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ABSTRACT

A configurational, equilibrium theory for relative interfacial torques has
been invoked to qualitatively explain growth-specific lamellar precipitation of
M,,C¢ carbides in 304 stainless steel where the lamellar growth is always in the
< 112> directions coincident with traces of {111} planes at 90° to (110) grain
surface orientations. For (112) grain surface orientation, M,,C, lamellar growth
is always in the [110] direction which is also coincident with traces of (117)
planes at 90° to the grain surface plane. These {111} trace directions for
lamellar growth are denoted T90 directions and are 'shown to coincide with
high, relative interfacial torques (or torque configurations) resolved in coherent
{111} annealing twin boundaries. For grain surface orientations containing
annealing twins or twin/grain boundary geometries whose coherent {111}
boundaries are not consistant with T90 directions, such as (100), there are no

high-torque configurations and no significant lamellar M,,C, growth coincident

with {111} trace directions.
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nucleated on a step in the coherent twin boundary.
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reduction in thickness and annealed at 1100°C for {a) 1 minute,
(b} 5 minutes, (c) 10 minutes and (d) 30 minutes.

Comparison of 10% (a), 30% (b), 50% (c), and 70% (d) cold
rolled samples annealed at 1100°C for 1 minute anneais of etched
microstructure in (a)-(c) show no evidence of recrystallization. In
(d), reveals some evidence of recrystailization noted by an
increase in twin density and by a small decrease in grain size.

Microstructural comparison of 70% cold rolled/{(1 minute)
annealed samples heat treated at (a) 1100°C, (b) 1050°C, and (c)
1000°C. (a) grain size was approximately 40uym. (b) grain size
equaled 25um, (c) grain size equaled 19um.

lllustration of original (a) and final (b) grain size. (a) average grain
size is 40um, and (b) average grain size is 15um.

Annealing twin density versus grain size for variously
thermomechanically processed 304 stainless steel samples
{0.05% C).

lllustration of EPR-setup.

EPR scan produced by EPR test used to quantitatively calculate
amount of precipitation or degree of sensitization (DOS) in
austenitic stainless steels [18].

EPR-test scan for 15 ym and 40 ym (0O and 20% € aged at
625°C) 304 stainless steel with 0.05% C (a). (b) Comparative
optical metallographic views of EPR-test attack for 15 ym (b), (c)
and 40 uym (d), (e). (b) No strain. (c) Strained 20%. (d) No strain.
(e) Strained 20%.

TEM sample preparation sequence.

Examples of lamellar M,,Cq carbide precipitation in 304 stainless
steel. (a) Long lamellar precipitates along coherent twin boundary
and away from the boundary for long, high-temperature aging.
Note preponderance of dislocation loops on dislocations. (b)
Lamellar carbides growing from non-coherent twin boundary in
coherent twin boundary trace direction coincident with {111}
plane trace (arrow). (c) Lamellar carbides growing in region
adjacent to coherent twin boundary. Many precipitates do not
appear to be associated with steps or interfaces, but grow
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predominantly along a {111} plane trace direction. The arrow
marked "a" shows the precipitates in (a). (d) Lamellar M,;C,
carbide growth out of steps in inclined coherent {111} twin
boundary (arrows). The growth direction is, however, coincident
with another {111} plane trace direction (marked with arrow at T).

Fig. 14: Lamellar M,;Cs growth in relation to coherent annealing twin
boundaries in {110) grain surface orientations. {a) Precipitate
growing parallel to, and coincident with, the (1T1) twin plane
trace at 90° to the (110) surface. (b) Precipitates growing from
large non-coherent step and parallel to coherent annealing twin
boundaries. (a) Strained 15% and aged at 625°C for 50 hours,
and (b) aged 10 hours at 775°C. The growth direction is
coincident with the trace of (171). The dotted arrow and upper
arrow indicate the twin trace direction. (c) and (d) show lamellar
M,,Cg growing from inclined coherent twin boundaries in (110)
orientation. The growth direction is coincident with the trace of
(111) (arrows). Samples in (c) and (d) aged at 775°C for 10
hours.

Fig. 15b: Lamellar growth of M,,Cs from inclined (111) annealing twin
boundary in (110) grain orientation showing alternate growth
coincident with both {171} and {171} planes at 90° to the (110)
surface. These directions are denoted TS0 and coincide with
<112> directions shown dotted in the indexed diffraction net
inserted. The corresponding (110} selected-area electron
diffraction (SAD) pattern is also inserted in the image. Sample
aged 10 hours at 775°C. Diffraction nets are after L.E. Murr,
Electron and lon Microscopy and Microanalysis, 2nd edition,
Marcel Dekker Inc., New York, 1991, p. 698-704.

Fig. 16: M,3Cq precipitate growth in relation to coherent {111} annealing
' twin boundary in (112) grain surface orientation. (a) Grain
segment shows precipitates growing parallel to 90° twin
boundaries in TS0 direction shown. (b) Grain segment shows
precipitates growing out of inclined annealing twin boundary from
non-coherent steps. The corresponding SAD pattern and indexed
diffraction net are shown in inserts. Sample was aged 10 hours

at 775°C.
Fig. 17: Intersection equilibrium of three general interfaces [20,21].
Fig. 18: Equilibrium twin-grain boundary intersection. The heavy vectors

represent the associated rion-zero torque components. Note: No
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assumptions concerning the relationship of the true dihedral
angles Q, were intended [20,21].

Fig. 19: Equilibrium configuration at twin-grain boundary intersections

[20].
Fig. 20: Crystallographic misorientation at twin-grain boundary

intersections. (a) Continuous misorientation of <110>,
O = Or,a: (b) discontinuous misorientation of <110>, O, #O1,5
[20,21].

Fig. 21: Comparison of net effective torque distributions of geometrically
and crystallographically specific twin/grain boundary intersections
as illustrated in Fig. 19. The twins are in the (110) orientation
[20].

Fig. 22: Schematic of low and high torque twin/grain configurations for
{(110) orientation with corresponding diffraction net. (a) and (b)
High torque configurations, with coherent twin plane inclined 90°
to (110) orientation. (c) Low torque configuration with coherent
twin boundaries inclined 35° to (110) orientation. Twin region is
shaded.

Fig. 23: Schematic of lamellar growth from or along high and low torque
twin interfaces in (112) orientation. - Also shown are the
corresponding (112) diffraction nets. (a), (b), and (c) Low torque
configuration with coherent twin boundary inclined (a), (b) 62°,
and (c) 19°. (d} High torgue twin configuration, with the
coherent twin interface perpendicularto (112) surface orientation.
(a)-{c) Where lamellar growth out of the inclined twin boundary
along T90 direction would be expected. (d} Lamellar carbide
growth parallel to coherent twin interface would be expected.
Twin regions are shown shaded.

Fig. 24. (100) grain surface orientation with M,,C, carbides nucleating and
lying on the steps or ledges of an inclined coherent {111} twin
boundary (twin boundary inclined 54.7°) (a). The SAD pattern is
shown inserted in (a) along with the corresponding indexed
diffraction net. (b), (c}), and (d) are blow ups of M,,C, precipitates
sitting on the non-coherent steps of the twin boundary (top to
bottom). Carbide growth coincident with a {111} trace direction
is not observed in the (100) orientation. Sample was aged 10
hours at 775°C.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND NARRATIVE

Austenitic stainless steels (SS) are widely used for a variety of
commercial applications /.e. piping and tubing components in nuclear reactors
(especially hot water reactors) and refineries; and containers for storage and
transport of nuclear and toxic waste. Thermomechanical processing,
fabrication treatments, and handling along with operating conditions can
produce strains and thermal conditions that initiate and accelerate
microchemical and microstructural changes of the stainless steel components.
In a corrosive environment, the microchemical and microstructural changes
controlled by the grain boundaries present an occurring failure mechanism
common in austenitic stainless steels known as stress clorrosion cracking. An
understanding of the vulnerability or susceptibility of the components to
intergranular stress corrosion cracking is important for improvements and
_predictions of material reliability and performance during service.

Sensitization represents both a microstructural and a microchemical
condition at an interface in stainless steels. Sensitization occurs due to the
development of grain boundary or other interfacial chromium depletion (GBCD)
zones. The depletion is induced by the precipitation of chromium-rich carbides

on the grain boundaries or interfaces leaving the lregions in and around the
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