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Abstract: Hastelloy C-276 was subjected to low strain deformation and then annealed at 1100 °C for different time. The £3 and X9
boundary percentages and grain boundary plane distributions were characterized by electron back-scatter diffraction (EBSD) and a

five-parameter analysis method. The results show that the 3 boundary evolves towards a more exact coincident-site lattice (CSL)

misorientation and the X3 boundary plane is closer to low surface energy plane {111} with the increasing of annealing time. This is

consistent with fine tuning mechanism. While the population of incoherent X3 boundary is increasing, the proportion of £9 boundary
with larger deviations increase, too. And the distributions of grain boundary density planes for £9 boundary are more intensive on

the whole [110] zone.
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Hastelloy C-276 alloy is a Ni-Cr-Mo alloy that is generally
regarded as a versatile corrosion-resistant alloy. Due to its
good high temperature strength, high resistance to neutron
radiation and corrosive environment abilities, it has been
widely used in chemical, oil and nuclear industries™?. In
particular, Hastelloy C-276 is being selected as a potential
candidate material in construction of different components of
Gen IV reactors . However, to be suitable for the Gen IV
designed environment, some modifications of material's
structure should be considered. The present reports™*® state that
grain boundary characteristics strongly affect the properties of
material.

Grain boundary engineering (GBE) is a method of
manipulating the grain boundaries in a microstructure so that a
higher fraction of ‘special’ boundaries is obtained. The
‘special” boundaries are essentially low sigma coincident-site
lattice (CSL) boundaries. These boundaries are different from
random high angle boundaries in properties of grain boundary
energy and migration. The ‘special’ boundaries are brought
about by suitable thermos-mechanical processing in body
centred cubic materials. Grain boundary engineering can
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improve material properties like ductility, corrosion and
oxidation resistance, creep and fracture resistance®®!.

Grain boundary properties depend on both the lattice
misorientation and the orientation of the grain boundary
plane. Grain boundaries with low-index surfaces have
relatively low energies. The observations suggest’ that a
‘special’ grain boundary should be defined as one that is
terminated by at least one low-index plane. Saylor et al. ™
have developed a stereological procedure to determine the
distribution of boundary planes from orientation maps on
single planar sections. This technique, known as five-
parameter analysis, coupled with automated trace analysis
software was used to extract the five-parameter distribution
from EBSD maps. The five-parameter area distributions are
expressed as ‘multiples of a random distribution” (MRD).

The aim of the present report was to investigate the
evolutions of X3 and X9 boundaries with annealing time. We
employ the five-parameter stereology to reveal the distribu-
tions of X3 and X9 grain boundary plane orientations in
Hastelloy C-276 annealed for different time. The data will be
interpreted with the distribution of boundary planes and its
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consequences for our understanding of the X3 and X9
boundary evolutions.

1 Experiment

1 mm thick Hastelloy C-276 sheet whose chemical
composition (wt%) was 15.07 Cr, 15.53 Mo, 4.14 Fe, 4.04 W,
2.5 Co, 0.62 Mn, 0.01 P, 0.08 Si, 0.012 C, 0.002 S and Bal. Ni,
was solution-heat treated at 1150 <C for 0.5 h and then used
for processing. The samples were cold rolled with thickness
reduction of 5%. The cold-worked samples were afterwards
annealed at 1100 <C for 0.25~1 h.

The surfaces of samples were firstly ground with SiC and
diamond abrasives, then they were electropolished in an
electrolyte  containing H,SO,:CH;COOH=1:4 at room
temperature. The fractions of special boundaries were
determined by electron backscatter diffraction (EBSD) using a
JEOL JSM7001LV SEM with EDAX (TSL) OIM Data
Collection 6.0 software. The OIM analysis software was then
used to extract the boundary line traces from the samples. The
five-parameter grain boundary distribution (FPGBD) was
determined from these traces using a procedure described
previously'™. Part of the procedure was segmentation of curved
grain boundaries. The Brandon Criterion™ was used to classify
CSL boundaries, as a fraction of total boundary length. The
proportion of misorientations on specific axes ([110], [111]) was
calculated with a tolerance of #5< The resolution of the
distribution is approximately 10 and all distributions are
plotted in stereographic projection.

2 Results
2.1 Fractions of X3 boundary and X9 boundary
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As shown in Fig.l1 we can see that the fraction of X3
boundary increases from 58.7% to 60.2% as the time is
prolonged to 15 min. After that, the fraction falls to 57%.
There is a peak percentage at 15 min. The trend illustrates that
any longer annealing time cannot affect the increase of X3
boundary, the rational processing should be adapted with right
time. The conclusions are consistent with the results of S. L.
Lee researches ™. The £9 boundary percentage is less than
3%. There are small changes with increasing annealing time.
However, the tendency of £9 boundary does not correspond to
the tendency of X3 boundary, because the peak percentage of
the X9 boundary is at 30 min. This may be due to the reaction
of the boundaries: £3+X3—X9.

The EBSD map of the 5% thickness reduction annealed at
1100 <C for different time is shown in Fig.2. The 3 boundaries
are colored red lines. They indicate that the main boundaries are
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Fig.1 Fractions of X3 boundary and X9 boundary of Hastelloy
C-276 annealed at 1100 <C for different time
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Fig.2 Grain boundary images of quality (1Q) map of 5% strain annealed at 1100 <C for various time: (a) 5 min, (b) 15 min,

(c) 30 min, and (d) 60 min
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>3 boundaries, and most of them are in the shape of a straight
single line or parallel line pairs within grains. And few island
and curved incoherent X3 boundaries are obtained in these maps.
The microstructure consists of equiaxed grains ranging between
30 um and 260 pm in size as shown in Fig.2a. With extended
time, the average grain size has a small decrease from 101 pum
to 89 um (Fig.2d).
2.2 Evolutions of X3 boundary and X9 boundary plane
during annealing

In all of the projections, the [001] crystal axis is
perpendicular to the plane of the paper and the [100] direction is
horizontal in the plane of the paper, pointing to the right. The
distributions of X3 boundary plane are plotted in standard
stereographic projection in Fig.3. The relative areas of X3
boundary planes are centred on {111} planes. And they show a
preference for <111> misorientation axes twist boundaries. The
MRD values are not increased with the increasing of annealing
time in Fig.3. On the contrary, the maximum proportion of X3
boundary is in the sample annealed at 15 min and the MRD
valves are not the peak. It illustrates that many X3 boundaries
cannot terminate on {111} plane, and there are a lot of
incoherent X3 boundaries in the sample annealed for 15 min.

The distributions of grain boundary density planes for X9
(397[110]) section annealed at 1100 <C for various time are
shown in Fig. 4. In the section for X9 there are multiple peaks
on the [110] zone. The predominant maxima along the [110]
zone indicate that most of the segments have a tilt character.
Note that the maximum along the tilt zone is found at the tilt
boundary (114) in Fig.4a. However, the maximum MRD values

60°/111] a

60°/111)

on the [110] zone are at the symmetric (221) and (11 2) in
Fig.4b. For extended time, the maximum along the tilt zone is
more intensive on the whole [110] zone. The maxima appear to
be confined more narrowly on the [110] zone.

The change in proximity factor for the £3 boundary with the
increasing of annealing time can be rationalized as an overall
reduction of accumulated strains in the microstructure, which
are associated with local lattice rotations. The X3 boundary
deviations are small with the increasing of annealing time, and
this is reported ™ by Thomson in the annealing process of
strain-annealed nickel. And the X9 boundary deviations are very
larger for annealing periods of 15 and 30 min. This is closely
related to the interactions of £3" boundaries.

3 Discussions

In Fig.1, the peak of 3 boundary percentage is in the sample
annealed at 15 min, whereas the MRD values of {111} planes
decrease in Fig.3b. The decrease of MRD values in {111}
planes indicates most of the additional X3 population is
incoherent twins, because coherent annealing twins would have
been on {111}. According to the paper results™, a coherent
twin and one vicinal-to-{111} X3 (incoherent twin) boundary
meet at a triple junction generated X9 boundaries with high
deviations. While the population of incoherent £3 boundary is
increasing, the larger deviations X9 boundary proportion also
increases. It can be seen from Fig.5 and Fig.6, the MRD values
of X9 boundary planes are lower and the deviations of X9
boundaries are larger for annealing periods of 15 and 30 min.

60°/(111)

Fig.3 Distributions of grain boundary density planes for £3 (60F[111]) section annealed at 1100 <C for various time: (a) 5 min, (b) 15 min,

(c) 30 min, and (d) 60 min
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Fig.4 Distributions of grain boundary density planes for £9(39°/[110]) section annealed at 1100 <C for various time: (a) 5 min, (b) 15 min,

(c) 30 min, and (d) 60 min

04 0.4
CSL deviation b CSL deviation b b
B >0 Il >o
503 3l
g
0.2 2t
[<5)
o
E
z01 .
0.0 ,
1 2 3 4 5 6 7 8
0.4
CSL deviation [II =3 CSL deviation [ =3 d
[ PN Bl >
§03
g
Lo2
2
E
z0.1

o
o

1 2 3 4 5 6 7 8
Deviation from Ideal X/(°)

1 2

3 4 5 6 7 8
Deviation from Ideal Z/(°)

Fig.5 Number fraction of 3 boundary and X9 boundary deviations from ideal ZCSL boundaries at different annealing time:

(@) 5 min, (b) 15 min, (c) 30 min, and (d) 60 min

The most common plane presented in nickel-based
materials is the plane with the lowest surface energy, {111}.
This tendency for boundaries to terminate on low surface
energy planes has been observed in face-centred cubic
materials, and the dominance of {111} boundary planes has

been recorded in nickel specimens™. Hence, the £3 boundary
evolves towards a more exact CSL misorientation during
annealing. The present data further confirm this preponderance
of low surface energy planes as a general trend, as shown in
Fig.6. That explains the proportion of coherent X3 boundaries
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Fig.6 Change of ratio (coherent X3 boundary/total £3 boundary)
with annealing time

(the deviations from the reference misorientation are <3°) are
larger with the increasing of annealing time. This is in
agreement with the fine tuning mechanisms ", ie. the ¥3
boundary evolves to closer CSL matching, and the deviation is
reduced by local lattice rotation near the boundary, probably
accompanied by boundary plane reorientation.

The aim of GBE is to get more ‘special’ grain boundaries
with low surface energy planes. Prolonging annealing time is
useful during the GBE processing. Applying the GBE
technique to manufacture products for enhancing the grain
boundary related properties is the final goal of the GBE
researches.

4 Conclusions

1) Reasonable annealing time can promote the frequency of
>3 boundary increasing, and X3 boundary evolves towards a
more exact CSL misorientation with the increasing of
annealing time. This is in agreement with the fine tuning
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mechanisms.

2) The proportion of X9 boundary with high deviations is
larger due to the increasing of incoherent X3 boundary
population, according to the interaction: £3+X3—X9.
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