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A TEM investigation of M,;C, carbide precipitation
behaviour on varying grain boundary
misorientations in 304 stainless steels

E. A. TRILLO, L. E. MURR
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TX 79968 USA

Transmission electron microscopy (TEM) along with electrochemical potentiokinetic
reactivation (EPR) testing was performed on different grades of 304 stainless steel (0.01,
0.025, 0.05, and 0.07%C) in order to assess the sensitization and precipitation behaviour on
different grain boundary misorientations. The materials were heat treated at 670 °C for 50 h
to subject the materials to the sensitization regime. The EPR data and TEM observations
revealed that when the amount of carbon was increased the degree of sensitization
increased along with the density of precipitates. Large angle misorientations (® > 15°) were
prevalent in all the carbon content materials and the {110} grain surface orientation was
found to be the major texturing orientation. The steels with lower carbon contents nucleated
a few small precipitates on high angle grain boundaries, while larger amounts of carbides
were observed on lower angle grain boundaries for the higher carbon contents. It was
deemed that higher carbon contents required lower energies to nucleate and grow
precipitates. A carbon content threshold was found (above 0.05% C) in which precipitates
fully saturate the grain boundary. Precipitation followed the energies of different types of
boundaries. The highest energy boundary (general random grain boundary) nucleated
precipitates first, then precipitation followed on non-coherent twin boundaries, and was
not observed on coherent twin boundaries. A “critical nucleation energy”’, ygp(crit), Was
therefore found to exist at which precipitation will occur on a boundary. This value was
found to be in the range of 16 mJ M ™2 < ygperi) < 265 mJ m~2 which corresponds to the
energies of special boundaries (coherent and non-coherent portions of twins respectively) at

the ageing temperature of 670°C. © 7998 Chapman & Hall

1. Introduction

Since the early observations of Stickler and Vinckier
[1] on commercial grades of austenitic (Fe—Ni—Cr)
stainless steels it has been known that sensitization
and M,;Cg carbide precipitation will occur first on
the highest energy interfaces (random grain bound-
aries), then on recognizable special (lower-energy)
boundaries such as non-coherent twin interfaces. In
earlier work [1-6], and in some recent studies, it has
been shown that low Z boundaries (like coherent twin
boundaries) resist corrosion. Sensitization and pre-
cipitation will thus occur last on these coherent twin
boundaries. However, more recent work by Advani
etal. [7] has provided some transmission electron
microscopy (TEM) evidence which suggests that
carbides do not actually nucleate and grow on X3
(coherent twin) boundaries, but nucleate and grow on
higher-energy, non-coherent steps (including micro-
steps) on these boundaries and then, in some specific
crystallographic instances, they grow parallel to the
coherent twin boundary, coincident with a specific
{111} plane [8].
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If there is no sensitization and precipitation on
coherent twin boundaries (£3), and if ideally the oc-
currence of these boundaries could be selectively in-
creased over all other interfaces in a polycrystalline,
stainless alloy, the overall, bulk sensitization would be
reduced, and the material would become more cor-
rosion resistant. This concept has been discussed by
Watanabe [6,9] and others [7,10], not only for en-
hanced corrosion resistance, but for mechanical and
other properties as well. Watanabe [9] has referred to
this strategy of interfacial manipulation as “grain
boundary design and control”. Such control has been
difficult to achieve. Palumbo et al. [11] have also
addressed the role of annealing twin formation on the
basis of both energetic and geometric considerations,
and demonstrated that a microstructure consisting
entirely of low-X CSL boundaries, which they called a
“twin limited microstructure”, could be attained in
principle by annealing twin formation. In recent work
reported by Trillo et al. [12], the number of twins
per grain in 304 stainless steel did not change from
a value of 2 per grain for a variety of thermomechanical
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processes, which produced grain sizes ranging from
around 15 um to 150 um. However, recent work re-
ported by Lin et al. [13] has described a proprietary
thermomechanical process for a commercial grade
Alloy 600 (a Ni-Fe—Cr stainless alloy with 0.06% (wt)
C) where the special grain boundary (£ < 29) fre-
quency was increased from 37 to 71%. A correspond-
ing decrease in the bulk intergranular corrosion sus-
ceptibility in both the solution annealed and sensitized
condition was also obtained. In related work, Mizera
et al. [14] have also recently demonstrated that
changes in texture increase the number of special
(CSL) grain boundaries, or more generally alter the
“character” of the grain boundaries in a 316 stainless
steel.

While techniques involving orientation imaging
microscopy [15] and other, related automated tech-
niques for rapidly determining texture (pole figures),
or electron backscattered diffraction in the scanning
electron microscope (SEM) [16-18], can provide for
quantitative evaluations of crystallographic misorien-
tation data, they cannot simultaneously image either
specific grain boundaries, or precipitates associated
with these boundaries. As a consequence, there is
neither quantitative nor qualitative information relat-
ing grain boundary misorientations to specific sensit-
ization issues such as the actual confirmation that
carbides did in fact precipitate in grain boundaries of
known misorientations.

Both sensitization and precipitation are affected by
interfacial energy. That is, as the energy is reduced (as
implicit in reductions of Z values) there is a concomi-
tant reduction in sensitization and precipitation. Con-
sequently, as the boundary misorientation changes,
there should be some recognizable variation in either
the frequency or size of precipitates. In a paper by
Aaronson et al. [19] the concept of heterogeneous
nucleation at an o:o grain boundary was discussed.
His work, however, does not emphasize the import-
ance of the interfacial energy of the grain boundary
itself, instead it correlates the interfacial energies of the
coherent faces of the growing precipitate to the Helm-
holtz free energy. Because there have been no system-
atic attempts to elucidate the role of interfacial
energy and misorientation, on sensitization and pre-
cipitation, it was the objective of this study to provide,
for the first time, some preliminary observations of
carbide precipitation not only as a function of grain
boundary misorientation, but also as a function of
carbon content.

2. Experimental procedures

The four stainless steels utilized in this study were
received in plate form (6.25 mm in thickness) and
contained the chemical compositions listed in Table 1.
The main difference between them is the increase in
carbon content (0.01% to 0.07% C). The mill-
processed plate was sectioned into 6.25x 6.25 mm
samples and heat treated at 670°C for 0.1 to 500 h.
The samples were then polished down to a 1 pm
diamond finish in preparation for an electrochemical
potentiokinetic reactivation (EPR) test. This test
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TABLE 1 Chemical composition in (wt %)

C Cr Ni Mo N P Fe Grain
size
(nm)
0.011 18.13 892 034 0.08 0.022 balance 50
0.025 18.35 9.08 037 0.08 0.026 balance 40
0.05 18.31 8.08 035 0.084 0.031 balance 35
0.07 1823 8.15 035 0.08 0.035 balance 40

determines the degree of sensitization (DOS) in a
material.

After EPR testing, transmission electron micro-
scopy was performed on the four different carbon
contents aged for 50 h at 670 °C. The actual electron
microscope protocols consisted in identifying grain
boundaries where the selected-area diffraction pattern
could be clearly identified as [110] on either side of
the interface. This orientation was chosen because of
the prominent {110) texturing in the test specimens,
and the fact that this orientation contains a unique
direction [110].

It is well known that random grain boundaries
possess 5 degrees of freedom [20]. Thus, by demand-
ing that the neighbour grains, establishing a particular
grain interface, have the same [11 0] surface orienta-
tion in the TEM thin section, provides an unquestion-
able measurement of the misorientation. This
measurement is related as a simple rotation about this
crystallographic zone axis in the context of the grain
boundary plane trace. It was not in the interest of this
study to establish the crystallographic coincidence for
the grain interface, only the misorientation angle for
the same [110] neighbouring crystals. It will be as-
sumed, therefore, that the relative grain boundary free
energy is generally related to this simple misorienta-
tion angle measurement. Eg, = Vg, 0@ [20], where
E,, is the grain boundary free energy, v, is the grain
boundary interfacial energy. Each different material
had at least eight to nine grain boundary observa-
tions. While this is a statistically small sample, it did
allow trends to be established, especially through
comparative histograms representing the data.

In addition to the recording of specific grain bound-
ary (bright-field) images and the associated, neigh-
bouring SAD patterns, the precipitate density was
also measured. The precipitate density was measured
as the number of precipitates per unit area of grain
boundary (n/A4, where A = 0.5 um?) as a fiducial area.
These measurements required the determination of
accurate foil thickness in the grain boundary area of
interest, and of specific grain boundary geometries

[16].

3. Results and discussion

3.1. EPR-degree of sensitization

The results of the EPR tests for the four carbon
contents are reproduced in Fig. 1. The x-axis is the
heat treatment time at 670°C and the y-axis is the
EPR-DOS or the degree of sensitization in a mater-
ial. A steel with a given carbon content (except the
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Figure 1 EPR-DOS versus heat treatment time for the four carbon
contents at 670 °C. Larger carbon contents display an increase in
the degree of sensitization (DOS). (H) 0.01% C; (A) 0.025% C;
(®) 0.05%C; (®) 0.07%C.

0.01% C) will display an increase in the degree of
sensitization, peak at a certain DOS value, and then
decrease in DOS (known as desensitization or heal-
ing). The 0.01% C material, however, does not show
any significant sensitization occurring at this temper-
ature. In addition, the graph clearly demonstrates
a general increase in EPR-DOS with increasing car-
bon content at any given ageing time. At 50 h ageing
time, the 0.05% C material is slightly higher in DOS
than the 0.07% C material. Above about 0.05% C the
sensitization may not be influenced in a simple linear
fashion.

Chromium carbide precipitation in 304 stainless
steels is governed by the thermodynamics of carbon
concentration and the kinetics of chromium diffusion
[21]. The EPR-DOS data clearly demonstrate the
effect of carbon content. The 0.01% C material did not
sensitize because the material does not have enough
carbon in the system to produce significant amounts
of carbides that would result in the depletion of chro-
mium at the grain boundaries.

3.2. Carbide density measurements

The amount of precipitation per unit length of grain
boundary was measured on all observed misorienta-
tions for the four carbon contents (0.01, 0.025, 0.05,
0.07% C) for 50 h ageing at 670 °C. The results of that
analysis are seen in Fig. 2. For the lowest carbon
content of 0.01% C there were a small number of
small carbides on one highly misoriented grain
boundary (® = 67°), Fig. 2a. The 0.025 and 0.05% C
materials (Fig. 2b and c) display increasing carbide
density and size that occur on relatively highly mis-
oriented grains (31° <® < 85.6°). In contrast,
the 0.07% C material shows a dense precipitate
growth which extends to lower misorientations
(17° <O <68°).

The effect of carbon content and grain boundary
misorientations on carbide precipitation can be seen
through selected, typical transmission electron micro-
graphs in Figs 3 to 6. Microscopic observations in the
0.01% C material are shown in Fig. 3a and b. Fig. 3
also illustrates the general procedures utilized in

measuring the grain boundary misorientation angles
of Fig. 2. The lowest angle grain boundary (® = 10°)
contains no observable precipitates, while the high-
angle grain boundary (® = 67°) reveals very fine pre-
cipitates. In fact, taking into account all the samples
that were observed for this study (including those not
reported), precipitates were found on only one grain
boundary in the 0.01% C material. The 0.025% C ma-
terial also did not have any carbides at a very low
grain boundary misorientation (® = 2°, in Fig. 4a),
but did have carbides growing at a larger misorienta-
tion (® = 65° in Fig. 4b), similar to the observations
for the 0.01% C material in Fig. 3. The higher carbon
contents (= 0.05% C) on the other hand, dis-
played carbides on grain boundaries on the smallest
misorientations observed as well as the large mis-
orientations, as shown in Fig. 5a and b and Fig. 6a
and b for 0.05% C and 0.07% C, respectively.
The 0.07% C shows the increase in carbide density
that was previously documented quantitatively in
Fig. 2.

It was also noted that carbides were present on all
grain boundaries in the 0.05% and 0.07% C materials,
including those not reported here. In addition, the
carbides are more closely spaced in the 0.07% C ma-
terial than the 0.05% C material.

The carbide density data (Fig. 2) and the TEM
micrographs (Figs 3 to 6) both demonstrate the
necessity of the grain boundary to provide a requisite
energy to nucleate (heterogeneously) and grow car-
bides. Grain boundary misorientations represent
a change in energy in this system, because increasing
the grain boundary misorientation increases the
interfacial free energy of the boundary [20]. To
nucleate a precipitate in the 0.01% C system, a corres-
pondingly large energy was required, and implicitly
a large misorientation was necessary (® = 67°).
The largest carbon content (0.07% C) did not require
large grain boundary misorientations (and corre-
sponding energies) to nucleate and grow precipitates
as seen in the density data (Fig. 2d) and the TEM
micrographs (Fig. 6a and b). This trend suggests that
higher carbon contents require somewhat lower ener-
gies to nucleate and grow precipitates as a conse-
quence of the altered thermodynamics due to a pre-
ponderance of carbon.

3.3. Grain boundary misorientation
distribution

Fig. 7 is a set of five graphs that show the measured
grain boundary misorientation distributions for the
four different carbon contents (Fig. 7a to d) and, for
the combination of all carbon contents (Fig. 7¢). The
two lowest carbon contents (0.01% and 0.025% C) in
Fig. 7a and b show that several grain boundaries did
not contain precipitates. The higher carbon contents
(0.05% and 0.07% C), however, display carbide forma-
tion on all observed grain boundaries. One should
also note that although the 0.01% and 0.025% C
materials contained some low-angle grain boundary
misorientations (® < 15°), the tendency for large-
angle misorientations were prevalent, as seen when all
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Figure 2 Carbide density measurements per unit length of the grain boundary at varying misorientations in the (a) 0.01% C, (b) 0.025% C, (c)
0.05% C and (d) 0.07% C materials. Generally, lower carbon contents precipitate carbides on higher grain boundary misorientations, while
higher carbon contents precipitate carbides on much lower grain boundary misorientations.

Figure 3 TEM micrographs of the 0.01% C material at 670 °C at 50 h heat treatment time. (a) grain boundary misorientation of 10° and (b)
grain boundary misorientation of 67°. Note associated [ 11 0] SAD patterns corresponding to each neighbour grain are inserted in the proper
image coincidence. The corresponding [1 1 0] directions are shown dotted as extensions from the pattern. The grain boundary misorientation

angle, ®, is measured as the angle between these directions as shown.

observations were combined in the summary histo-
gram of Fig. 7e.

3.4. Carbide precipitation at twin
boundaries

Along with observations on general (random) grain

boundaries, we investigated the M,;Cy carbide
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precipitation behaviour on annealing twins as well.
One of the reasons for these observations was that the
coherent twin boundaries provide a specific and ener-
getically unique reference interface with an interfacial
free energy (20 mJm~2) that is known at the same
temperature (1060 °C) as the average high-angle (ran-
dom) grain boundary free energy. It also represents
the smallest XCSL boundary (X3). Non-coherent



Figure 4 TEM micrographs of the 0.025% C material at 670 °C at 50 h heat treatment time for (a) ®@ = 2° and (b) ® = 65°. Precipitates are

only visible on the highest grain boundary misorientation in (b).

Figure 5 TEM micrographs of the 0.05% C material at 670 °C and at 50 h heat treatment time for (a) ® = 31° and (b) ® = 85.6°. Precipitates

are found on both high and low grain boundary misorientations.

Figure 6 TEM micrographs of the 0.07% C material at 670 °C and at 50 h heat treatment time for (a) @ = 17° and (b) ® = 68°. Both grain

boundary misorientations display a dense precipitate structure.

steps on annealing twins also represent a set of special
boundaries in the stainless steel system in which the
exact misorientation is not known but the average
interfacial free energy has also been determined at the
same reference temperature as the coherent twin
boundary free energy [20]. Figs 8 and 9 document the
typical precipitation behaviour that was observed on

twins in 304 stainless steel at the experimental temper-
ature and time. Many of the observed twins were in
close or immediate proximity to typical, random grain
boundaries. The coherent portions of the twins show
no carbide precipitation while the grain boundaries
have nucleated and grown carbides, Fig. 8a and b. Fig.
9a relates the non-coherent twin behaviour to grain
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Figure 7 Grain boundary misorientation distribution that shows the number of boundaries observed ([J) and those boundaries that
contained carbides () for the (a) 0.01% C, (b) 0.025% C, (c) 0.05% C, (d) 0.07% C and (e) all carbon contents combined. There was a tendency
toward larger grain boundary misorientations (® > 15°) in this material.

boundary effects. Precipitation will occur on the grain
boundary itself and on the non-coherent portion
of the twin; however, precipitates are absent on the
coherent portion. Fig. 9b also displays carbides
growing exclusively on the non-coherent portion of
the twin.

The effect of increasing carbon content can be seen
in Fig. 10a—d. Here, the coherent and non-coherent
portions of annealing twins (including steps and twin
ends) are seen for each of the four carbon contents.
Precipitation did not occur on any twin-related inter-
faces in the 0.01% C material. However, at 0.025% C
and above the density of precipitates increases on
the non-coherent portions of the twins. Again, no
precipitation behaviour was observed on the coherent
portions of the twins. In Fig. 10d a few precipitates
seem to be growing on the lower portion of the coher-
ent twin boundary; however, when magnified, the car-
bides will show that they are growing on a micro-non-
coherent or micro-step type boundary.
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The physical evidence for carbide precipitation on
annealing twin interfaces is concurrent with the obser-
vations reported for increasing grain boundary mis-
orientation cases in Fig. 7. This is because of the
differing energetic sites that twins provide in contrast
to random grain boundaries. The measured, average
grain boundary free energy for 304 stainless steel is
835mJm~2 at 1060 °C [20,25]. The corresponding
temperature coefficient of interfacial free energy was
found to be dy,,/dT = —0.49 mIm~2°C~! [20]. The
average grain boundary free energy at the experi-
mental ageing temperature of 670 °C in this research is
then estimated as 1026 mJ m ™~ 2. Although the average
value of the non-coherent twin boundary free energy
has not been experimentally measured directly, the
ratio yrp/Yq» Was experimentally measured to be 0.25
at 1060°C [25]. If it is assumed that this ratio will
remain constant down to the 670 °C ageing temper-
ature, then the corresponding value of yrg is
265mJm~2. Finally, the measured coherent twin



Figure 8 TEM micrographs of precipitation behaviour on grain
boundaries (gb) compared with coherent twin boundaries (tb) form-
ing adjacent to the grain boundary. Samples are of the 0.07% C
material at a heat treatment of 50h at 670°C. (a) and (b) show
similar situations where the coherent twin boundary is coincident
with the (111) plane in the [112] direction shown by the arrow.

boundary free energy is 19 mJm~2 at 1060 °C; the
temperature coefficient, dy,,/dT = +0.007 [25]. Con-
sequently, the average coherent twin boundary free
energy at 670 °C is estimated to be 16 mJm~2. The
energies adjusted to the experimental ageing temper-
ature of 670°C became 7Yup: Y18V = 1026:265:
16 mJ m ™~ 2. The non-coherent steps have nominal en-
ergies about four times less than random high-angle
boundaries over a wide temperature range and the
coherent twin boundaries possess an interfacial free
energy that is roughly a factor 40 below that of ran-
dom high-angle boundaries. This energy difference has
a definite effect on precipitation behaviour. Carbides
can readily be seen at grain boundaries and on the
non-coherent portions of the twins (high energy sites)
in Fig. 10b-d and Fig. 9a and b, but are not at all
seen on the coherent portions (lowest energy sites)
in any one of the micrographs. The absence of
carbides on coherent twin boundaries confirms pre-
vious TEM observations by Advani et al. [7].

Figure 9 TEM micrographs of precipitation on grain boundaries
(gb) versus the non-coherent twin boundaries and steps (TB) and
coherent twin boundaries (tb) in 304 stainless steel. Samples are
from the 0.07% C material heat treated for 50h at 670°C. (a)
non-coherent steps (TB) along coherent twin boundaries (tb), (b)
grain boundary triple point for grains A, B, and C. Grain C shows an
annealing twin with precipitates on the non-coherent twin end (TB).

These observations also provide evidence that
a “critical nucleation energy” exists in which carbide
precipitation occurs. This energy supplements the vol-
ume and interfacial free energy for the precipitate
nucleating heterogeneously in the interface (grain
boundary). It dominates at the instant of nucleation of
M,;3C¢ upon the boundary. It is now possible to
narrow the energetic regime in which this nucleation
process occurs by comparing the range of boundaries
in which the specific interfacial free energy is known.
The upper limit of the nucleation energy is the energy
of the non-coherent twin (where precipitates were con-
sistently observed) and the lower limit is the coherent
portion of the twin (where precipitates were not at all
observed). The “critical nucleation energy”, Ygp(crit.)
therefore, must be a value between these two bound-
ary types (16 mIm™? < Ygperiry < 265mIm™2  at
670°C).

Although the evidence seems clear, one should real-
ize that energetics alone do not dominate this system.
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Figure 10 TEM micrographs of the precipitation behaviour on coherent (tb) and non-coherent (TB) portions of twins in 304 stainless steel. (a)
0.01% C, (b) 0.025% C, (c) 0.05% C and (d) 0.07% C levels. While carbides are readily seen on the non-coherent twin boundaries, they were

completely absent from the coherent twin boundary.

Instances where the 0.07% C material was saturated
with precipitates (Fig. 6a and Fig. 10d), while the
0.01% C contained very few precipitates (Fig. 3a and
Fig. 10a) is also due to the availability of carbon to
diffuse and combine with chromium to form the
precipitate (a thermodynamic and kinetic effect).
Moreover, the thermodynamic effect may be seen by
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comparing non-coherent twins. All the non-coherent
portions of the twins in Fig. 10a—d can generally be
assumed to have the same specific interfacial free en-
ergy (~265 mJ m~2). Increasing the amount of carbon
on equally energetic mediums (non-coherent twins)
will increase the density of precipitates that nucleate
and grow on that medium.



It is now unambiguously established in this work
that coherent twin boundaries do not nucleate M,3Cg¢
precipitates, because, as we have noted, the requisite,
specific (or critical) interfacial free energy asso-
ciated with this interface, is apparently too low. This
means that what appears to be precipitation on coher-
ent twin boundaries in optical metallographs, is
actually precipitation on a multiplicity of steps,
and appear as an etching artifact. These steps may
actually form by twin boundary migration at the age-
ing temperatures involved, or lamellar carbides may
grow extensively from such non-coherent steps in
which they have nucleated, and grow parallel to,
and in near coincidence with, the coherent twin
boundary. Such examples of extremely long lamellar
carbides have in fact been observed by Terao and
Sasmal [22] and Singhal and Martin [23] and more
recently by Romero and Murr [8] who discovered
that this lamellar growth is also unique to specific,
crystallographic twin boundaries, consistent with a re-
solved torque convention originally described by
Murr et al. [24].

4. Conclusions

The following conclusions may be drawn from the

observed data:

1. Increasing the amount of carbon in the 304 stain-
less steel system will result in an increase in the
degree of sensitization and will increase the density
of precipitates.

2. A tendency for large-angle grain boundary mis-
orientations (® > 15°) was prevalent in all the car-
bon content materials and the {110} grain surface
orientations were found to be the major texturing
direction.

3. Lower carbon steels will nucleate and grow few
small sized precipitates on high-angle boundaries,
while the high carbon steels will precipitate larger
amounts of larger sized carbides on lower angle
boundaries. The data imply that higher carbon
contents need lower energies to nucleate and grow
precipitates. In addition, with less than 0.07% C,
carbides do not seem to fully saturate grain bound-
aries after 50h at 670 °C.

4. Carbide precipitation will occur first on general
grain boundaries (where the energy is the highest),
then on non-coherent portions of twins (a lower
energy boundary). Precipitation was not observed
on coherent twins.

5. A “critical nucleation energy” must exist on
a boundary for precipitation to occur. The value
for this “critical nucleation energy” lies between
16 mIm ™2 < Ygperity < 265 mIm ™2 which corre-
sponds to the energies of special boundaries (non-
coherent steps 265mJm~ 2, coherent twins:
16 mJm~2%; at 670 °C).
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