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Abstract: The differences in artifacts associated with voltage-pulsed and laser-pulsed ~wavelength � 532 or
355 nm! atom-probe tomographic ~APT! analyses of nanoscale precipitation in a high-strength low-carbon
steel are assessed using a local-electrode atom-probe tomograph. It is found that the interfacial width of
nanoscale Cu precipitates increases with increasing specimen apex temperatures induced by higher laser pulse
energies ~0.6–2 nJ pulse�1 at a wavelength of 532 nm!. This effect is probably due to surface diffusion of Cu
atoms. Increasing the specimen apex temperature by using pulse energies up to 2 nJ pulse�1 at a wavelength of
532 nm is also found to increase the severity of the local magnification effect for nanoscale M2C metal carbide
precipitates, which is indicated by a decrease of the local atomic density inside the carbides from 68 6 6 nm�3

~voltage pulsing! to as small as 3.5 6 0.8 nm�3. Methods are proposed to solve these problems based on
comparisons with the results obtained from voltage-pulsed APT experiments. Essentially, application of the Cu
precipitate compositions and local atomic density of M2C metal carbide precipitates measured by voltage-
pulsed APT to 532 or 355 nm wavelength laser-pulsed data permits correct quantification of precipitation.
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INTRODUCTION

The addition of laser pulsing to atom-probe tomography
~APT! expands the range of materials that can be analyzed
by APT ~Tsong, 1978; Kellogg & Tsong, 1980; Kellogg, 1987;
Gorelikov, 2000!. Research projects that would be impossi-
ble to conduct using voltage-pulsed APT are now becoming
numerous ~Larson et al., 2004; Cerezo et al., 2007a; Gault
et al., 2007; Kelly et al., 2007; Kelly & Miller, 2007; Chiara-
monti et al., 2008; Yoon et al., 2008; Chen et al., 2009;
Mulholland & Seidman, 2009; Li et al., 2010; Schreiber
et al., 2011a, 2011b; Moutanabbir et al., 2011!. Advances in
APT technology ~Bunton et al., 2007; Kelly & Miller, 2007;
Seidman, 2007! permit the pulse repetition rates of laser-
pulsed APT to exceed significantly those of voltage-pulsed
APT, which increases the rate of data collection. Addition-
ally, laser-pulsing generally results in a smaller specimen
failure rate than does voltage pulsing ~Tsong, 1978!. This
increased yield arises because the Maxwell mechanical stresses
induced by the alternating electric field associated with
voltage pulsing are absent for laser pulsing, which instead
uses thermal pulses to induce evaporation of ions. The
increased dataset size obtained utilizing laser pulsing is
beneficial, especially for materials with high failure rates
such as carbide-containing steels and metallic oxides. The
effects of thermal pulses on the data quality obtained are,
however, the subject of scientific debate.

Many studies of the differences between laser-pulsed
and voltage-pulsed APT have been conducted on single-

phase materials or single-phase regions of multiphase mate-
rials ~Kellogg & Tsong, 1980; Smith et al., 1982; Cerezo
et al., 2007b; Zhou et al., 2008!. For instance, Zhou et al.
~2008! conducted a thorough study on the effect of green
laser pulsing ~532 nm wavelength! on the measured concen-
trations in an as-solutionized single-phase Ni-Al-Cr alloy.
Few studies exist, however, on the effects of laser pulsing on
multiphase materials. Sha and Ringer ~2009! observed only
small effects of varying pulse energies ~0.2–1.5 nJ, wave-
length � 532 nm! and base temperatures ~20–80 K! on the
composition of both the solute clusters and matrix of an
Al-Mg-Si-Cu alloy.

One reason for the limited number of studies on
multiphase materials is that these systems are significantly
more complicated to study. Field evaporation of multiple
phases with different evaporation fields leads to artifacts
even in the voltage pulsing mode. Specifically, preferential
field evaporation between voltage pulses, local magnifica-
tion, or demagnification effects, and trajectory overlap of
the field-evaporated ions are known to be artifacts that arise
because of evaporation-field differences ~Goodman et al.,
1973; Miller, 2000; Vurpillot et al., 2000!. Since laser-pulsing
produces a temperature increase to induce evaporation of
ions, which may be on the order of 300 K for a material
with a small thermal diffusivity ~Cerezo et al., 2007b!,
additional artifacts are anticipated. For example, Cerezo
et al. ~2007b! observed the loss of the ability to resolve
atomic planes in elemental tungsten due to enhanced
surface diffusion of atoms at large values of the laser energy
~2 mJ pulse�1, beam diameter � 100 mm, wavelength �
515 nm, and pulse duration � 500 fs!.
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In this article we study the differences in artifacts
produced by voltage-pulsed and laser-pulsed APT during
analysis of Cu-rich and M2C metal carbide precipitates in a
high-strength low-carbon steel, BlastAlloy ~BA!-160 ~Saha
et al., 2007; Saha & Olson, 2007; Mulholland & Seidman,
2009, 2011!. We present a solution to the problems associ-
ated with laser-pulsed APT to quantify accurately the pre-
cipitate volume fractions, f, and average precipitate radii,
^R&, which are important parameters for modeling precipi-
tation strengthening.

MATERIALS AND METHODS

The composition of Blast Alloy ~BA! 160 steel is listed in
Table 1. BA160 steel is formed into 20.5 cm ~8 in.! ingots by
vacuum induction melting and vacuum arc remelting. The
ingots are then homogenized at 1,2048C for 12 h and hot
rolled to 4.3 cm ~;1.7 in.! plates at 1,0938C. The plates are
normalized at 9108C for 1 h, annealed at 4828C for 10 h,
and then finished machined to 4.128 cm ~1.625 in.! diam-
eter rods. This steel was then machined into Charpy bars
and aged using the following protocol: ~a! solution treat-
ment at 9008C for 1 h; ~b! water quench; ~c! submersion in
a liquid nitrogen bath for 30 min; and ~d! aging at 5508C for
30 min; ~e! aging at 4508C for 0, 1, 5, 20, 80, 320, or 5,000 h;
and ~f! water quench.

Specimens for APT were prepared from aged and bro-
ken Charpy samples by cutting the broken Charpy samples
into 0.3 � 0.3 mm2 rods and then electropolishing them
using a dual-step process at room temperature. The electro-
lytes were 10% perchloric acid in acetic and 2% perchloric
acid in butoxyethanol solutions, which was conducted at
room temperature using a voltage of 15-8 Vdc ~Krakauer
et al., 1990!.

APT was performed using a Cameca Instruments, Inc.
~Madison, WI, USA; formerly Imago Scientific Instruments!
local-electrode atom-probe ~LEAP! 4000X Si employing
both laser and voltage pulsing modes ~Seidman & Stiller,
2009a, 2009b!. Laser-pulsed APT was performed using two
wavelengths, 532 and 355 nm. The 532 nm wavelength is in
the green range of visible light ~green laser!, whereas 355 nm
is in the ultraviolet ~UV laser!. Green laser pulsing was
performed at a pulse repetition rate of 250–500 kHz, pulses
of 0.6–2 nJ pulse�1, and a base specimen temperature of
60–80 K. UV laser pulsing was performed using a pulse
repetition rate of 500 kHz, a base specimen temperature of
40–60 K, and pulses of 0.05 nJ pulse�1.

Voltage-pulsed APT was performed using a pulse frac-
tion ~pulse voltage/steady-state DC voltage! of 20%, a pulse
repetition rate of 200 kHz, and a specimen temperature of
60 6 0.22 K. Reconstruction of the data was performed

using Cameca’s ~formerly Imago Scientific Instruments!
IVAS software by varying the evaporation field used until
the Cu precipitates were approximately spherical. For voltage-
pulsed data collected at 60 K, a typical evaporation field
used was 33 V nm�1. The evaporation field used to recon-
struct laser-pulsed data varied from 25–33 V nm�1 depend-
ing on the laser pulse energy employed. Since the material
used is a steel that is only 88% Fe, two poles could not be
found in most datasets, and thus the reconstruction could
not be calibrated to a known planar spacing.

Cu precipitates were identified using the envelope
method ~Miller, 2000!. The parameters used were a maxi-
mum separation distance, dmax, of 0.5 nm, a minimum of
30 solute atoms, and a grid resolution of 0.12 nm. The
envelope method cannot be applied directly to M2C metal
carbide precipitates due to aberrations in the solute-solute
neighbor distances caused by a local magnification effect.
M2C metal carbide precipitates are therefore identified using
a 1 at.% C isoconcentration surface. The atomic contents
interior to the isoconcentration surface are then exported
and analyzed using the envelope method with a dmax param-
eter of 2 nm, a minimum of 5 solute atoms, and a grid
resolution of 2 nm.

RESULTS

Copper Precipitation
Nanoscale Cu precipitates, bcc ~body-centered cubic!, are
coherent precipitates having Cu concentrations ranging from
;40 to .90 at.% Cu, depending on the diameter of the
precipitates and the aging temperature ~Goodman et al.,
1973; Worrall et al., 1987; Othen et al., 1994; Gagliano &
Fine, 2004; Isheim et al., 2006; Kolli & Seidman, 2007, 2008;
Kolli et al., 2008; Vaynman et al., 2008; Mulholland &
Seidman, 2009!. In BA-160, the Cu precipitates have ^R&
values ranging from 2.1 to 3.5 nm for the aging times we
employed ~Mulholland & Seidman, 2011!. The evaporation
fields for Fe and face-centered cubic ~fcc! Cu ~note that the
Cu precipitates in BA-160 are bcc! were calculated at 0 K
~Tsong, 1978! to be 35 and 30 V nm�1, respectively, and by
Brandon ~1968! to be 36 and 31 V nm�1, which are essen-
tially identical. As noted earlier ~Goodman et al., 1973!, the
smaller evaporation field of Cu compared to the a-Fe
matrix causes the Cu precipitates to have larger radii of
curvature as a result of field evaporation. Therefore, trajec-
tory overlap of the a-Fe matrix atoms, and local demagnifi-
cation of Cu precipitates, as simulated by Vurpillot et al.
~2000!, are anticipated during APT.

Figure 1 compares concentration profiles generated by
the proximity histogram method ~Hellman et al., 2000!
from Cu precipitates analyzed by voltage-pulsed LEAP to-
mography and green-laser-pulsed LEAP tomography using
pulses of 0.6 and 2 nJ pulse�1. All of the specimens used for
Figure 1 were aged at 5508C for 0.5 h followed by 4508C for
20 h. Each concentration profile was generated from a
precipitate with a similar number of Cu atoms ~Table 2!.
The value 2 nJ pulse�1 is an excessively large laser energy

Table 1. BA-160 Composition in wt% and at.%.

Element Fe Ni Cu Cr Mo C

Concentration ~at.%! Bal 6.76 2.85 1.98 0.36 0.26
Concentration ~wt.%! Bal 6.42 3.33 1.89 0.5 0.06
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but is included to show an extreme example of artifacts
generated by green-laser-pulsed LEAP tomography. The
core Cu concentrations for each precipitate in Figure 1 are
given in Table 2. The core concentration is defined as
the average of the last four statistically significant concen-
trations on the proximity histogram. It is evident that the
core Cu concentration of a precipitate analyzed by green-
laser-pulsed APT using 2 nJ pulse�1 is significantly smaller
than that of the voltage-pulsed precipitate concentration
~70 6 9 at.% Cu for 2 nJ pulse�1 laser pulsing and 89 6 4%
for voltage pulsing!. Hereafter, all concentrations are in
at.% unless otherwise noted. The core Cu concentration
using the green laser at 0.6 nJ pulse�1 is also significantly
smaller ~50 6 6 Cu! than that measured employing voltage
pulsing. This is not always the case; for some datasets and
precipitate radii analyzed using green laser pulsing at 0.6
nJ pulse�1, the Cu core concentrations are similar to those
measured employing voltage pulsing. The interfacial width,
however, measured by green or UV-laser pulsing is always
greater than that measured by voltage pulsing, as discussed
below.

The a-Fe/Cu precipitate interface is visibly more dif-
fuse for 2 nJ pulse�1 and only slightly more diffuse for 0.6
nJ pulse�1 in comparison to the voltage-pulsed results. The
interfacial width of the a-Fe/Cu precipitate interface for
each precipitate in Figure 1 is listed in Table 2. The inter-
facial width is measured using the 10–90% width criterion
~Mao et al., 2007!, which is calculated as follows: ~1! the
difference between the concentration of a given element in
the a-Fe matrix and in the core of the precipitate is calcu-
lated; and ~2! the position at which the concentration is
10% of this difference and the position at which the concen-
tration is 90% of this difference are recorded. The distance
between these positions is the interfacial width. It is note-
worthy that the interfacial width of the Cu precipitates
measured using the green laser at 2 nJ pulse�1 is 223%
greater than the interfacial width measured using voltage
pulsing. Additionally, the Cu concentration measured using
the green laser at 2 nJ pulse�1 is still greater than the a-Fe
matrix’s Cu concentration at a distance of 5 nm from the
isoconcentration surface. The interfacial width measured
using 0.6 nJ pulse�1 is 25% greater than that measured by
voltage pulsing. Localized segregation of Ni at the a-Fe/Cu
precipitate heterophase interface is also evident in the Cu
concentration profile ~Fig. 1!, obtained utilizing voltage
pulsing. Localized Ni segregation is, however, notably ab-
sent from profiles obtained using either green or UV laser
pulsing.

The increase in interfacial width is also evident using
the envelope method. The dmax parameter in the envelope
method is the maximum separation distance between two
solute atoms ~Cu! for the atoms to be associated with the
same cluster. The selection of the maximum solute separa-
tion distance parameter, dmax, is obtained using a method
proposed by Kolli and Seidman ~2007!, which involves
plotting the number of clusters containing three atoms or
greater as a function of dmax and choosing the dmax value
that produces the minimum number of clusters. This meth-
odology consistently indicates a dmax parameter of 0.5 nm
for the voltage-pulsed data. For the green-laser-pulsed data-
sets collected using 2 nJ pulse�1, the dmax parameter is
0.8 nm. This implies that a significantly larger dmax is
needed to capture the clusters because the a-Fe/Cu inter-
faces are more diffuse.

Figure 1. Proximity histogram concentration profiles of Cu pre-
cipitates as a function of pulsing conditions. The isoconcentration
surface used to generate the proximity histograms was a 20 at.%
Cu isoconcentration surface. The samples were aged at 5508C for
30 min and 4508C for 20 h.

Table 2. Different Pulsing Conditions Leading to Different Values for the Physical Properties of Cu Precipitates, Which
Are Pertinent to the Information Displayed in Figure 1.

Pulsing Condition

Number of Cu
Atoms in

Precipitates Used
for Concentration

Profile
Interfacial Width

~nm!

Precipitate Core
Cu Concentration

~at.%!

Reconstructed Density
of Cu Precipitates*

in Dataset
~atoms nm�3!

Voltage, 20% pulse fraction 3,619 1.6 6 0.1 100 140 6 6
Green laser, 0.6 nJ pulse�1 3,638 2.0 6 0.1 65 6 6 174 6 21
Green laser, 2 nJ pulse�1 4,051 5.1 6 0.2 35 6 9 150 6 21

*Theoretical density of Cu precipitates: 82 atoms nm�3
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Table 3 displays the average number of Cu atoms in Cu
precipitates for two samples aged for 20 h at 4508C, one
performed using voltage pulsing and the other employing
green laser pulsing at 0.6 nJ pulse�1. The results in Table 3
demonstrate that the average number of Cu atoms in Cu
precipitates is the same, within experimental error, for both
voltage pulsing and green laser pulsing. This result is from
the comparison of one voltage-pulsed dataset with one
laser-pulsed dataset, which brings into question the statisti-
cal significance. Physically, however, it is not surprising that
two datasets from material aged under exactly the same
conditions should have the same average Cu precipitate
radii and average precipitate compositions as one another.
Figure 2 shows, however, the effect of the apex temperature
of a specimen on the measured Cu precipitate volume
fraction, fCu, which is defined as the total number of atoms
in the precipitates divided by the total number of atoms in
the dataset. Each point on the plot is from a different
dataset. The abscissa of the plot is the ratio of 60Ni� ions to
60Ni2� ions rather than specimen apex temperature, which
cannot be directly measured. The reasons for this are: ~1!
the apex temperature is not dependent solely on the base
temperature and/or the laser pulse energy; it is also depen-
dent on a specimen’s geometry; and ~2! specimens with a
small shank angle will be heated to a more elevated temper-
ature than specimens with large shank angles ~Bunton et al.,
2007!. The charge-state ratios ~CSRs! of evaporating species
are known to be dependent on tip temperature ~Cerezo
et al., 2007b; Kellogg, 1981; Marquis & Gault, 2008; Zhou

et al., 2008! and are therefore used as a qualitative thermom-
eter for a specimen’s apex temperature. Marquis and Gault
~2008! state that it is difficult to use the CSR values to
determine quantitatively the absolute temperature, but this
is unnecessary to observe general temperature dependence
trends. Plotting the data as a function of CSR permits one
to focus on the temperature dependence of different phe-
nomena. And this allows us to ignore that different speci-
mens were evaporated with different pulse repetition rates
and base temperatures. The data point due to voltage puls-
ing is plotted with a CSR of 0.001; the actual ratio is 0, since
no singly-charged Ni ions are detected for voltage pulsing,
but 0.001 was used so that the abscissa can be plotted on a
log10 scale. The UV laser data point plotted for a 60Ni�/
60Ni2� ratio of 0.002 similarly did not exhibit Ni� ions in
the mass spectrum. The absence of Ni� ions in both
UV-laser-pulsed and voltage-pulsed mass spectra does not
mean that the UV laser dataset has the same apex tempera-
ture as voltage-pulsed data. If the apex temperatures were
the same for both datasets, then all species should have the
same CSR, which is not the case. The UV laser dataset
plotted with a Ni CSR of 0.002 has a 65Cu�/65Cu2� ratio of
1.7, whereas the voltage dataset plotted for 0.001 has a 65Cu
CSR of 0.8.

Figure 2 demonstrates that increasing the temperature
with either green or UV laser pulsing causes an increase in
the value of fCu. The measured value of fCu increases
further when 2 nJ pulse�1 is utilized ~Fig. 2!. The value of
fCu is artificially increased when using the UV or the green
laser: UV laser-pulsed LEAP tomography at a base temper-
ature of 40 K, 500 kHz pulse repetition rate, and 0.05
nJ pulse�1 produces a value of fCu of 5.1 6 0.8%.

At sufficiently small laser pulse energies, DC evapora-
tion commences and causes the noise level in the mass
spectra to rise considerably. A UV pulse of 0.05 nJ pulse�1 is
close to this lower limit, which implies that using signifi-
cantly smaller pulse energies to decrease further the speci-
men apex temperature is unfeasible.

M2C Carbide Precipitation
M2C metal carbide precipitates ~M is predominantly a mix-
ture of Cr and Mo atoms! also exhibit differences depend-
ing on the pulsing mode utilized. M2C metal carbides have a
higher evaporation field than the a-Fe matrix, which im-
plies they are subject to a local magnification effect for
either voltage or laser pulsing, which makes them appear
larger than their actual size. The local magnification effect

Table 3. Average Number of Cu Atoms in Cu Precipitates in Samples Aged for 20 h at 4508C for Voltage and Green
Laser Pulsing.

Pulsing Condition

Average Number
of Cu Atoms in
Cu Precipitates

Volume Fraction
of Cu Precipitates

Voltage pulsing ~20% pulse fraction! 3,091 6 745 ~46 precipitates! 0.029 6 0.008
Green laser pulsing ~0.6 nJ per pulse! 3,923 6 585 ~173 precipitates! 0.056 6 0.008

Figure 2. Cu precipitate volume fractions as a function of Ni CSR,
60Ni�/60Ni2�.
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causes M2C metal carbide precipitates to have a smaller
apparent atomic density and leads to trajectory overlap of
a-Fe matrix and M2C precipitate atoms. To examine the
extent of local magnification, the reconstructed density, rR,
is a useful quantity. The quantity rR is defined by

rR �
N

V
, ~1!

where N is the number of atoms contained within a given
isoconcentration surface corrected for detection efficiency,
assuming a detection efficiency of 50%, and V is the volume
enclosed by that same isoconcentration surface. In the case
of M2C metal carbide precipitates, a 1 at.% C isoconcentra-
tion surface is used. Table 4 presents the values of rR for the
three different pulsing modes. The theoretical value of rR

for the M2C metal carbide precipitates is 92 atoms nm�3,
when a hexagonal-closed packed arrangement of M atoms
is used ~carbon in half of the tetrahedral interstitial posi-
tions! employing the lattice parameters for an AF1410 steel
~Montgomery, 1990!, which has a similar Cr:Mo concentra-
tion ratio as BA-160. The value for voltage pulsing is an
average of rR values for nine metal carbide precipitates
from different datasets and aging times, collected at a spec-
imen temperature of 60 6 0.22 K using a 20% pulse frac-
tion, a pulse repetition rate of 200 kHz, and a target
evaporation rate ~ions pulse�1! of 0.5–1%. The value for
the green laser is an average of rR values for 15 metal
carbide precipitates from different datasets and aging times,
collected using either 0.75 nJ pulse�1 and a 250 kHz pulse
repetition rate or 0.6 nJ pulse�1 and a 500 kHz pulse repeti-
tion rate. The base specimen temperature was either 60 or
80 K. The green laser rR value given in Table 4 is therefore
not from a single dataset for a single specimen temperature
but is instead representative of “reasonable” operating pa-
rameters for the green laser. The rR value obtained using
voltage pulsing is relatively independent of aging time
~Fig. 3!; therefore, using samples with different aging condi-
tions does not affect the rR value as much as varying the
apex temperature employing laser pulsing. The rR value for
the UV laser is an average of the rR values for 11 metal
carbide precipitates from three different datasets; all were
collected using 0.05 nJ pulse�1, a 500 kHz pulse repetition
rate, a target evaporation rate ~ions pulse�1! of 0.5–1%, and
a 40 K base specimen temperature. The value of rR for M2C
metal carbide precipitates analyzed using green laser puls-
ing is significantly smaller than the rR value of M2C metal

carbide precipitates analyzed using voltage pulsing ~Table 4!,
while the value for UV laser pulsing lies between the two.
Figure 4 is a plot of rR versus the CSR of Ni, which
demonstrates that the value of rR decreases with increasing
apex temperature. Even though the UV laser produces a
lower apex temperature than does the green laser, it still
does not reproduce the M2C metal carbide precipitates’s
reconstructed density using voltage pulsing.

Figure 5 displays a proximity histogram analysis of
similarly-sized M2C metal carbide precipitates; one was
analyzed using voltage pulsing with a 20% pulse fraction
and the other employing a green laser at 0.6 nJ pulse�1. The
proximity histogram uses a 1 at.% carbon isoconcentration
surface to define an interface. For the case of UV laser
pulsing, no proximity histogram is provided because a M2C
metal carbide precipitate of a similar size did not exist in
the UV laser datasets. It is evident from Figure 5 that the
carbon concentration profile extends further into the a-Fe
matrix for green laser pulsing than for voltage pulsing: for

Table 4. M2C Carbide Reconstructed Densities for Different Puls-
ing Methods.

Pulsing Method
rR

~atoms nm�3!

Theoretical 93
Voltage 68 6 6
Green laser 26 6 6
UV laser 48 6 12

Figure 3. Reconstructed density of M2C metal carbide precipitates
as a function of aging time at 4508C. Voltage pulsing employing a
pulse fraction ~pulse voltage/steady-state DC voltage! of 20% and a
specimen temperature or 60 K was used for all measurements.

Figure 4. M2C metal carbide precipitate reconstructed density as
a function of Ni CSR, 60Ni�/60Ni2�. Samples were aged at 5508C
for 30 min and 4508C for different times.

954 Michael D. Mulholland and David N. Seidman



voltage pulsing the M2C metal carbide precipitate’s carbon
concentration achieves the carbon concentration level of
the a-Fe matrix at a distance of 0.65 nm from the interface,
whereas for green laser pulsing the C concentration achieves

the a-Fe matrix level at 1.35 nm from the 1 at.% isoconcen-
tration surface. The Cr concentration profiles in Figure 6
exhibit a similar trend: the Cr profile of the metal carbide
precipitate analyzed employing green laser pulsing extends
further into the a-Fe matrix than does that of the carbide
precipitate analyzed using voltage pulsing. The Cr concen-
tration profiles achieve a-Fe matrix concentration levels at
a similar distance from the isoconcentration surface as do
the C profiles: the green-laser-pulsed Cr concentration pro-
file achieves matrix Cr levels at 1.55 nm from the 1 at.% C
isoconcentration surface, and the Cr profile, obtained using
voltage pulsing, attain matrix Cr levels at 0.65 nm.

Another measure of the extent of a metal carbide
concentration profile relative to the isoconcentration sur-
face is the fraction of the total C atoms that are contained
within that isoconcentration surface. Because we measured
the far-field matrix C concentration in BA-160 to be
;0.005%, it is a safe assumption that the majority of C
atoms in close proximity to the carbide originated from the
precipitate. Summing the number of C atoms from the
center of a precipitate to the distance where the C concen-
tration reaches the a-Fe matrix concentration level yields
the total number of C atoms associated with a metal carbide
precipitate; whereas summing C atoms from the center of a
precipitate to the 1 at.% C isoconcentration surface yields
the number of C atoms contained within the isoconcentra-
tion surface. Dividing the total number of C atoms associ-
ated with the metal carbide precipitate by the number of C
atoms within the 1 at.% C concentration surface yields the
fraction of C contained within the isoconcentration surface,
denoted fC . The values of fC measured by voltage pulsing,
green laser pulsing at 0.6 nJ pulse�1, and UV laser pulsing at
0.05 nJ pulse�1, are 0.7 6 0.1, 0.5 6 0.1, and 0.3 6 0.1,
respectively ~Table 5!. Each value is an average for 9 M2C
metal carbide precipitates. It is clear that for voltage pulsing,
M2C metal carbide precipitates contain 33% or 50% more
C within the 1 at.% C isoconcentration surface than for
green or UV laser pulsing, respectively. This is another
indication that M2C metal carbide precipitates analyzed
utilizing laser pulsing extend further into the a-Fe matrix
than do those analyzed using voltage pulsing.

When the total number of C atoms associated with
the M2C metal carbide precipitates obtained using vol-
tage pulsing ~Fig. 5! is normalized by the volume en-
closed by a 1 at.% C isoconcentration surface, a value of

Figure 5. M2C metal carbide precipitates’s C and Cr concentra-
tion profiles as a function of pulsing method. The metal carbide
precipitates are both approximately 3 nm in radius, and both
samples were aged at 5508C for 30 min and 4508C for 320 h.

Table 5. Total Carbon Content of M2C Carbides for Voltage and Green Laser Pulsing.

Pulsing Method
Carbon Atom Density

~atoms nm�3!

Average Carbon
Atom Density for

Six Carbide Precipitates
~atoms nm�3!

Average Fraction
of Total C Contained

within 1 at.% C
Isoconcentration Surface

~Nine Carbide Precipitates!

Voltage 1.7 2.8 6 0.5 0.7 6 0.1
Green laser, 0.6 nJ pulse�1 1.8 2.6 6 0.9 0.5 6 0.1
UV laser, 0.05 nJ pulse�1 — 3.8 6 1.3 0.3 6 0.1

Figure 6. Total number of atoms per Cu precipitate as a function
of the number of Cu atoms per Cu precipitate collected using 0.6
nJ pulse�1 for a green ~535 nm wavelength! laser from a sample
aged for 20 h at 4508C. The equations for the straight-line seg-
ments are given on the graph and explained in the text.
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1.67 atoms nm�3 is calculated. Performing the same calcu-
lation for the case of green laser pulsing at 0.6 nJ pulse�1

yields 1.79 atoms nm�3. For six metal carbide precipitates
analyzed utilizing voltage, green laser, and UV laser pulsing,
the average values of the C atomic density are 2.8 6 0.5,
2.6 6 0.9, and 3.8 6 1.3 respectively ~Table 5!. The stated
error is two standard errors about the mean. The C atomic
densities for voltage, green, and UV laser pulsing are the
same within error.

DISCUSSION

Cu Precipitation
An estimate of the correct maximum value of fCu can be
calculated using the lever rule. The matrix’s Cu concentra-
tion, determined by LEAP tomography, after aging for 5,000 h
at 4508C, is 0.05 at.%. Perez et al. ~2005! measured the
solubility of Cu in Fe at temperatures ranging from 500–
7008C using thermoelectric power. Their research produced
the following empirical relationship between Cu solubility
~wt%! and temperature ~T ! :

log10 @Cu~wt.%!# �
6,111,850

T 2
�

16,478.2

T
� 10.3242,

~2!

where T is the temperature in K. The longest aging time
used in their study was 1,111 h at 5008C, which is equivalent
to more than 5,000 h at 4508C. Substituting 4508C ~723 K!
into equation ~1! produces a Cu solubility in Fe of 0.17 wt%
~0.14 at.%!, which is about three times the solubility mea-
sured by LEAP tomography. The equilibrium Cu concentra-
tion of fcc Cu in BA-160 is calculated to be 98% using
ThermoCalc software ~Sundman et al., 1985!, version S,
employing the TCFE6 database. The total Cu concentration
of the alloy ~Table 1! is 2.85 at.%. Using the lever rule with
the matrix Cu solubility measured by LEAP tomography
yields a fCu value of 2.86%, by assuming that bcc Cu has
the same molar volume as Fe. For bcc Cu precipitates, this
approximation is reasonable because the lattice parameter
mismatch is about 0.85% ~Ma et al., 1993!. Voltage-pulsed
APT measures consistently a fCu value of ;3%, which is
reasonably close to the lever rule value.

The larger value of fCu and smaller Cu concentration
measured by both green and UV laser pulsing, despite the
same number of Cu atoms in precipitates as measured using
voltage pulsing, must be due to the artificial inclusion of
a-Fe matrix atoms in the Cu precipitates. This inclusion of
a-Fe matrix atoms is due to the artificially broadened
interfacial widths of the Cu precipitates. There are two
possible reasons for this increased interfacial width: ~1! the
temperature change causes the evaporation-field difference
between the Cu precipitates and the a-Fe matrix to change,
resulting in a change in the degree of trajectory overlap; or
~2! a process other than local demagnification, such as
surface diffusion, occurs during the evaporation process.

The increased apex temperature during laser-pulsed
evaporation should change the evaporation fields of both
phases and may increase or decrease the difference between
the evaporation fields of the phases. If the difference de-
creases, the local demagnification of the Cu precipitates
would also decrease. Since local demagnification artificially
decreases the reconstructed precipitate diameter, which de-
termines the extent of the proximity histogram into a
precipitate, less local demagnification would result in an
apparent increase in reconstructed precipitate diameter. Less
local demagnification, however, would also decrease the
amount of trajectory overlap from the matrix, which would
decrease the apparent diffuseness of an interface. Less local
demagnification would therefore likely decrease the inter-
facial width, and more local demagnification would increase
it, provided the increase in precipitate diameter does not
affect the interfacial width as much as does trajectory overlap.

The rR values are useful to examine the extent of local
demagnification. For Cu precipitates an 8 at.% Cu isocon-
centration surface is utilized because the number of Cu
atoms contained within this isoconcentration surface for
each precipitate is similar to the number of Cu atoms
assigned to each Cu precipitate by the envelope method.
Table 2 lists rR values for the datasets used to generate
Figure 1. Each value in Table 2 is an average of the rR values
of 10 precipitates from a given dataset. The theoretical rR of
bcc Cu is 82 atoms nm�3, when the lattice parameter mis-
match with the a-Fe matrix of 0.85% is accounted for. The
rR values indicate that the temperature dependence of rR is
not strong: the rR values of Cu precipitates obtained using
green laser pulsing at 0.6 nJ pulse�1 and 2 nJ pulse�1 are
24% and 7% greater than those produced employing voltage-
pulsed LEAP tomography. The reason for the weak temper-
ature dependence of the local demagnification effect must
be that the evaporation fields of the a-Fe matrix and the Cu
precipitates have similar weak temperature dependencies, so
that they do not change appreciably with increasing temper-
ature. Furthermore, the fact that the Cu precipitate inter-
facial width obtained using 2 nJ pulse�1 is 44% greater than
that produced using 0.6 nJ pulse�1, while the Cu precipitate
rR value for 2 nJ pulse�1 is 13% smaller than the Cu
precipitate rR value obtained using 0.6 nJ pulse indicates
that the degree of local demagnification cannot explain the
increased interfacial width.

Surface diffusion is therefore the most likely cause of
the increased interfacial widths of Cu precipitates observed
using laser-pulsed APT. That localized Ni segregation at the
a-Fe matrix/Cu heterophase interface, as studied using volt-
age pulsing, vanishes using green or UV laser pulsing sup-
ports surface diffusion being the culprit.

The artifacts arising during laser-pulsed LEAP tomog-
raphy are corrected for by comparison to Cu precipitates
analyzed utilizing voltage pulsing. Figure 7 is a graph of the
total number of atoms ~including Fe atoms, Ni atoms, etc.!,
denoted as M, in each Cu precipitate versus the number of
Cu atoms, B, in each Cu precipitate, as measured by voltage
pulsing. Let X be the Cu concentration of a Cu precipitate:
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X �
B

M
. ~3!

The slope of the curve in Figure 7 is by definition dM/dB.
Suppose that a Cu precipitate has dB more Cu atoms than a
slightly smaller Cu precipitate. Then the total number of
atoms in the larger precipitate, M2, should be dM larger
than that of the smaller precipitate, M1, depending on the
Cu concentration of the larger precipitate. The value of M2

is given by

M2 � M1 � dM �
B2

X
�

B1 � dB

X
. ~4!

If X is approximated by a constant then equation ~4! becomes

M2 � M1 � dM � M1 �
dB

X
; ~5!

and therefore

dM

dB
�

1

X
. ~6!

In reality, X depends on the radius of a Cu precipitate
~Mulholland & Seidman, 2011!, but for very similarly-sized
Cu precipitates X is approximately the same. The slope of
the plot is therefore approximately equal to X�1. There are
regions in Figure 7 with different slopes, which is indicative
of the radius dependence of the concentration. Figure 7 was
therefore divided empirically into two regions that have
approximately constant slopes: ~1! Cu precipitates contain-
ing up to 2,500 Cu atoms and ~2! Cu precipitates containing
more than 2,500 Cu atoms. The equation displayed on
Figure 7 for Cu precipitates containing more than 2,500 Cu
atoms has a nonzero intercept, 803, which is due to the
empirical fitting of the data by a linear regression analysis.
The value of the intercept, however, is small compared to

the total number of atoms in each precipitate in this size
regime.

Figure 6 shows a similar graph for Cu precipitates
analyzed using green laser pulsing. The values of the slopes
are 3.12 6 0.09 for Cu precipitates containing up to 2,500
Cu atoms and 1.75 6 0.05 for Cu precipitates containing
more than 2,500 Cu atoms. The green-laser-pulsed slope
values are significantly greater than those for voltage puls-
ing ~Fig. 7!, which are 1.64 6 0.07 for Cu precipitates
containing up to 2,500 Cu atoms and 1.34 6 0.04 for Cu
precipitates containing greater than 2,500 Cu atoms. The
larger slope values measured by green laser pulsing indicate
a smaller Cu concentration in the precipitates. To correct
this problem, the total number of atoms in each Cu precip-
itate analyzed using laser pulsing can be determined by
applying the equations from the graph for voltage pulsing,
using the number of Cu atoms in each precipitate from the
laser-pulsed data. For example, a precipitate analyzed using
green laser pulsing that contains 2,400 Cu atoms would
have a total number of Cu atoms calculated from the
following equation, obtained from Figure 7:

M � 1.64B; ~7!

which yields 3,936 total atoms. If a Cu precipitate was
determined to contain 3,500 Cu atoms, the other equation
displayed in Figure 7 would be used because larger Cu
precipitates have larger Cu concentrations. This method
adjusts effectively the Cu concentrations measured using
laser pulsing to the average Cu concentration in each size
regime measured using voltage pulsing. This correction
ignores the Cu concentrations of individual precipitates
measured utilizing laser pulsing in favor of the average Cu
concentration of a precipitate analyzed using voltage puls-
ing. This is not, however, a problem because the Cu concen-
trations measured using laser pulsing are incorrect ~Fig. 1!.
This correction procedure yields reasonable values for the
total number of atoms in each precipitate based on the
number of Cu atoms in each precipitate. The total number
of atoms in each precipitate is employed to calculate the
radii of the precipitates and their volume fraction, ^R& Cu

and fCu, so this correction permits the construction of
precipitate size distributions ~PSDs! and the determination
of correct fCu values. For example, the value of fCu mea-
sured by green laser pulsing in a sample aged at 5508C for
30 min followed by 4508C for 20 h can be corrected based
on a comparison with voltage-pulsing data from another
sample aged for the same time. Before correction, green
laser pulsing measures a value of fCu of 5.6 6 0.8%. After
correction, fCu is reduced to 3.3 6 0.8%, which is closer to
the lever rule estimate of 2.86%. The error shown is two
standard errors about the mean.

M2C Carbides
The similar values of carbon atomic density ~Table 5! indi-
cate that M2C metal carbide precipitates analyzed by green
or UV laser or voltage pulsing actually contain similar
numbers of C atoms, but that carbides analyzed by laser

Figure 7. Total number of atoms in Cu precipitates as a function
of the number of Cu atoms in Cu precipitates collected using
voltage pulsing mode from a sample aged for 20 h at 4508C. The
equations for the straight-line segments are given on the graph
and explained in the text.
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pulsing contain fewer atoms within the 1 at.% C isoconcen-
tration surface due to a more severe local magnification
effect.

Yao et al. ~2010! observed an enhancement of C atoms
around $001%, $011%, and $111% poles in the a-Fe matrix of a
low-carbon CASTRIP steel during voltage pulsing, which
they attributed to surface diffusion; however, they did not
perform laser-pulsed APT. They speculated, however, that if
C atoms are migrating during voltage pulsing at 20–100 K,
they would also migrate as a result of the higher apex
temperatures characteristic of laser pulsing. For M2C metal
carbide precipitates in BA-160 steel, this does not appear to
be occurring because the Cr concentration profile extends
as far into the a-Fe matrix as does the C concentration
profile. For example, the C concentration profile, obtained
using green laser pulsing, achieves a-Fe matrix C values at
1.35 nm from the isoconcentration surface, and the Cr
concentration profile achieves a-Fe matrix concentration
values at 1.65 nm from the isoconcentration surface. This is
because the C is bound in the M2C phase rather than
existing in an interstitial solid solution. The similar extent
of the Cr concentration profile to that of the C concentra-
tion profile indicates that a local magnification effect is
most likely responsible for the extension of the C concentra-
tion profile into the a-Fe matrix rather than surface diffu-
sion of C atoms.

The more severe local magnification of M2C metal
carbide precipitates analyzed by green or UV laser pulsing
than by voltage pulsing is due to the larger specimen apex
temperature achieved during green or UV laser pulsing. The
fact that the local magnification is more severe for laser-
pulsed data than for voltage-pulsed data suggests that the
temperature rise associated with green or UV laser pulsing
increases the difference between the evaporation fields of
M2C carbides and the a-Fe matrix.

Correction of the increased local magnification of M2C
metal carbide precipitates for laser pulsing is not as straight-
forward as it is for Cu precipitates. This is because the local
magnification effect present for voltage pulsing, while less
severe than for laser pulsing, makes an analysis difficult.
Because the trajectory overlap caused by a local magnifica-
tion effect of M2C metal carbide precipitates occurs in
parallel with their small size, ,2 nm radius. Several meth-
ods have been proposed to solve this problem ~Stiller et al.,
1984; Liddle et al., 1986; Carinci et al., 1988; Leitner et al.,
2004!, most of them use a matrix subtraction method based
on the elements that should not be present in the M2C
metal carbide precipitates. Unfortunately, these methods do
not work for BA-160 steel. Specifically, assuming that the Ni
concentration in the M2C metal carbide precipitate is zero
and then subtracting Fe according to the Fe/Ni concentra-
tion ratio in the matrix produces a negative Fe concentra-
tion, which is physically unacceptable.

An additional problem is that many datasets acquired
using voltage pulsing contain ,10 M2C metal carbide pre-
cipitates due to specimen failure and a smaller number
density of M2C metal carbide precipitates ~;1022 m�3! as

compared to Cu precipitates ~;1023 m�3!. This makes it
difficult to obtain statistics with a small statistical uncer-
tainty. The largest number of M2C metal carbide precipi-
tates obtained using voltage pulsing is 29, which is from a
sample aged for 320 h at 4508C. Utilizing the atoms con-
tained within a 1 at.% C isoconcentration surface to calcu-
late the M2C volume percent, fM2C, yields a value of 0.9 6
0.3% C; BA-160 has an overall C concentration of 0.28
at.%. As stated, the matrix carbon concentration has been
measured to be ;0.005 at.%. If the remainder of the C
partitions to the M2C metal carbide precipitates, the value
of fM2C would be ;0.825 %, assuming the C concentration
in the metal carbide precipitates is 33 at.%. At sufficiently
long aging times, it is anticipated that most of the C will
reside in the M2C phase because it is thermodynamically
more stable than Fe3C ~Kraus, 2005; Bhadeshia & Honey-
combe, 2006!. The measured value of fM2C may be artifi-
cially enhanced by inclusion of matrix atoms inside the
1 at.% C isoconcentration surface caused by the trajectory
overlap effect.

A sample aged for 320 h at 4508C analyzed using green
laser pulsing has a fM2C value of 0.2 6 0.05% for 59
precipitates. Green laser pulsing consistently yields a fM2C

value of 0.2% or less for all aging times analyzed. It is not
surprising that the value of fM2C measured employing
green or UV laser pulsing is smaller than that measured
utilizing voltage pulsing because of the smaller density of
atoms inside the 1 at.% C isoconcentration surface; this is
consistent with a more severe local magnification effect
caused by green or UV laser pulsing. One method is to
correct the rR values of M2C precipitates determined using
green or UV laser pulsing to match the rR values deter-
mined using voltage pulsing. This is accomplished by calcu-
lating the ratio of the rR value measured using voltage
pulsing ~Table 4! to the average rR value of M2C metal
carbide precipitates for a dataset obtained using green or
UV laser pulsing. The number of atoms in each M2C
carbide precipitate in the dataset obtained using laser puls-
ing is then multiplied by this ratio. This decreases the
severity of the artifacts produced by the local magnification
effect to that produced by voltage pulsing, where local
magnification is still significant. Performing this correction
on the dataset obtained using green or UV laser pulsing for
the sample aged for 320 h, changes the value of fM2C from
0.2 6 0.05% to 0.7 6 0.2%, which is closer to the volume
percentage anticipated if the majority of the C resides in the
M2C metal carbide precipitates. Table 6 displays volume
percentages obtained using this correction procedure for
several different datasets. The samples aged for 80 and 320 h
at 4508C have fM2C values close to 0.84%. Reconstructions
obtained for datasets acquired using voltage pulsing still
contain trajectory overlap artifacts, so fM2C values obtained
this way could still be incorrect.

One method to calculate fM2C that does not depend on
isoconcentration surfaces is carbon mass balance. This
method requires a value of the far-field a-Fe matrix’s car-
bon concentration, the total C concentration in the recon-
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struction, and the precipitate-core C concentration. Since
the correct precipitate core C concentration is difficult to
determine absolutely, a core C concentration of 33 at.% is
assumed. The far-field a-Fe matrix concentration is �0.004–
0.006 at.% C for the datasets in Table 6. It is possible that
the M2C metal carbide precipitates may have a substoichio-
metric C concentration, especially during the initial stages
of precipitation, as previously observed ~Stiller et al., 1984;
Carinci et al., 1988!, which would change the calculation.
Table 6 presents the results of a C mass balance calculation,
as well as the value of fM2C measured using laser pulsing,
where a 1 at.% C isoconcentration surface is employed to
define the precipitates. The values of fM2C measured by
voltage and laser pulsing of specimens aged for different
times are listed. For the voltage and laser pulsing of samples
aged for 80 and 320 h, the C concentration value calculated
using C mass balance is close to that calculated using a
corrected 1 at.% C isoconcentration surface. That is, when
the rR values of the M2C metal carbide precipitates in the
reconstruction obtained using green or UV laser pulsing are
corrected to match those for voltage pulsing, the calculated
fM2C value is ,17% different than the value calculated by
C mass balance.

An average precipitate radius, ^R&, can be calculated
utilizing both methodologies. Employing mass balance, ^R&
is calculated utilizing the fact that f, the number density of
precipitates, Nv, and ^R& are related by ~Nembach, 1997!

f �
4p

3
w3^R&3Nv , ~8!

where w3 is the third moment of a normalized ~divided by
the average radius! PSD. Since we measured the PSDs for
M2C and Cu precipitates ~Mulholland & Seidman, 2011!, w3

are calculated from log-normal fits to PSDs. For samples
aged for 80 and 320 h at 4508C, excellent agreement is
observed between values of ^R& calculated using a 1 at.% C
isoconcentration surface and those calculated by mass bal-
ance. There is still significant trajectory overlap for voltage
pulsing, which should result in additional matrix atoms to
those inside the 1 at.% C isoconcentration surface, and

this should enlarge artificially the measured value of fM2C.
It is therefore unclear why the value of fM2C calculated by
mass balance is so close to that found using M2C rR values
measured by voltage pulsing.

For earlier aging times, such as the two datasets for
samples aged for 5 h, the fM2C values calculated by the two
methodologies differ significantly. For the UV laser dataset
listed in Table 6, the reason for this is the presence of two
parallel regions that are enriched in C and have a planar
spatial distribution of Cu precipitates. These regions may
correspond to martensitic lath boundaries. The level of C
enrichment at these interfaces is ,1 at.%, indicating that
the C on the boundary is most likely trapped on disloca-
tions in a boundary, rather than in M2C carbides on a
boundary. The C in the lath boundary increases the total C
in the dataset, which results in an artificially larger fM2C

value of 1.2%. This may also be the reason for the disagree-
ment between the two methodologies for the other 5 h
dataset in Table 6. These lath boundaries are found within
several of the datasets for earlier aging times, ,20 h of
aging at 4508C.

There is also a small section of a boundary in the
dataset acquired using voltage pulsing for the sample aged
for 320 h at 4508C ~Table 6!. The agreement between the
fM2C value calculated employing an isoconcentration sur-
face and the value calculated by mass balance may indicate
that most of the C resides in M2C metal carbide precipitates
on lath boundaries rather than trapped on dislocations after
320 h of aging at 4508C, unlike what we observe for samples
aged for 5 h.

UV laser pulsing at a base temperature of 40 K, a 500
kHz pulse repetition rate, and a pulse energy of 0.05
nJ pulse�1 produces a lower specimen apex temperature
and therefore a larger rR value for M2C carbides than does
the green laser pulsing. UV laser pulsing at 0.05 nJ pulse�1

and a 40 K base temperature does not, however, reproduce
the results obtained using voltage pulsing for either Cu or
M2C metal carbide precipitates. Employing these param-
eters to reduce the apex temperature also results in a re-
duced specimen lifetime ~although not as severely as does

Table 6. M2C Carbide Precipitate Volume Fraction and Average Radius Derived by Comparison to Voltage Data and Carbon Mass
Balance.

Specimen Aging Time at 4508C ~h! 5 5 80 80 320 320

Pulsing Condition
Green laser,

0.6 nJ pulse�1
UV laser,

0.05 nJ pulse�1
Green laser,

0.75 nJ pulse�1
Green laser,

0.6 nJ pulse�1
Green laser,

0.6 nJ pulse�1 Voltage

Volume percent from corrected
1 at.% C isoconcentration
surface

0.03 6 0.01 0.03 6 0.02 1 6 0.2 0.7 6 0.3 0.7 6 0.2 0.9 6 0.3

Average radius from corrected
1 at.% C isoconcentration
surface ~nm!

1.1 6 0.2 1 6 0.3 1.8 6 0.2 2.6 6 0.4 2.2 6 0.3 1.8 6 0.4

Volume percentage from C mass
balance

0.4 6 0.03 1.2 6 0.05 0.85 6 0.04 0.9 6 0.02 0.6 6 0.01 1 6 0.02

Average radius from mass balance
~nm!

2.5 6 0.01 3.4 6 0.03 1.7 6 0.01 2.9 6 0.02 2.3 6 0.01 1.7 6 0.02
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voltage pulsing! and a decreased signal-to-noise ratio. It
may therefore be better to run at slightly higher pulse
energies to increase specimen life and improve the signal-to-
noise ratio. It is difficult to state a universal and optimal
pulse energy because specimen geometry varies, for exam-
ple, shank angle, and different atom probe tomographs use
different pulse energies. The CSRs of various species can
indicate, however, whether the pulse energy should be in-
creased or decreased. For example, UV laser pulsing at
0.04–0.05 nJ pulse�1 and a base temperature of 35–40 K
produces few or no Ni� ions. To decrease specimen failure
rate, it may be useful to increase the pulse energy until
significant Ni� but little or no Fe� is detected. The resulting
rR values of M2C metal carbide precipitates will be similar
to the value listed for the green laser, but they can be
corrected by comparison with voltage-pulsed data. If Cr� is
present in a steel’s mass spectrum, then the pulse energy is
excessive. Excessive laser-pulse energies should be avoided
because they can cause additional artifacts, such as the
destruction of the pole structure by surface diffusion ~Ce-
rezo et al., 2007b; Gault et al., 2010!.

CONCLUSIONS

The following conclusions are reached as a result of analyz-
ing Blast Alloy ~BA! 160 using a LEAP tomograph in the
voltage and laser ~535 and 352 nm wavelengths! pulsing
modes.

• Laser-pulsed LEAP tomography is a useful technique for
analyzing a multiphase steel because it produces larger
datasets than voltage-pulsed LEAP tomography due to a
smaller specimen failure rate, but it also exacerbates arti-
facts related to differences in the evaporation fields be-
tween Cu precipitates and the a-Fe matrix in BA160.

• Cu precipitates analyzed utilizing green ~532 nm wave-
length! or UV ~355 nm wavelength! laser pulsing have
significantly larger interfacial widths than those measured
using voltage pulsing. Precipitates containing similar num-
bers of Cu atoms analyzed utilizing voltage pulsing, green
laser pulsing at 0.6 and 2 nJ pulse�1 have interfacial
widths of 1.6 6 0.1, 2.0 6 0.1, and 5.1 6 0.2 nm,
respectively. The UV laser also measures an artificially
large Cu precipitate volume fraction, indicating that the
UV laser also increases the interfacial width of Cu precip-
itates. The larger interfacial widths measured using either
green or UV laser pulsing are most likely due to surface
diffusion of Cu atoms prior to their being evaporated as
ions.

• The artifacts created by laser pulsing of BA160 containing
Cu precipitates can be corrected by comparing the results
with data collected using voltage pulsing. This is accom-
plished by employing the average concentration value of
Cu precipitates as a function of the number of Cu atoms
in the precipitates measured using voltage pulsing to Cu
precipitates analyzed using laser pulsing.

• Laser pulsing at wavelengths of 532 and 355 nm produces
M2C metal carbide precipitate reconstructed densities of

26 6 6 atoms nm�3 and 48 6 12 atoms nm�3, respec-
tively. These values are significantly smaller than the M2C
metal carbide precipitate reconstructed density measured
by voltage pulsing, 68 6 6 atoms nm�3.

• Laser pulsing at wavelengths of 532 and 355 nm produces
average M2C metal carbide precipitate fC values ~where fC

is the fraction of the M2C metal carbide precipitates’s C
atoms contained within a 1 at.% C isoconcentration
surface! of 0.5 6 0.1 and 0.3 6 0.1, respectively. These
values are significantly smaller than the average M2C
metal carbide precipitate fC value measured by voltage
pulsing, 0.7 6 0.1. The smaller rR and fC values produced
by both the green and the UV laser as compared to
voltage pulsing are due to a more severe local magnifica-
tion effect during laser pulsing caused by an increase in
specimen apex temperature during evaporation.

• Correcting the reconstructed densities of M2C metal car-
bide precipitates analyzed utilizing laser pulsing to match
those of carbides analyzed using voltage pulsing yields
precipitate volume percentage values similar to those cal-
culated by C mass balance. Specifically, correcting the
M2C precipitate reconstructed densities in samples aged
for 320 and 80 h at 4508C yields volume percentages of
0.7 6 0.2 and 1 6 0.2, while calculating the M2C metal
carbide precipitate volume percentage by C mass balance
yields volume percentages of 0.6 6 0.01 and 0.85 6 0.04,
respectively.

• When possible, both voltage and laser pulsing should be
utilized. Laser pulsing yields larger datasets, but the re-
sults should be evaluated and corrected, if necessary,
employing voltage pulsing.
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