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Abstract

Flat-top cylinder indenter for mechanical characterization (FIMEC) is an indentation technique employing cylindrical
punches with diameters ranging from 0.5 to 2 mm. The test gives pressure—penetration curves from which the yield stress
can be determined. The FIMEC apparatus was developed to test materials in the temperature range from —180 to
4200 °C. Recently, the heating system of FIMEC apparatus has been modified to operate up to 500 °C. So, in addition
to providing yield stress over a more extended temperature range, it is possible to perform stress-relaxation tests at
temperatures of great interest for several nuclear fusion reactor (NFR) alloys. Data on MANET-II, F82H mod.,
Eurofer-97, EM-10, AISI 316 L, Ti6Al4V and CuCrZr are presented and compared with those obtained by mechanical

tests with standard methods.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

FIMEC is an indentation technique employing a
cylindrical punch [1-4]. Usually, a punch with
diameter @ = 1 mm and axial length /=1.5mm is
employed in the tests. However, depending on mate-
rial characteristics and the size of the zone to be
examined, punches of reduced (up to 0.5 mm) or
larger size can also be used. During the test, applied
load (L) and penetration depth (P) are measured,
from L—P curves, it is possible to determine pressure
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(q) vs. penetration depth curves by dividing loads by
the punch-surface contact area A.

After an initial elastic stage the FIMEC curves
show three plastic stages. The first one is almost
linear and ends at a pressure ¢v; the indentations
show permanent sharp edges. For ¢ > gy the slope
of the curve markedly decreases (second stage);
the material starts to protrude around the imprint.
Finally, the third stage shows an almost constant
slope. Under certain conditions (penetration rate =
1.66 x 107> mm s~ !, deformation rate in tensile test
~10"s7"), gy =30y, oy being the yield stress
(YSo.2).

From FIMEC curves at different temperatures,
knowledge of the DBTT (ductile to brittle transition
temperature) can be gained [5,6].
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Table 1

Composition of tested materials (wt%)

Fe

Al Cu Co

Si

Ta

Nb

Zr

Mn

Ni

Mo

Cr

Material

—_— ===

0.007

0.032  0.005

0.01  0.005

0.007

0.18
0.11

0.21

0.16

0.76
0.16
0.45
0.49
1.80

0.65
0.02

0.58
0.01
0.03
1.06
2.40

10.37
7.67
8.87
8.97

17.34

0.10
0.09
0.

MANET-II

1.96 0.04 0.01

1.15

0.0004 0.16
0.0025

F82H mod.

0.05
0.46
0.32

0.14  0.005

0.20

0.028
0.07
12.50

10

EUROFER-97

EM-10

0.01

0.013

0.099
0.02

<0.08

AISI 316 L
Ti6Al4V

<0.25

<0.05

6.2

Bal.

4.0

<0.03

Bal.

0.07/0.15

<0.03

0.6/0.9

CuCrZr-1G
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For its features, the FIMEC test has been widely
used to investigate the evolution of local properties
in the molten and heat affected zones of welded
joints after post-welding heat treatments [7-9] and
could be usefully employed to measure the mechan-
ical properties of irradiated materials.

The FIMEC apparatus was originally developed
and presented at ICFRM-§ [4] and was applicable
for materials testing in the temperature range from
—180 to +200 °C. Tests above room temperature
were performed by heating the samples in an oil
bath. Recently, the apparatus has been modified
to operate up to +500 °C. So, in addition to provid-
ing yield stress at higher temperature, it is possible
to perform stress—relaxation tests in a temperature
range of great interest for several fusion reactor
candidate alloys. To assess the validity of FIMEC
results at high temperature, some fusion relevant
materials (MANET-II, F82H mod., Eurofer-97,
EM-10, AISI 316 L, Ti6Al4V and CuCrZr) have
been tested and the data compared with those
obtained by mechanical tests with standard probes.
The compositions of the examined materials are
reported in Table 1.

2. Experimental set-up

The experimental set-up is sketched in Fig. 1. A
massive frame, rigid enough to show a total defor-
mation of about 1 um at the maximum applied load
(10 kN), hosts all the components. The linear actu-
ator is an electro-mechanical drive equipped with
a stepping motor. The motor rotation is transmitted
to a ball screw by a precision reduction gear; the ball

Step
motor
Frame
LVDT
Thermocouple /
Tubular furnace
Sample 1 X
Insulanting
Sample holder L | material
/
Load cell

Fig. 1. Sketch of FIMEC apparatus.
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screw converts the rotation at the gear output to
translation, guided by means of a pre-loaded balls-
pline. The flat indenting punch is made of tungsten
carbide, providing high rigidity and strength. The
indenter is mounted at the end of a rod and the
advancement speed can be varied between 1 x 10~
and 2x10?mm s~ '. The motor control unit is
connected to the displacement measuring system, a
linear variable differential transformer (LVDT), and
a feedback system provides constant speed in the
full range of the load applied. The LVDT measures
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the displacement between the sample holder and the
indenter with a resolution of 1 um and the load cell,
located under the sample holder measures the
applied load with a resolution of 1 N.

The heating system consists of a tubular furnace,
which guarantees a constant temperature (+2 °C) in
a vertical zone of about 10 cm, where punch, sample
holder and sample are located. Temperature fluctu-
ations are =£1 °C in the central zone, where the
sample is located. Disks of insulating material pre-
vent overheating of the mechanical parts outside
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Fig. 2. Pressure (q)—penetration curves at different temperatures for MANET-II, F82H mod., Eurofer-97, EM-10, AISI 316 L and

Ti6Al4V.
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the furnace. The test temperature is measured by a
thermocouple in direct contact with the sample.
Indentation and sample heating are controlled by
software specifically developed for the instrument.

To attain the thermal stabilisation of the sam-
ples, experiments are performed after a soaking time
at the test temperature. Soaking duration depends
on the test temperature and is of the order of a
few minutes.

To perform stress-relaxation tests, penetration
has been interrupted at a given point of the 2nd
plastic stage of the L-P curve and load has been
monitored for increasing time keeping constant the
penetration depth, so load vs. time curves were
obtained.

3. Results and discussion

Fig. 2 shows the FIMEC curves of tested materi-
als. For each test temperature and tested material,
five indentations have been performed and the
results show a very good reproducibility. In prac-
tice, gy is obtained by observing the deviation
(0.01 mm) from the straight-line portion (Ist plastic
stage) of the curve.

The average gy/3 values and standard deviations
(S.D.) are reported in Table 2. For comparison, the
corresponding average gy values obtained by tensile
tests with standard methods and the relative differ-
ences 4 = (oy — gy/3)/oy are included in the table.
For all the examined materials the difference A
never exceeds 7%, the same value of data scattering
in tensile tests on the same material [10].

Fig. 3 shows an example of stress—relaxation tests
performed on CuCrZr alloy at 20, 300, 400 and
500 °C. At each temperature, the indentation test
has been interrupted in the 2nd plastic stage and
load vs. time has been recorded while penetration
depth was kept constant. Stress-relaxation consists
of a progressive transformation of elastic strain &,
to plastic strain g, at constant temperature. Since
the total strain, i.e. the sum of & and e, remains
constant, the stress (g¢) diminishes.

The results provide evidence that stress—relaxa-
tion strongly depends on temperature range. For
example, the relative variation of ¢ after 2 x 10% s
is 0.05 at 20 °C, 0.06 at 300 °C, 0.10 at 400 °C and
0.21 at 500 °C. The tests reveal that stress-relaxa-
tion accelerates above 0.5 Ty where the physical
mechanisms typical of high temperature plastic
deformation become operative. Therefore, the
method can be used to investigate them.

Table 2

Comparison between data of yield stress obtained from FIMEC
tests and tensile tests with standard methods. ¢v/3 is the average
value of 5 measurements, S.D. the standard deviation, 4 the
relative difference

Material T Oy qy/3 SD. A=(oy—
(°C)  (MPa) (MPa) qv/3)/oy
MANET-II 20 655 640 10.81 0.02
(1] 100 - 641 1.0l -
200 607 639 10.52 —-0.05
300 602 595 9.35 0.01
400 548 573 9.12 —-0.05
500 465 459 7.86 0.01
F82H mod. 20 544 510 10.44 0.06
[12] 100 501 488 889  0.03
200 478 445 7.76 0.07
300 469 435 6.66 0.07
400 452 420 6.05 0.07
500 407 378 5.63 0.07
EUROFER 20 546 585 7.02 —0.07
97 [13] 100 507 488 697  0.04
200 484 467 6.33 0.03
250 477 488 6.21 —0.02
300 470 490 6.54 —0.04
350 461 445 5.76 0.03
400 447 479 5.01 -0.07
450 426 448 6.31 —0.05
500 396 408 6.19 —0.03
EM 10 [14] 20 491 509 5.87 —0.04
250 433 463 6.23 —0.07
500 361 382 6.18 —0.06
AISI 316 L 20 310 318 5.82 —0.03
[15] 200 277 280 527 —0.01
400 268 255 5.34 0.05
500 235 220 4.03 0.07
Ti6Al4V [16] 20 895 904 11.03 —-0.01
100 800 807 11.23  —-0.01
200 720 747 11.75 -0.04
300 645 671 941 -0.04
400 550 569 9.02 -0.03
500 510 548 8.64 —0.07
CuCrZr [17] 20 298 305 4.53 —-0.02
100 286 292 476 —0.02
200 265 273 421 -0.03
300 247 247 5.09 0
400 - 226 527 -
500 - 217 531 -

In Fig. 4 a detail of the ¢ vs. time curve at 400 °C
is displayed. Penctration was stopped at point A.
After a sudden drop (A-B), the curve shows a
slower decay indicating that a significant portion
of the stress is lost in the early stages of the tests.

The measurements of stress-relaxation by pene-
tration tests offer some advantages with respect to
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Fig. 3. CuCrZr alloy: pressure (g) vs. time curves recorded at 20,
300, 400 and 500 °C. When pressure drops the penetration has
been stopped and the indentation depth is constant.
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Fig. 4. CuCrZr alloy at 400 °C: after punch penetration has been
interrupted (point A) pressure (¢) exhibits a rapid drop to point B
followed by a slower decrease.

traditional tests. In these latter tests, it is more diffi-
cult to keep the temperature constant along the
probes and avoid spurious effects due to thermal
gradients whereas in the case of FIMEC tests the
indentation zone is relatively small and the test tem-
perature is constant within +1 °C. Furthermore,
problems associated with slip of extensometer
attachments are avoided.

4. Conclusions

The FIMEC apparatus developed by us permits
to perform indentation tests up to 500 °C.
MANET-II, F82H mod., Eurofer-97, EM-10, AISI
316 L, Ti6Al4V and CuCrZr have been tested at dif-
ferent temperatures and the results show that yield
stress data from FIMEC are in good agreement
with those from traditional tensile tests. Further-
more, the apparatus can be used for stress-relaxa-
tion tests at temperatures of interest for several
fusion reactor candidate alloys. All test conditions
can be achieved with ease; this represents an advan-
tage with respect to analogous tests performed by
means of tensile machines.
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