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Cyclic deformation and microstructural
behaviour of reduced activation ferritic—
martensitic steels

M. N. Batista, I. Alvarez-Armas, M. F. Giordana, S. Herefia and A. F. Armas

The present paper presents results about cyclic behaviour and the evolution of the dislocation
structure of reduced activation ferritic-martensitic steels and commercial martensitic steels
AlISI 410 and 420. The variation of the free dislocation density within subgrains and subgrain size
was mainly analysed during the cyclic softening of EUROFER 97 steel. From the analysis of the
flow stress components, the friction and back stresses, and the information of the evolution of the
dislocation structure, it could be concluded that the softening of tempered martensitic steels at
20°C is produced by the contribution of the friction stress and aided later by the back stress.

Keywords: RAFM steels, Martensitic steels, LCF, Microstructure, Dislocations

Introduction

Ferritic steels, commercial 9-12%Cr martensitic and
2-25%Cr bainitic steels, were first considered for fusion
reactors in the late 1970s because of their excellent
thermal properties and radiation resistance.' In the mid-
80s, a new class of structural materials, namely, the
reduced activation ferritic-martensitic (RAFM) steels,
was developed.” During service, blanket modules of
International Thermonuclear Experimental Reactor are
subject to alternating thermal and mechanical stresses,
as a consequence of the reactor operation. Therefore,
fatigue loading behaviour of blanket modules manufac-
tured from reduced activation RAFM steels is a primary
concern.

Previous low cycle fatigue (LCF) studies on 9-12Cr
steels showed that cyclic softening occurs due to
microstructural instability over a wide range of tem-
peratures, from room to high temperature.>'* This
effect could become a serious engineering problem
affecting creep, swelling and segregation phenomena
during irradiation. Cyclic softening of 9-12Cr steels is
associated with instability of the dislocation structure
over the entire range of temperatures and with the
coarsening of carbides at high temperatures.

Nowadays, the softening stage in 9—-12Cr steels and
especially in RAFM steels is clearly associated with the
increase in the subgrain size regardless of the tempera-
ture.'” Moreover, the softening has been at least
partially explained by lath and subgrain boundary
elimination." The softening stage has been also
described by an empirical power law equation, which
is independent of the applied total strain amplitude and
only dependent on temperature.* However, a correlation

Instituto de Fisica Rosario, CONICET-UNR, Bv. 27 de Febrero 210 bis,
Rosario 2000, Argentina

*Corresponding author, email alvarez @ifir-conicet.gov.ar

© 2014 Institute of Materials, Minerals and Mining
Published by Maney on behalf of the Institute

Received 27 November 2013; accepted 23 December 2013
DOI 10.1179/1743284713Y.0000000490

between cyclic behaviour and dislocation structure
evolution has hardly been treated.

The aims of the present paper are to correlate the
cyclic deformation behaviour with microstructural
parameters for RAFM steels and to compare these
results to those from commercial martensitic steels.

Experimental

The materials considered in the present study were the
RAFM steels EUROFER 97, F82H mod and commer-
cial AISI 410 and 420 steel. Tables 1 and 2 show the
chemical composition of these steels in weight per cent
and the heat treatments and mode of cooling in each
case used before testing respectively.

The microstructure of all steels consists of a tempered
martensitic lath structure composed of small subgrains
with a substantial dislocation structure. M,3Cg4 carbides
were distributed preferentially along laths and prior
austenitic grain boundaries. It is interesting to note
that the high dislocation density produced during the
quenching of the steels remains after tempering.

Low cycle fatigue tests of EUROFER 97 and F82H
have been performed under total strain controlled
conditions using a triangular wave form. Experiments
were performed over total strain ranges of Ae;=0-6, 0-8,
1-0 and 1-5%, which corresponds to a plastic strain
range of approximately to Ae,=0-1, 0-3, 0-5 and 1-:0%
at middle life respectively, with a total strain rate
¢=3 %1072 s~ 1. Solid specimens with a cylindrical gauge
section 77 mm in length and 8-8 mm in diameter were
deformed. The gauge length of the axial extensometer
was 21 mm.

In order to study the microstructural parameters in
EUROFER 97, cyclic tests were performed under plastic
strain control over the strain ranges of Ae,=0-2, 0-3 and
0-6%. Only a single plastic strain range of Ag,=0-2%
was for AISI 410 and 420 with a total strain rate of
¢=2x1073 s~ up to fracture. Additionally, interrupted
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1 Peak tensile stress plotted against number of cycles of a EUROFER 97 and b F82H mod

tests for a plastic strain range of Ag,=0-2% have been
carried out up to 10 and 500 cycles.

EUROFER 97 and AISI 420 specimens cycled under
plastic strain control were examined by transmission
electron microscopy (TEM) using a 100 kV microscope.
Transversal discs were cut from the gauge length of the
specimen and then electrolytically thinned for TEM
observations.

Results and discussion

Cyclic softening curves were obtained from testing
EUROFER 97 and F82H mod specimens at 20°C in
the above mentioned total strain range. Figure 1 shows
these results plotted in as log-log diagrams. Similar
softening tendencies are observed for all the ranges, i.e. a
transitional stage corresponding to the first part of the
fatigue life followed by a linear second stage that
occupies the main part of the life and finally a saturation
stage (Ag;=1-5%) occurs. Actually, in a number of tests,
the final crack nucleates and grows before the saturation
stage can occur, which the dislocation structure is
already stable. These results correspond to similar
results obtained previously by the authors, but not yet
totally published.*> These results have shown that, for
different temperatures, RAFM steels present the same
cyclic behaviour (line traced on Fig. 1a). In this respect,
Armas et al. have demonstrated that the linear or main
stage exhibited by these curves is almost independent of
the total strain range at each temperature.’ This linear

Table 1 Chemical compositions in wt-%

stage follows a power law equation between the applied
stress and the number of cycles

G=AN"" (1)

where o is the peak tensile stress of the hysteresis loop, N
is the number of cycles, S is the cyclic softening
coefficient and A4 is a constant that depends on
temperature. S is the slope of the linear stage in the
log-log diagram. It represents the magnitude of the
cyclic softening, and the pre-exponential factor A is
the y-intercept in this diagram.

Figure 2 illustrates the behaviour of the cyclic soft-
ening coefficient as a function of temperature, S versus
T, for several RAFM and commercial steels. It is
interesting to note that the coefficients for RAFM steels
lie on the same curve, while the commercial steels fit
another curve of the same type, but with lower softening
coefficient values.

A martensitic lath structure with a high density of
entangled dislocations lying within the laths is char-
acteristic of normalised and tempered steels with high
martensitic start Mg temperatures. It is known that
chemical composition is the main factor affecting the Mg
temperature of the steel. Reduced activation ferritic—
martensitic steels such as EUROFER 97 and F82H with
lower amounts of C, Ni, Mo and Nb are steels with a
high Mg temperature and, consequently, with a high
dislocation density within their structure. A higher
Mg temperature produces a higher dislocation density

Steels C N Si Mn Ni Cr Mo w Vv Ta Nb Al Ti Cu Fe.

EUROFER 97 0-12 0-018 006 047 0022 893 0-0015 107 02 014 .. 0-008 0:01 0-004 Balance
F82H mod 0:09 0007 O11 016 0019 816 0002 22 015 002 00001 002 0002 0006 Balance
AlSI 410 011 — 047 07 038 13 Balance
AlISI 420 027 - 03 035 013 12:3 0-07 004 ... 0-03 Balance

Table 2 Heat treatments of steels: austenitisation/air cooling and tempering/air cooling

RAFM steels Austenitisation Tempering Comm. steel Austenitisation Tempering
EUROFER 97 980°C/0-5 h 760°C/1-5 h AISI 420 1000°C/0-5h 760°C/1-5h
F82H mod 1040°C/ 05 h 750°C/ 2 h, AISI 410 1000°C/0-5h 760°C/1-5h
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2 Cyclic softening coefficient plotted against temperature
for several martensitic steels, RAFM and commercial
steels

within the subgrains that compose the lath structure. In
low carbon steels, under cyclic conditions, this structure
gradually transforms from a narrow lath structure to a
subgrain structure of different sizes depending on the
deformation strain range and temperature. Table 3
summarises the Mg temperature as well as the pre-
exponential factor 4 and cyclic softening coefficient S
for different temperatures. The Mg temperature was
calculated on the basis of the equation proposed by
Steven—Haynes'?

Table 3 Martensitic start temperature Ms, cyclic softening
coefficient S and pre-exponential factor A for
selected RAFM as well as commercial steels
during total strain control cycling

Batista et al.

20°C 550°C

F82H Ms 370°C

A 635 422

S 0:048 0:076
EUROFER 97 Ms 365°C

A 630 396

S 0-045 0-077
AISI 410 M 258°C

A 575 575

S 0-038 0-038
AISI 420 M 203°C

A 480 360

S 0:017 0:062
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3 Variation of subgrain size and free dislocation density
of EUROFER 97 against number of cycles

Ms("C) =561 —474(%C) —33(%Mn) —

17(%Ni) — 17(%Cr) — 21 (%Mo) )

Observations by TEM and analysis of the micro-
structure from specimens cycled for a different number
of cycles have been carried out according to Table 4 and
plotted in Fig. 3 to correlate the cyclic flow stress with
the variation of the microstructural parameters such as
free dislocation density and subgrain size. This graphic
clearly shows the rate at which subgrain size and
dislocation density change during cycling.

Following Table 4, the relationship between subgrain
size d and free dislocation density p have been plotted in
a log-log diagram in Fig. 4; a double error bar was
added in order to estimate measurement dispersion in
these parameters. In this graph, the data corresponding
to the specimens cycled at Ag,=0-2% and T=20°C for
three different numbers of cycles in the softening stage
act as a basis to compare these results with those
obtained at other strain ranges, temperatures and steels.
It is worth noting that irrespective of the plastic strain
range, the microstructural data of EUROFER 97 fits
fairly well the same straight line, with a slope equal to
—0-3, in a log-log plot. The data for d and p for a higher
plastic strain range have been assumed to be close to
that for Ae,=0-2% because of the slight variation of the
applied stress at the beginning of the softening stage
(N=10 cycles). In the case of high temperature,
T=550°C, the softening stage starts from the beginning
of the test, i.e. N=2, and continues up to rupture.5 Thus,

Table 4 Microstructural data (subgrain size d and free dislocation density within subgrains p) obtained from LCF tests
carried out on specimens cycled over different ranges under plastic strain control Ag, for different number of
cycles N and at rupture N;: number of measured subgrains is also given n

Initial 20°C 550°C
|d [m]
Agp (%) - J 0-2 0-2 0-2 0-3 06 0-2
N 0 10 500 Ne=11000 N=7500 Ni=2300 Ni=4000
EUROFER 97 dm 07x1077 0-7x1077 091077 11x1077 12x1077 13x1077 21x1077
n 960 780 693 562 644 418 204
pim2&—p [m?] 1.0x10° 05x10™  05x10™ 04x10™ 02x10™
n 1 T8 21 28 25 28 26
N 0 q N=1100 Ni=1050
AISI 420 aim - [m] | 13x 1077 22x10°7
n 2200 1100 1050
p/m~2 2:2x 10" 0-5x 10" 0-1x 10"
n 18 21 26
p [m?]
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density

according to the linear law ruling, the applied stress as a
function of the numbers of cycles in a log-log plot, it is
reasonable to calculate the relationship between d and p
directly from the data before cycling and at the end of
the test. The value of this slope is —0-45. Note that, for
commercial steels, i.e. AISI 420, even though the initial
subgrain size is larger than in the case of EUROFER 97,
the final values (p, o) agree with those of EUROFER 97
at rupture. In the case of AISI 410, not included in this
graph for clarity reasons, the initial size is comparable
to that of EUROFER 97.'® This fact agrees with
AISI 410’s higher Mg temperature when compared with
AISI 420. The same relationship, slope —0-3, between
subgrain size and dislocation density has also been
proposed by other authors for copper, aluminum and
iron."”

According to Table 4, Fig. 5a shows the behaviour
that follows the evolution of the peak tensile stress with
the inverse of the subgrain size during softening. This
figure shows that the slope of the line is about 10 times
(bG), where b is the Burgers vector and G is the shear
modulus

a=10(bG)/d (3
550
©
=
- 500 d=10b.G/c
[2]
o
& © 4
@ 450
‘n
C
(0]
|_
X 400 "
S_) Slope= 0,250 N/mm= 250N/m

1,0x10° 1,2x10° 1,4x10°
. . -1 -1
Inverse subgrain size,d ', m

8,0x10°

D

Peak Tensile Stress, MPa

This means that, during LCF of RAFM steels, the
applied stress and subgrain diameter are inversely
related following an expression similar to that calculated
by Orowan for the interaction between dislocations and
particles. The same relation was previously proposed for
the saturation stress subgrain size during fatigue of
polycrystalline copper and irons'” and for the steady
state subgrain size during creep for many materials
including tempered martensitic steels."!

Figure 5 shows that a log—log plot of the peak tensile
stress versus the square root of the free dislocation
density follows a linear whose slope is close to 1/3 for
room temperature. Therefore, the power law equation
that fits this curve is

1/6

a=Cp C))

where C is the pre-exponential factor.

The power equation that governs the applied stress
against the square root of the dislocation density
equation (4) can be understood considering the beha-
viour of the stress components during fatigue.'® The
flow stress obtained from the hysteresis loops is the
result of two kinds of resistance to plastic deformation: a
short distance interaction stress named the ‘friction

550 -
500

450 -

400-? e

Slope=0.33 N/mm

8,0x10°  1,0x10" 1,2x10" 1,4x10’
SQRT Dislocation Density, (p)1/2, m’

6,0x10°
(b)

a peak tensile stress against inverse of subgrain size; b peak tensile stress against square root free dislocation density

5 EUROFER 97 cycled at As,=0-2% at T=20°C
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stress’ op and a long distance interaction stress called the
‘back stress’ op,.

The behaviour of the cyclic stress components of
EUROFER 97 at 20°C are represented in Fig. 6a. In this
graph, there is clear evidence of a pronounced decrease
in the o when compared to the oy, over the fatigue life,
which only represents a slight decrease from 500 cycles
up to rupture. This fact means that the interaction of
dislocation with short range obstacles is an important
softening mechanism during the entire room tempera-
ture fatigue. However, the interaction with long range
obstacles is significant only after ~500 cycles. Short
range obstacles are associated with foreign atoms and
other dislocations, while long range obstacles are related
to borders (grain, subgrain/lath walls, etc).

In Fig. 6b, the behaviour of the stress component
responsible for long range interactions oy, is plotted
against both the square root of free dislocation density
and the subgrain size. These curves exhibit a weak
dependence of o, on both the subgrain size and the
dislocation density in approximately the first 500 cycles.

at

(b}

20°C and b back stress against inverse subgrain size and

Comparing this behaviour of the back stress with that of
the friction stress as a function of the SQRT dislocation
density,” one can conclude that the softening stage can be
subdivided in two processes, one mainly due to the
annihilation of free dislocations during the fatigue life and
the other due to the annihilation of subgrain boundaries
after certain number of cycles. It is worth mentioning that
the later process is more remarkable at higher tempera-
tures. This characteristic number of cycles in which a
second mechanism is activated, can be estimated from the
ap curve (Fig. 6a); it shows a moderately decreasing values
of this stress from 500 cycles up to rupture (of ~12%).
Comparing this behaviour with the variation of the
subgrain size, and taking into account the great dispersion
of these values (Fig. 3), one could conclude that the
influence of the subgrain size increase is relevant in the
same order as oy, iS.

Figure 7a and b shows the characteristic lath struc-
tures of the material after tempering in which the
dislocation subgrain has a high density of free disloca-
tions in its interior. After 10 cycles, the number of

{c)

Online
colour
only

the contrast of
figure 7 c, d and e
is not correct

(d) (e}

7 EUROFER 97: a characteristic lath structures after tempering and b lath unit showing high density of free dislocations
in its interior after ¢ 10 cycles, d 500 cycles and e rupture
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moving dislocations is still high (Fig. 7¢), in contrast to
Fig. 7d in which the subgrain interior is cleaner and the
walls start to be more refined. Therefore, cycling at RT
induces two visible microstructural evolutions; first and
the most important, the free dislocation density
decreases during cycling (compare Fig. 7b—d). Second,
dislocation walls are well defined and some disappear
during cycling, which explains their growth. Figure 7e
gives clear evidence of coarsening of the subgrain
structure, first refining and then annihilating dislocation
walls as is predicted by the applied stress components.

Briefly correlating cyclic softening and microstruc-
tural behaviour, it was found that the characteristic
cyclic softening behaviour observed for RAFM steels
can be described by a softening parameter S that is only
dependent on temperature.

At 20°C, a characteristic subgrain size seems to be
attained at the end of the fatigue life for specimens
cycled at different applied strain amplitudes.

In fact, tempering is a process in which the micro-
structure approaches equilibrium under the influence of
thermal activation. It follows that the tendency to
temper depends on how far the starting microstructure
deviates from equilibrium. The excess of an element such
as carbon, which is forced into solution in martensite is
the major contributor to the stored energy of martensite.
Previous investigations'® have reported the microstruc-
tural stability of normalised and tempered 9-12%Cr
modified martensitic steels during subsequent annealing
times up to 1100 h at 550°C. However, this apparent
microstructural stability could be destabilised under
cyclic strain conditions, as many authors have discussed
in the literature. The apparently stable tempered lath
martensite structure is strongly unstable under cyclic
conditions, being gradually replaced by the development
of a subgrain structure. The evolution of the typical
tempered martensite lath structure of low carbon alloy
steels to a subgrain structure was reported to be already
established after only a few cycles.'”

Therefore, it is evident that the tempering process
lowers the stored energy in the martensitic structure to a
level that cannot decrease further even after longer heat
treatment times.'” However, the result of cycling makes
the subgrain size increase and the dislocation density
decrease, and these tendencies are still more pronounced
when cycling is carried out at higher temperature.
Hence, in this process, temperature assists cycling to
more effectively reduce the internal energy stored during
the martensite structure formation. This synergism
could explain the fact that regardless of the applied
strain range, at a given temperature, the subgrain size
tends to attain a stable value.

Conclusions

The present investigation correlates cyclic softening with
the microstructural evolution of RAFM and commercial
steels at 20°C.

1. The commercial steels exhibit lower softening
parameters S compared with RAFM steels.

2. The annihilation of free dislocations mainly
contributes to the softening behaviour as reflected by
the friction stress. In addition, the annihilation of

Materials Science and Technology 2014 voL 000 NO 000

subgrain boundaries can be considered as a second
mechanism activated later in this process.

3. Final subgrain size is dependent on the available
stored energy that still remains after the tempering
process and which decreases to a lower level during
cycling.

Acknowledgement

This work was supported by the Agencia Nacional para
la Promocién de la Ciencia y la Técnica (ANPCyT) and
Consejo Nacional de Investigaciones Cientificas y
Técnicas (CONICET) of Argentina.

References

1. R. L. Klueh and A. T. Nelson: ‘Ferritic/martensitic steels for next-
generation reactors’, J. Nucl. Mater., 2007, 371, 37-52.

2. A.F. Rowcliffe, E. E. Bloom, D. G. Dorand, D. L. Smith and T. C.
Reuther: ‘Low activation materials for fusion’, Proc. 20th Int.
Conf. on ‘Plasma physics and controlled nuclear fusion research,
Nice, France, IAEA, October 1988.

3. A. F. Armas, M. Avalos, 1. Alvarez-Armas, C. Petersen and
R. Schmit: ‘Dynamic strain aging evidences during LCF deforma-
tion in ferritic-martensitic steels’, J. Nucl. Mater., 1998, 258-263,
1204-1208.

4. A. F. Armas, C. Petersen, R. Schmitt, M. Avalos and 1. Alvarez:
‘Mechanical and microstructural behavior of isothermally and
thermally fatigued ferritic/martensitic steels’, J. Nucl. Mater., 2002,
307-311, 509-513.

5. A. F. Armas, C. Petersen, R. Schmitt, M. Avalos and 1. Alvarez:
‘Cyclic instability of martensite laths in reduced activation ferritic/
martensitic steels’, J. Nucl. Mater., 2004, 329-333, 252-256.

6. M. F. Giordana, I. Alvarez-Armas, M. Sauzay and A. F. Armas:
‘Mechanical behavior and microstructure evolution of EUROFER
97 during low-cycle fatigue at 20 and 550°C’, Key Eng. Mater.,
2011, 465, 358-361.

7. M. F. Giordana, P.-F. Giroux, I. Alvarez-Armas, M. Sauzay and
A. F. Armas: ‘Micromechanical modeling of the cyclic softening of
EUROFER 97 steel’, Procedia Eng., 2011, 10, 1268-1273.

8. M. F. Giordana, P.-F. Giroux, I. Alvarez-Armas, M. Sauzay, A. F.
Armas and T. Kruml: ‘Microstructure evolution during cyclic tests
on EUROFER 97 at 20°C. TEM observation and modeling’,
Mater. Sci. Eng. A, 2012, A550, 103-111.

9. M. F. Giordana, I. Alvarez-Armas and A. F. Armas:
‘Microstructural characterization of EUROFER 97 during low
cycle fatigue’, J. Nucl. Mater., 2012, 424, 247-51.

10. P. Marmy and T. Kruml: ‘Low cycle fatigue of EUROFER 97,
J. Nucl. Mater., 2008, 377, 52-58.

11. J. S. Dubeya, H. Chilukuru, J. K. Chakravartty, M. Schwienheer,
A. Scholz and W. Blum: ‘Effects of cyclic deformation on subgrain
evolution and creep in 9-12%Cr-steels’, Mater. Sci. Eng. A, 2005,
A406, 152-159.

12. 1. Kubena, B. Fournier and T. Kruml: ‘Effect of microstructure on
LCF properties of ODS steels’, J. Nucl. Mater., 2012, 424, 101-108.

13. A. A. Saad, W. Sun, T. H. Hyde and D. W. J. Tanner: ‘Cyclic
softening behavior of a P91 steel under LCF high temperature’,
Procedia Eng., 2011, 10, 1103-1108.

14. M. Sauzay, H. Brillet, I. Monnet, M. Mottot, F. Barcelo,
B. Fournier and A. Pineau: Mater. Sci. Eng. A, 2005, A400—
A401, 241-244.

15. W. Stevens and A. G. Haynes: ‘The temperature of forming
martensite and bainite in low-alloy steels’, IS1J, 1956, 183, 349-
359.

16. M. F. Giordana: PhD thesis, University of Rosario, Rosario,
Argentina, 2012.

17. J. C. Grosskreutz and H. Mughrabi: ‘Description of the work-
hardened structure at low temperature in cyclic deformation’, in
‘Constitutive equations in plasticity’, (ed. A. S. Argon); 1975,
Cambridge, MA, MIT Press.

18. D. Kuhlmann-Wilsdorf and C. Laird: ‘Dislocation behavior in
fatigue: friction stress’, Mater. Sci. Eng., 1979, 37, 111-120.

19. W. Jones, C. R. Hills and D. H. Polonis: ‘Microstructural evolution
of modified 9Cr—1Mo steel’, Metall. Trans. A, 1991, 22A, 1049-1058.

Materials Science and Technology mst11340.3d 3/1/14 16:27:54



Authors Queries

Journal: Materials Science and Technology

Paper: 11340

Title: Cyclic deformation and microstructural behaviour of reduced activation ferritic-martensitic steels

Dear Author
During the preparation of your manuscript for publication, the questions listed below have arisen. Please attend to
these matters and return this form with your proof. Many thanks for your assistance

Query Query Remarks
Reference
. . correct
1 Please confirm the running head
is correct.
2 Please confirm additional infor- Report Number: TAEA-CN-50/G-I11-2;

mation for Ref. 2 and supply p.429
page/paper no.

3 Please supply title of thesis for ~ |ABLANDAMIETO CICLICO DE ACEROS AVAZADOS:
Ref. 16. BASE EXPERIMETAL Y MODELIZACION
4 Please supply page for Ref. 17. p.p. 251-326

Materials Science and Technology mst11340.3d 3/1/14 16:27:54


Iris
Cuadro de texto
correct

Iris
Cuadro de texto
ABLANDAMIETO CÍCLICO DE ACEROS AVAZADOS: BASE EXPERIMETAL Y MODELIZACIÓN


Iris
Cuadro de texto
Report Number: IAEA-CN-50/G-III-2; p.429


Iris
Cuadro de texto
p.p. 251-326




