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1.

INTRODUCTION
Automated Ball Indentation (ABI) technique is a methodology which is gaining more

and more acceptance in the modern day mechanical testing arena in view of its vast
1

advantages over other forms of test techniques including the conventional ones. In this, a
test piece of a given metallic material is subjected to a series of loading and partial
unloading cycles with the help of a spherical indenter of high hardness such that it can
furnish the tensile and fracture toughness values of the material being studied. This was
originally developed by Haggag etal. The fascinating feature of this approach is that it can
furnish most of the relevant data which can be directly utilized for many applications like
integrity evaluation of structural components, embrittlement estimation of heat treated
components etc. This test is indeed akin to an NDT method of evaluating any structural
component. Hence, this methodology comes very much handy for being adapted for online assessment of the health of many operating components as it does not leave any
harmful damaged zone due to testing. It is this aspect of it that specifically enables it to
score over other test methodologies in order to make it quite suitable for evaluating
components which are inaccessible especially in the case of irradiated materials. However,
this approach needs to be initially calibrated against conventional methods so that the data
furnished by it would become fully reliable for any intended application.
A number of groups within and outside DAE are engaged in the estimation of
mechanical properties of structural materials through the use of miniaturized specimens. In
view of this it was felt prudent to calibrate the ABI methodology against that of
conventional tension test. Hence, an exercise was undertaken in the authors’ laboratory to
carry out ABI experiments at room temperature on three known materials of nuclear
interest. It was also decided to evaluate the conventional data with the help of Quality
Assurance Division (QAD) of BARC so that an independent assessment of the data could
be obtained in order to make the outcome more reliable and acceptable. This is expected to
go a long way in perfecting the technique so that the reliability of ABI technique would get
automatically established thereby making it a feasible proposition for adopting such a
methodology for any specific purpose in future. This would thus help to demonstrate the
acceptability of such data to regulators who would be convinced about the reliability and
efficacy of such a methodology to be adopted for material evaluation. The current paper
discusses the outcome of the study conducted for the above mentioned purpose through
ABI technique [1].

2

2.

MATERIALS
Three materials, namely SA333 Gr.6 carbon steel, AISI 304 and Zr-2.5% Nb were

chosen for the study. The chemical compositions of the materials are given in Tables-1, 2
and 3 respectively. These materials are used in Pressurised Heavy Water Reactors
(PHWR).
These materials were chosen for the study mainly because of the fact that they
possessed different crystal structures and also due to the reason that they would find
extensive applications in many fields including nuclear industry.

Evaluation of such

materials can therefore be expected to be highly useful not only from the standpoint of
nuclear industry in particular but also for establishing the utility of adopting the miniature
specimen approach for the estimation of mechanical property data in those situations where
the conventional approach would not be feasible on account of certain constraints as in the
case of evaluation of turbines, high pressure pipe lines etc.
3. PRINCIPLE OF AUTOMATED BALL INDENTATION TEST (ABI)
The ABI technique is based on strain controlled multiple indentations, unload and
reload cycles at a single indentation point on a polished metallic surface by a hard
spherical indenter. In this, a well prepared piece of a given material is subjected to strain
controlled multiple indentations such that it is partially unloaded during each cycle and
then reloaded at the same location with the help of a hard spherical indenter. This process
is repeated a number of times so as to furnish an experimental plot depicting the number of
cycles of load versus displacement imparted to the sample in the course of testing. The
strain rate, penetration depth for each cycle, unload percentage, maximum indentation
load, maximum penetration depth and Young’s modulus of indenter and material to be
tested etc. are used as the input parameters at the start of the test. The ABI test system and
method are based on mathematical relationships that govern material behaviour under
multi axial indentation loading [2]. The experimental approach bears similarity to that is
generally employed in the case of the conventional single specimen JIC tests conducted for
fracture mechanics evaluation.
Total indentation diameter dt is obtained from the total penetration depth ht from
the relation, dt=2(ht.D-ht2)1/2 as shown in Fig.1. By linear regression of data points from all
loading cycles up to dt/D = 1 it has been established that, P/dt2 = A(dt/D)m-2, where, A is
3

material parameter. Yield strength is calculated using, σy = βmA, where βm is a constant
for a class of materials. The plastic flow curve or true stress strain curve is represented by
the power law σt = k εpn, where k is strength co-efficient, εp is plastic strain and n is strain
hardening exponent. In the ABI test the true stress is given by σt = 4P/πdp2 δ and plastic
strain is εp =0.2 dp/D, where the value of parameter δ depends on the size of plastic zone
developed beneath the indenter. A computer program is used to fit the ABI derived σt & εp
data by linear regression analysis to determine the n and k value. UTS is calculated using
the relation, σUTS = k(n/e)n ≈ knn/(1+n). The Brinell hardness number is obtained using,
BHN = 2Pmax/πD[D-(D2-df2)1/2].
4.

EXPERIMENTAL PROCEDURE
Preparation of the samples is primarily a very important step to assure uniformity in

the data that would be derived. Hence, each one of the materials was prepared so as to
provide a good surface finish to facilitate the testing to be carried out in the machine. The
detailed procedure adopted was as follows:
4.1

SPECIMEN PREPARATION

Specimen preparation is an important step in this test method. It involved the adoption of
the following steps:
1. In the case of steels, thick pieces having 10 x 10 x 30 mm3 dimension were initially cut
from the blanks obtained from pipe sections. However, only pieces of 5 x 4.2 x 30 mm3
could be extracted from the Zr-2.5% Nb blanks that had been derived from unirradiated
PHWR coolant tubes.
2. Every piece was ground successively on emery paper of grit sizes ranging from 400 to
1000.
3. Finally the test surface of every piece was polished to obtain uniform and scratch-free
finish.
4. The surface preparation was done for all the three perpendicular sides of each of the
component pieces in order to get representative samples for each direction.
The above procedure was followed to ensure that the surface finish was adequate for
carrying out ABI experiments subsequently on all the three perpendicular sides. This was
specifically done for estimating the change in material behaviour with respect to the
direction of testing. The details of sampling procedure adopted are given in Fig 2.
4

4.2 TESTING
The testing was performed at room temperature by using an ABI testing system. The
rate of loading was maintained at 0.18mm./min. which is similar to that is normally
employed in static tension test. The details of the set up utilized for the study are illustrated
in Table 4. A minimum of 5 experiments were carried out for each direction of each
material taken for investigation.
5.

RESULTS & DISCUSSION
A typical load- displacement graph obtained for a test on Zr-2.5% Nb in one

direction of loading shown in Fig 3. Figures 3(a), 3(b) & 3(c) depict the typical method
(illustrating the actual procedures) followed in analyzing the experimental graphs to obtain
the yield and ultimate tensile strength values of the material. The values obtained on
analyzing such graphs as described above are given in Tables 5-7.
Figures 4 to 6 show the experimental graphs obtained during testing of SA333 Gr.6
carbon steel in three directions of testing. The different experimental graphs obtained in
one direction of SA 333 Gr.6 carbon steel material have been bunched together and
exhibited in Figures 4 in order to depict the consistency and repeatability of the data
generated. Similarly the Figures 5 and 6 display those bunched figures corresponding to
the other directions of the same material. This is done to facilitate the gauging of the extent
of variation in the output for the various experiments conducted for the same material.
Thus, the exercise has brought out the excellent repeatability in the output of the data
generated for all the materials. The mechanical properties obtained from SA333 Gr.6
carbon steel are given in Table 5.
In the same way, figures 6 to 9 show the experimentally obtained group of graphs
belonging to the three directions of AISI 304 steel. Likewise, Figures 10 to 12 depict the
respective graphs for Zr-2.5% Nb material. The strength properties calculated from the
experimentally obtained graphs for AISI 304 steel and Zr-2.5% Nb materials are furnished
in Table 6 and 7. It is self-evident that there is excellent consistency in the data generated
for these two materials as well.
The important outcome of the experiments of ABI carried out for the two steels
employed for investigation is that there is no appreciable variation in the respective outputs
with regard to the direction of testing. This is indeed as expected in view of the isotropic
5

nature of the materials. However, this is not the case for Zr-2.5%Nb material which is
anisotropic. The yield strength in the transverse direction is marginally higher than those in
the axial and radial directions. But the UTS values were found to be higher in the case of
radial direction. Thus it shows the necessity to utilize a methodology that would help in
providing data in all the three directions for such materials. This would indeed be quite
useful when one is keen to know the extent of deterioration of mechanical properties in a
specific direction as would be the case for Zr-2.5%Nb material. Further, it is quite possible
to obtain a totally different output with respect to various directions if the same material
had been subject to different method of fabrication route. In all such cases it becomes
necessary to adopt a methodology that would be able to throw light on the likely variation
in mechanical properties of the material with respect to direction in view of its impact on
operational performance.
Table 8 gives the conventional tension test data generated on ASTM standard size
specimens at room temperature by making use of longitudinal tensile specimens.
Cylindrical tensile specimens having 25 gauge length and 6 mm diameter were used for
tensile property estimation in the case of stainless steel while flat tensile specimens were
employed for SA333 Gr.6 carbon steel. Further, specimens of rectangular cross section
having 25mm gauge length and 4mm thickness were used in the case of 2.5%Nb material
as it was extracted from an unirradiated coolant tube. It may be noted that these tests were
done only after all the ABI experiments were completed. Thus the conventional data
became available to the authors only after all the miniature test data were evaluated. On
comparing the conventional data with those generated in the authors’ laboratory, it can be
seen very clearly that the ABI data matched pretty well with those obtained through
conventional tests in all the materials studied.
The comparison between the output generated in the authors’ laboratory on ABI
and that obtained through conventional route using tension test has established the utility
of miniature testing technique beyond any shadow of doubt. The outcome is indeed quite
noteworthy.
The most encouraging aspect of the study is that the ABI data produced in the
authors’ laboratory have very match come close to the conventionally obtained data even
for a material like Zr-2.5% Nb. This is indeed a highly heartening feature as our results
6

have brought to the forefront not only the utility of ABI methodology but also the status of
the progress established in the authors’ laboratory with respect to providing consistent and
reliable results.
6.

CONCLUSION
1. The ABI data showed excellent consistency for all the materials studied.
2. The different experimental graphs corresponding to each material in one direction
when bunched together showed good similarity in the pattern thus exhibiting the
repeatable nature of the results produced.
3. The ABI results on comparison with the conventionally obtained data showed good
correspondence in the tensile property values for all the materials studied.
4.

The two steels, namely SA333 Gr.6 carbon steel, AISI 304 employed for
investigation did not show much appreciable variation in the respective strength
values with regard to the direction of testing.

5. The ABI data on Zr-2.5% Nb material exhibited variation with respect to the
direction of testing thereby implying that it could distinguish the effect arising from
anisotropy.
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Table -1: Chemical composition of SA333 Gr 6 pipe

C Mn Si
S
P
Ni
Pb
Cu
V
O N
Fe
% % %
%
% ppmw ppmw ppmw ppmw % %
0.14 0.75 0.25 0.018 0.016 525
80 590
100 0.03 0.01 Balance

Table -2: Chemical composition of SS304 pipe
C
Si
Mn Cr Ni
Al
Co
Cu
Nb
Ti
V
Fe
%
%
% % %
%
%
%
%
%
%
0.104 0.518 1.32 17.7 8.27 <0.005 0.0768 0.212 0.0111 0.00660.0602Balance

Table -3: Chemical composition of Zr-2.5Nb PT spool piece
Al
C
Cl
P
H
N
O
Fe
Ni
Cr Nb Si
Sn
Zr
ppmw ppmw ppmw ppmw ppmw ppmw ppmw ppmw ppmw ppmw % ppmw ppmw
36.3 125 1.51 15.1 8.0 25.98 1149 1311 43.1 174.7 2.579 34.2 56.9 Balance

Table 4: Details of the system employed for the investigation

Load cell employed

: 1000 lbs. capacity

Size of specimen

: 10 x 10 x 30 mm3 for steels
5 x 4.2 x 30 mm3 for Zr-2.5% Nb.

Indentor

: Tungsten carbide ball of 0.75mm. diameter

Displacement measured by : LVDT
Direction of testing

: a) AC/TRA (Axially aligned specimen in which loading is
done in the circumferential direction
b) CA/AXI (Circumferentially aligned specimen in which
loading is in the axial direction
c) RR/RAD (Radially aligned specimen in which loading is
also done in the radial direction.

Crosshead speed
Test temperature

: 0.18 mm/min.
: Ambient
8

Table-5: Room temperature results of ABI on SA 333

Test Name

Yield strength
(MPa)

SA-333-AC1
SA-333-AC2
SA-333-AC3
SA-333-AC4
SA-333-AC5
SA-333-CA1
SA-333-CA2
SA-333-CA3
SA-333-CA4
SA-333-CA5
SA-333-RR1
SA-333-RR2
SS-333-RR3
SA-333-RR4
SA-333-RR5

274
290
292
274
294
306
299
301
299
301
292
295
288
298
291

Strength
coefficient
(K)
(MPa)
582
700
676
630
670
627
641
625
654
670
645
672
669
704
681

Strain
hardening
exponent
(n)
0.124
0.141
0.135
0.135
0.134
0.118
0.125
0.121
0.126
0.129
0.129
0.134
0.136
0.138
0.137

UTS
(MPa)

BHN

397
461
450
420
448
434
436
429
443
452
435
449
445
466
452

147
159
159
149
160
160
159
157
158
160
160
162
157
162
159

UTS
(MPa)

BHN

586
579
594
591
583
602
603
607
603
595
599
608
590
593

179
177
179
179
178
182
183
183
183
183
180
181
175
176

Table-6: Room temperature results of ABI on SS 304

Test Name

Yield strength
(MPa)

SS-304-AC1
SS-304-AC2
SS-304-AC3
SS-304-AC4
SS-304-AC5
SS-304-CA1
SS-304-CA2
SS-304-CA3
SS-304-CA4
SS-304-CA5
SS-304-RR1
SS-304-RR2
SS-304-RR5
SS-304-RR6

250
250
251
248
249
254
256
252
254
256
252
254
248
246

Strength
coefficient
(K)
(MPa)
1032
1019
1052
1047
1029
1066
1065
1078
1066
1050
1058
1078
1043
1053

9

Strain
hardening
exponent
(n)
0.228
0.228
0.232
0.233
0.23
0.232
0.231
0.235
0.232
0.23
0.232
0.233
0.232
0.234

Table-7: Room temperature results of ABI on Zr-2.5% Nb

Test Name

Yield
strength
(MPa)

RRZN-AXI-1
RRZN-AXI-2
RRZN-AXI-3
RRZN-AXI-5
RRZN-AXI-6
RRZN-RAD-2
RRZN-RAD-3
RRZN-RAD-4
RRZN-RAD-6
RRZN-TRA1
RRZN-TRA2
RRZN-TRA3
RRZN-TRA4
RRZN-TRA5

510
518
513
497
496
556
558
558
556
571
578
585
591
570

Strength
coefficient
(K)
(MPa)
949
918
971
918
925
1167
1144
1162
1165
1085
1032
1024
983
1034

Strain
hardening
exponent (n)
0.102
0.095
0.104
0.1
0.102
0.118
0.115
0.117
0.118
0.103
0.094
0.092
0.088
0.097

UTS
(MPa)

BHN

679
667
692
660
661
805
794
804
804
775
752
750
727
749

203
203
203
195
194
223
223
224
223
218
214
215
215
214

Table-8: Conventional tension test data on SA333 and SS 304 and Zr-2.5% Nb
at ambient temperature
S.No.

Material

YS
(MPa)

UTS
(MPa)

SA 333
SA 333
SA 333
SA 333
SS 304
SS 304
SS 304
Zr-2.5% Nb

Direction
of
sample
Axial
Axial
Axial
Axial
Axial
Axial
Axial
Axial

1
2
3
4
5
6
7
8

% RA

495
494
496
495
630
605
611
697

%El.
(25 mm
GL)
36
35
35
37
60
60
60
16

326
316
324
320
266
254
243
476

9

Zr-2.5% Nb

Axial

483

700

16

-

10

Zr-2.5% Nb

Axial

483

698

20

-

11

Zr-2.5% Nb

Axial

468

697

20

-

10

66
66
64
68
80
60
57
-

Nomenclature:
dt is the total indentation diameter.
ht is total depth of indentation.
dp is the diameter of plastic indentation.
hp is depth after unloading.
he is the elastic component of deformation.
D is the ball diameter.
P is the applied load

Fig. 1 Illustration of parameters of ball indentation.
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RR

AC

CA

Fig.2 Sampling details for ABI
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Load (lbs.)

Depth (mils)

True Stress (ksi)

Fig3: Typical Load deflection curve of ABI for Zr-2.5%Nb in transverse direction

True strain
Fig 3(a): Typical true stress and true strain curve of ABI for Zr-2.5%Nb
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P/dt2 (ksi)

True strain

True Stress (ksi)

Fig 3(b): Typical yield strength calculation curve of ABI for Zr-2.5%Nb

True strain
Fig 3(c): Typical log-log plot of true stress and true strain plot of ABI
for Zr-2.5%Nb
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Load (lbs.)

Depth (mils)

Load (lbs )

Fig 4: Load-deflection plot of ABI for SA-333 in AC direction

Depth (mils)
Fig 5: Load-deflection plot of ABI for SA-333 in CA direction
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Load (lbs.)

Depth (mils)

Load (lbs.)

Fig 6: Load-deflection plot of ABI for SA-333 in RR direction

Depth (mils)
Fig 7: Load-deflection plot of ABI for SS-304 in AC direction
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Load (lbs.)

Depth (mils)

Load (lbs.)

Fig 8: Load-deflection plot of ABI for SS-304 in CA direction

Depth (mils)

Fig 9: Load-deflection plot of ABI for SS-304 in RR direction
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Load (lbs.)

Depth (mils)

Load (lbs.)

Fig 10: Load-deflection plot of ABI for Zr-2.5% Nb in AC direction

Depth (mils)
Fig 11: Load-deflection plot of ABI for Zr-2.5% Nb in CA direction
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Load (lbs.)

Depth (mils)
Fig 12: Load-deflection plot of ABI for Zr-2.5% Nb in RR direction
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