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ABSTRACT
In recent years a significant effort by the scientific community is oriented towards under-

standing the response of a structure on a mesoscopic (grain level) scale. A number of models
are being developed with different level of microstructural features inclusion. Amongst these
models is also the model that the authors at Jozef Stefan Institute have been developing for the
past number of years where random size, shape and orientation of grains are explicitly modeled.
During 2006 through 2007 a bilateral research project ”The production of large monocrystals
of austenitic stainless steel” was launched between Jozef Stefan Institute, Slovenia and Institute
of Physics-Academy of Sciences, Czech Republic. The aim of the project was to try to grow
monocrystal specimen from the polycrystalline 316L stainless steel with the purpose of improv-
ing the calibration of the above mentioned model. Stainless steel 316L is widely used in the
nuclear industry. The presented paper reports on progress in the preparation of the monocrystal
specimens of stainless steel 316L.

1 INTRODUCTION

Microstructure of materials has an important influence in material ageing and fatigue. Ini-
tialization of degradation processes that are important for safety starts at very small space and
time scales where engineering approaches can not be applied. Microscopic inhomogeneities
such as crystal grains can lead to locally increased stresses which can lead to initialization and
propagation of short cracks. The time span of short crack initialization and propagation can
represent a significant proportion of the component’s life time- up to 80% [1]. It is therefore
understandable that in recent years a significant effort by the scientific community has been
oriented towards understanding the response of a structure on a ever smaller scales. In line with
this efforts models of microstructure are continuously being developed.
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A number of different approaches are used in modeling the microstructure. Classical molec-
ular dynamics describes the interaction of atoms and molecules and is typically used for scale
lengths from several nm up to a µm. Dislocation dynamics can be used for slightly large scales:
from µm up to a mm. Approaches using crystal plasticity constitutive model approach are ap-
plicable for modeling a larger number of grains. The model sizes typically range from tens of
µm up to 10 mm. With this approach scales that are crucial for early crack development can be
captured. All these models are highly complex and computationally costly. Calibrating mate-
rial properties also isn’t an easy task. When modeling several grains using the crystal plasticity
approach a polycrystalline aggregate is composed of a number of randomly oriented monocrys-
tals. Material properties of a monocrystal are then calibrated so that the calculated tensile test
of an aggregate matches as closely as possible experimentally obtained values from a specimen
composed of a large number of grains.

An improved calibrating approach would be to measure the material properties of a monocrys-
tal itself. For this, a large enough monocrystal has to be produced. Efforts to produce monocrys-
tals of simpler materials such as aluminium and copper have had considerable success, however,
it is more difficult to produce monocrystals of more complex structure such as steel. In this pa-
per we present efforts to produce a monocrystal of a stainless steel AISI 316L which is used
for a wide range of industrial applications where steels of type AISI 304/304L have insuffi-
cient corrosion resistance. In addition to nuclear industry, 316L is also used in chemical, food,
petrochemical, pulp and paper industry. Typical applications include flanges, valves, fittings,
couplings, rings, seals, bolts and nuts, shafts, forgings and discs.

Two main techniques for production of monocrystals were employed:

• Bridgman-Stockbarger method,

• floating-zone method.

When the Bridgman method is used, the seeding of the growth is rather complicated. Nev-
ertheless, this method was used to grow the first single crystals with random orientations that
served for preparation of the seeds for oriented growth. This can be realized using the floating-
zone method where the seed can be used simply because in absence of the crucible we can
visually well control the melting process and adjust the necessary planar interface between liq-
uid and solid phases. In that case the seed guarantees the continuation of single crystal growth.
The orientation of crystal lattice is controlled by preparation of oriented seed and finally grown
up crystal is controlled.

Various techniques were used for verification of the obtained structure: optical microscopy,
scanning electron microscopy (SEM) and/or various X-ray methods. Once the structure is iden-
tified, electron backscatter diffraction (EBSD) technique will be used to map the orientations.

2 316L POLYCRYSTAL PROPERTIES

Composition of AISI 316L is given in Table 1. 316/316L is low stacking fault energy
material with the following characteristics:

• dynamic recrystallization,

• limited cross-slip,

• low yield stress (240 MPa),
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• high deformation hardening,

• can be hardened by cold working only,

• stable to stress induced martensite up to -196 ◦C,

• anomal grain growth below 0.7 Tm,

• dynamic recovery over 900 ◦C,

• dynamic recrystallization 1250 ◦C at 0.05s−1 (peak of effectivity 35 %).

Table 1: Composition of AISI 316L steel.
Element Weight [%] Atomic [%]

Cr 16.00 - 18.50 17.00 - 19.6
Ni 11.00 - 14.00 10.30 - 13.20
C max. 0.03 0.10
Si max. 1.00 max. 2.00

Mn max. 2.00 max. 2.00
Mo 2.00 - 2.50 1.00 - 1.40
N max. 0.05 max. 0.20
P max. 0.03 0.05
S max. 0.01 0.02
Fe balance (63 - 68) 62 - 67

Austenitic steels at temperature above 60 ◦C, stressed in tension and in contact with cer-
tain solutions (mainly chlorides) are susceptible to stress corrosion cracking due to low carbon
content. On the other hand, low carbon content results in a good resistance to intergranular
corrosion. Appropriate content of Mo prevents pitting and crevice corrosion. 316L steel is used
in the following corrosion environments:

• organic acids at high concentrations and moderate temperatures,

• inorganic acids, e.g. phosphoric and sulphuric acids, at moderate concentrations and
temperatures.,

• sulphuric acids of concentrations above 90 % at low temperature,

• salt solutions, e.g. sulphates, sulphides and sulphites,

• caustic environments.

3 BRIDGMAN-STOCKBARGER METHOD

The Bridgman-Stockbarger method is often used for growing large monocrystals. In this
method a polycrystalline material is placed into a cylindrical-shaped crucible (made out of
alumina Al2O3) with a conical lower end. The crucible is then slowly passed through a high
temperature field which melts polycrystalline material. As the crucible is lowered into a cooler
region, a crystal starts to grow in the conical tip.
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Figure 1: Granat-74 apparatus used for the Bridgman-Stockbarger method.

Figure 2: FZ-T-12000-X-VI-VP Xenon lamp image furnace from Crystal Systems Incorporated
used for the floating-zone method (top). A schematic of the lamps and mirrors (bottom).

Proceedings of the International Conference Nuclear Energy for New Europe 2008, Portorož, Slovenia, Sept.8-11, 2008
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Single crystal material is then progressively formed along the length of the crucible. Granat-
74 apparatus depicted in Fig. 1 was used for the experiments. It can operate at close to vacuum
(up to 10−2 Pa), Ar or H atmosfere and up to 1800 ◦C.

4 FLOATING-ZONE METHOD

For the floating-zone method a FZ-T-12000-X-VI-VP Xenon lamp image furnace from
Crystal Systems Incorporated was used, Fig. 2. This furnace uses a set of four 3kW Xenon
lamps and semi-elliptical mirrors to focus the light beam on the sample, placed in the centre of
furnace. It enables one to melt the materials up to a maximum temperature of 2800 ◦C at close
to vacuum (up to 10−3 Pa), Ar or H atmosphere. Growth rates range from from 0.1 mm/h up to
19 mm/h. A seed can be used in the floating zone method, where two droplets of the melt are
connected into the ”floating zone”. The growth of crystal is satisfied by the defined movement
of the zone out of the focus point of the heating elements. When growth rate is carefully chosen,
planar interface between liquid and solid phase is established and a monocrystal starts to grow.
In Bridgman-Stockbarger method a chemical reaction between a crucible and the solidification
process can appear and this can negatively affect the solidification process. In the floating-zone
method this is avoided. It is possible to use seedless version of floating-zone method, however,
the results depend on the properties of grain boundaries.

Figure 3: The structure of the base stainless steel AISI 316L material. Optical microscopy (left)
and orientation distribution (right).

5 EXPERIMENTAL RESULTS

Various techniques were used for verification of the obtained structure: optical microscopy,
Fig. 3, was performed on the Zeiss ZM1, scanning electron microscopy (SEM) was performed
on the Joel JX-733 and X-ray diffraction measurement on the Phillips XPert diffractometer.
Once the structure is identified, the electron backscatter diffraction (EBSD) technique can be
used to map the orientations, Fig. 3. It can be seen that the material is single-phase, homogenous
austenite, without textures. The detector produced by EDAX was exploited in this study.
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704.6

Figure 4: Sample obtained with Bridgman method using growth rate of 27.6 mm/h. No homog-
enization annealing.

Figure 5: Sample obtained with Bridgman method using growth rate of 2 mm/h. Homogeniza-
tion annealing 24 h at 1200 ◦.
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Figure 6: Sample obtained with Bridgman method using growth rate of 50 mm/h. Sample
diameter is 20 mm.

In the first attempt to grow a monocrystal a floating-zone method was used without any
initial seed. A growth rate of 10 mm/h and Ar atmosphere was used. After several hours of
growth only a two-phase, rough grain structure was obtained, without any signs of growth of
individual (preferential) grains. Ferrite grains started to form on the grain boundaries. The
volume of these grains was estimated to be around 5 %.

The effort then focused on the Bridgman-Stockbarger method which was used in the pre-
vious experiments [2]. The first sample was prepared by vertically displacing the crucible by
27.6 mm/h (growth rate). This value was selected based on a recommendation from literature
[3]. The obtained structure was also two-phase, Fig. 4.

In contrast to [4] primary δ-ferrite does not appear in the cores of primary and secondary
dendrite branches but in inter-dendritic area between the dendrite branches. Using the EDX
method, we ascertained that the ferrite phase is enriched with Cr and Mo while the austenitic
phase with Ni. Orientation-wise the structure is homogeneous. Annealing was applied to try
to reduce the volume of ferrite. After homogenization annealing for 12 hours at 1200 ◦ and
case-hardening in water some ferrite still remained. Grain boundaries remained practically
unchanged. Similar results were obtained with reduced growth rates of 13 mm/h and 8 mm/h.
At a rate of 2 mm/h a growing twin structure started to appear in the material with practically
homogeneous orientation distribution. Increasing the annealing time to 72 h and case-hardening
in water resulted in the appearance of martensite points, Fig. 5. Increasing the growth rate to
50 mm/h resulted in increased ferrite fraction in the inter-dendritic area and unchanged grain
size, Fig. 6.

The crystallization of the complex materials like steels is very sensitively dependent not
only on all parameters of the process, but even on furnace construction. Other improvements in
the geometry of the crystal growth process are in currently in progress.
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704.8

6 CONCLUSIONS

In this paper we describe the efforts to produce a monocrystal of a AISI 316L steel. Based
on a number of experiments using two growth methods we can conclude that the crystallization
process of AISI 316L steel is highly complex. Non of the applied methods resulted in a well-
defined monocrystal. Limited success was achieved only with Bridgman-Stockbarger method.
At low growth rates an emerging twin structure formed. At high growth rates the original
austenitic structure breaks down into two-phase structure that contains non-negligible amount
of ferrite in the inter-dendritic area.
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