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Abstract

The behavior and the fracture mechanisms of the 16MNDS5 bainitic pressure vessel steel are
studied using a local approach of fracture on a crystallographic scale. A series of tensile tests are
performed on the material at various temperatures ranging from -196°C to -60°C: the damage is
observed with a Scanning Electron Microscope (SEM) while the residual stresses in the ferritic
phase are determined by using the X-Ray Diffraction (XRD), never exceeding -150 MPa in
compression. Thanks to these measurements, each stress value can be associated with a microscopic
observation in order to couple the behavior of the material with the damage at various temperatures.

1. Introduction

E.D.F. launched an experimental and numerical research program several years ago, in order to
analyze the behavior and the fracture mechanisms of the 16MND5 bainitic steel, and especially the
influence of tonghness in relation to temperature. The present study is part of this program, and
aims at a local approach of fracture on a crystallographic scale, in the lower part of the
ductile-to-brittle transition region and at lower temperatures.

The material, which is similar to A508 cl. 3 is a two-phase bainitic steel (ferrite and cementite): it
has a complex microstructure composed of laths and packets within prior austenite grains, which
makes it difficult to determine characteristic microstructural length. Defining the effective grain
size is very important in order to determine the bainite behavior: the misorientation at the
boundaries, which can act as a barrier to the crack propagation [1], has to be taken into account. The
crack-initiation and crack-growth phenomena have been quite thoroughly analyzed on the
macroscopic scale, but the mechanisms linked to the temperature effects remain to be studied ([2],
{31, [4] and [5]). There have been many observations of post-mortem specimens (after failure [6]),
but few have been done on the microscopic scale: even if some models exist, more testing remains
to be done. The initiation sites are still too vaguely understood because only a few authors have
studied the implied mechanisms on a crystallographic scale: no in-situ testing has been realized
either.

The XRD is here used to determine internal stresses within the material: it is a highly efficient
analytical tool since it gives a selective information in each phase (strain of the diffracting volume,
crystalline orientation, hardening). Based on the measurement of the crystal lattice strains of each
phase, from which one can deduce the stress tensor thanks to the siny-method, it enables to
understand the phenomena occurring in the multiphase material. No diffraction measurements have
been realized yet on bainite, but pearlite is better known, since authors like Ruppersberg [7] and
Belassel [8] have studied, in particular, the stress distribution into this material. The experimental
part of the study enables to couple the observation of the material at different temperatures with the
determined stresses, in order to establish damage criteria [9]. Each result is compared to what has
already been observed with the SEM on the microscopic scale: the existing theories are thus more
thoroughly defined, and more information on the various fracture mechanisms observed on the
crystallographic scale are gathered.
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2. Experimental procedures

2.1. Material

The studied material is a low alloy steel 16MNDS5 (similar to A508 cl. 3). It is used in pressurized
water reactors: the sample was taken at % thickness. Its chemical composition is given in table 1.

C S P Mn Si Ni Cr Mo
0,159 0,008 0,005 1,37 0,24 0,70 0,17 0,50

\ Cu Co Al N O [ppm] Sn [ppm] As [ppm]
<0,01 0,06 <0,01 0,023 0,007 35-36 50 160

Tabie 1. Chemical composition of the 16MNDS5 bainitic steel (weight percentage, iron balance)

The sample underwent the following heat treatments:
= two austenizations at 865°C/895°C during 4h40 followed by water quench, in order to
produce a bainitic microstructure,
= tempering at 630°C/645°C during 7h30 to improve the material’s toughness,
n a stress-relief treatment (maintained at 610°C during 8h), in order to remove the residual
stresses from the material.

Fig.1. SEM micrographs showing the microstructure of bainite
1- Ferrite with cementite precipitates; 2- Former austenitic grain boundaries; 3- Manganese sulfide inclusion

The microstructure thus obtained is tempered bainite (fig.1). The ferritic matrix contains many
carbides, mainly under the form of cementite precipitates, as cementite needles (in superior bainite)
or as cementite spheres (in inferior bainite): their characteristic dimension is of the order of 0,1 um.
The metallographic examination reveals the presence of Manganese Sulfide (MnS) inclusions
(volume fraction inferior to 1%) of various types:

= spherical MnS inclusions (diameter generally inferior to 20pm),

= elongated MnS inclusions (from 20um to70um),

n clusters of MnS inclusions (composed of several spherical or elongated MnS inclusions).
Other carbides are also present at the former austenitic grain boundaries, the size of which varies

from 40um to 80um.
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2.2. Tensile tests



In order to determine the mechanical properties and the fracture mechanisms of the 16MNDS, a
series of tensile tests is performed: several specimens are broken at various low temperatures which
are reached by using liquid nitrogen and a heating resistor. Each test consists in a succession of
loadings and unloadings leading to the failure of the specimen.

The tests are realized on a 20 kN MTS machine, equiped with a liquid nitrogen-cooled chamber:
the lengthening is determined by an extensometric gauge placed on the specimen. A cartography of
the latter has been realized beforehand: several locations have thus been selected, according to their
importance for the study of the behavior and the damaging mechanisms of the material. At each
step of the loading, they are observed with a SEM, in order to determine the evolution of the
damaging process (nucleation/crack-growth, but also appearance of slip lines) as well as the nature
of the sites responsible for the failure of the specimen.

2.3. X-ray diffraction

Diffraction experiments are performed with a Seifert XRD 3003 PTS diffractometer equiped with
a point detector, a flat graphite monochromator and vertical Soller slits. The stress analysis is
realized on the plane {220} of the ferrite, by using a cobalt anticathode; they will afterwards be
realized on the plane {211} of the ferrite with a chromium anticathode, in order to have optimal
results. A step width of 0,05° and a measuring time of 24 seconds for each step, for ¢ = 0° (which
corresponds to the tensile direction) and 11 positions of y between -65° and 65°, are chosen. This
corresponds to a ten hour manipulation, for each stress determination: figure 3 shows the
20 = f(sin’y) curve and the diffraction peaks obtained for a 6,5% pre-stretched specimen at -60°C.
The residual stresses in the ferrite 6 temire (plane {220}) are calculated for an initial angle 8; =
123,929°, and the sin’y are obtained thanks to an isotropic traitment (E=210000 MPa and v=0,3).
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Fig.3. 20 vs. siny curve and diffraction peaks obtaincd for a 6,5% pre-stretched specimen - tensile test at -60°C



3. Stress distribution and discussion

The volume fraction of cementite precipitates being too small to take any measures, the values of
the residual stresses in this phase are deduced by using the following hypothesis (eq.1) on the
macroscopic scale:

1 1 I
G = fferrite - O fermrite + fcementite . O cementite (1

As seen in figure 4, o is given by the tensile curve. After each unloading, ' = 0, so that 6™ cementite
can be calculated (eq.2):

IR IR
ffenite . O ferrite fcementite . O cementite = 0 (2) GI

I
fremite and feemeniie TESPECtively represent the A e
volume fraction of ferrite and cementite in
the material.

Olerrite and  Olcementie are obtained in the
following way (eq.3 and eq.4):

I 1 IR
Cferric = O + O ferrite (3)

I _ I IR
O cementite = 0 T O cementite (4),

where 6™ femite and 6™ cementite are the residual
stresses in each phase after unloading. Fig.4. Internal stresses into the material

The stress states obtained at -60°C and -196°C are reported in table 2. It can be noticed that the
residual stresses show the ferritic phase is in compression, never exceeding -150 MPa.

-60°C -196°C
€ [%] 6,5 11,9 (After failure) After failure
DRX
™ territe -80 +/- 20 -105 +/- 30 -145 +/- 20
[MPa]
GIRcementite
[MPa] 533 595
Calculated
o' 621 650
[MPa]
T
O ferrite
[MPa] 541 545
T
G’ cementite
[MPa] 1074 1245
Tensile direction
Damage

Table 2. Residual and internal stresses obtained at -60°C and -196°C for a tensile test (foemendie=0,15)



One can deduce the stress distribution in each phase (ferrite and cementite) during the tensile test
(fig.5).
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Fig.5. Stress distribution in each phase (ferrite and cementite) for a tensile test at -60°C

At -60°C under loading, the cementite reaches Values of the order of 1600 MPa while the ferrite
does not go beyond 545 MPa: thus O eementite >0 > G ferrite. CONLrary to 6 cementites O ferrite reaches values
close to the macroscopic stress o, since the discrepancy does not exceed 150 MPa. This difference
can be more important in other materials such as Uranus 45N or duplex steel [8]: it can thus reach
more than 400 MPa. These results, especially the high stress value observed for cementite
(expressing a higher yield stress), are similar to those obtained by Belassel for a pearlitic steel [9].

The SEM observation of the specimen during the tensile testing at -60°C and -80°C shows that the
MnS inclusions are already cracked in several places as early as a 1% strain: then, they undergo a
strong decohesion that can lead to the ejection of some of them out of the material (fig.6). However,
this has little influence on the whole matrix siress state, since their volume fraction is quite small:
this agrees with the obtained internal stress values, since no significant stress-relief can be noticed
considering the stresses obtained in the ferritic phase by XRD.

Fig.6. SEM micrographs showing a MnS cracked and the apparition of slip lines

The stress 6 emire iS consistent with the plastic activity observed with the SEM: slip lines soon
appears and their intensity increases with the strain (Fig.6). Cleavage is not observed at these
temperatures, whereas it is the most important fracture mechanism at -196°C. Indeed, the stress
states are higher at this temperature — O'E{Fem[e 196°C | > o® Ferrite 60°C| as seen in table 1 —, so that
a critical cleavage stress criterion [10] seems to be reached more quickly. This criterion can be of a
crystallographic nature: Electron Back-Scattered Diffraction (EBSD) has shown that cleavage
fracture occured on {100} ferrite planes [5].



4. Conclusion

The experiments have shown that the residual stresses in the ferritic phase increase with strain: at
temperatures superior to -80°C, they do not seem to be high enough to induce cleavage. However,
many in-situ experiments remain to be done at temperatures ranging from -80°C to -196°C in order
to determine the fracture mechanisms for each one: a small tensile machine will be thus placed right
into the SEM and on the diffractometer so that microscopic observations and residual stress
measurements will be made without unloading. Microgrids [11] will also be placed on specimens
on which EBSD mapping will have been realized: this will enable to couple local strain fields with
misorientation angles, in order to establish significant damage criteria. Besides, the XRD will be
used to determine the average stress states into all the grains having the same crystallographic
orientation, thanks to the crystallite-group method: two orientations will be thus defined, one prone
to cleavage and the other to plasticity.

All these types of measurements enable to supply a model of behavior and damage with data, on a
scale inferior to the macroscopic curve (for example, a critical shear stress T. is defined for each
phase): concurrently with the experimental characterization, it takes into account, in particular, the
effects of temperature, crystalline plasticity and ferrite-cementite interactions.
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