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Abstract

A 316 stainless steel that was rapid solidification processed (RSP) by gas atomization and hot extrusion of the powder has been
studied previously by conventional atom probe field ion microscopy (APFIM). Vanadium, nitrogen, and oxygen have been
introduced intentionally as alloying elements for the purpose of improving the mechanical properties through fine-scale
precipitation. Previous efforts to locate the oxygen in the structure using APFIM were inconclusive, largely due to poor counting
statistics. An energy-compensated three-dimensional position-sensitive atom probe (3DAP) has been used in the present study to
search for oxygen in cavities, precipitates, and grain boundaries in this alloy. As a direct result of the much greater number of
atoms detected and the three-dimensional imaging, oxygen concentrations on the order of 1 atomic% have been found both inside
nitride precipitates and in the vicinity of grain boundaries. Boron was also found unexpectedly in concentrations of up to 2
atomic% inside nitride precipitates and in the vicinity of grain boundaries. These findings are important to developing an
understanding of the grain growth resistance and precipitate stability both in this alloy and in this processing method in general.
© 1999 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

In a previous paper [1], it was shown that the me-
chanical properties of type 316 stainless steel can be
markedly improved by rapid solidification processing
(RSP) and aging of a vanadium-bearing variant of the
standard alloy. This alloy and many other iron- and
nickel-based gas atomized alloys have also shown ex-
traordinary resistance to grain growth at elevated tem-
peratures [2]. High nitrogen and oxygen contents were
also intentionally introduced by melting under 80%
nitrogen–20% oxygen gas and atomizing in nitrogen
gas. On the order of 0.2 wt% of nitrogen can be
entrained in stainless steel alloys during rapid solidifica-

tion processing by this gas atomization approach [3].
As a result, a large number density (�2×1021 m−3) of
25 nm plate-like vanadium-rich nitrides precipitate dur-
ing aging of the alloy [4] and these precipitates con-
tribute to a major portion of the strengthening. It was
also shown previously [5] that oxygen is an important
alloying element in this processing approach. Our cur-
rent understanding of the processing suggests that upon
rapid solidification of the liquid, a high concentration
of vacancies is produced in the solid which then con-
dense to form a large number density of small cavities.
Oxygen would stabilize the cavities against dissolution
and these cavities serve as nucleation sites for the
nitride precipitates. However, in the previous work
where a conventional atom probe/field ion microscope
(APFIM) was used, the distribution of the oxygen in
the alloy was not determined due, in part, to poor
counting statistics for oxygen. Because of the potential

* Corresponding author. Tel.: +1-608-2631073; fax: +1-608-
2628353.

E-mail address: kelly@engr.wisc.edu (T.F. Kelly)

0921-5093/99/$ - see front matter © 1999 Published by Elsevier Science S.A. All rights reserved.

PII: S0921 -5093 (99 )00239 -7



T.F. Kelly et al. / Materials Science and Engineering A270 (1999) 19–2620

for recording much higher total numbers of atoms from
a given specimen volume, the use of a three-dimen-
sional atom probe (3DAP) was suggested.

In the present work, which is a study of this same
alloy in both the unaged and aged condition, an energy-
compensated 3DAP is used to specifically look for
oxygen in the structure as it might be distributed in
cavities and precipitates, and at grain boundaries. Fur-
thermore, a significant role for boron in the structure
had not been considered in prior work. In this paper,
statistically significant segregation of boron in the
structure is found and this result has important ramifi-
cations for our understanding of the material. It has
been difficult to explain the origin of the excellent grain
growth resistance in gas atomized rapidly solidified
alloys in terms of established theories of particle pin-
ning because at least in the unaged condition, there are
usually not enough particles present to maintain the
small grain size. For this reason, evidence of any signifi-
cant segregation to grain boundaries in these alloys is
noteworthy and could help explain the grain growth
resistance.

2. Experimental

A melt of 316 stainless steel with vanadium additions
was atomized in nitrogen gas. Prior to atomization, the
melt had been exposed to an 80% nitrogen–20% oxy-
gen atmosphere. After sieving, the powder was hermeti-
cally sealed in carbon steel cans and extruded at 900°C

at an extrusion ratio of 10:1. The specimen was then
given a preconditioning heat treatment of 1100°C for 1
h followed by water quenching (the unaged condition).
The nominal composition of the consolidated specimen
was determined by inductively coupled plasma analysis
and is shown in Table 1. This matrix composition
shown in Table 1 was determined from the atom probe
data in the unaged material from sections of the data
that do not contain obvious segregation. Some speci-
mens were subsequently aged at 600°C for 1000 h (the
aged condition). In conventionally-processed 316 stain-
less steel, this aging treatment is about optimal for
mechanical behavior. The RSP 316 Stainless steel has
altered kinetics, however, and the optimal aging treat-
ment has not been established.

In order to produce atom probe specimens, small
rods (1×1×10 mm) were cut from the as-received
specimen using a low speed diamond saw. The rods
were prepared as sharp needles with a two-stage elec-
tropolishing technique at room temperature using 5 and
2% perchloric acid in glacial acetic acid at system
voltages between 8 and 15 V.

APFIM studies were conducted at the Oak Ridge
National Laboratory (ORNL) with a Kindbrisk Ltd.
energy-compensated optical position-sensitive atom
probe (ECOPoSAP). Field ion microscopy (FIM) was
performed at a temperature of 60 K with 3×10−3 Pa
of neon as the imaging gas. Atom probe analysis was
performed at 4×10−9 Pa with a pulse fraction of 20%
and a pulse repetition rate of 1500 Hz.

Table 1
Composition of the 316 stainless steel alloy of this studya

Nominal composition (at%) Matrix composition from unaged (at%)Nominal composition (wt%)Element

– –B 0.049−
0.02C 0.09 0.089−

N 0.19 0.4590.120.75
N+

14+Si++
28 1.9990.02

0.1090.010.05O 0.16
1.6690.120.70 1.37Si
0.1390.01Si++

29 +Si++
30

0.5090.01–P –
0.65 0.70 0.6090.01V

16.60Cr 17.60 17.6490.07
1.60 1.61 1.8790.02Mn

Fe 66.9290.0866.3467.19
10.05 8.6190.0510.70Ni

Cu –– 0.3190.01
–Nb – 0.019−
2.30 1.2090.021.32Mo

a The nominal composition was determined by standard metallurgical analysis of a bulk specimen. A dash means that the value was not
measured. The composition of the unaged specimen matrix of Fig. 1(c) is shown in the final column. A dash in the column means that the value
is smaller than 0.01%. The error bars are calculated from number counting statistics (9
c(1−c)/N=9
n(N−n)/N) where c=n/N is the
composition, n is the number of atoms detected for a given element in an analysis and N is the total number of atoms detected in the analysis.
The N and Si composition shown in the last column was determined from the N+

14+Si++
28 peak and the Si++

29 +Si++
30 peak as described in the

text.
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There is an overlap between the N+
14 d Si+ +

28 peaks in
the mass spectra. This overlap has been treated by
showing the value of the entire peak at mass–charge
ratio of 14. In most cases where the nitrogen concentra-
tion becomes large, this will represent primarily nitro-
gen. Furthermore, Si has isotopes of mass 29
(abundance=4.7%) and mass 30 (abundance=3.1%).
In some cases, the value of these peaks is shown and
these data provide an indication of the distribution of
Si in the alloy. In Table 1, the N and Si compositions
were determined by a simple deconvolution of the
N+14+Si+ +

28 peak and the Si+ +
29 +Si+ +

30 peak. Since
the Si+ +

29 +Si+ +
30 peak represents 7.8% of the Si statis-

tically, then the total amount of silicon in the alloy
should be 100/7.8× (Si+ +

29 +Si+ +
30 peak). Further-

more, the amount of N in the alloy should be (N+
14 +

Si++
28 peak)−92.2/7.8×(Si+ +

29 +Si+ +
30 peak). Nitrogen

is known to field evaporate in molecular species with a
variety of metal atoms. Strong peaks were observed for
(V51N14)+ +, (Cr52N14)+ +, and (Fe56N14)+ + and mi-
nor peaks for (Mo92N14)+ + +, (Nb93N14)+ + +, and
(Mo96N14)+ + + were also present. In all of these cases,
a nitrogen atom was counted and Fig. 2c reflects these
nitrogen atoms though the legend does not explicitly
call attention to them.

All composition data points are determined from 200
ion blocks. The B and O plots have been calculated
with a four-period moving average to smooth the statis-
tical fluctuations. This smoothing function takes the
current data value in a series and adds to it the three
(four minus one) previous data values and divides by
four to arrive at a moving average value.

3. Results

3.1. Unaged RSP 316 stainless steel

As shown in Fig. 1, a FIM specimen (Fig. 1a) of the
unaged 316 SS was prepared with a grain boundary
along its shank. There is also a transverse grain
boundary very near the apex. The intersection of this
longitudinal grain boundary with the apex surface of
the tip can be seen in the FIM image of this tip, Fig.
1b. This FIM image was recorded after the 3DAP
analysis shown in Fig. 1c, which is a projection down
the z-axis. The image in Fig. 1c has an original size of
about 15×15×26 nm for the X, Y, and Z dimensions,
respectively. The matrix composition presented in Table
1 closely matches the nominal composition of the alloy.
However, the corrected N composition of the matrix is
slightly high and the corrected Si composition is slightly
low. It appears that the simple correction used for the
N/Si peak overlap based on the Si+ +

29 +Si+ +
30 peak

overcompensates.
The FIM image shows a line of brightly imaging

atoms across it. This feature is presumed to be the
longitudinal grain boundary evident in the TEM image,
Fig. 1a. Within the volume of the 3DAP image, Fig. 1c,
no sensible segregation was found for any of the substi-
tutional elements in the alloy. There was no segregation
of phosphorus or carbon observed. However, Fig. 1c
does show clear evidence of segregation of both boron
and oxygen. The boron is segregated to the upper right
corner of the projected image. In a 3D rendering of the
image it is clear that this trend of boron segregation to
the X:0, Y: large corner holds throughout the vol-
ume. Oxygen is segregated to a different location in the
image: X:1/2, Y:2/3 and this trend also holds
throughout the volume. It is not obvious why these
elements have segregated to these locations and the 3D
image does not provide structural information that can
bear on this question. The apparent location of the
grain boundary in the FIM image at the end of the
analysis does correspond, at least in part, to the loca-
tion of the oxygen concentration maximum. Though it
is not possible to say definitively that the elevated
concentrations of either boron or oxygen in Fig. 1c and
d correspond precisely to the known location of the
grain boundary, it does appear that both of these
concentration maxima occur within 10 nm of the grain
boundary.

The FIM images obtained prior to initiation of the
3DAP analysis showed no feature that could be inter-
preted as a grain boundary and very little material was
removed from the tip shown in Fig. 1a prior to the
3DAP analysis. The 3DAP analysis that was performed
was expected to pass through the transverse boundary
and evidence of the transverse grain boundary was
expected in the 3DAP image in some form. Unfortu-
nately, the tip flashed just after the Fig. 1b was
recorded which precluded further observation of the tip
in the TEM. As a result, it is not clear from the data
where the grain boundary was located during the acqui-
sition of the 3DAP image.

It is also worth noting that the maxima in the boron
and oxygen concentrations occur at different locations.
In fact, it appears that these two elements countersegre-
gate. The composition profile in Fig. 1d was extracted
from the region shown in Fig. 1c and it shows an
oxygen concentration maximum where the boron con-
centration is very low at about 10 nm on the distance
scale. Similarly, the boron concentration is maximum,
And approaches 1 atomic%, from 18 to 20 nm on the
distance scale where the oxygen concentration is low.

3.2. Aged RSP 316 stainless steel

A TEM image of a FIM specimen of aged 316 SS is
shown in Fig. 2a. The FIM image in Fig. 2b shows a
brightly imaging precipitate centered in the analysis
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Fig. 1. (a) TEM Image of an APFIM specimen of unaged 316 SS; (b) FIM image of the tip in (a) at the end of the 3DAP analysis. The inset
square marks the region of the 3DAP analysis; (c) 3DAP image of the tip in (a) above showing only oxygen (light) and boron (dark) atoms. This
image is 15×15×26 nm and is projected along the latter direction; (d) composition profile of oxygen and boron based on 200 atom blocks along
the dashed box in (c) from lower left to upper right. The plotted profile is determined by a moving average over four periods (see text).

region. The DAP image shown in Fig. 2c–g clearly shows
the presence of the precipitate. This precipitate is a
vanadium-rich metal nitride with a nominal composition
of (see Fig. 2h) 30 at% Cr; 23 at% V; 2 at% Ni; 18 at%
N; balance Fe which is consistent with the type I nitride
in our previous work with a conventional APFIM [1].
Note that the nitrogen concentration in the matrix away
from the precipitate in Fig. 2h reaches about 3%. This

value is likely artificially high by about 1.5–2% due to
the inclusion of Si in the N data. The Si 3DAP image,
Fig. 2g, illustrates that the Si concentration as deter-
mined by the Si+ +

29 and Si+ +
30 peaks is reduced in the

precipitate relative to the matrix. This supports the
notion that the N concentration determined in the
precipitate is not strongly influenced by the Si concentra-
tion but the matrix concentration of N is influenced.
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A significant concentration of both boron and oxy-
gen are found in this image. A composition profile was
derived from the 3DAP image by integrating the com-
position along the arrow shown in Fig. 2c. The result is
shown in Fig. 2h and i. Note that both the boron
concentration in the precipitate (about 1.5 at%) and the
oxygen concentration in the precipitate (about 0.9 at%)
are elevated relative to the global concentrations in the
alloy, Table 1. Furthermore, the boron concentration is
elevated outside the precipitate as illustrated in the
composition profile, Fig. 2i, at a distance of about 9–12
nm. In this latter case, the oxygen concentration is
again low when the boron concentration is high.

Fig. 3 shows another profile of boron and oxygen
concentrations taken from the same 3DAP image in
Fig. 2 but in a direction starting in the precipitate and

moving toward the region of high boron concentration
in Fig. 2f. It shows a high boron concentration again
away from the precipitate. The vanadium concentration
is also shown as a way to illustrate the spatial extent of
the precipitate. In this case, the boron concentration
reaches 2 at% and again the oxygen concentration is
low when the boron concentration is high.

4. Discussion

Perhaps the most outstanding novel characteristic of
rapidly solidified gas-atomized metals over the past two
decades has been their microstructural stability. Not
only is the grain growth at elevated temperatures
greatly diminished, but also the creep stability and

Fig. 2. (a) TEM Image of an APFIM specimen of aged 316 SS; (b) FIM image of the tip in (a) that shows a brightly imaging nitride precipitate
prior to 3DAP analysis. The inset square marks the region of the 3DAP analysis. (c–g) 3DAP images of the Fe, V, O, B and Si29+Si30 atoms,
respectively. The arrow in (c) shows the direction of the composition profile (below) through the precipitate; (h) composition profile of Cr, V, and
(N+Si28) based on 200 atom blocks through the precipitate; (i) composition profile of O and B based on 200 atom blocks through the precipitate.
The plotted profile is determined by a moving average over four periods (see text). The rectangular parallelepiped volume over which the
composition profile is integrated is 12 nm in the direction of the arrow and 8×8 nm in cross-section.
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Fig. 2. (Continued)

precipitate stability is typically much enhanced. In
searching for a common explanation for these related
phenomena, there appears a plausible, but nebulous
argument that there is some compositional effect that
results from the rapid solidification/gas atomization
that does not result from conventional ingot metal-
lurgy. The observation of stable cavities has suggested
that oxygen may play a role and indeed there has
been experimental data that corroborates this notion
[6]. However, nothing concrete to this point has sug-
gested that boron is in any way involved in stabiliza-
tion of the microstructure. Indeed. with a
conventional atom probe in our previous work, there
was no statistically significant finding of enrichment
of either boron or oxygen. With the much greater

amount of data that is generated with a 3DAP, it is
possible to make observations that are statistically
meaningful for both of these impurity elements in the
steel.

Boron concentrations at grain boundaries have
been found to be especially effective in stabilizing the
grain structure of nickel aluminide [7,8]. Boron segre-
gation to grain boundaries in these materials has been
linked to a greatly enhanced grain coarsening resis-
tance and creep resistance. Boron has also been ob-
served to stabilize the grain structure in steels [9,10].
In each of these cases, an atom probe was used to
detect the boron at the grain boundary. In fact, in a
recent study [10], 1at% of B was found at the grain
boundaries in a steel that exhibited exceptional grain
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stability. This is essentially the same value that was
detected in the present work at several locations in the
structure.

It is also noteworthy that boron is found in similar
concentrations in the nitride precipitates in this steel. The
effect of the boron on the stability of the nitrides is not
known but it is known that these nitrides resist coarsen-
ing and dissolution to higher temperatures than nitrides
nitrides in similar conventionally-processed steels.

Boron has been found by several investigators to be
subject to trajectory aberrations in atom probe analysis
[11–13]. The boron appears to be ‘sprayed’ away from
the boundary location by local distortions in the field
created by local deviations from a smooth surface at the
boundary. Similar effects should occur around a precip-
itate. This effect is most prominent for light elements and
so should affect the oxygen distribution as well. The fact
that the boron is found at elevated concentrations near
a grain boundary but not on the grain boundary could
be due to this effect. However, it would be difficult to
explain the apparent observation of countersegregation
of oxygen and boron (see next paragraph) if this mech-
anism plays a role, especially when both countersegrega-
tion and cosegregation occur simultaneously at the
precipitates.

So what is the role of oxygen? There appear to be two
trends relative to the boron distribution in the material.
In the matrix of this steel, boron and oxygen appear to
counter-segregate, that is, where boron is found in higher
concentrations, low concentrations of oxygen are not
found and vice versa. Oxygen may still play a crucial role
in stabilizing the microstructure in a manner similar to
that of boron. However. the added complexity of coun-
ter-segregation of these two elements may even enhance
the effect of each element on their own. If changes to the
microstructure require changes in the distribution of

these elements, then both elements would need to be
redistributed and that would be much more difficult to
accomplish than the case of a single element For example,
these elements may have formed atmospheres about a
defect. This is consistent with our observations. In order
for the defect to move, both oxygen and boron would
have to move in such a way that they avoid each other.

Given this behavior in the matrix, it is curious to find
both oxygen and boron at elevated concentrations simul-
taneously inside the precipitates. Clearly the thermody-
namics of their interaction is different between the matrix
and the precipitate.

In our previous work [1], it was noted that small (2–4
nm) cavities were found in the unaged material. These
cavities are thought to be stabilized by oxygen or an oxide
film coating them [14]. Furthermore, these fine-scale
cavities are found to be directly associated with the
precipitates which form during aging and appear to serve
as nucleation sites [6]. The oxygen found inside the
precipitates might be due to the prior presence of an
oxygen-coated cavity, however, there is insufficient direct
evidence to conclude this unequivocally. Furthermore,
cavities were not obvious in the several FIM specimens
of unaged material that were examined in the present
study. It is often the case. however, that the observation
of cavities is not uniform in a structure and it is necessary
to search sometimes over an area to find them in a TEM
specimen. This effect may be due to the fact that these
are powder-processed materials and there is a different
solidification history in each powder particle. Not all
particles achieve the high liquid supercooling that is
necessary for cavity formation. This apparently contra-
dictory finding with previous observations may be due
to this effect and the fact the volume of material
examined in a FIM specimen is very small compared with
the volume of examined material in a TEM specimen.

5. Conclusions

� Oxygen is segregated to elevated concentrations in
both the nitride precipitates of the aged material and
to the vicinity (within 10 nm) of a grain boundary in
the unaged material.

� Boron also is segregated to elevated concentrations
in both the nitride precipitates of the aged material
and to the vicinity (within 10 nm) of a grain
boundary in the unaged material.

� Oxygen and boron co-segregate to the nitride precip-
itates of the aged material. These two elements,
however, are found to be countersegregated in the
matrix near a grain boundary of the unaged
material.

� The oxygen and boron concentrations in the nitride
precipitates is on the order of 1 at% and this fact
may be responsible for their enhanced thermody-

Fig. 3. Composition profile from inside the precipitate to the far side
of the 3DAP image in Fig. 2. The V composition is plotted on the
right-hand scale and illustrates the location of the transition from
precipitate to matrix composition. The plotted profiles for oxygen
and boron are determined by a moving average over four periods (see
text).
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namic stability relative to nitrides in similar conven-
tionally-processed alloys.

� The relatively large intercepted volume of the 3DAP
makes it possible to make observations concerning
elements at very low concentrations that would not
be discernable in a conventional APFIM.
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