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ABETRACT e

Data about the effects of neutron irradiation on the microhardgness of
stainless steel of type AISI 321 with 0.05; 0.10; 0,20; 0.50; and 1.00 wt.%
Nb additions are presented with the purpose of contribution to the techno-
logy of fabrication and characterization of materials intended to perform
in nuclear environments. The samples have been irradiated with fast neutron
(E = 1 Mev) inside IPEN's reactor core in argon atmosphere and temperature
range of 200-600 ©C (isothermal annealing during = 7) hours with fluences of
104’
diation. Present work also reports the Vickers microhardness of ZrNb(97.5 -

n/sz. Identical isothermal amnealings have been performed without irra
2,5wt.%) alloy and zircaloys 2 and 4 before irradiation.
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INTRODUCTION

Starting from several experimental evidences (1-4), Nb additions in
steels have established a reputation of improving the mechanical and electri
cal properties as well as having a better corrosion resistance in agressive
environments, such as nuclear power reactors.

The aim of this work is, firstly to establish the experimental procedu-
res for the fabrication (in laboratory scale) of steels with Nb additions ,
and secondly, to perform a characterization of this Nb dopped steels, and any
other nuclear material by means of all experimental methods at our disposal
at the Radiation Damage Dept. of IPEN, Specifically, in present work, the cha
racterization was carried out by means of microhardness on AISI 321 stainless
steel with 0.05: 6.10; 0.20; 0.50; 1.00 wt.% Nb; Zr; Zr-Nb (97.5 - 2.5wt.%)
alloy, zircaloys 2 and 4, and Ni-Cr (80-20 wt.%) alloy; and electrical resisti
vity on AISI 321 stainless steel with 0.05 and 0.10 wt.% of Nb.

The analysis of these properties permits the detection of structural chan
ges and also the prevision of the limitations of a material vis a vis its appli

F 3 ( )
cations in nuclear technology.

MATERIALS AND METHODS

The materials studied were: Zr, Zr-Nb (97.5-2.5 wt.%) alloy, Zircaloys 2
and 4 and austenitic stainless steel of type AISI 321 with Nb additions and a
Ni-Cr (80-20 wt.$%) alloy. '

The composition of these materials is the following:

a) Stainless steel of type AISI 321 (wt.%)

Cr - 17.88
Ni - 11.02
Ti - 0,58
Cc - 0.85

b) Ni - Cr (80-20 wt.%) (wt.%)
Ni - 79.500 P - 0.012
Cr - 18.800 5 - 0.005
g -.140 Ti - 0.260
Si—= 1.020 Al - 0.060
Mn - 0.030 N = 156 ppm



The Nb additioned in the AISI 321 stainless steel was provided by phy
sics Dept. of the University of Campinas Brasil with the following characte
ristics: X

a) Alumino-thermal reaction of NbyOg - CBMM - Cia Brasileira de Meta -

lurgia e Mineracgao

b) Six electrical beam meltings in vacuum (10_5 torr in the last melting)

c) Analysis (ppm)

Ag~ 3 Co - 40 Qo = 105
81 - 35 Ta - 800 Mo - 35
W = 50 C - 80 § =4
Ni - 10 Pb - 5 Hy =8
Sno= 3 B = 10 Mg -5
B~-5 Ti = 5 Al - 40

Microhardness HV is generally expressed as the:ratio of the load to the
contact area of the indentation and can be computed by the following formula:

HV = 1854.4 P/d? (kgf/mn®)

Where P is given in grams-force and d in micrometers.

A constant load was applied in the interior of the grains outlined by
chemical etching.(7) The lenght of diagonal was measured trugh a Carl Zeiss
model III photomicroscope. The microhardness was obtained from the mean va
lue of 10 diagonalsfor each sample. The above described is the constant load
method. '

Another way to measure the microhardness is the variable load method:
owing to the fact that microhardness value is always measured after removal
of the load, the diagonal d is thus incorrect by an amount d, which repre -
sents the elastic recovery of the material; we can take it into account
making an assesment of elastic recovery d, possible, microhardness then beco
mes:

HV = 1854.4 p/(d+D)* (kgf/mn?)

where D = dg + Ad (Ad - experimental error)

D"—‘doford<.<d0

The variable load method was used for the samples of Ni-Cr (80-20 wt.%).
The microhardness of all other samples have been measured by the constant

load method.
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EXPERIMENTAL PROCEDURE

The indentations for Zr, Zircaloys 2 and 4, Zr-Nb (97,5-2,5.wt.%) alloy
were made in the original material as received from the factories and the mi
crohardness was obtained from the mean value of ten diagonals measured afté;
an applied constant load of 25 gf,

The Nb additions in the austenitic stainless steel of type AISI 31 were
made in an induction furnace at.a temperature of 1,450 °C in argon atmosphe-
re followed by an annealing at 1,300 9 during two hours to improve Nb solu
bility in the lattice.( r

Nine lots of AISI 321 stainless steel with different Nb addition were
prepared: :

lot la - AISI 321 stainless steel wothout Nb addition, after fabrication.

lot 1b - AISI 321 stainless steel without Nb addition with a reduction
in its cross section of 85% by means of wiredrawing. Annealed at 1,000 2 du
ring 2 hours in argon atmosphere and quenched after the cold work.

lot 2a - AISI 321 stainless steel with 0.05 wt.% Nb addition, after fabri
cation.

lot. 2b - AISI 321 stainless steel with 0,05 wt,% Nb addition with a reduc
tion in its cross section of 85% by means of wiredrawing. Annealed at 1,000 %c
during 2 hours in argon atmosphere and quenched after the cold work.

lot 3a - AISI 321 stainless steel with 0,10 wt.% Nb addition, after fa
brication.

lot 3b - AISI 321 stainless steel with 0.10 wt.% Nb addition with a re-
duction in its cross section of 85% by means of wiredrawing. Annealed at
1,000 °C during 2 hours in argon atmosphere and quenched after the cold work.

lot 4 - AISI 321 stainless steel with 0.20 wt.% Nb addition, after fabri
cation.

lot 5 - AISI 321 stainless steel with 0.50 wt,% Nb addition, after fabri
cation.

lot 6 - AISI 321 stainless steel with 1,00 wt,.% Nb addition, after fabri
cation.

The annealing at 1,000 OC during 2 hours in lots 1b 2b and 3b were made
to relieve the internal stresses due to cold work.

After these treatments, the samples from these lots were exposed to
isothermal annealing with fast neutron irradiation during approximately 7
hours, with fluences of 1017 n/cmz in argon atmosphere at.a pressure of 1
atm and temperature range of 200-550 °C for lots la, 2a, 3a, 4, 5 and 6 and
in the range of 300-600 °C for lots 1b, 2b, and 3b. Identical isothermal
annealing have been performed without irradiation,

A constant load of 25 gf for the microhardness measurements (10) s
applied in the interior of the grains outlined by chemical etching with
the solution having the following composition:

nitric acid ~ 1 part

chloridric acid - 5 parts

distilled water - 6 parts



The microhardness was obtained by the mean value of ten diagonals measured
after the removal of the load of 25 gf for each sample (constant load method).

The Ni-Cr (80-20 wt.%) alloy lot was reduced 85% in its cross section
by means of wiredrawing. Five samples were prepared for microhardness measu
rements (variable load method). B

Sample 1 - original material as supplied.

Sample 2 - hardened after the wiredrawing.

Sample 3 - annealed at 900 °C during 2 hours, in vacuum and slowly
cooled down in furnace, during 6 hours.

Sample 4 - annealed at 900 °C during 2 hours in vacuum

Sample 5 - annealed at 900 OC during 2 hours in vacuum and quenched.
Irradiated at 566 °C for 4 hours and at 520 °C during 3 hours. Annealed after
irradiation at 550 °C.

All the irradiations were performed in the core of IPEN's reactor, with
an instant fast neutron flux of 5 x 1012 n/cm?.s.

For the sémples of Ni-Cr (80-20 wt.$%) loads from 10 to 100 gf were appli
ed in the interior of the grains outlined by electrolytic etching with the
following solution:

glacial acetic acid - 112 ml

perchloric acid - 28 ml

distilled water - 80 ml

RESULTS AND DISCUSSION

Radiation Damage research consistsessentially on testing materials, befo
re, during, (in pile) an after irradiation with suitable high energy particles.
This sequence is not always possible due mainly to experimental particularities;
such is the case of microhardness (HV) which cannot be directly measured during
irradiation. On the other hand, electrical resistivity (p) can be followed in
all three cases, giving valuable informations on the critical structure changes
in the enhanced diffusion conditions, ocurring exclusively during irradiation.

- This procedure (in that sequence) provides a complete set of informations allo
wing thus a good characterization of the material studied.

Initially all materials are tested as supplied from factory, or with a
normalized heat treatment if prepared in our laboratory. Figure 1 represents
the initial microhardness of Nb, Zr, Zircaloys 2 and 4, Zr-Nb (97.5-2.5 wt.%)
and Ni-Cr (80-20 wt.%), as supplied. The evaluation of irradiated samples is
presently underway, with exception of Ni-Cr (80-20 wt.%) (fig. 5). Figuwes 2,

3 and 4 show remarkable results for samples of same composition AISI 321 with
0.05 and 0.10 wt.% of Nb, but with different heat treatment,
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The samples (lots 1b, 2b and 3b), show practically a constant Hv  for
each composition, but with increasing values directly proportional to Nb
addition (fig.2). During fast neutron irradiation (fig.3) three distinct ra
diation damage peaks are determined at 490, 500 and 570 OC, obtained by means
of electrical resistivity, These results are in good agreement with those
obtained by means of microhardness, where analogous peaks can be identified
after irradiation (fig.4). Thus the figure 3 and 4 are the representation of
the same damage process put in evidence by two different methods. It must be
said that, apart the paper of Pokrovskij (11), this is the first time that a
characterization of structural material in nuclear environments is succesfully
achieved by means of microhardness. This method if compared with others is
more practical and convenient.

Figure 5 shows the microhardness behaviour after several mechanical and
thermal treatments of the NiCr (80-20 wt.%) alloy. It can be seen that the
fast neutron irradiation produces a relative hardening (curves 4 and 5), even
at relatively low dose (1017 n/cm?). The samples 1 (as supplied) and 2 (harde
ned by wiredrawing) present, as expected, the highest microhardness.

New lots of AISI 321 stainless steel with the following Nb additions
0.05 - 0.10 - 0.20 - 0.50 and 1.00 wt.% were prepared with a different experi
mental procedure. These lots (la, 2a, 3a, 4, 5 and 6) were not submitted to
cold work and stress relieve heat treatment at 1,000 °C in argon atmosphere,
but were in the initial state as fabricated in our laboratory. The variation
.in behaviour of microhardness curves in figure 6 are attributed to the absence
of cold work and subsequent stress release annealing. Other samples from the

L n/cmz) (fig.7) at same tem

same lots were irradiated with fast neutron (lo
peratures as the previous samples (fig. 6). Figure 7 shows as expected, a wider
amplitude of microhardness variation. The general trend shows an increase of
microhardness at higher temperatures for irradiated and non irradiated samples.

It isworthiwhile'tostress that a very small change in experimental proce
dure (mechanical and therma) produces a striking variation in the behaviour of
microhardness in material of the same composition.

Presently, irradiation experiments are being performed with the purpose of

evaluation of the material sown in figure 1.
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FIGURE CAPTIONS

Figure 1. Comparative microhardness of Zr, Zircaloys 2 and 4, Nb ZrNb

Figure 2. Microhardness vs. annealing temperature for the non-irradiated
material of stainless steel with Nb additions.

( 1b) stainless steel of type AISI 321

(2b) stainless steel of type AISI 321 with 0.50 wt.% Nb
(3b) stainless steel of type AISI 321 with 0.10 wt.% Nb.

Figure 3. Variation of the ratio between the relaxation time constant after
(ra) and during (try) irradiation respectively with temperature

(1b) stainless steel of type AISI 321

(2b) stainless steel of type AISI 321 with 0.50 wt.%Nb

(3b) stainless steel of type AISI 321 with 0.10 wt.%Nb

Figure 4. Microhardness vs. irradiation temperature.
(1b) stainless steel of type AISI 321

(2b) stainless steel of type AISI 321 with 0.05 wt.%Nb
(3b) stainless steel of type AISI 321 with 0.10 wt.%Nb

Figure 5. Square root of applied load vs. diagonal of the pyramid basis for
NiCr (80-20 wt.%).

Figure 6 Microhardness vs. annealing temperature for the non-irradiated ma
terial of stainless steel with Nb additions.

( ») stainless steel of type AISI 321%

5{) stainless steel of type AISI 321 with 0,05 wt.%Nb,

(A) stainless steel of type AISI 321 with 0,20 wt.%Nb

(®) stainless steel of type AISI 321 with 0,05 wt,.%Nb
(®) stainless steel of type AISI 321 with 1,00 wt,%Nb
(%) stainless steel of type AISI 321 with 0.10 wt,%Nb

o o

2

Figure 7. Microhardness vs. irradiation temperature,
(=) stainless steel of type AISI 3Z1.

(>Q) stainless steel of type AISI 321 with 0,05 wt,%Nb,
(%) stainless steel of type AISI 321 with 0,10 wt.%Nb.
(A) stainless steel of type AISI 321 with 0,20 wt.%Nb,
(@) stainless steel of type AISI 321 with 0.50 wt,%Nb,
(o) stainless steel of type AISI 321 with 1.00 wt.%Nb.
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