pneumatically operated butterfly
valves, bellow sealed globe valves etc. Strict quality surveillance were followed during various
stages of fabrication, welding, testing and installation.

Salient features

Total pipe length
Material
Total length of butt welds
Total length of fillet welds
Welding process used
Shielding gas
Purging gas

800 metres (approx.) size. 15 NB to 400 NB.
AISI 304 / 304 L
12000 cm dia. (approx.)
7500 metres (approx.)
GTAW (JIG)
Argon
Argon

All the welds were subjected to dye penetrant testing (100 %) and all butt welds were subjected
to radiography tests (100 %).

All pipe fabrications were carried out in accordance with the specificalions of ANSI B 31.1 and
in conformity with the applicable requirements of section VIII, Div.I of AS ME boiler and pressure
vessel code. All the pipes were tested hydrostatically during prc-despatch inspection stage at a
pressure arrived from the calculations considering ihe pipe thickness and allowable stress of the pipe
material.

Welding procedure and performance qualification were carried out as per AS ME boiler and
pressure vessel code Section IX ,1983. All the welds were done by qualified welders. In addition to
the requirements of ASME section IX, IGSCC tests were also carried out by following RRC-Met 2
specificalions for procedure qualification. Samples were found to be not sensitized after performing
U ber i test for crack observation.

During production of pipe fittings of various configurations and sizes, the following inspections
were carried out on all welded joints.
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i) Visual examination :

To find delects like lack of fusion, lack of penetration, under cul, excess penetration, mismatch,
etc.
Acceptance criteria followed :
Root excess penetration : up to 1 mm
Weld meial reinforcement : up to 1.5 mm
Concavity : up to 0.8 mm
Face undercut : not allowed.
Mismatch between pipes : Max. of 1/4 thickness of pipe.
Basic defects like crack
lack of fusion and lack
of penetration : not allowed.

The above criteria for acceptance of welds were followed to meet the ASME boiler and pressure
vessel code criteria section III Div.l, and the service requirements of high purity nitrogen gas
recirculaiion & purification system.

ii) Dye Penetrant Test:

All weld root pass and final pass were subjected to dye penetrant test as per ASTM standard E
165 and acceptance standard followed was as per ASME Section III, Div 1.

iii) Radiography Test:

All butt welds were subjected to radiography test as per ASME Section III, Div.l. Radiographs
were taken using gamma ray source by double wall single image/single wall singe image technique.
Sensitivity obtained was ASTM 5-4T.

Shielding and purging with argon gas were .given during welding. The purging rate was 6
litres/minute to 15 litres/minute depending on pipe diameter. After initial purging a flow of backing
gas was maintained during welding. After completion of weld, the weld and the heat affected zone
were subjected to local passivation.

Pneumatic Testing and Leak Testing

After installation, all piping and equipments were subjected to pneumatic testing by pressurising
the entire piping system to the pressure of 50 kPa for 24 hours. The rate of pressure drop noticed
during the test was less than 2 % per day.

The leak testing was carried out using a mixture of helium and nitrogen gas at a ratio of 1:1. The
system was pressurised to 20 kPa with the gas mixture and all flange and welded joints were tested
with a leak seeker having a sensitivity of 10"6 std cc/s. AH the leakages noticed were
rectified before insulation of piping and equipments.

The chloride content in the mineral wool insulation was determined by exposing a sample of
mineral wool to boiling water for one hour and leached chloride was estimated by potentiometry
using ultra sensitive electrode. The chloride content observed was only 14 ppm.

Quality Engineering Section (QES) in IGCAR have contributed in quality assurance of the
piping works related to Inert Gas System. They were mainly responsible for quality audit for
stainless steel materials, formulation of welding procedure specification and carrying out welder
performance qualification tests. Also they have contributed in quality assurance and inspection at
various stages of fabrication of pipe fittings, fabrication pipe spools, fit up inspection, weld
inspection including dye penetrant test and radiography inspection of welds were carried out by
QES. Weld acceptance were based on the certification of quality assurance by QES.
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Supporting Participants: Anthony Raj, M.Mariappan

6.11 A Novel Design for Active Liquid Waste Disposal for Neutron Source Reactor

(V.Anandkumar, B. Venkatesan and C.S.Pasupathy)

Neutron Source Reactor is located in the basement of Radio Metallurgical Laboratory. The
reactor vessel is installed in the reactor vault at an elevation of-7 metres. In the event of active water
leaking from the reactor vessel or any system, there is no room u> lead the leaking water to a
collecting point at any further lower level due to geographic location and space constraint. A novel
design using a pneumatic pump with non-moving parts, supplied by M/s. PIAB, Sweden coupled
with a piping system was conceived to appropriately and reliably handle and dispose such active
liquid waste.

This pump shown in Fig.6.11.1 works on the multiple ejector principle and is capable of
sucking water from an elevation of -10 metres. The pump employs air/gas at a pressure of 0.4 to 0.5
MPa as power air to create necessary suction . The special advantage in using this pump is that it is
independent of electric power supply for its operation and since non-moving pans are used, the
pump is almost maintenance free. The compact design of the pump is another attractive feature since
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Fig. 6.11.1 Active liquid waste disposal system tor neutron source reactor.
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it measures 190 mm long, 50 mm wide and 60 mm in height. The system will come in handy not
only for handling of leaks but also for disposal of reactor water, should the need arise e.g. during
change of core configuration.

Power air connections were provided with solenoid valves, for remote operation and control of
the system from control console. The power air entering from the pump ai'ter use is lead to the
exhaust system through pipe line. The pump was tested to check its performance to meet our
requirement of sucking the water through 7 metre level, based on which the pump was cleared for
installation. Fig.6. H.I shows the schematic arrangement of pump coupled to waste disposal tank.

6.12 Erection of Beam Shutter System for Neutron Beams

(E. Venkatesan, V.Anandkumar and C.S.Pasupathy)

Three neutron beams are provided in Neutron Source Reactor along north, south and west
directions for inactive sample neutron radiography, active object neutron radiography (e.g. FBTR
fuel subassemblies, control rods), and radiation physics experiments respectively. While the part of
the neutron beam tube in the core is made of zircaloy due to superior neutronic properties, the
portion outside the reactor vessel is made of stainless steel. Cadmium cladded lead shutters arc
installed in the path of diverging neutron beam at the end of the collimation length.

The beam shutter serves the purpose of cutting down the gamma dose to permissible levels to
permit access to experimental area by operating personnel for experimental work when the reactor is
shut down.

The beam shutter system designed by NSF group consists of the following :

a) A Cadmium lined 150 mm thick lead shutter aligned with neutron beam axis.

b) A drive unit located on reactor top for ease of mwitenaice. The drive unit consists of a
single phase motor coupled to a single speed reduction gear box with provision to
protect the mechanism in the event of overload.

c) A 3 metre long shaft linking the shutter to the drive unit.

d) A set of limit switches with actuators are provided to give caution indication which
will be followed by automatic switch off.

e) Dampers have been provided to absorb the inertia of the lead shutter at the two
extreme end positions.

Non-reliability of hydraulic system in the event of oil leak and non-acceptance of high
pneumatic pressure in pneumatically operated device in the vicinity of critical components like
neutron beam tube & the reactor core rules out both these options. Hence among the number of
choices available, mechanical drive based on reliable screw and nut principle has been selected for
foolproof and positive drive and position indication of the shutter.

The erection of the system and its smooth functioning assume a key role in the utilisation of the
reactor. Hence the erection sequence was given special attention. Five important parameters in the
erection of this system which were attended lo are as follows:

a) Axial alignment of the lead beam shutters with neutron beam axis.

b) Verticality of the shutter & frame for uniform distribution of drive load and to curtail
the bending moment on the drive shaft.

d) Flexibility within limits for the shutting time. Design provides for variation of shutting
lime between 2 and 20 minutes to desired value based on experimental requirements.

e) Site selling of actuators for sequential operation of limit switches to provide caution
indication followed by automatic cut off of power to motors.
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These systems were inspected for alignments after erection and the values achieved are as
follows.

i) Axis of beam shutter - with Neutron beam axis: within 1 mm.
ii) Vertically of shutier guide frame : within 0.5 mm.
iii) Shaft verticality : within 0.5 mm per metre,
iv) Wobbling of vertical shaft : within 2.5 mm

(20 mm dia, 3 m height)
v) Limit switch actuation sequence : auto cut off 10 s after caution indication,
vi) Shutting time present set value : 20 minutes with provision for variation down

to 2 minutes

After applying molycoat grease, the systems were tested 20 times each. The systems are
regularly maintained and are periodically tested.

6.13 Site Works for Neutron Source Reactor

(V.Anandkumar, E.Venkalesan, K.R.Sekar, C.S.PasupathyandBaldev Raj)

Installation of two safety cum control drive mechanism and one bum-up control block drive,
erection of heat exchanger, erection of three beam shutier mechanisms, fabrication and erection of
pneumatic lines and copper tubes for operation of pneumatically operated dif.phragm valves, laying
of cables, completion of wiring terminations in control panel and pre- commissioning checks are the
major land marks during the period of this report.

Safety control drive mechanisms consisting of drive unit, cantilever assembly and guide
channel assembly were fabricated by RCnD, BARC and sent to IGCAR. Site erection was the
responsibility of NSF group at site. This work is reported separately in detail.

All stainless steel 100 kW heat exchanger fabricated at Variety Industrial Equipment Co.,
Baroda was installed at site on a support structure, designed and fabricated for the purpose.

All the three beam shutter mechanisms were installed at site and coupled to their drive units.
Limit switch actuators were designed, fabricated and installed along with limit switches to indicate
open/close limits of beam shutters. All the three beam shutier mechanisms were commissioned and
are working satisfactorily. Details of this work are reported separately.

Beam tube protective covers made of stainless steel were designed, fabricated and installed at
site to provide protection to zircaloy neutron beam tubes under accidentally falling loads.

Pneumatic lines wer..; laid to provide air power for the pneumatically operated diaphragm
valves. Stainless steel ball valves were installed in these lines and copper tubings were laid upto
each valve to regulate air supply to each valve for its remote controlled operation.

Cable trays were erected and about three kilometers of cables were laid for power as well as
instrument lines and were terminated at the control console. Control console wiring was completed.
Control panel was energised and pre-commissioning continuity checks were carried out in
collaboration with RCnD, BARC. Three area monitors, pre-amplifiers for nuclear channels,
conductivity probe, three scram buttons were also installed at site.

Reactor core consisting of all U-233 core with zircaloy reflector in aluminium boxes was made
critical at NtPD, Purnima Labs, BARC in November 1990. Shri V.Anandkumar participated in this
important experiment.

Supporting participant: B. Razeed
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6.14 Erection of Safety-cum-Control Drive Systems for Neutron Source Reactor

(V.Anandkumar, E.Venkatesan, K.R.Sekar, C.S.PasupathyandBatdevRaj)

Safety ;um control plates are made from cadmium encased in aluminium. Two control plates
with indepe ideni drive mechanisms are provided in the reactor and each is capable of independently
shutting do « i the reactor. The systems were fabricated at BARC and were sent to IGCAR for
erection at s ite. These systems assume great importance since success of reactor operation rests with
accurate and reliable erection of these systems.

In ordc' to study the problems in erection and to finalise the assembly sequence, a mock-up was
carried out outside the reactor vault. Sizable twist was observed in one welded guide channel.
BARC supplied the replacement on our request. In the assembled condition, gaps were measured
between the pushrods and the control plates in the north south direction and arc reported in the

(100(TYO.)
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Fig. 6.14.1 Safety control plates for neutron source reactor
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Fig. 6.14.2 Safety-cum-control system for neutron source reactor.

sketch enclosed. Fig.6.14.1 indicates a divergence of about 3 mm over a length of 2 metres.
Measurements taken at the bottom end of contra) plates in the east west direction indicate a gap of
38 mm, which is alarmingly large.

Necessary corrective actions were taken to set right these unacceptable dimensions. An erection
sequence was formulated. Reference locations with respect to core were marked on the base plate.
The cantilevers and the guide channels were assembled at site and held in special fixtures, designed
and fabricated for this purpose. The drop axis was plumbed and using the adjustments available in
the fixtures', the control plate assemblies were aligned and site measurements were recorded in this
condition.

Based on these measurements, dimensions of spacer required for the north side system and the
extent of material to be removed on the base of the south cantilever were finalised. Spacer was
rough machined, welded to the base of north cantilever and then finish machined to the required
size, which was marked by dialling on the surface plate.

The rectified components were assembled at site and finally aligned to an accuracy of within
0.5 mm. In the final aligned condition, the mechanisms were rigidly anchored to the reactor top
structure. For each system, a pair of dowel pins were installed in neatly reamed holes to ensure
reproducibility of position. The control plates were received in twisted condition. They were
straightened at IGCAR to a straightness of 0.5 mm and assembled with push rods. An additional
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stiffencr plate for each cantilever was designed, fabricated and installed to absorb the impact and
curtail vibrations in the event of control plate drop. Fig.6.14.1 gives details of measurements taken
prior to rectification.

Independent drive units (Fig.6.14.2) for two safety cum control plate mechanisms and another
drive unit for bumup control block have been successfully erected at site.

6.15 Sealing of Small Diameter Service Pipes in the Hot Cells

(Jojo Joseph and K.A.Gopa!)

The concrete shielded hot cells are provided with stainless steel tubes of 25 mm diameter
embedded in the front wall of the cell adjacent to the shielding glass windows for use as service
pipes through which services like electrical wires, lubes, instrument lines etc. can be taken into the
cells from [he operating area whenever required without affecting the leaktightness of the cells. As

Fig. 6.15.1 Sealing arrangement for service pipe.

the inert environment (nitrogen) requires leakage of air into the cells to be minimum, special seals
were designed for these service pipes and installed. Fig 6.15.1 shows the sketch of a scaling
arrangement for service pipe.

Both ends of the service pipes were provided with flanges suitable for sealing with 'O' rings and
a secondary seal was provided by means of a shaft mounted 'O1 ring provided on the removable
cover which enters the bore of the flange and seals the passage. The removable cover on the cell side
has been designed for easy handling using master slave manipulators. Flexible service connections
upto a maximum diameter of 15 mm can be inserted into the cells using this system. The electrical
cable, hose pipe, etc., which are to be taken inside the hoi cell are first passed through two hollow
plugs and then are bonded to the plugs using epoxy adhesive. The plugs are inserted into the cell by
opening ore end of the service pipe at a time. When the service connections arc in the desired final
position, the two plugs are seated in the flanged ends with 'O' rings, thus sealing all the leakage
paths. 78 sets of seals were installed and tested for leak tightness using soap bubble test All the
sealing systems were found to be leak tight.
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Supporting participants : A.Murugcsan, N.V.Kumar, A.Bhakthavatchalam, S.Maharaian.
V.Balasundaram and V.Singarayan.

6.16 Indigenous Development of Remote Milling and Drilling Machine

(P.V.Kumar, K.A.Gopal, Jojo Joseph and Baidev Raj)

A special purpose, three axis. Computer Numerically Controlled (CNC), remote milling and
drilling machine is being developed in collaboration with Central Workshop, BARC, and a private
manufacturer, for use inside ihc hot cells of Radiomctallurgy Laboratory. The machine is designed
for remote operation using master slave manipulators( MSM ). The control console and computer
are to be located in the operating area and arc to be linked to the machine, which will be located
inside the hot cell, by means of cables passing through a service plug. The principal requirements of
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Fig. 6.16.1 Schematic sketch nt remote milling and drilling machine.

the design of this machine are, dismantling of fuel subassemblies received from FBTR by
longitudinal and transverse slitting of the hexagonal wrapper and production of tensile test samples
from the wrapper material. Construction of the machine is in an advanced stage and trial operations
will be taken up shortly.
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The machine is to be located inside a hot cell having nitrogen atmosphere with controlled
oxygen and moisture levels. The cell is having 1.2 m thick concrete shielding walls. The machine
has to pass through an opening of 1100 mm X 1000 mm size for installation inside the eel!. The
overall size has to be below 1500 mm (length) X 1100 mm (breadth) X 1000 mm (height). It also
has to allow operation of inter-cell transfer system, master slave manipulators, cell door, storage well
and other utilities inside the cell without any hindrance. The machine should be ab!e to cut irradiated
subasscmblies which may have hardness upto 50 HRC. The tools and spindles were designed to suit
this. The fuel subassemblies are likely lo be bent and distorted and the work holding devices should
have enough flexibility to take care of this.

Operations like tool changing, spindle change-over, fixing of job and its removal, maintenance
jobs like changing of belts, etc. are to be done remotely using MSMs. Hence all the related
components are to be visible from the operating area through the window and the operations are to
be simple enough so that they can be adapted for MSM operation. All the materials used in the
construction should be resistant to radiation. Special care was taken in selecting the motors, cables,
lubricants, etc. The design has to facilitate easy decontamination by eliminating avoidable
crevices, pockets etc. A modular design was adopted. The chips will be removed by vacuum
extraction and cooling of the job done by supplying a jet of nitrogen gas.

Fig. 6.16.1 shows the schematic sketch of the remote milling and drilling machine. The machine
has got a fixed work table and a column carrying the spindle head moves on high precision slides in
the X & Y directions with a travel of 650 mm and 150 mm respectively. The spindle can slide
vertically on the column with a travel of 165 mm. The accuracy of positioning in X, Y, and Z
directions is + 5 microns. Repeatability is + 2 microns. There are three independent spindles in
mutually perpendicular directions, two of them meant for transverse and longitudinal cutting of the
hexagonal wrapper and the third one for milling and drilling of specimens.

The vices for holding the sub-assembly on the table are specially designed for holding irradiated
sub-assemblies with twisi/bow/ swelling. The profile of the subassembly can be probed using an
induction probe and memorized by the computer for guiding the tool subsequently for cutting ihe
assemblies either longitudinally or transversely.

6.17 Development of Pressurised Capsules for Evaluation of Irradiation Creep of
Structural Materials

(Shaft Kurien, K.A. Gopal, Jojo Joseph, P. V.Kumar and Baldev Raj)

Zirconium alloys are used extensively as structural components in Pressurised Heavy Water
Reactors. The fast neutron flux in the reactor changes the creep behaviour of zircaIoy-2 and
zirconium- niobium alloys. In-reactor creep tests have demonstrated that neutron irradiation
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Fig. 6.17.1 Sketch of pressurised capsule specimen.
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increases the creep rates of zirconium alloys by a factor of about 10 times. In a similar manner,
creep rates of structural components of fast reactors are also increased. Creep tests on biaxially
stressed tubes will give better understanding of in-reactor creep behavior of structural components.

Development work was initiated for fabrication of capsules of small diameter tubes (less than
20 mm diameter and about 100 mm length) with varying internal gas pressures upto 20 MPa. This
work is aimed at preparing pressurised capsules of zircaloy-2, zirconium-niobium alloy, and
stainless steel for use in irradiation experiments in Fast Breeder Test Reactor (FBTR) to determine
irradiation creep rates. This data is of significant interest to reactor designers for estimation of life
of the core components.

Various methods of fabricating pressurised capsules were considered like welding capsules in a
pressurised chamber. A welding chamber was designed to weld capsules upto a pressure of about 20
MPa. Striking welding arc in a high pressure atmosphere is difficult and a special mechanism was
designed to achieve this. Alternate method of fabricating the pressurised capsules without the need
of high pressure chamber, namely "seal and weld" method was also developed. Both the methods
of fabrication are currently being pursued.

Experiments were carried out using the "seal and weld" method. Fig. 6.17. J shows the sketch of
a pressurised capsule specimen. End plugs arc welded to both ends of the cylindrical portion. The
top plug is, having two passages as shown. Passage 2 is provision for evacuation and subsequent
prcssurisation of the capsule. During the time of evacuation and pressurisation, a soft metal plug is
partially inserted into the passage 1 upto the plane AA. The capsule is evacuated and then
pressurised by argon through the passage 2. After the desired pressure is attained in the capsule, the
soft metal plug is fully inserted into the passage 1. The plug is compressed elastically and thus
providing a leaktight seal. Subsequently the end plug is closed by welding, with the soft metal plug
remaining inside, to complete the fabrication of the capsule.

The pressure inside the capsule can be calculated using gas laws if the weight of the capsule
prior to and after pressurisation is known. A computer program has been developed to calculate the
pressure in the capsule. A trial with a capsule pressurised to a known pressure was tested by this
technique and found to be accurate within j t 5 % . Stainless steel capsules with an internal pressure
of 1 MPa were successfully made during the experiments. Further work is in progress to produce
capsules with higher internal pressures.

Supporting participants : A.Murugcsan, N.V.Kumar, N.G.Ramarajan, T.Govindaswamy,
B.Padmaraj and A.Bhakthavatchalam.

6.18 Fabrication of a Mockup of Fuel Irradiation Capsule

(S.Murugan, K.A.Gopaland P.V.Kumar)

Experimental fuel pins containing bond gases with different composition and/or enriched fuel
will be irradiated in FBTR to assess the performance of FBTR fuel. A mock-up irradiation capsule
with a dummy FBTR fuel pin was fabricated. This capsule contains a dummy FBTR fuel pin held in
position by a spring. Spring provided in the capsule will prevent vibration of fuel pin during
transportation. Provisions are made in the capsule to ensure flow of sodium around the fuel pin.
Fig. 6.18.1 shows the sketch of the fuel irradiation capsule. The capsule was tested using the flow
test rig at FBTR, by the Reactor Group, to find out the pressure drop at different flow rates. The flow
testing was carried out with and without fuel pin capsule in the special steel sub-assembly, with
nitrogen as testing fluid. It is required that pressure drop due to presence of capsule in the sub
assembly should not be high enough to cause restriction of flow of sodium around the capsule. The
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Fig. 6.18.1 Sketch of fuel irradiation capsule

results show that flow rales available would be adequate to carry out the experiments as planned.
The successful fabrication of mock up capsule and flow tests will enable fabrication of actual
capsules containing experimental fuel pins without any difficulty.

Supporting participants: A.Murugcsan, N.V.Kumar and A.Bhakthavatchalam.

6.19 Biaxial Stress Rupture Testing of FBTR Clad Tubes

(C.K.Mukhopadhyay, V. Venogopal, K. V.KasiviswanathanandBaldev Raj)

A knowledge of high temperature mechanical properties of fuel element clad lubes during
steady slate and transient operating conditions is essential for the purpose of optimum design and
high performance levels of fuel elements. The parameters related to the characteristics under biaxial
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Fig. 6.19.1 Sketch offurnace for conducting biaxial stress rupture tests at high temperatures.
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stress conditions such as creep strength, rupture strength, circumferential elongation etc. are
obtained from biaxial stress rupture tests. In these tests, clad tubes are internally pressurised by an
inert gas like argon resulting in the development of biaxial stresses which consists of axial and
circumferential stress ( also called the hoop stress).

Commissioning of the biaxial stress rupture testing system has been phased such that we can
proceed from low pressure, room temperature, one specimen at a time tests, to high pressure, high
temperature, simultaneous multispecimen lests. This phasing out is aimed to provide confidence and
ensure safety at all stages of operation. In stage -I of the system, clad tube specimens have been
tested at internal pressure upto 40 MPa at room temperature for periods upto about 3 months
duration.

In order to conduct biaxial stress rupture tests of clad tube specimens at higher temperatures
upto 1273 K at stage -II, a furnace (as shown in fig. 6.19.1 ) was designed and fabricated. The
fumace is of tubular construction using kanthal wires wound over an alumina lube (21 mm OD, 16
mm ID and 150 mm long ) and is surrounded by insulating materials. This fumace is housed inside
the existing 60 mm thick steel hood which is used as a shielding over the clad tube specimen in
biaxial stress rupture experiments. The outside of the steel hood is also insulated to minimise the
temperature on the outer surface. A uniform temperature zone inside the furnace was characterised
by measuring the variation of temperature along the length of the furnace for different constant
temperatures. Measurement of the outer insulation temperature of the furnace for the furnace
temperature of maximum 1273 K was found to be less than 323 K.

Safety aspects for conducting the high temperature biaxial stress rupture testing at stage-II
was considered and a note " Proposal for High Temperature Stress Rupture Testing of FBTR clad
Tubes " was prepared for obtaining clearance from the Safety Committee. Approval of the
committee was obtained and stage-II of the system was commissioned by keeping one FBTR clad
tube specimen at an internal pressure and temperature of 72 MPa hoop stress and 973 K
respectively.

The set up is, unique in the country with respect to (he capabilities (200 MPa and 1273 K
simultaneously), can be used for applications related lo any tubular products. The first phase of the
work has started to investigate the biaxial creep and stress rupture behaviour of FBTR clad tubes
with natural defects in the range of 7-28% of the wall thickness.

Supporting Participants:S.Sivanandan, M.Ramanathan and J.Mariamichael

6.20 Installation, Testing and Commissioning of 15 TR capacity Brine Chilling Units for
Inert Gas System

(K.V.Kasivlswanathan and S.KMRao)

Recirculatory type of inert gas ventilation system for hot cells of RML in DPEND is poised for
commissioning. The system will use nitrogen gas as inert gas and the same will be recirculated
through the hot cells. It will be subjected to purification so as to the remove the impurities buil; up
in the hot cell atmosphere due to in-leakage of air or as a result of carrying out other processes inside
the cell. During the process of recirculation the cell pressure has to be maintained at the level of -20
to -40 mm of water column w.r.t the outside pressure. The cell pressure is maintained constant by
inlet and outlet flow control and removal of the heal load from the recirculating gas. The inert gas
exhausted from the cells at a temperature of 318 K is cooled to about 276 K by gas cooling coils
using chilled brine as the cooling medium and cooled gas is discharged into the hot cells. To meet
the above requirements technical specifications were made for gas cooling sub-system consisting of
3 nos. of brine chilling units each having a capacity of 15 TR and gas cooling coils. The chiller units
and the gas cooling coils were ordered and inspections were carried out at the suppliers site before
accepting the items. The three brine chiller units and associated cooling coils have been installed at
site and the entire gas cooling subsystem has been successfully tested and commissioned at site.
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The schematic layout of brine chiller units and associated gas cooling systems is shown in
Fig.6.20.1.
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Fig. 6.20.1 Schematic layout of brine chiller units and associated gas cooling systems.

The salient features of the Brine Chilling System are tabulated below:

Number of Brine Chilling units
Refrigeration capacity
Brine used
Freezing point of brine
Specific Gravity
Specific Heat
Brine inlet temp.
Brine outlet temp.
Brine flow rate
Refrigerant
Condenser Water inlet temp.
Elect. Motor Rating
Elect. Po<ver Supply
Time required to bring down the
temp, of brine to 255 K

3
15 TR each
Ethylene glycol 45%bywt
247 K
1.703
0.77 kcal/Kg °C
262 K
255 K
8m3/hr
R-12
240 K
37 kW

415 V 3 ph 50 Hz AC

6hrs.
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Out of the three units, two units will be in operation to meet the requirements of maximum
heat load conditions and one unit will be kept as standby. When the heat load is less, only one unit
will be kept in operation.

Brine pH Control

Brine required for the application was prepared at site by using demineralised water and
ethylene glycol. The brine concentration was maintained at 45 % by weight of ethylene glycol in
demineralised water by proper weighing at site. Approximately 5,000 litres of brine solution was
prepared. The pH value of brine without any inhibitors was found be around 6.8. In order to
maintain pH of brine solution in the range of 8 to 9 inhibitors were added in proper proportions.
These include sodium nitrite, sodium benzoate and benzotriozal. After addition of inhibitors, the pH
of brine solution was adjusted to a value of 8.5. The pH of brine was found almost stable and no
decrease was noticed, even after a lapse of few months. Periodic monitoring of pH value has been
maintained.

Cooling Coils

Cooling coils provided are of finned tube type with copper tubes and plate type aluminium fins.
The coil is enclosed in stainless steel casing with flanged ends for gas inlet and outlet connections.
The chilled brine passes through the tubes and gas flows across the fns in the casing. Cooling coils
of various capacities have been provided in the system to cater to cooling of the entire gas exhausted
from the cells and also cooling the gas before entry to the respective hot cells.

Flow of chilled brine across main gas cooling coils is controlled by pneumatically operated
three-way bypass valve. This bypass valve diverts the flow of brine across the cooling coil as soon
as the cell temperature goes below the lower temperature limit of 255 K.

How of chilled brine across small cooling coils in the gas supply branch header of the
respective hot cell is controlled by pneumatically operated bypass valve. The valve is energised to
adjust the flow across the cooling coil depending on the lower pressure limit set in the cell pressure
control system.
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7.0 INSPECTIONS
7.1 AE Signal Analysis for Leak Detection in PHWRs

(P.Kalyanasundaram, T.Jayakumar, K.V.Kasiviswanathan, C.Rajagopalan,

Baldev Raj and C.R.L.Murthy')
* Indian Institute of Science, Bangalore

Acoustic Emission Testing of Coolant Channels of MAPS-I

Heavy water leakage was observed in the calandria vault of Madras Atomic Power Station I
(MAPS-1). After investigations by MAPS personnel, it was found that the leakage was from coolant
channel. Acoustic Emission Testing (AET) was thought to be suitable to find out the leaking channel
among 306 channels.

Fuelling machine was used for AE sensor positioning on the E-face of the channels, to minimise
personnel exposure and to accelerate the work. Suitable sensor fixing arrangement was designed and
fabricated. In addition to acquisition and recording of AE signals, on-line analysis was carried out.

Signals were acquired from all the 306 channels keeping pressure (8 MPa} and temperature of
the coolant in the pressure tube constant. Analysis was carried out on the time signal wave form and
the power spectrum. Based on the analysis, the channels were grouped based on the following
features of the signal [ 1 ].

1) Burst time signal

2(a) Higher frequency components above 200 kHz

(b) Same as 2(a) but accompanied with burst time signal

3) Low frequency components upto 100 kHz signal

Apart from the acoustic noise (due to fluid turbulence, mechanical vibrations of various
components of the system), electrical noise due to long distance transmission, ground loops,
cross-talks between various cables, electromagnetic pickups etc., might also interfere with true
signals.

It was thought that the leaking channel should be one among the 15 channels in 2(a) and 2(b)
categories which have high frequency components. In order to further narrow down the number of
suspect channels, test was carried out on these channels at lower pressure of 6 MPa. The autopower
spectrum could not give any further information in identifying the leaky channel(s). Additional
signal parameters namely spectral ratios (A and B at two different pressures) and the value A/B
(which is a measure of the effect of pressure change on the spectral ratio) were computed from the
autopower spectrum of the signals and six channels were identified as suspect channels based on the
significant variation in the spectral ratio with pressure (Table 7.1.1).

It was thought that increase in the spectral ratio with increase in pressure [(A/B) greater than I ]
should have resulted dut to the increased AE activity of the leak as a result of rise in pressure.

It may be seen from Table 7.1.1 that for channel serial nos. 1 and 2, spectral ratio has increased
with increase in pressure. Hence they were suspected to be leaking and conventional tests were
carried out on these two channels after defuelling.

The channel with serial no. 1 did not indicate presence of any leakage when vacuum and
hydrotests were carried out. Subsequently, when channel with serial no.2 was vacuum tested, there
was no change in vacuum level. However, when hydrotest was carried out, the pressure dropped
indicating the presence of a leak. This was further confirmed when eddy current lest was carried out

105



which indicated the presence of leak paths. Figure 7.1.1 shows the autopower spectra in magnified
form. The autopower spectrum of the defective channel (bottom) contains enhanced contribution
from the higher frequency components, whereas this is absent for the healthy channel (top).
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Fig. 7.1.1 Auto power spectrum of AE signal from (a) healthy channel and (b) leaky channel

This is the second successful application of acoustic emission technology in detecting leaks in
the operating pressurised heavy water reactors. Lessons learnt from these campaigns are being
implemented to enhance confidence in acoustic emission testing and also to increase the ease with
which these techniques can be applied to tiie field application. This campaign was jointly carried out
by DPEND, Indian Institute of Science, Bangalore and MAPS-I (Nuclear Power Corporation)
personnel.

Table 7.1.1
Signal Parameters derived from the autopower spectrum of AE signals acquired from

suspect channels of MAPS-1

Channel
S.No.

1.

2.

3.

4.

5.

6.

Energy in the band (700-1000 kHz)
Energy in the band (39-175 kHz) Remarks

8MPa

A

2.70

0.89

1.20

1.30

1.05

0.42

6MPa

B

1.40

0.74

4.70

7.40

9.20

7.30

A/B

1.930

1.200

0.260 1

0.175 F

0.114 /
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Supporting Participants
C.Karunanidhi and P.Krishniah.

S.Kumaresan, R.Devaraj, S.Selvakumar, R.Vijayarangan,

1. Balclcv Raj and P.Kalyanasundaram , Proc. of IAEA specialists' meeting on "Experience
and further improvement of ISI methods and programmes of nuclear power plants with
particular emphasis on on-line techniques" Plzen, Czechoslovakia, 234 (1989).

7.2 Inspection of Steam Turbine Rotor Blade-to-Shroud Rivets by Dry Couplant
Ultrasonic Testing - A Case Study

(M.Tbavasimuthu, P.Palanichamy, C.V.Subramanian, D.K.Bhattacharya andBaldevRaj)
The damage at the rivet region of the blades in a 13 stage, 11 MWe steam turbine rotor of

Madras Refineries Ltd. (Fig. 7.2.1) has been assessed using dry couplant ultrasonic testing.
Geometrical conditions were unfavourable to consider conventional ultrasonic testing (UT),
radiography, eddy current testing or magnetic particle testing.

Mockup standards having rivet configuration with artificial defects (slit cut of 0.5mm
opening and slit area of 50% and 70% of the rivet root area simulating cracks) on the bottom end of
the rivet root were used. One standard without a slit, simulated a d. feet free rivet.

A dryscan ultrasonic test equipment (UFD 200 made by M/S Sonatest, UK) was used at a test
frequency of 1.25 MHz. Separate transmitter and receiver probes were used at tandem. The received

TURBOGENERATOR ROTOR

RIVET

SHROUD - \ \

BLADE

IAMAGED SHROUD

Ib)

F i g . 7.2.1 Damaged shroud/rivets and ultrasonic probe positions.

echo relies on the redirected found energy rather than simple reflected energy as in conventional
pulse-echo ultrasonic technique. The interpretation of results consists of measuring the amplitude of
the received signal which is in the form of a beat pattern. The three mockup standards gave
different beat patterns with different amplitude levels demonstrating the sensitivity of the technique
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in detecting a defect. For testing the turbine rotor, the transmitter probe was kept on the rivet head
and the receiver probe on the blade just below the root of the rivet so that ultrasonic energy
propagates through the entire root portion of the rivet.

In one of the stages of the turbine, out of the six, four rivets in a shroud showed a 50 to 70%
drop in the intensity of the beat pattern. This appreciable drop in the intensity was the result of
crushed/sheared rivets and damage that had taken place up to the rivet root portion. No reduction in
the intensity pattern was observed on the rivets of other stages indicating that they are defect free
even though visual inspection had earlier indicated some minor damages in the shrouds. These
results have been used to rectify the steam turbine rolor [1].

1. M.Thavasimuthu, P.Palanichamy, C.V.Subramanian, D.K.Bhattacharya, and Baldev Raj,
British Journal of NDT, 32,131 (1990).

7.3 Evaluation of Bond Integrity in Sandwiched Structures by Dry Couplant Ultrasonic
Technique

(C.V. Subramanian, M. Thavaslmulhu, P. Palanichamy, O.K. Bhattacharya and Baldev Raj)

Dry couplant ultrasonic technique has been used for the evaluation of bond integrity in
sandwiched materials. The materials tested were : (i) aluminium foil honeycomb structure bonded
with aluminium face sheets with adhesive resin, and (ii) aluminium - fibre reinforced plastic(FRP) -
aluminium sandwiched structure.

Both pitch-catch and through transmission methods using 5mm diameter pencil probes of
1.25MHz nominal frequency were applied for evaluating the integrity of the bond between the face
sheet and the honeycomb structure . It was possible to evaluate, as to whether the disbond was in
the near surface face sheet or in the far surface face sheet by comparing the amplitude of the beat
pattern ( If the lack of bond is present in both faces there will be considerable reduction in the
amplitude). In the through transmission method, the received signal amplitude was higher where
there was no disbond and lower where there was a disbond. When disbonds were located on both the
face sheets/core interface, an additional loss of received signal amplitude and displacement of the
beat pattern took place. All the ultrasonic defect indications could be correlated with features of
disbonds observed microscopically [1].

Significant reduction in the amplitude and shift in X-axis of the beat pattern during testing in the
through transmission mode, demonstrated the capability of the technique for detecting disbonds in
aluminium-fibre reinforced plastic-aluminium sandwiched structure also.

1. C.V.Subramanian, M.Thavasimuthu, P. Palanichamy, D.K.Bhattacharya and Baldev
Raj, NDT International (In Press).

7.4 In-Service Inspection (ISI) Work at Heavy Water Plant, Kota

(C. V.Subramanfan, M. Thavaslmuthu and D.K.Bhattacharya)

In line with the 'Code of practice for ISI of HWP' being developed by DPEND, and HWP,
Kota, the first ISI was carried out during March 1989. This ISI covered various weld joints in
various systems such as large diameter gas lines, pipelines connected to towers, process tanks, dump
tanks, H2S storage tanks and exchange unit towers, etc.

In the present campaign, ultrasonic flaw detection, ultrasonic hardness measurement and
ultrasonic thickness measurements were carried out. Ultrasonic examination was performed as per
requirements of ASME Section III. Reference standard having 5% rectangular notch was used for
setting the sensitivity for ultrasonic testing. The examinations were conducted using 45 and 60
degree angle beam probes. Reflectors that gave a response equal or greater than 50% of the
reference echo were recorded.
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In the ultrasonic examination, none of the observed reflectors gave an indication more than the
reference level of 5% notch. Nozzle welds in the towers could not be taken up due to complex
geometry. On most of Hie pipings and H2 S storage tank, non-relevant indications from ID surface
were noticed during ultrasonic testing possibly due to corrosion at the inner surface. Ultrasonic
hardness values noticed were in general of the order of pre-service parent material values.

This ISI data will be taken as base line data for future periodical ISIs. The code of practice will
be written based on the data collected in the next few ISIs.

7.5 In-Service Inspection Work af Heavy Water Plant, Tuticorin

(C. V.Subramanian, M.ThavaslmuthuandD.K.Bhatlacharya)

As part of periodic ISI of HWP(T) components during shut down, ultrasonic flaw evaluation,
ultrasonic hardness measurement and ultrasonic thickness measurement were carried out on 12 nos.
of wrought Inconel 625 catalyst tubes and ultrasonic hardness measurements on one centrifugally
cast tube. In general, measured hardness values of the catalyst tubes range from 350 to 450 VHN as
against the start of life specified value of 245 to 290 VHN. Point to point variation was noticed in
the same tube. The centrifugally cast tube showed a hardness value of 420-435 VHN (nominal
value 310-330 VHN).

Ultrasonic thickness and hardness measurements were carried out on startup heater pipes. Pipe
wall thicknesses were found varying between 14.32 to 15.44 mm (as compared to 14.64 to 16.92
mm which were the values obtained in 1988). The reduction is in the range of 0.32 to 1.48 mm.
Further, severe pitting and localised corrosion on the outer surface upto a depth of 1.5 mm were
noticed. This lead to localised minimum thickness as 12.82 mm, corresponding to a maximum
percentage reduction of about 18% in relation to the 1988 values.

One vessel showed defect indications at a few locations on both top and bottom welds at the
root of the high pressure side circumferential weld joint. From the amplitude of the defect
indications observed, it was estimated that the defect had an extension of about 1 to 1.5 mm in the
thickness direction and an extension of about 20 mm in the circumferential direction. Ultrasonic
flaw evaluation was also carried out in 29 pipe weld joints of various diameters in different systems.

Based on the available data from the previous and present ISIs, the code of practice for the
plant will be modified for effective monitoring of the plant.

7.6 Ultrasonic and Acoustic Emission Testing of CO2 Absorber Vessel in an Ammonia
Plant

(C. V.Subramanlan,T.Jayakumar,M. Thavasimuthu, D.K.Bhattacharya,

BaldevRaj, M.R.Bhsi and C.R.LMurthy')
* Indian Institute of Science, Bangalore

A major sponsored ISI campaign using ultrasonic and acoustic emission testing (AET) has been
carried out at Gujarat State Fertilizer Company Ltd., Baroda, in collaboration with Indian Institute of
Science, Bangalore. The CO2 absorber is a chemical vessel in which liquid containing potasium
carbonate, potasium bi-carbonate and arsenic oxide flows from top of the tower and counter flow
gas containing N2, H2, CO, and CO2 is circulated from bottom. The function of the vessel is to
absorb CO2 and CO .The vessel is 39 meters high and has a maximum diameter of 3.5 meters. The
outer structure of the vessel is made of carbon steel.

During periodic inspection by fluorescent magnetic particle inspection, cracks at 9 out of 16
fillet welds of cleats were observed. Typical cleat fillet weld is shown in Fig.7.6.1. It was not
possible by this inspection to decide whether cracks were only in the fillet welds of the cleats, or
had penetrated into the shell wall. It was decided to carry out inservice monitoring of the conical
portion of the CO2 absorber by UT and AET to find out the orientation of the cracks, their depths
(locations) and their growth.
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Experiments were first conducted on a full scale low carbon steel mock-up block. Since the
actual inspection had to be carried out at a contact temperature of 335 K, 4 MHz frequency shear
wave angle probes having 45 and 60 degrees refraction angle with suitable high temperature
wedges were used for standardisation purposes. Adopting this procedure, all the 16 cleats were
tested at the standardised sensitivity level. Circumferential scanning was carried out from both sides
of the cleats. Based on the data collected, the location, orientation and extent of defects were
determined

UT was followed by on line AET to evaluate crack growth. Laboratory tests on the model of
vessel were earlier conducted at the Dept. of Aerospace Engineering, Indian Institute of Science,
Bangalore, The purpose of the laboratory test was to determine the nature of the AE when crack
growth occurred in parent metal and in weld metal. Ft was found that when the crack growth occurs
in the parent metal, AE signal was in the peak amplitude (PA) range of 60-65 dB. When the crack
grows in the weld, AE events were of higher PA with a range of 65-70 dB. The PA values were much
higher than the background noise level at the absorber ( 30 dB). The attenuation of the signal in this
structure from the source location to sensor location was found to be a maximum value of 10 dB.
Hence it was possible to detect any signal having an amplitude of more than 40 dB from background
noise signal. Linear location method was adopted for crack location by placing two sensors
diametrically opposite.

CO 2 ABSORBER
VESSEL

CLEAT—

FILLET WELD
INSPECTED BY'
UT & AET

Fig. 7.6.1 Schematic sketch showing typical cleat welded with the vessel.

AE inspection was carried out for a continuous period of 4 months. AE activities were noted at
a number of cleat positions. After the AET campaign, UT was again carried out A comparative
study of AE data with the UT data showed a good correlation. The locations showing no AE activity
were confirmed as defect free by UT. The distributed AE activity observed at all other locations was
also confirmed by UT as either extension of existing defects or nucleation of new defects. The UT
results indicated that the defects are growing along weld line and not entering the shell wall.
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The overall analysis showed lhat there was no cause for concern as growth of existing crack
into shell wall was not detected. The complementary exploitation of UT and AE techniques resulted
in obtaining reliable answers to the structural integrity evaluation of an important component in the
fertiliser plant.

1. C.V.Subramanian, TJayakumar, M.Thavasimuthu, D.K.Bhattacharya and Baldev Raj,"
Proc. Nat. Welding Seminar," New Delhi, 3.1 (1989).

2. RDPatel, K.N.Parikh, N.S.Shah, M.R.Bhat, U.K.Vaidya, C.R.L.Murlhy, J.Philip,
D.S.Pande, TJayakumar, Baldev Raj and D.K.Bhaltacharya, J. of NDE, 10, 41 (1990).

7.7 Ultrasonic Testing of Abrasive Wheels
(M. Thavasimuthu, C. V.Subramanian and D.K.Bhattacharya)

M/s Carborundum Universal Ltd. Madras, had requested feasibility studies using dry couplant
ultrasonic technique on abrasive wheels of different compositions and sizes. In our earlier study [ 1 ]
it was found that the technique was sensitive in detecting very light cracks. The purpose now was to
establish this technique as a shop floor quality control tool. A few wheels supplied by M/s
Carborundum Universal had visible tight cracks and known to have inhomogenity. The goal of
ultrasonic testing was to detect the cracks and the regions of inhomogenily. Clear and distinct
variations in the intensity pattern in crack regions were observed. No significant variation in the
intensity pattern was observed from the inhomogenous regions as compared with the sound
homogeneous regions. The evaluation has indicated the possibility of using this technique for defect
(cracks) detection in abrasive wheels on shop floor with significant increase in reliability, on
cost-effective basis.

1. M.Thavasimuthu, P.Palanichamy, C.V.Subramanian, D.K.Bhattacharya and Baldev Raj,
Brit.J. NDT.31, 388(1989).

7.8 Non-Destructive Characterisation of Indigenously Manufactured PFBR and FBTR
Cladding Tubes

(C.V.Subramanian, M.Thavasimuthu, B.P.C.Rao, M.T.Shyamsunder,

N.Raghu end D.K.Bhattacharya)

Manufacture of fuel cladding tubes for Prototype Fast Breeder Reactor and Fast Breeder Test
Reactor is being developed indigenously at Nuclear Fuel Complex, Hyderabad. Non-destructive
characterisation of four developmental cladding tubes (two FBTR and two PFBR) received from
Nuclear Fuel Complex, Hyderabad were carried out using ultrasonic testing, eddy current testing
and metallography [1].

Immersion Ultrasonic Testing

Due to the immediate non-availability of the required reference standards for PFBR cladding
tubes, the testing was carried out at the maximum sensitivity level (till noise appears). 10 MHz
frequency, line focussed probe was used. Longitudinal scanning was carried out by using a
manipulator along four axial lines 90 degrees apart. The beam angle was so adjusted as to make the
beam angle inside the tube wall to be 45 degree.

Most of the indications were observed to be of point type in PFBR tubes. The same procedure
as used for PFBR cladding tubes was followed for testing of FBTR cladding tubes. A tube having
longitudinal notches of 1.5 mm length, 0.05 mm width and 0.05 mm depth on the outside and inside
surfaces were used as the reference standard. It was possible to get 60 % echo amplitude from the
reference notch at 80 dB gain level, even though the orientation of the standard notches were
unfavourable to the testing direction. The testing was repeated i=ndcr the condition of maximum
sensitivity level (till noise appears). It was found that the gain setting required for this condition was
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of the same order i.e 80 dB, which was used lo delect the artificial notches. From this it was inferred
that the testing of the PFBR tube under the maximum sensitivity condition, in absence of the
artificial notches was appropriate. All indications were observed to be point indications.

Eddy current testing

Eddy current testing of PFBR cladding tubes was carried out by using a differential encircling
probe developed in-house. A frequency of 180 kHz was found to be optimum by the peak amplitude
method. The reference standard used was a through hole of 0.3 mm dia. Four significant indications
were observed in both the tubes.

Eddy current testing of FBTR cladding tubes was carried out using differential encircling pm1"
at an optimum test frequency of 450 kHz. The reference standard used was a through hole of 0.. .
mm dia. Four significant indications were observed in both the tubes.

Metallographic correlations

A few selected locations where both ultrasonic and eddy current lest had shown defect
indications from one of the PFBR tubes were prepared for metallographic observations by sequential
grinding to ascertain the cause of the indications in UT and ECT and obtain possible correlations.

1. Internal Report IGCAR/DPEND/ECT/90/2, (1990)

7.9 Pre-service Inspection of Coolant Channels of KAPP-1

(B.P.C.Rao, M.T.ShyamsunderandD.K.Bhattacharya)

Pre-scrvice inspection of coolant channels of Kakrapar Atomic Power Project (KAPP) reactor
-1 , was carried out lo locale garter springs between pressure tube/calaridria tube assemblies using
eddy current testing. The material of pressure tube in this reactor is an alloy of zirconium and
niobium unlike those in the other reactors at RAPS, MAPS whe™; zircaIoy-2 had been used. Besides,
the number of garter springs per coolant channel are increased to four.

Specially designed eddy current differential probe with spring loaded guides on either side was
used. A test frequency of 6 kHz was found lo be the optimum. Inspection was carried out in 8
coolant channels from the south vault. All the test parameters and signals from the coolant channels
were recorded on a magnetic lape for later evaluation and documentation. Probe distances at
intervals were annunciated during the inspection and after each channel inspection, the confirmed
garter spring locations were annunciated. The personnel of quality surveillance and inspection
section of KAPP were trained in this regard to enable them to carry out future inspections on their
own using the probes optimised and manufactured by DPEND.

7.10 Inspection of Zr-Nb coolant tubes at Nuclear Fuel Complex, Hyderabad

(M.T.Shyamsunder, B.P.C.Rao and D.K.Bhattacharya)

The material of coolant tubes in Pressurised Heavy Water Reactors has been changed lo Zr-2.5
% Nb alloy from Zircaloy-2 with effect from Kakrapar Atomic Power Plant-2. Along with this,
inspection specifications also make eddy current testing mandatory for all the manufactured lubes.
At the request of NFC, Hyderabad, DPEND personnel visited NFC to establish the procedures for
testing of these coolant tubes.

Inspection was carried out on 11 selected tubes, using a differential eddy current probe
developed by DPEND. Test frequencies chosen were 15 and 50 kHz. These frequencies were
chosen, based on the penetration of eddy currents required in the tube wail. Three of the tubes
which showed significant indications at a few locations were subjected lo ultrasonic, boroscopy and
radiographic testing at the suspected locations. However, none of the tests gave any clues to the
cause of the indications. It was then assumed that the ECT indication originated from localised
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resistivity variations which occur in this material due to oxygen pickup. However , it is very
difficult to interpret iht signal from a nonnal differential prc'oe in order to correlate it with a defect
or resistivity variation. A horse shoe type of absolute probe should lw developed to overcome this
difficulty. The use of this probe to scan the suspected region in two perpendicular directions would
help in difi'e.rc."tiatina the signals due to delects and resistivity vacations, thus leading to
unambiguous msp-jction.

7.11 Thermograptiic Inspection of 33 kV Switchyard in IGCAR

(B.Venkatraman, S.Kanmanl and C.Babu Rao)

Variation-:: in the temperature of the surface of an object can be visualised in the infrared image
of the object. Wi Lii die use of a suitable infrared detector, deviations from normal tempera tare if any
can be detected on the surface of the object.

Thermographic inspection of electrical power systems can be performed globally and hot spots
which may ultiiruieiy lead to tripping can be detected. Oils of the major requirement in power
production is to ksep the continuity of supply at a high level. Being abie to find ar.d correct
incipient fjiilts before they become a major problem is an important means of keeping the co.::ipuity
of supply. A few examples of applications thai the ihermographic technique can be put to in this
regard are as follows:

(1)

(2)

(3)

(4)

Location of loose contacts on busbar joints of switchyard, switchgear, etc.

Location of improper jointing of lugs in cable joints

Location of irregularities in distribution boards

Detection of hot spots in isolators due to presence of dirt or moisture which could
lead to corona.

The 33 kV switchyard at IGCAR has been monitored using a thcrmography equipment
available at DPEND. Overhead busbars, ceramic in.-.ulators, oi! circuit breakers as:rt lemperaiuru
gradients in ransformers were scanned for abnormalities. Hot zones were observed in certain
regions of the ceramic insulators {Fig. 7-11.1), which could be due to the presence of dirt / moisture.
Hot spots were also observed in the cable end to busbar conneciors. Daring the fust campaign, 'L'

Fig. 7.11.1 Thsi-Tiol ir>age o) a ceramic insulate showin; a not zone.
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Fig. 7.11.2 Tl c:..ii! i VJ%I of tn almrvrn?;! "L" psd "; a c: :.':': t v sks r i.'iAcat'ng '.hct the source is ns£r Cv.'

pad k m (»aK t>i' c~i; of 'Jie circuit fcieakers na!; .Oixn̂ l to 5u; ho: -viili ar. Osiiinaied timpafguro fccl-i
32 C. It *;••. LJ'L _;ul this could be due to Ike lean cr.ntuc;! V-si'vesn Lho : 'L" pad ; r c ths bt.shur
During thj fu!!u\'i: y, shut do*n the bo'K were ''J^1!.':.;.:.''. Hi'.vevcr, thenncnaijhi^ iri/jsu;;f:;ion
carried cui. ̂ lit-i.^ij^ r.tiy revealed a riss i." Kr^peiiitiuJ (48 C) inch'c^ling llisr n:i .'lOii^at ASS nor c je
to Uie preseiic;: OL . nv loose conuici as envisa^ecl t-^Iier. A closer sxajniiiaLlon of i!:s L pa:i •,v.:s
undertaken v.-lii;ii _\ '.c;:!cil lifat the maximuT:! coiiccr'.'.ration of iseui in ihs"L"pad v-.-ssa:ti;erogi-i"
of the bt:ii (pli. 7. ! 2). This could be clue K> the presence ofaiit/con^vio:! at ii:e boirc-T" ?:~i\z
"L" pad. Tiw ivnipiiatarc gradients in iiic ti'-insfonrers were as expected and no al̂ .c .̂i-.a-iLies
obscrvjd. T!,- li...^;^ -A tie iccordsd usin;; a \ii-:u ;;^nnal reccrrier.



8.0 F A I L U R E ANALYSIS

8.1 tviiluLition of Leaking Bellows of Control Rod Drive Mechanism of Past Breeder
Test Reactor

(N.C.Muralidharan, Rakesh Kaul, K. V.Ka&ivlswanathan and Baldav Raj)

A failed ixiltow of Control Rod Drive Mechanism (CRDM) frum FBTR with a request lo carry
out failure iiniiiysw end suggest remedial measures to avoid such failures in the future. A number of
bellows which wcio stored in PVC bags for about one year after procurement were found ic has a
developed leaks. Helium leal: testing (HI.T) carried CUE by Quality Engineering Section, IGCAR dt
ihe bellows bhcv.cd teaks at many places. The delect regions were marked with red paint Tiio leak
rates were of IK' order 10 10" to 10' std cc/s.

The 21 ciii long and 4 cm diameter CRDM bellow was made of 150 urn ihick cor,vjUiU;s,
welded to cic another using autogenous welding process. The material of the CRDM bellow wzs
reported ••.; A ! S I 347 SS. Chemical composition of'Jus bellow material as found out by chimicsi
analysis conl"o;nied '.o liie chemica! composition of AISI 347 SS.

The examination techniques employed for the failure analysis of the bellow were optical
microscopy waii ioyutiiliyl polishing and micrchardness measurements.

Sampler I'or optical microscopy were taken from the suspected leak area. Optical microscopy
required pieparulicn of samples witli great care as ii. \v;j.s known iJist defect sizes were very smiLl :r.
light of very i:ua!! leak rates. Sequential polishing and etching at an interval of about 1C n:icro:;s
had to be adoi.'L- j so that tJie defect region should not be missod during grinding or polishing. After
polishing and ctdiiug, .-.everal defects could bo located. Various features as revealed by opiicjil
microscopy are:

1. Beliow mafcrial was heavily cold worked (Fig.8.1.1).

2. Number of pits were observed on the surface of ihe bellow convoluies.

3. Cracks starting from the bottom of the pits and extending across the thickness of ths
bellow convolute were also noticed (Fig.8.1.2).

4. Some through crack across the wall thickness of the convolute were also observed
(Fig.8.1.3).

Fig.8.1.1 Wici.-.:,''Jctjr« of ifio heavily cold work bellow.
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g. S.1.2 Cracks across lha thickness o' !hs fcsiiv; ccrvciJlo, stirting l:cn !.->e |:i i;.

iy. 8.1.7



Mw.'vlia:-.!::.'•.•; 'n.<uureoieiH cii the era.-1; Sw'.i'cr of tf'.epjwit r"S'.&F s!iO".Vi- ti'C m:c::ru:i:^

value in the r.: .;„:•. cl ^•sn- 395 VHN while ihj micro. iard::cxi vu'aicf ann.;aicc ATS I 347 SS i:
am.vnle.'l i;ondj:i;.M J;;iiid J;o 170 VHN only. The • \?;-y :i;gl; vd JO ef !:ii-.~ro.liirf'nc?t sf'Cv.-s tivj
bellow i i a . ii.i »'a- ao!. properly scrasK-rcilcvv;], ;!".i:s i.rnp!yirj some inrj^c ::p i"j-«=.ei i:;
maieiial.

Sinco tho liuitowi were s;oicri in th« co;.i!:J r!i:v:r.cj of Ka'pa!:i;ani, hL.i bvil cf civloriu^
and i!ioi«tuv. v. oui j bo present in the atfr.osphtw. C!;;cridj icnc; £:w kuov/n 10 be E pc-.;:!: corrc
sliinnlai;i:a aguii. Thi iites of chloride io;: aaslo'ii^rciibr. act Cii pre-nuclji of pus -..•liicli ibi:
some sitei or U:L'. r;ii'i;jl surface wlitrepa%i:vo uxido fiLr: i; drfec^ive. Thiis vhs \'&\^ -.212:* S~.
fur nuclcutton -A :;acki imd these cracks IKIV;: yio'.j-.iL îicJ throajli ihc thbknjss of cr:\vo:..i.'. H:
tho conibii'cl :!>i;i'-cnc>i of sEiCs.; aid corrosion. Ti^rjifcra, Ct".ui3 cf the fail a;1- of 1iusi bs'.Io'^i
be atiribui.' I IO m p/csaiica of residua! sixes:'*;1* ir. th; li.atJiui £is weil as lo IICTCCS.' sic
cniiditio;;, L-.-.i-.:,i[î  ']:.• bellow material i.o snlii:o a:mo>phere.

IKL1;: N.Raghu, ivI.Ra'aanr.!j:ar, J.\i£r;aii;ichae!

8.2 Faihrre .uui>sisoi'H/jjIi Pressure Jja!! Va!vo

(Ftake&b Kaul, tf.G. Muralia'lizrsn, K.V. Kazli-l&.variaihonand Sa'dejP.&i;

Heavy Vv':i:,:r Pia.nl, Tuticorin reported repcnicrt ^^urcs cf high pres.r.iu-e ball vaiv;s, LIS.-
regulate ilio ilav.1 of dry synthetic gas (.nlxture cf :ili-oger. ?...;. hydrogen). It was opsxuc
pressure of 25 MPa. Fig.8.2.1 gives a schematic skocch Dl U'.o K,;l valve. The fsilurc o x c r s d ;
junction of ball ar.d bottom st?.tn.

TOP STEM

WELO 4 SLEEVi

VALVE BOO
SEAT

BOTTOM SUM

Fig. 8.2.1 Sir in-a'.!; sketch of the ts f a ba!! viva.

MaisrUi! of li's bail valve was reported as AFNOR Z30 CU.Thd nominal chemical ccraposi
as per star.tlar j i •, wall as actual composition of the valva material as fount! out by chemtea! a; ai
arc furnished "viiv.v :

in



C Cr Ni Mn Si S P Bast
Nominal Chemie.il Composition 0.25-0.35 12-14 1 I 1 0.03 0.04 Ft
Aciu-.il Chi.-mijai composition 0.3129 11.5 traces - - 0.005 0.005 Fe

The frcc;iLi"c surfaces of die failed ixmsponcnr fr'.d a typical brittle appearance. Optics!
metallography' ox.&nuiiUion of tlie ball vaivs material showed a tempered JKunsnsitic surcture will:
a microharJiK'ii v^la-i of 575 VHN. In-silu 'iicuJIugrapluc exawinaticn along lha ksnzl'p of t':s sk:n
rovciilcd tho pr«enc.-; of 2.5 mm thick aastsniiic stainless sieci sleeves over the two nxriersi'j-^

FRACTURE DATH

r-BOTTOM STEM

W£LJ A

TOP STEM

Fig. 8.2.2 Schematic sketch of ball vsiva showing failed ragicn ss WQ!I as locaton of various wslds.

Fig. S.2.3 Ph:; ; .r/D-og-ufh of a typcal branched c-'&cis ir. ihs ladled region.
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c.

Fiy.S.2.4 C:i;-.ok ,,;.:;':.j ftnm fis wo'inxrit ar;d 'ixiifidrj 'r.;c ih-s psrcnimetal.

iw! >iou,s. Austeniiic stiiinless sue! sloovos •.v-jro found to be coinplesely serisitized. Ea:."5
slcovc covered a Jiilaucc of aliom 25 inn siarlkj; fron; tho junciion o!' She ball ar.d sinTi ar.d is
wvldsd 10 the sLsni a: its iwo cuds. The failure of ih2 ball valve look piace nc;ir one of these \vaid<.
Fiu.S.2.2 giv« u sciieiuatic «ksicli of the bait showing the presence of ausunilic siainiess stsel
s'ecves, locations of various welds as well ES location of failure. Metallogiv.p'nic cxiirninaiior, cf
failure location near weld "B" revealed nuinbor of cracks in liiis region. F:g.8.2.3 sliows li"e
;)liotorriic;ofcTa;v!' cf a typical crack in this region. Micrc'.iardrssss meastiremints carried o^i ft the
wc.id "B" ;:•;: •i-i.v.i'jri sho'-ved laree vari::tic.is o'.' n^crcUjriii.'iS ccro;.; vi'C
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Dyi-.-pciiJtiu'ii .•Aiiiiiin'jiion of the unfai'cd jup.ciii.-n cf ball aid stem si:o\vad presence cf so.v.e
defect Kgki:,f. hi-.-'itj nijia:'o»rr.[)hic examination on Lhesc defect regions revealed the. picscr.ee of
fine cracki .•.t;.rJi.l; iVuin tlic multipass wd;: i»iici ex;.ew;>ng inio ihe parent rnssal (Fig.8.5.4).

In li«ht of i.'.'ove .•videnres gathered during 'Jic coarse of in\ estigitions, ii is rortriiidsci ih:ii ' ' I J
failure of bail , .live siuriod ('rom theaustoniiic'nmtsnsilic slsinkis steel weld vi\}\e junction c.i iall
and bottom >;;::• ;:I;C to crocks ir.irodncsd 2t the tinie of welding. Large variation of microharancss
acioss wu!iJ;H.\7..|yro>it metal shoA's that proper weld heat treatment pchedde was no: folbwja.
Abrupt CIKIHL;.-. in c.ois :.;eefion at the weld locution mails the johil rriuch more susceptible it> ffii:.:re
curing op^rutk u.

Supporting Participants: N.Ragftu and MEDS.

8.3 I'ailurt Ar.al>sis of Coiuienscr Tube Component

(Rakesh Kaul, N.G. Muraiidharan. N.Rnghu, K.V.Kaslviswanathan snd BstdovPaj)

Failure a;:;tl>sis of a condenser tube compoiur.: (dashport), used in a refrigeration plant VVJS
leportsd. Tho component c;irricd R-503 :e!rigonnii chilled by cascade type refrigeration tnit to li-.e
temperature of -193 K. The component s cr.erak J at a pressure of 1.6-1.8 MPa. Howev^-, in L^S
shutdown cc)!i!;i.:>..'i, tlw presstira increases due to evjpcra'lcn of refrigerant. Asperpkn: cp;;zr.'".g
personnel,:;..-1 rx-jsuii: is expected lo go to about 2.S VPa. Since the equilibrium pressure of U-503
is 4.2 MPa, riuiini: prolonged shtitdovvr.s, triers is a possibility of internal pressure reaci'.ir.;; :::i5
value. M!lcr aboui. si\ inombs of operation, th« cor.dBnscr tube usiit of one of ths refrigereuort p'.i'.ru
blew off rippir.i; open the surrounding PUF insuiutioii mid galvanized steel enclosure.

From tii_• \i<us! examination of the failed component ii waj seen dial llis failed ccmpcncrl v r^
j 350 mm ionj ar.J 62 mm diameter copper tube with two copper cups brazed at its tv/o ends
(dashpen). Kiiiure hnd resulted in the deformation of me componcniat the two ends while a sur-'ghs
portion at tl _' centre did nci show any deformaiion (Fig.8.3.1). Failure resulted in the fragmeri'aiion
of the compi.'jieai ii) iln ce portions viz. upper cup portion, intermediate poraon of ihe tube and .'ov/er
portion v. hioh r-:roii!fie<l intact to the planL These are 3uitab!y marksd in Fig.S.3.1.

In-siiu metiiHogrnpiiic examination on the failed ccmpone.il revealed that brazing of tits fjbjiar
componout ru iti two ends had resulted in the development of two long annealed zones where
elongated giiiin :,iru;tiiie of the drawn lube had given way to equiaxed grains, while the central
;ubul;rr ponicn wnaiiicd unaffected by tiie braaiog process. Ma.ximii.rn grain size in the heat affected
zone of upper brviy.i t joint was found to be as hig!i as 0.120 mm. Tensile test specimens '.vcre
fabricated oi.t of liis annealed icnes as well ai ilie midsformed zone and results obtained ure
presented in l-i^.S.3.2.

At the internal pressure of about 2.8 f.fPa, hoop >£ress vvcalc! bs of the order of 69.4 M?a vv?::;ii
is very close :o 70 Ml'a. the yield strength of annealed copper. It may surpass the yield strengd: of
HAZ (which had undergone annealing) at some localized regions where the wall thickness of ihe
tubular comj.'onent might have been slightly less ihan $ie nominal wat! Jhiclrness, while Li;e
relatively stamper csntrai tubular portion would not undergo any plastic lieibrir.ation. Two er.d cups
which were r.;i.iforead by double wall thickness would also not show any plastic dsfonnaiicn. Tf:is
plastic defoiii:<i'.ion of two ILAZs of two brazed jcints would have bean associated with increass in
(liarneler and v»all Ujinning which in turn elevates !ho lioop stress causing further rise :n diameter and
wall thinning. Daring normal operation inlcniaf yrcssure drops dov/n to 1.6-1.8 MPa and resulting
lioop stress of 4045 MPa may not be suftlcieni to cause plastic deformation. During prolonged
shutdown.-; wh.'u ititemal pressure approaches equilibri'jm pressure of 4.2 KfPa value of hoop sirsss
may go n» !,L.h as 104.3 MPa. Thus incnemeala! dsforrr.ation v.-ould have uken pk'.ce during each
cycle and tuiiijikntcd in final loiigitu'lina! failure -.-hen ".jli thickness was .10 longer sufficie". to
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Top Portion Intermediate Portion

Fig. 8 J . I Deformed snds of condenser tube component (dash port) (a) bottom portion and (b) intermediate
and upper cup portion.

carry the load. Differential deformation of two HAZs with respect to the undeformed central tubular
portion and end cups would have generated local discontinuity stresses (shear and bending) at the
junctures of deformed and undeformed regions. These discontinuity stresses might have become
very high in magnitude, keeping in view the large differential deformation that the component had
undergone before failure. Longitudinal stresses would also develop as a result of internal
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Fig. 8.3.2 Tensilo proportios of condenser tube specimens. (A = Near the brazed ond; E = Away from tho
brazed end.)

pressurisation of the component. These two stresses are responsible for the two circumferential
cracks at 45 degree to the axis of the tubular component and final failure resulted when these two
circumferential cracks are joined by a longitudinal crack.

In light of above evidences and discussions the cause of the failure of the condenser tube
component is attributed to extensive annealing of the HAZs of the brazed joints and insufficient
thickness of the component to withstand operating internal pressure. It is recommended that either
the brazed joint should be avoided or the influence of brazing process, i.e. annealing of adjoining
areas should be appropriately taken into account while designing the dashport condenser unit.

Supporting Participant: P.Sukumar

122



APPENDIX-I

PUBLICATIONS IN JOURNALS

1. Couplant Corrections for Ultrasonic Measurements

P.Palanichamy, C.V.SubramanianandBaldevRaj,
British J. of NOT, 31, 78 (1989).

2. Multiple Back Echo Technique - A Possible Method to Achieve Higher Sensitivity

C.V.Subramanian. P.Palanichamy, P.Barat, D.K.BhattacharyaandBaldevRaj
British J. ofNDT, 31,127 (1989).

3. Acoustic Emission During Tensile Deformation and Fracture in Austenitic Alloys

Baldev Raj and T.Jayakumar
J. of Acoustic Emission, 8,5/26 (1989).

4. Influence of Grain Size on Frequency Spectra of Acoustic Emission Signal Generated
During Tensile Deformation in AISI Type 316 Stainless Steels

Baldev Raj, P.Kalyanasundaram, T.Jayakumar and P.Barat
ibid, s!40 (1989).

5. Comparative Studies on Acoustic Emission generated During Luder's Deformation in
Mild Steel in Portevin-Le Chatelier Effect in Austenitic Stainless Steel

Baldev Raj, T.Jayakumar, P.Kalyanasundaram, P.Barat, B.B.Jha, D.K.Bhattacharya
and P.Rodriguez
ibid, sl49 (1989).

6. Frequency Spectrum Analysis of Acoustic Emission Signals Obtained During Tensile
Deformation and Fracture of an AISI 316 Type Stainless Steel,

Baldev Raj, B.B.Jha and P.Rodriguez
Ada Melallurgica, 37,227/ (1989).

7. Evaluation or Abrasive Wheels by an Ultrasonic Dry Couplant Technique

M.Thavasimuthu, P.Palanichamy, C.V.Subramanian, D.K.Bhattacharya and Baldev
Raj
British J. NDT, 31,388 (1989).

8. Influence of Presence of Hard Secondary Phases on Acoustic Emission Generated during
Tensile Deformation and Fracture in Nimonic Alloy PE 16

T.Jayakumar, BaldevRaj, D.K.Bhattacharya, P.Rodriguez and O.Prabhakar
J. of Acoustical Society of India, 17,169 (1989).

9. Acoustics for Non-Destructive Evaluation

Baldev Raj and P.Kalyanasundaram
ibid, 92 (1989).

10. Ultrasonic Signal Analysis for Defect Characterisation in Composite Materials

P.Kalyanasundaram, C.Rajagopalan andBaldev Raj
ibid, 359 (1989).

11. Some Concepts in Elucidating Characterisation of Weak Acoustic Emission Signals

P.Kalyanasundaram, C.Rajagopalan and Baldev Raj
ibid, 364 (1989).

12. Acoustic Emission Technique for Leak Detection in an Endshield of a Pressurised Heavy
Water Reactor

P.Kalyanasundaram, TJayakumar, Baldev Raj, C.R.L.Murthy and A.Krishnan
J. of Pressure Vessels and Piping, 36,65 (1989).

123



13. Thermography - Principles and Applications

Baldev Raj and B. Venkatraman
Quality Evaluation, 9, 3(1989).

14. Acoustic Emission Technique for Leak Detection in an Endshield of the Pressurised Heavy
Water Reactor

P.Kalyanasundaram, T.Jayakumar, Baldev Raj, C.R.L.Murthy andA.Krishnan
Nuclear Engg. andDesign, 116,181 (1989).

15. Reliability of Detection of Small Defects in Noisy Weldments by Advanced Signal
Processing and Pattern Recognition Techniques

P.Kalyanasundaram, Baldev Raj, P.Barat and T.Jayakumar
.1. of Pressure Vessels and Piping. 36.103 (1989).

16. Simulated Amplification of Acoustic Emission Signals During Deformation

Baldev Raj, G.Ananthakrishna and P.Kalyanasundaram
Scripta Metallurgica, 24,69 (1990).

17. A Method for Determination of Liquid Level and Bend in a Sealed Tube

C.Babu Rao, B.Venkatraman, D.K.Bhattacharya and Baldev Raj
J. ofExpt. Tech., 14,29(1990).

18. Dry Couplant Ultrasonic Testing for Diverse Applications

C.V.Subramanian, M.Thavasimuthu, P.Palanichamy. D.K.Bhattacharya and Baldev
Raj
J. of Pure and Applied Ultrasonics, 12,57(1990).

19. Technical note on Couplant Correction for Ultrasonic Measurements

P.Palanichamy, P.Kalyanasundaram and Baldev Raj.
British J. ofNDT, 32,241 (1990).

20. PC Based Data Acquisition System for Eddy Current Testing

B.P.C.Rao, M.T.Shyamsunder, D.K.Bhattacharya and Baldev Raj,
ibid, 29(1990).

21. Optimization of Eddy-current Probes for Detection of Garter springs in Pressurised
Heavy Water Reactors

B.P.C. Rao, M.T.Shyamsunder, D.K.Bhattacharya and Baldev Raj,
Nuclear Technology, 90,389 (1990).

22. Acoustic Emission Studies towards better understanding of High Temperature Oxidation
in Cr-Mo steels

Baldev Raj, B.B.Jha, A.S. Khanna and O.K. Bhattacharya,
Int. J. of Pressure Vessels and Piping, 45,1 (1991).

23. Correlation of Acoustic Emission Events with Parabolic Oxidation Behaviour of 2.25
Cr-1 Mo Steel

B.B.Jha, Baldev Raj, AS.Khanna, D.K.Bhattacharya and K.J.LIyer
J. of Materials Science Letters, 10,64 (1990).

24. Occurrence of Kossel Lines in Radiographs of Directional!}1 Solidified Gas Turbine Blades

B.Venkatraman, C.Babu Rao, D.K.Bhattacharya and Baldev Raj,
British J. ofNDT, 32,69(1990).

25. Inspection of Steam Turbine Rotor Blade to Shroud Rivets by Dry Couplant Ultrasonic
Testing-A Case Study

M.Thavasimuthu, P.Palanichamy, C.V.Subramanian, D.K.Bhattacharya, Baldev Raj
andJegannath Rao
British J. ofNDT, 32,131 (1990).

26. Laser Techniques in Metrology and Materials Science

C.Babu Rao and Baldev Raj,
Metals. Materials and Processes. 2, 93 (1990).

124



27.1nservice Inspection Experience on Pressurised Heavy Water Reactors using Eddy
Current and Acoustic Emission Methods

Baldev Raj and P.Kalyanasundaram
Defectnscopiya, 12,3 (1990), (in Russian)

28. An Overview of Non-Destructive Test Applications of Thermography

Baldev Raj, B.Venkatraman and C.Babu Rao
J. ofNDE, 10,1 (1990)

29. Eddy Current Testing in India - A Review,
Baldev Raj and D.K.Bhattacharya,
ibid, 7 (1990).

30. On-line Monitoring of a Chemical Vessel by Acoustic Emission Technique

P.D.Patel, K.N.Parikh, N.S.Shah, M.R.Bhat, U.K.Vaidya, C.R.L.Murthy, T.Jayakumar,
Baldev Raj and D.K.Bhattacharya
ibid, 41 (1990)

31. Signal Analysis for Defect Detection in Austenitic Stainless Steel Weldments

P.Kalyanasundaram, C.Rajagopalan, Baldev Raj and O.Prabhakar,
J. Acoustical Soc. of India. 18, 244 (1990).

125



APPENDIX - II

PUBLICATIONS IN BOOKS

1. Characterisation of Plastic Deformation using Laser Techniques

D.K.Bhattacharya, C.Babu Rao, M.T.Shyamsunder, B. Venkatraman andBaldev Raj
Non-Destructive Testing, Eds. JJBoogcird md GM.Van Dirk, Elsevier Press. 1546 (1989).

2. Studies on AE in Nimonic Alloy PE 26 during Tensile Deformation and Fracture

T.Jayakumar, BaldevRaj, D.K.Bhattacharya, P.Rodriguez and O.Prabhakar
ibid, 1475 (1989).

3. Comparison of Techniques for Measuring X-ray Microfocus Dimension

B.Venkatraman, C.Babu Rao, D.K.Bhattacharya andBaldev Raj
ibid, 110(1989).

4. Applications of Ionising Radiations for NDE

Baldev Raj and B. Venkatraman
1SRP Technical Document, 1SRP (K)ITD-l,(1989)

5. Tilt Measurement by Holographic Interferometry and Speckle Tracking

C.Babu Rao, B.Venkatraman, M.T.Shyamsunder, D.K.Bhattacharya and Baldev Raj
Holography and Speckle Phenomena and their Industrial Applications, Ed. R.S.Sirohi, World
Scientific, Singapore, 169 (1990)

6. Applications of Holography and Laser Speckle in the Nuclear Industry

C.Babu Rao, B.Venkatraman, M.T.Shyamsunder, D.K.Bhattacharya andBaldev Raj
ibid. 177(1990).

7. A Non-contact Method for Characterisation of Plastic Deformation in Tensile Specimen
by Laser Speckle

C.Babu Rao, M.T.Shyamsunder, B.Venkatraman, D.K.Bhattacharya andBaldev Raj
ibid, 329(1990).

8. NDE of Composites

B.Venkatraman, C.V.Subramanian, S.Kanmani, M.Thavasimuthu C.Babu Rao,
D.K.Bhattacharya and Baldev Raj
Advances in Structural Testing, Analysis and Design , Eds. V.SArunachaiam el al, Tata
McGraw-Hill, 1274 (1990).

9. Condition Monitoring in Indian Nuclear Power Plants by Eddy Current Testing

B.P.C.Rao, M.T.Shyamsunder, P.Kalyanasumdaram, D.K.Bhattacharya and Baldev
Raj
ibid, 7292 (1990).

10. Structural Integrity Monitoring of PHVVR Components by Acoustic Emission

P.Kalyanasundaram, T.Jayakumar, Baldev Raj and C.R.LMurthy,,
ibid, 1344 (1990).

11. Understanding Plastic Deformation using Laser Speckle Pattern

C.Babu Rao, B.Venkatraman, S.Kanmani, D.K.Bhattacharya and Baldev Raj
ibid, 1286(1990).

12. Acoustic Emission during Tensile Deformation and Fracture in Austenitic Alloys

Baldev Raj and T.Jayakumar
Acoustic Emission : Current Practices and Future Directions, ASTM STP1077, Ed. W.Sachse
etal.,ASTM.Philadelphia. 218(1990).

13. Influence of Microstructure on Ultrasonic velocity in Nimonic Alloy PE 16

T.Jayakumar, Baldev Raj, H.Willems and W.Arnold
Review of Progress in Quantitative NDE, (In Press), (1990).

126



APPENDIX - I I I

PROCEEDINGS OF SEMINARS / CONFERENCES

1. Techniques for Assessment of Structural Integrity of Primary Coolant System of PHWRs

Baldev Raj, D.K.Bhattacharya and P.Kalyanasundaram
Proc. Int. Conf. Residual Life of Power Plant Equipment, Hyderabad, p.l. (1989).

2. Image Analysis and Processing Activities at IGCAR

Baldev Raj
Proc. Nail. Symp. on Image Processing in Material Science and Other Disciplines, BARC,
Bombay, (1989)(In Press).

3. Fractal Dimension as a Parameter in Image Analysis

S.Kanmani, C.Babu Rao and Baldev Raj
ibid.

4. Errors in Quantitative Metallographic Image Analysis

C.Babu Rao, M.T.Shyamsunder and Baldev Raj
ibid.

5. Extraction of Information from Gamma Fogged Radiographs

B.Venkatraman, C.Babu Rao, D.K.Bhattacharya and Baldev Raj
ibid.

6. Image Enhancement Techniques for Composites

B. Venkatraman, C.Babu Rao and Baldev Raj
ibid.

7. Recent Advances in NDE of Weldments

Baldev Raj, P.Kalyanasundaram and B.Venkatraman
Prr,c. Seminar on Welding in Energy Sector, IIT, Madras, p.23, (1989).

8. In-service Inspection Experience on Pressurised Heavy Water Reactors using Eddy
Current and Acoustic Emission Methods

Baldev Raj and P.Kalyanasundaram
Specialists Meeting on Experience and Further Improvement oflnservice Inspection Methods
and Programmes of Nuclear Power Plants with Particular Emphasis on On-line Techniques,
Plzen, Czechoslovakia, p.234, (1989).

9. Recent Advances in NDE for Corrosion Monitoring

Baldev Raj
Proc. Research, Industry, Manufacturers Meet on Corrosion Inspection andNDT
(RIMMOCIN), Baroda, (1989).

10. Multifrequency Eddy Current testing of Heat Exchanger Tubing

B. P. C.Rao, M.T.Shyamsunder, D.K.Bhattacharya and Baldev Raj
ibid, (1989).

11. In-Service Inspection of Pressurised Heavy Water Reactor Components by NDT
Techniques

Baldev Raj and P.Kalyanasundaram
Proc. Symp. on PIE in Nuclear Programme (PIENVP-89), Bombay, Vol. 1, p5-l (1989).

12. Radiation Damage in Fast Reactor Components

Placid Rodriguez, Baldev Raj, S.L.Mannan and Kanwar Krishan
ibid, p.4.i (1989).

127



13. PIE Facilities Tor Metallurgical Evaluation of Fast Breeder Reactor Fuels and Structural
Materials at Indira Gandhi Centre for Atomic Research, Kalpakkam

V.Venugopal, K.V.Kasiviswanathan. andBaldevRaj
ibid, 2.p.365{1989).

14. Recirculation Type of Ventilation System using Nitrogen Gas for Hot cells of
Radiometallurgy Laboratory, IGCAR

S.Keshavamurthy Rao, T.Johny, K. V.Kasiviswanathan, Baldev Raj,
ibid,p.374 (1989).

IS.Neutron and X-Radiography facilities for PIE at IGCAR

K. V.Kasiviswanathan, B. Venkatraman and Baldev Raj
ibid, p.52 (1989).

16. Remotely Operated Fabrication Facilities at RML, IGC

Jo jo Joseph, P. V. Kumar and Baldev Raj
ibid, p.365(1989).

17. Precision Gamma Scanner for FBTR Fuel Pins at DPEND, IGC

B.Venkatraman, P.Kalyanasundaram, D.K.Bhattacharya and Baldev Raj
ibid, p.79O989).

18. Laser Techniques in PIE

C.Babu Rao, M. T.Shyamsunder, B. Venkatraman, S.Kanmani, D.K.Bhattacharya and
Baldev Raj
ibid, p59 (1989).

19. Development of Eddy Current Test Techniques for Inservice Inspection of PHYVRs

B.P.C.Rao, M.T.Shyamsunder, D.K.Bhattacharya and Baldev Raj
ibid, p. 123 (1989).

20. Radiography of Radioactive Objects

C.Babu Rao, B. Venkatraman, S.Kanmani, D.K.Bhattacharya and Baldev Raj
ibid, p.7I(I989).

21. Activities at RML, IGC Related to Irradiation Experiments in FBTR

S.Murugan, P.V.Kumar and Baldev Raj
ibid, p.183 (1989).

22. On-line Structural Integrity Assessment of a CO2 Absorber Vessel in an Ammonia Unit of
a Fertilizer Plant

C.V.Subramanian, D.K.Bhattacharya, Baldev Raj, C.R.LMurthy, M.R.Bhatand
N.S.Shah
Proc.Nm. Welding Sem.JIW. New Delhi, p.3.1 (1989).

23. Studies on bond strength in explosively bonded AISI 304 stainless steel- Aluminium
specimens

N.G.Muralidharan, N.Raghu, K.V.Kasiviswanathan, and Baldev Raj
ibid, p.l. 1(1989).

24. Effect of Compressive Stresses on the Oetectability of Weld Cracks during Ultrasonic
Testing

M.Thavasimuthu, C.V.Subramanian, D.K.Bhattacharya and Baldev Raj
ibid, p. 2.1 (1989).

25. NDE for Assessment of Damage in Materials / Components

Baldev Raj and M. T.Shyamsunder
Proc. JSTE Winter School on Evaluation of Mechanical Behaviour of Materials: Recent
Trends and Techniques, UT, Madras, p&Rl (1989).

26. Fundamentals of Acoustic Emission

Baldev Raj, B.B.Jha and D.K.Bhattacharya,
First Nail. Workshop on Acoustic Emission (NAWACE-90), Shriharikota. (1990).

128



27. Applications of Acoustic Emission in Materials Research

Baldev Raj, B.B.Jha and D.K.Bhattacharya
ibid, (1990).

28. Acoustic Emission - State or the Art at IGCAR

Baldev Raj, B.B.Jha and D.K.Bhattacharya
ibid,(1990).

29. Acoustic Emission Monitoring for Nuclear Applications

C. Rajagopalan, Baldev Raj and P. Kalyanasundaram
ibid, (1990).

30. Structural Integrity Monitoring of Pressurised Heavy Water Reactor Components by
Acoustic Emission Technique

P.Kalyanasundaram, T.Jayakumar, Baldev Raj and C.R.LMurthy,
ibid, (1990).

31. Residual stress measurements at Stainless steel welded joints by Ultrasonics

P.Palanichamy, A.Joseph, D.K.Bhattacharya, K.V.Kasiviswanathan and Baldev Raj.
Proc. National Welding Seminar, 11W, Bombay,p.Vlll-lll, (1990).

32. Defect Characterisation in Austenitic Stainless Steel Weldments by Ultrasonic Testing
Using Signal Analysis

P. Kalyanasundaram, C. Rajagopalan and Baldev Raj.
ibid.

33. Applications of Laser Techniques for NDE

Baldev Raj and C.Babu Rao,
Proc. Seminar on Laser in Metallurgical Industries (LASM1-90), (1990).

34. Non-destructive Evaluation for Quality Engineering

Baldev Raj
Proc. Int. Conf. on Quality Improvement - Metals and Processes, Madras, p.6, (1990).

35. Development in NDT and Condition Monitoring for Improving Plant Reliability and
Durability,

Baldev Raj
Proc. Natl. Seminar on Maintenance and Productivity, New Delhi, (1990).

36. Recent Trends in NDE for Corrosion Monitoring

Baldev Raj and D.K.Bhattacharya
Proc. Natl. Conf. on Metallic Corrosion. Karaikudi, Tamilnadu, (1990).

37. An Overview on the Status of Non-Destructive Evaluation in India

Baldev Raj
Proc 6th Asian Pacific Conf. on NDT, Blenhiem, New Zealand, p.3-1, (1990).

38. Non-Destructive Testing for Characterisation of Materials

Baldev Raj
Proc. Natl. Workshop on Testing and Characterisation of Materials (TACOM-90)., Bombay,
p.l,(!990).

39. Interdiffusion in Stainless Steel 316L / Transition Metal Systems

Vaidehi Ganesan
Proc. Conf. Canadian Int. Dev. Agency and Third World Academy of Sciences, ICl'P, Italy,
p.759, (1990).

129



APPENDIX - IV

LIST OF INVITED TALKS / KEYNOTE ADDRESSES

1. Engineering Applications of Acoustic Emission

Baldev Raj
Seminar on Acoustic Emission, VSSC, Trivandrum, (1989).

2. Recent Advances in NDE

Baldev Raj
Summer School on NDT, Regional Engineering College, Trichy, (19891

3. Criteria for Selection of a Shield Material for Radiation Protection

K. V.Kasiviswanathan and Baldev Raj
Seminar on Lead for Radiation Shielding and in Nuclear Waste Management, Bombay, (1989).

4. Safety and Reliability through NDE

Baldev Raj
Seminar on Safety Engg., World Federation of Engg. Organisations, New Delhi, (1989).

5. NDE for Assessment of Damage in Materials / Components

Baldev Raj and M. T.Shyamsunder
ISTE Winter School on Evaluation of Mechanical Behaviour of Materials : Recent Trends and
Techniques, III, Madras, (1989).

6. Recent Advances in NDE for Corrosion Monitoring

Baldev Raj
Research, Industry, Manufacturers Meet on Corrosion Inspection and NDT (RIMMOCIN),
Baroda,(1989).

7. In-Service Inspection of Pressurised Heavy Water Reactor Components by NDT
Techniques

Baldev Raj and P.Kalyanasundaram
Symp.on PIE in Nuclear Programme (PIENUP-89), Bombay, (1989).

8. Radiation Damage in Fast Reactor Components

P.Rodriguez, Baldev Raj, S.L.Mannan and Kanwar Krishan
ibid, (1989).

9. Acoustics for Non-Destructive Evaluation

Baldev Raj and P.Kalyanasundaram
Nat. Symp. on Acoustics, (1989).

10. NDE in the Assessment of Damage in Materials and Components

Baldev Raj, K. V.Kasiv'tswanathan andM.T.Shyamsunder
Workshop on Prediction andExtension of Life of Components, Kalpakkam, (1990).

11. Failure Analysis and its Contribution towards Understanding of Life Extension and
Prediction of Components
ibid., (1990).

12. Advances in NDT : Acoustic Emission and In-Situ Metallography

Baldev Raj
Advanced Condition Based Maintenance Programme, NPC, Madras, (1990).

13. Non-destructive Evaluation for the 1990's

Baldev Raj and D.K.Bhattacharya
Natl. Seminar on NDE for Increased Reliability and Productivity, /SNT, Hyderabad, (1990).

14. Non-Destructive Testing for Characterisation of Materials

Baldev Raj
Natl. Workshop on Testing and Characterisation of Materials (TACOM-90), Bombay. (1990).

130



15. An Overview on the Status of Non-Destructive Evaluation in India

Baldev Raj
6th Asian Pacific Conf. on NDT, Blenhiem, New Zealand. (1990).

16. Applications of Laser Techniques Tor NDE

Baldev Raj and C.Babu Rao,
Seminar on Laser in Metallurgies Industries (LASM1-90), (1990).

17. Non-destructive Evaluation for Quality Engineering

Baldev Raj
International Conf. on Quality Improvement - Metals and Processes, Madras, (1990).

18. Development in NDT and Condition Monitoring for Improving Plant Reliability and
Durability,

Baldev Raj
National Seminar on Maintenance and Productivity, New Delhi, (1990).

19. Recent Trends in NDE for Corrosion Monitoring

Baldev Raj and D.K.Bhattacharya
Nail. Conf. on Metallic Corrosion, Karaikudi, Tamilnadu, (1990).

20. Relevance of Advanced NDE Techniques in QA, Structural Integrity and Life Assessment
of Nuclear Components

Balde v Raj and M. T. Shyamsunder
NDE for Managers, TAPS, NPC, (1990).

21. Needs, Deficiencies and Suggestions for Improvements in Training and Certification of
NDT Personnel

Baldev Raj
Nail. Workshop on Training and Certification of NDT Personnel. ISNT, Pune, India. (1990).
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APPENDIX - V

ORAL PRESENTATIONS

1. Engineering Applications or Acoustic Emission

Baidev Raj
Seminar on Acoustic Emission, VSSC. Trivandrum, (1989).

2. Recent Advances in NDE

Baidev Raj
Summer School on NDT, Regional Engineering College, Trichy, (1989).

3. Criteria for Selection of a Shield Material for Radiation Protection

K. V.Kasiviswanathan and Baidev Raj
Seminar on Lead for Radiation Shielding and in Nuclear Waste Management, Bombay, f / 989).

4. Safety and Reliability through NDE

Baidev Raj
Seminar on Safety Engg., World Federation ofEngg. Organisations, New Delhi, (1989).

5. Analysis of Interdiffusion Data in Fe-Ni and Fe-V Systems

Vaidehi Ganesan and V.S.Raghunathan
43rd ATM ofllM, Calcutta, (1989).

6. Ultrasonic Testing for Evaluation of Structural Integrity of Components - Case Studies

C. V.Subramanian, M. Thavasimuthu and Baidev Raj
Workshop on Prediction and Extension of Life of Components and Plants. IGCAR, Kalpukkam.
(1990).

7. The Potential of Barkhausen Noise Measurement for Assessment of Microstruclure and
Damage

D.K.Bhattacharya, S. Vaidyanalhan, P.Kalyanasundaram and Baidev Raj
ibid, (1990).

8. Residual Stress Measurement on Components

P.Palanichamy, A.Joseph, K.V.Kasiviswanathan, D.K.Bhattacharya and Baidev Raj
ibid, (1990).

9. NDE in the Assessment of Damage in Materials and Components

Baidev Raj, K. V.Kasiviswanathan and M. T.Shyamsunder
ibid, (1990).

10. Failure Analysis and its Contribution towards Understanding of Life Extension and
Prediction of Components
ibid, (1990).

11. Advances in NDT : Acoustic Emission and In-Situ Metallography

Baidev Raj
Advanced Condition Based Maintenance Programme, NPC, Madras, (1990).

12. An evaluation of human reliability in Ultrasonic inspection - A Study through Round
Robin Testing

C. V.Subramanian, M.Thavasimuthu, P.Palanichamy, R.Subbaratnam,
D.K.Bhattacharya and Baidev Raj,
Nail. Seminar on 'NDE for Increased Reliability and Productivity', (NDE 90), Hyderabad.
(1990).

13. Signal Analysis Approach for Reliable Ultrasonic Testing of End Cap Welds of
Pressurised Heavy Water Reactor Fuel Elements

P.Kalyanasundaram, C.Rajagopalan, C.V.Subramanian, M.Thavasimuthu and Baidev
Raj
ibid, (1990).
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14 Signal Analysis Approach for Ultrasonic Evaluation of Austenitic Stainless Steel
Weldments

P.Kalyanasundaram, C.Rajagopalan, C.V.Subramanian, M.ThavasimuthuandBaldev
Raj
ibid, (1990).

15. Laser Techniques in Nondestructive Evaluation

C.BabuRao, B.Venkatraman, S.Kanmani, D.K.Bhattacharya and Baldev Raj
ib\d,(1990).

16. Application of NDE Techniques for Reliable Performance Assessment of Fuel Elements
and Structural Materials of Fast Reactors

Baldev Raj, K. V.Kasiviswanathan and C.Babu Rao
ibid, (1990).

17. R&D Efforts for Reliable Nondestructive Evaluation of Composites

B.Venkatraman, C.V.Subramanian, S.Kanmani, M.Thavasimuthu, C.Babu Rao,
D.K.Bhattacharya and Baldev Raj,
ibid, (1990).

18. Characterisation of the Spallation of Oxide Scales from 2.25 Cr - IMo Ferritic Steel using
Acoustic Emission Technique

B.B.Jha, D.K.Bhattacha>ya. Baldev Raj and K.J.LIyer,
ibid, (1990).

19. Non-destructive Evaluation for the 1990's

Balde v Raj and D. K. Bhattacharya
ibid, (1990).

20. Needs, Deficiencies and Suggestions for Improvements in Training and Certification of
NDT Personnel
Baldev Raj
National Workshop on Training and Certification of NDT Personnel, ISNT, Pune, India,
(1990).

21. Development in NDT and Condition Monitoring for Improving Plant Reliability and
Durability
Baldev Raj
National Seminar on Maintenance and Productivity, New Delhi, (1990).

22. Recent Trends in NDE for Corrosion Monitoring

Baldev Raj and D.K.Bhattacharya
First National Conference on Metallic Corrosion, Karaikudi, Tamlnadu, India, (1990).

23. Relevance of Advanced NDE Techniques in QA, Structural Integrity and Life Assessment
of Nuclear Components

Baldev Raj and M. T. Shyamsunder
NDE for Managers, TAPS, NPC. (1990).

24. Conventional and Advanced NDE Techniques for Assessment of Welded Structures

Baldev Raj and C. V.Subramanian
Course en Welding of Steels (COWOS), 1GCAR, Kalpakkam, (1990).

25. Acousl 'c Emission Studies in Department of Atomic Energy, India

Balde 'Raj, G.L.Goswami(BARC, Bombay)and T.Jayakumar
lndo- German seminar on Materials Characterisation by Non-destructive Techniques
(MCNT), BARC, Bombay, (1990).

26. Microstructural Characterisation using Ultrasonic and Magnetic Methods

T.Jayakumar, H.Willems, T.Koble, Baldev Raj, W.ArnoldandW.Theiner (IzfP,
Saarbruecken, FRG)
ibid, 11990).
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27. Barkhausen Noise Signal for Non-Destructive Characterisation of 2.25 Cr - 1.0 Mo
Ferritic Steel and Armco Iron

D.K.Bhattacharya, V.Moorthy, S.VaidyanathanandBaldevRaj
ibid, (1990).

28. Status of Microfocal Radiography in DAE

P.R. Vaidya and Baldev Raj
ibid. (1990).

29. Status of Neutron Radiography in DAE

J.K. Ghosh and Baldev Raj
ibid, (1990).

30. Study of Spallation Characteristics of Oxide Scales by Acoustic Emission Technique

B.B. Jha, Baldev Raj, A.S. Khanna, O.K. Bhattacharya and K.J.L Iyer,
Structured Session on 'NDEfor Materials Characterisation' at the 44th ATM ofllM - 90,
Tiruchirapalli.Nov. 14-17,1990

31. Acoustic Methods for Characterisation of Microstructiires and Deformation processes in
Nimonic Alloy PE 16

T.Jayakumar, H. Willems (IzfP, Saarbruecken, FRG) and Baldev Raj,
ibid.

32. Failure of a High Pressure Service Ball Valve

Rakesh Haul, N.G.Muralidharan, K.V.Kasiviswanathan, Baldev Raj
44th ATM ofllM, Tiruchirapalli, Nov.14-17,1990.
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APPENDIX - VI

INTERNAL REPORTS

1. L'-Pu-Zr Fuel Tor Application in Fast Reactors

Baldev Raj, D.K.Bhattacharya andS.Kanmani
IGCIDPENDIR&D 13189

2. Failure Analysis on Leaking Control Rod Drive Mechanism Bellows

N.G.Muralidharan, Rakesh Kaul, K. V.Kasiviswanathan and Baldev Raj
IGC/DPENDIPIES/FAI2/89

3. Acoustic Emission Testing of Coolant Channels of MAPS-I

Baldev Raj, P.Kalyanasundaram, T.Jayakumar and K. V.Kasiviswanathan
Internal Report, March 1989

4. Recommendations for Improving In-service Inspection in PHWRs by Acoustic Emission
Technique

Baldev Raj and P.Kalyanasundaram
IGCIDPENDISPECSI02I89

5. Recommendations Based on our Experiences and Discussions during IAEA Specialists
Meeting on ISI in Czechoslovakia

Baldev Raj and P.Kalyanasundaram
IGCIDPENDISPECSI03189

6. Measurement of Porosity Distribution in Oxidised Carbon Steel Coupons

C.Babu Rao, D.K.Bhattacharya andBaidevRaj
IGC/DPEND/R&D/89

7. Rate of Flow of Coolant by Natural Convection and Average Temperature Rise of Coolant
in the Core of KAMINI Reactor Coolant Calculations for KAMINI

S.Murugai >. P. V.Kumar, Baldev Raj and C.S.Pasupathy
Internal Report, March 1989

8. Pre-service Inspection of Coolant Channels of KAPP-1 for Location of Garter Springs.

Baldev Raj
Internal report, June 1989

9. Determination of % Ferrite in Duplex Stainless Steel Samples from BHPV,
Vishakapatnam.

Baldev Raj
Internal Report, June 1989

lO.Radiographic Evaluation of Tube-to-Tube Sheet Welds of Steam Generator Tubes of
PFBR

B.Venkatraman, D.K.Bhattacharya and Baldev Raj.
1GCIDPENDIR&DI05I89

11. Identification of Radioactive Pieces removed from Moderator System of MAPS-2

T.Jayakumar and Baldev Raj
Internal Report, Feb. 1989.

12. Non-Destructive Material Identification of the CRD Compressor Piston

N.G.Muralidharan, Rakesh Kaul, V.Venugopal, N.Raghu, K.V.Kasiviswanathan and
Baldev Raj.
1GC/DPEND/P1ES/89-1

13. Analysis of Failure in a AISI304L Stainless Steel Dished End

D.K.Bhattacharya and Baldev Raj
1GCIDPENDIFAI90H
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APPENDIX- VII

THESIS SUBMITTED

1. Acoustic Emission for Characterising Deformation and Fracture during Tensile Testing in
Austenitic Stainless Steels
Baldev Raj, PhD Thesis (Metallurgical Engg.), Indian Institute of Science, Bangalore
(1989).

2. A utogenous Welding of End Plugs to Thin Walled Stainless Steel Tubes
P.V.Kumar, MS Thesis (Mechanical Engg.), Indian Institute of Technology, Madras (I9S9).

3. Influence of Secondary Phases on Acoustic Emission Generated During Tensile
Deformation and Fracture in NimonicAlloy PE 16
TJayakumar, M.S Thesis (Metallurgical Engg.), Indian Institute of Technology, Madras
(1989).

4. Characterisation of High Temperature Oxidation and Spalling in the Oxide Scale of
2.25 Cr • 1.0 Mo Ferritic Steel using Acoustic Emission Technique
B.BJha, MS Thesis (Metallurgical Engg.), Indian Institute of Technology, Madras (1989).

5. Compatibility Studies of ALSI type 316 Stainless Steel with Lead-Lithium Eutectic Alloy
A.Joseph, M.S Thesis (Metallurgical Engg.), Indian Institute of Technology, Madras (1990).
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APPENDIX- VIII

AWARDS / PRIZES / FELLOWSHIPS

1. Vaidehi Ganesan, TJayakumar, D.K.Bhattacharya and Baldev Raj, Quench and Forge
Cracks in Fe-Cr-Mn Alloy, 2nd Prize in Optical Metallography Category, Metallography
Contest, 44th ATM of IIM, Tiruihirapalli, (1990).

2. D.K.Bhattacharya, P.Sukumar and Baldev Raj, TGSCC Strikes Again - this time in SS
304L and at Room Temperature, 3rd Prize in Optical Metallography Category, ibid.

3. N.G.Muralidharan, Rakesh Kaul, K.V.Kasiviswanathan and Baldev Raj, Studies on
Liquid Metal Induced Embrittlement on AISI 316 Stainless Steel - Brass System, First Prize in
SEM Category, Metallography Contest, 43rd ATM of IIM, Calcutta, (1989).

4. Dr.Baldev Raj has been awarded the Fellowship of Acoustical Society of India.

5. Dr.Baldev Raj has been awarded the Fellowship of Indian Institute of Welding.
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APPENDIX - IX

LIST OF IMPORTANT REPORTS IN THF: NATIONAL CONTEXT

1. Non-Destructive Investigation on Ancient Vishnu Idols

Baldev Raj, C.Babu Rao and D.K.Bhattacharya
Submitted to Govt. of Tamil Nadu for Evaluation of National Strategies for Fingerprinting of
Ancient Idols and Icons (1990).

2. Application of Science and Technology in the Conservation of Metallic Objects of
Cultural Heritage
Baldev Raj
Invited by Dept. of Science and Technology for evolving a National programme, (1990).
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APPENDIX - X

LIST OF NEW STANDARDS PREPARED FOR BUREAU OF INDIAN
STANDARDS

1. Draft Indian Standard on Recommended practice for eddy current testing of installed
non-ferromagnetic heat exchanger tubing using dual frequency method.
DOC :MTD21(3894)F

2. Draft Indian Standard glossary of terms for signal analysis related to non-destructive
testing.
DOC:MTD21(3895)P
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APPENDIX - X I

LIST OF CONTRIBUTING AGENCIES

GOVERNMENT

B Aeronautical Development Agency, Bangalore

B Bhabha A tomic Research Centre, Bombay

B Bharat Opthalmic Glass Ltd., Dwgapur

B Bharat Heavy Plate and Vessels Ltd., Vishakhapattinam

B Bureau of Indian Standards, New Delhi

B Central Glass and Ceramic Research Institute, Calcutta

B Centre for Artificial Intelligence and Robotics, Bangalore

fl Computer Maintenance Corporation Ltd.

B Council of Scientific and Industrial Research

B Defence Metallurgical Research laboratory, Hyderabad.

fl Department of Science and Technology, New Delhi

fl Fraunhofer Institute for Non-destructive Testing, Saarbruecken. Germany

fl Government Museum, Madras

• Gujarat State Fertilizers Company Ltd., Vadodara

• Heavy Water Plant. Kola

fl Heavy Water Plant, Talcher

H Heavy Water Plant, Tuticorin

B Indian Institute of Science, Bangalore

B Indian Institute of Technology, Kanpur

B Indian Institute ofTechnohgy, Madras

B Indian Space Research Organisation, SHAR Centre, Shriharikota

B National Productivity Council

B Nuclear Fuel Complex, Hyderabad

B Nuclear Power Corporation Ltd., Bombay

B Vikram Sarabhai Space Centre, Trivandrum
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Private Companies who have contributed In Implementing various works and
systems at DPEND

Jayshree Industries, Secunderabad

Mehla Enterprises, Bombay

Metallic Bellows, Madras

Tool Craft, Bangalore

Visual Education Aids, Coimbatore

Symec Ltd., Bombay
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Head of the Programme

Head of the Division

APPENDIX • XII

SCIENTIFIC PERSONNEL OF DPEND

Placid Rodriguez BSc (Kerala)
BE (IISc) MS (Tennessee, USA)
Ph.D (IISc) MIIM FNAE FIIW
FISNT (Hony.)
Baldev Raj BE (Ravishankar) Ph.D (IISc)
MIIM FISNT FIIW FBINDT (UK) FASI
[Non-destructive Evaluation and
Reactor materials performance]

RESEARCH AND DEVELOPMENT SECTION

Section Head

Scientific officers

D.K.Rhattacharya BE (Calcutta) MIIM FISNT MINS
[Microstructural and magnetic characterisation
of alloys, Failure analysis and RadiographyJ
C.Babu Rao MSc (Shri Vcnkateswara Univ)
MIPA MISNT MISRP [Holographic NDT,
Image analysis and processing)
TJayakumar BTech (Kakathiya) MS (I1T, Madras)
MIIM MISNT MISRP
[Acoustic methods, Microstructure characterisation]
S.Kanmani MSc (Bharathidasan) MIPA MISRP
[Image analysis, Thermographyl
M.R.Krishnan MISNT [Mech.drawing preparation,
Thermography/eddy current site inspection]
B.BJha BE (Ranchi) AMIIM AMISNT
[Acoustic emission]
VMoorthy BE (IISc) AMIIM AMISNT
[Acoustic emission, Magnetic methods]
P.Palanichami MSc (Madras) Ph.D GIT, Delhi)
MIPA MISRP [UT for flaw detection, material
characterisation]
B.P.C.Rao BE(Andhra) AMISNT AMIIM AMMSI
[Eddy current testing, Computer Modelling]
M.T.Shyamsunder BE (Maharaja Sayaji Rao Univ)
AMIIM AMISNTLMMS! AMINS
[Eddy current testing, Computer Modelling]
C.V.Subramanian BSc (Madras) M E MIIM MISNT
fUT for flaw detection, material characterisation]
M.Thavasimuthu AMIE AMISNT
[UT for flaw detection, material characterisation]
Vaidehi Ganesan MSc (Bombay)
[Characterisation of diffusion related
processes in alloys]
B.Venkatraman MSc (Madras)
MIPA MISNT LMIIM LMINS LMISRP
IX-Radiography, Thermography)
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MECHANICAL ENGINEERING AND DESIGN SECTION

Section Head P.V.Kumar BE (Osmania) MS (I1T, Madras)
M1E MIIW [H it Laboratory Design)

Scientific Officers K.A.Gipal DME [Machining]
R.E.M.Jebarzj DME [Fabricationl
Jojo Joseph BSc(Engg)(Kerala)
MIE MIIW [Construction, Machining/Fabricaiionl
S.Murugaii BE (Annamalai)
MIE AMISNT [Irradiation Experiments]
Shaji Kurien BE (Kerala)
[Irradiation Experiments]

SIGNAL PROCESSING, ELECTRONICS AND CONTROL SECTION

Section Head P-Kalyaiiasundaram BE (Madras) MS (IIT, Madras )
MIIM MIE MASI MISNT MSRMI MINS
[Signal analysis and control instrumentation]

Scientific Officers C.Rajagopalan BSc Ed MSc (IIT, Madras)
AMISNT AMCSI [Signal analysis!
R.Ramakrishnan MIE MIVS MISNT
lEIectrical construction and maintenance]
Y.Ramasesbu BE (Madras) MISNT MIE
[Control instrumentation]
S.Vaidyanalhan BSc MSc (Annamalai)
MIPA, MISRP [Instrument development]

POST IRRADIATION EXAMINATION SECTION

Section Head K.V.Kasiviswanathan B Sc (Kerala),
MIE, MIIM, MISNT, MSRMI
[Hot Lab. design, Remotely operated
system design and operation]

Scientific Officers Thomas Johny B.Tech(Calicut) AMIE MINS
[A/C and ventilation systems, Mech design]
A Joseph BE (Hons) (Madras),MS (IIT, Madras)
MIIM, MISNT [Corrosion studies, UT for material
characterisation]
S.Keshavamurthy Rao BSc BE (Bangalore)
[A/C and ventilation systems for hot
laboratory, Mech. design]
C.K.Mukopadhyay BE (Calcutta) MUM AMISNT
[High pressure testing, Acoustic Emission]
N.G.Muralidharan BSc(Madras) AMIE MIIM MIE
[Failure analysis. Metallography, Decommissioning]
Rakesh Kaul BE (Ranchi) AMIIM
[Failure analysis, Metallography]
A.Ramabathiran BE (Annamalai), M.Tech
(IIT Madras), AMIE AMIIW AMISNT AMINS
[Hot Laboratory design, commissioning, Mech. c'csign]
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S.Venugopal DME (Andhra), AMIIW
[Mech. Design and fabrication]
V.Venugopal B.Sc(AnnamaIai),AMIE, MISNT MUM
[Hot Laboratory commisssioning,
Decommissioning]

NEUTRON SOURCE FACILITY

Group Leader CS.Pasupathy BSc(Madras) MTPAMISRP
[Reactor Design and Operations]

Scientific Officers V.Anandkumar BE (Poona) MIIW MISNT MISRP
[Reactor Design and Engineering]
M J.I'atnaik LME <Andhra) MIIW MISRP
[Construction]
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