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Brazed Ni-based superalloys containing complex phases of different Boron contents remain
difficult to characterize at the micrometer scale. Indeed Boron is a light element difficult to
measure precisely. The state-of-the-art microanalysis systems have been tested on a single
crystal MC2 based metal brazed with BNi-2 alloy to identify boride precipitates. Effort has
been made to evaluate the accuracy in Boron quantitation. Energy-dispersive and
wavelength-dispersive X-ray spectroscopy attached to a Scanning Electron Microscope
have first been used to determine the elemental composition of Boron-free phases, and
then applied to various types of borides. Results have been compared to the ones obtained
using a dedicated electron probe microanalysis, considered here as the reference technique.
The most accurate method to quantify Boron using EDS is definitely by composition
difference. A precision of 5 at.% could be achieved with optimized data acquisition and
post-processing schemes. Attempts that aimed at directly quantifying Boron with various
standards using EDS or coupled EDS/WDS gave less accurate results. Ultimately, Electron
Backscatter Diffraction combined with localized EDS analysis has proved invaluable in
conclusively identifying micrometer sized boride precipitates; thus further improving the
characterization of brazed Ni-based superalloys.
1. Introduction

Complex Ni-based superalloy components used in aeronautic
applications are often joined together by isothermal brazing
[1]. Chemically complex microstructures result from such a
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process. The base metal is usually a multi-element alloy that
often contains more than seven elements. During isothermal
solidification its constituting elements interact with the
diffusing elements of the filler metal, Boron in particular.
Dissolution of the base metal occurs at the initial stages of the
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brazing process [2]. Should isothermal solidification not be
completed then bulky borides are expected inside the brazed
joint. On the other hand, the diffusing elements are prone to
precipitate in the base metal.

Very limited microstructural studies including accurate
phase identifications are available in the literature for brazed
Ni-based superalloys [1,3–6]. A few authors [6] have used laser
abrasion coupled with inductively coupled plasma mass spec-
trometry that is a very specialized technique. Transmission
electron microscopy and X-ray diffraction [3] have also been
employed to determine the nature of the borides. Unfortunately,
tedious sample preparation is required and the precise location
of the phases inside the brazed area is not very well known.
Electron Backscatter Diffraction (EBSD) has also been applied to
identify orientation variations over the solidification front [1].

Electron probe microanalysis (EPMA) using Wavelength
Dispersive Spectroscopy is also an excellent technique but is
time consuming and requires expensive equipment. The usual
way todetect thepresenceof Boron remainsX-raymicroanalysis
like Energy Dispersive Spectroscopy (EDS) or sometimes Wave-
length Dispersive Spectroscopy (WDS) attached to a Scanning
Electron Microscope (SEM). Unfortunately both techniques
exhibit severe limitations for the quantitation of light elements.
As a result, published papers dealing with the quantitation of
Boron and the identification of phases locatedwithin the brazed
joint are very often more than approximate. Precision on the
Boron content is seldom indicated and very limited information
is provided with regard to the measurement conditions.
Experimental results are thus often compared with thermody-
namic calculations to confirm the nature of the borides [7–9].

Quantitative analysis of Boron is of major importance since
Boron is considered as the most important diffusing element
that drives the solidification process. As a result, the uncertainty
on Boron values leads to a true lack of understanding of the
isothermal brazing process of Ni-based superalloys. Recent
progresses in X-ray microanalysis systems should help improve
the quality of the analyses in such challenging situations.
Indeed, Silicon Drift Detectors in EDS systems allow higher
counting rates, improved peak-to-background ratios; thus lead
to more precise measurements [10,11]. Spectral resolution has
also improved. Peakdeconvolutionprocesseshave becomemore
accurate thanks to better software mathematical treatments of
the acquired datasets. In parallel, latest progresses in the EBSD
technique have made it a powerful tool for phase identification.

This study aims (1) at evaluating the precision of the
state-of-the-art microanalysis systems attached to a SEM (EDS,
WDS, EBSD) for the determination of the elemental composition
and crystal structure of phases present in brazed Ni-based
superalloys, and (2) at deducing the best technique or combina-
tion of techniques for the accurate identification of borides.

For that purpose the different phases formed in a brazedMC2
superalloy have been investigated thoroughly: EDS and WDS
attached to a SEMwere tested onBoron-free phases then applied
to different Boron-rich phases. SEM–EDS and SEM–WDS results
were compared to the ones obtained using electron probe
microanalysis (EPMA), considered here as the reference tech-
nique. Various parameters impacting the quality of the quanti-
tation processes have been recalled and an optimized
methodology proposed to decrease discrepancies, especially
whenmeasuring Boron. Finally it was shown that EBSD coupled
with EDS can be useful for further phase identification, taking
the crystal structure into account. Results from this study may
help researchers set the best measurement conditions for their
microanalysis system in order to improve the characterizationof
brazed Ni-based superalloys.
2. Experimental

2.1. Ni-based Superalloy and Brazing Conditions

A Ni-based single crystal superalloy of MC2 type containing
seven alloying elements (Al–Ti–Cr–Co–Mo–Ta–W) was investi-
gated. Its nominal composition range is indicated in Table 1
according to [12]. Additional chemical analysis by EPMA and
EDS/WDS was performed on the as-received single crystal. The
result indicated in Table 1 confirms that its chemical composi-
tion is consistent with the nominal composition of MC2 type
Ni-based superalloy (considering a precision of about 0.5 at.%).
Prior to brazing, a 5 μm thick Ni coating was electrodeposited at
its surface. Filler metal was a BNi-2 paste with composition
(expressed as at.%): Ni, 6.6Cr, 2.65Fe, 7.9Si, and 13.7B. The system
was isothermally brazed at 1323 K (1050 °C) for 30 min, then
slowly cooled down to 811 K (538 °C). A sample was cut
perpendicular to the brazed interface andmechanically polished
with a 0.25 μm diamond suspension.

The complex microstructure of the brazed assembly (base
metal including the diffusion zone and the filler zone) is visible
in Figs. 1 and 2. MC2 base metal is classically characterized by
γ/γ′ precipitates. Qualitative microstructural and chemical
analyses of the brazed joint have shown that at the interface
between the base metal and the brazed zone, two kinds of
borides can be found: needle-shaped and bulky ones (Fig. 2b). A
few borides extend over the base metal within the γ-channels,
up to a distance of 50 μm from the interface. Those borides are
usually too small for any reliable quantitative X-ray chemical
analysis.

In the brazed joint, five bulky phases can be found: (1) γ
Ni rich isothermal solidification front (free of γ′ precipitates)
and without Boron (amount below detection limit); (2) Si-rich
phase — most likely α-Ni, including Ni3Si precipitates (not
resolved in Fig. 2); (3) very few Cr, Mo-rich borides (B-1 in Fig. 2);
and finally two types ofNi-rich borides (B-2 and B-3 in Fig. 2a; B-2
containing Ta & Ti at significant level).

This Ni-coated MC2 superalloy brazed with BNi-2 alloy is
especially challenging with regard to quantitative analyses.
Up to 11 elements are involved: Ni (matrix element), Al, Cr, Ti,
Co, Mo, Ta, W (already present in the base metal), and B, Fe
and Si (present in the filler). A typical EDS spectrum (Fig. 3)
highlights the main encountered difficulties. Many overlap-
ping peaks can be noted:

– W-Lα and Ta-Lα peaks lie near the Ni-Kβ peak,
– Si-Kα peak overlaps W-Mα and Ta-Mα peaks,
– B-Kα peak lies near the Mo-Mζ peak and near the

contamination C-Kα peak.

The presence of Boron, as a light element, increases the
difficulties for an accurate quantitative elemental analysis,
but its exact determination is of great importance to



Table 1 – Elemental at.% composition in Ni-based homogenized MC2 alloy; composition range for MC2 (l.1) confirmed by
EPMA, EDS/WDS (l.2–3) and finally EDS results with two quantitation methods (l.4–5). FS parameter prior to normalization is
also indicated. The amounts of Ta and W were determined from Lα peaks on EPMA and EDS/WDS systems and from Mα
peaks on EDS system.

at.% Al Ti Cr Co Ni Mo Ta W Si B FS wt.%

Recommended composition
range for MC2 [12]

10.79/11.42 1.64/2.02 8.97/9.55 4.94/5.55 65.28/68.05 1.14/1.39 1.94/2.08 2.53/2.71 0 0

EPMA 11.3 2.0 9.1 5.5 66.8 1.3 2.0 2.1 n.d. n.d. 98.4/100.6
EDS/WDS (WDS is for Ti, Ta, W,
and Mo peaks)

10.8 1.8 9.3 5.5 67 1.3 1.7 2.5 n.d. n.d. 99/100.5

EDS with the ϕ(ρz) method
106 count standards

10.9 1.9 9.3 5.3 66.7 1.1 1.6 2.8 0.4 n.d. 101.4

EDS system with P/B ZAF method 10.5 2.0 8.7 5.3 68.5 1.1 1.4 2.4 0 n.d. 92.9
understand the brazing process since the diffusion of Boron
controls the progress of the solidification front.

2.2. Methods for Elemental Quantitation and Phase Identification

Three X-ray microanalysis techniques were used for the
acquisition of elemental data: (1) EPMA considered in this
study as the reference technique; (2) EDS with and without
standards and (3) coupled WDS/EDS on SEM. Finally, EBSD
coupled to EDS was also tested since it can offer additional
phase identification, taking crystallographic features into
account.

The quantitation process using sample standards was
carried out using advanced matrix correction methods, as
described by Pouchou [13]; the general principle was briefly
summarized below.

For each element present in the analyzed sample, intensity
of the characteristic X-ray emission line was measured and
Fig. 1 – SEM–BSE micrograph of the brazing area. The white
box marks the area in Fig. 2a.
compared to the one obtained from a suitable standard of
known composition that was analyzed the same way. Their
ratio is called k-ratio; the latter was defined more precisely in
Eq. (1). Post-processing calculations have to be run, in order to
applymatrix corrections such as atomic number Z, absorption
effects A (involving Mass Absorption Coefficients M.A.C.s) and
also secondary fluorescence F.

Elemental weight fraction Ci for any given element ‘i’ is
then obtained from the corresponding ki-ratio according to
Eq. (2). Since the correction coefficient (called ZAF) depends on
Fig. 2 – Detailed view of Fig. 1. (a) Three different kinds of
borides are observed inside the brazing zone: Cr-rich ones
(labeled ‘B-1’), borides containing Ni, Ti & Ta (labeled ‘B-2’)
and Ni-rich ones (labeled ‘B-3’). (b) Area around the interface
between base metal (bottom) and brazing area (top). Various
types of borides are also observed here.
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Fig. 3 – EDS spectrum acquired at an accelerating voltage of
15 kV of a Ni, Ti & Ta-containing boride (of ‘B-2’ type).
(a) Spectrum up to 10 kV. (b) Detailed view in the low energy
range.
the concentration of all elements present in the sample, the
final solution is found using a converging iterative process.

k ¼ Iemission‐line sample−Ibackground sample

Iemission‐line standard−Ibackground standard
ð1Þ

Ci wt:%ð Þ ¼ ki ZAF C1;…;Ci;…;C11ð Þ½ � ð2Þ

The sum of the elemental weight fractions obtained after
matrix correction is called here FS (see Eq. (3)).

FS ¼
X

i

Ci ð3Þ

If no element is missing, FS should ideally equal 100%. But
often small discrepancies still subsist due to quantitation
errors (over or below 100%). The sum of the elemental weight
fractions is usually normalized to 100%.

If one element is missing, then FS is no longer equal to
100%; the discrepancy links with the weight fraction of the
missing element (as well as to errors in the whole quantita-
tion). As a consequence, the weight fraction of the missing
element can then be evaluated from the composition differ-
ence and included in the iterative process. This requires all
other elements to be quantified with a high accuracy.

As detailed later, different standard samples (B, BN, NiB)
have been tested for Boron quantitation by the different
techniques: EDS,WDS and EPMA. Pure Boron offers high count
signal. However, B-Kα peak shape and maximum in energy
differ from those of chemically complex borides. Thus this
standard was mainly used when the total peak area is
analyzed in the quantitation, as it is the case by EPMA. BN
standard is the classical standard provided in MAC 7478
package. Of course, the B-Kα peak shape still differs from
those of chemically complex borides. Also, it cannot be used
by EPMA due to 2nd order N-Kα peak overlapping. Finally, NiB
was assumed to be the closest in peak shape to ourmaterial. It
was mainly used for quantitation by SEM–WDS. However very
low count signal is obtained due to high absorption by Ni.

2.2.1. Electron Probe Microanalysis
Results obtained from EPMA were used as reference datasets for
the quantitative elemental analyses [14]. This technique is
known to offer a very high spectral resolution. Each characteristic
emission line is selected based on its wavelength thanks to the
accurate positioning of an analyzing crystal according to the
Bragg diffraction law. The accelerating voltage of the electron
beam can be chosen for each element in order to improve the
signal/background ratio. Usually, several elements (typically 3)
can bemeasured simultaneously. For quantitative analysis, each
and every k-ratio is measured with regard to an appropriate
standard of known composition. Unfortunately, analyses are
rather time-consuming. Indeed, even when using several ana-
lyzing crystals simultaneously, peak and background intensities
usually have to be measured sequentially. Special attention has
to be paid tomulti-order peaks (n = 2,3,… in the Bragg law) and to
the accurate positioning of the sample on the Rowland's circle.

Our measurements were performed using a JEOL FEG
JXA-8530F microprobe. Analytical conditions (beam current
& accelerating voltage) were chosen in order to maximize the
intensity of the characteristic emission lines. A beam current
of 300 nA and an accelerating voltage of 10 kVwere chosen for
the analysis of B, Al, Si and Mo, whereas for the other
elements a beam current of 23 nA and an accelerating voltage
of 20 kV were used. It might be worth mentioning that
another series of analyses was also successfully carried out
using a beam current of 50 nA and an accelerating voltage of
15 kV for all elements for B-1 boride. Quantitative results were
obtained from the StrataGem v 4.6 software (from SAMx); the
latter was able to cope with k-ratios obtained at different
accelerating voltages.Matrix correction scheme was derived from
the XXPmodel proposed by Pouchou & Pichoir decribed in [13].

Thanks to the high spectral resolution of the analyzing
crystals attached to the EPMA, all emission lines (except B-Kα
and Mo-Mζ) could be separated, thus analyzed without
significant interferences from the other elements. When
multi-order reflections occurred, standard energy filtering
techniques (using narrow PHA windowing) enabled their
elimination. Quantitation was carried out using pure metals
and/or stoichiometric oxides (Al2O3 for instance). Boron was
quantified using a pure B standard and with the LDE2H
analyzer. Since the B-Kα peak is sensitive to its chemical
environment, the total area under the peak rather than its
maximum intensity was used to measure the Boron k-ratio.
For that purpose, wavelength scans (comprising the overall
B-Kα peak) were recorded over a region centered on the B-Kα
peak. Boride phases containing fairly large amount of Mo (i.e.,
B-1 type borides) requested an additional mathematical
treatment. In this case, the cumbersome overlapping Mo-Mζ
contribution was numerically subtracted from the B-Kα peak
using a pre-recorded Mo-Mζ spectrum of pure Mo. Carbon
contamination was not taken into account. The high vacuum
quality of the FEG microprobe significantly limits the
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contamination. Moreover, under the operating conditions, the
signal absorption from the carbon layer is very small so that it
can be neglected.

2.2.2. Energy Dispersive Spectrometry (EDS)
EnergyDispersive Spectrometry analysiswas carried outwith the
Quantax Bruker systemattached to the FEG SEMZEISS SUPRA 40.
A 10 mm2 SDD detector was used. Spectral resolution of the
detector was such that full-width-at-half-maximum value was
131 eV for Mn-Kα and 80 eV for Si-Kα. Operating conditions for
the primary electron beam were 4 nA and 15 kV. For each
analyzed point, a spectrum of at least 106 counts was recorded.

Elemental compositions were calculated using k-ratios, so
standard spectra were also recorded. Datasets were post-
processed with the ESPRIT-Bruker software. Special precautions
were takenwhen analyzing Ta,W and Si. TheMα rather than the
Lα emission lines were used to quantify Ta and W. Indeed, the
Si-Kα, Ta-Mα, and W-Mα peaks overlapped with similar intensi-
ties. In such a case, the post-processing software performed
better when separating the different peaks. On the opposite,
Ta-Lα and W-Lα peaks overlapped with the Ni-Kβ peak with
significantly different intensities.

Itwas found that themost accurate quantitation of Boronwas
obtainedby compositiondifference asproven later. However, this
required precise quantitation of all the other elements. This has
nowadays become possible with the state-of-the-art EDS sys-
tems, as demonstrated later on Boron-free phases.

2.2.3. CouplingWavelength and EnergyDispersive Spectrometry on
SEM
Measurements weremade on the JEOL FEG J7600F equipped with
anOxford INCAsystem. Its SDDdetector hada surface of 20 mm2.
This higher surface allowedmore signal to be obtained for a given
beam current intensity. The working principle of the SEM–WDS
system is close to that of the EPMA and the spectral resolution is
greatly improved in comparison to EDS. WDS was used to
quantify Boron and EDS for the other elements. This shortened
the analysis time while improving spectral resolution for Boron.
Regarding beam current, a compromise had to be found: not too
high to avoid EDS detector saturation and limit carbon contam-
ination but high enough to get sufficient signal for WDS
measurements. The acquisition time was set to 300 s per point.
Operating conditions were a beam current of 29 nA and an
accelerating voltage of 15 kV. For the measurement of Boron in
WDS theLSM200 spectrometerwasused. k-Ratios of thedifferent
elements were measured from various standards. Here the
k-ratio for Boron was obtained from the maximum peak
intensities measured from sample and standard. A NiB standard
was chosen for Boron measurements. Its composition was as
close as possible from the analyzed borides and itwas anticipated
that thiswould limit the effects due to the chemical environment.

2.3. Electron Backscatter Diffraction Analysis

EBSD is a well-known SEM microanalysis technique that is
used to measure the local orientation of known crystalline
phases present in bulk materials [15]. The orientation of
individual grains is obtained based on reliable indexing of the
Electron Backscatter Diffraction pattern that is recorded using
an ultra-sensitive camera. Data is frequently acquired in
mapping mode to determine the spatial orientation distribu-
tion in relation to the microstructure of the material.

More recently, it was demonstrated that EBSD could also be a
powerful tool for identifying and differentiating different phases
[15,16]. For such an application, it is of interest to combine EBSD
and EDS data; the richness of information provided by both
techniques can be essential to discriminating crystal structures
and determining their orientation simultaneously. Commercial
solutions with fully integrated EBSD/EDS systems are now
available; they usually offer different routines to combine EBSD
and EDS data for microanalysis. EDS provides qualitative
information about the elemental composition to select a list of
possible candidate phases from a relevant database. This list is
used in a second step as an input to the EBSD indexing procedure.

However, the coupled EBSD/EDS approach is limited by two
aspects. First, both techniques have large differences in depth
resolution: in the range of micrometer for EDS and a few tens
of nanometers for EBSD. Secondly optimum data acquisition
for EDS and EBSD analysis is also often very different in terms
of counting time (a few seconds for EDS and few milliseconds
for EBSD) and sample positioning (zero tilt for EDS and 70° tilt
for EBSD). All these aspectsmake the fully automated routines
less efficient for identifying the phases and deducing their
orientation, especially on sub-micrometer phases containing
light elements. As a result, semi-automated routines are often
recommended for the identification of tricky phases.

In this study, the integrated EBSD/EDS Quantax CrystAlign
system (Bruker) attached to the SEM FEG ZEISS SUPRA 40 was
used. The crystal structure of different borides was identified
in a semi-automated way, with the advanced interactive
phase identification mode available in the software tool box.

At a given beam position, a high quality EDS spectrum was
acquired and qualitatively analyzed to preselect a list of phases
from the ICSD (Inorganic Crystal Structure Data) database. The
list could result in more than 300 candidates. At the same beam
position, a high resolution EBSD pattern was acquired and 12
diffraction bands detected and further used to index the pattern
with all the preselected phases. Solutionswere ranked based on a
best fit index over the 12 detected bands between the experi-
mental and simulated diffraction patterns. For complicated
crystal structures, it is recommended to check visually thequality
of the fits over a larger number of diffraction bands than the
twelve automatically detected ones. Especially low diffraction
intensity bands are key features for reliable indexing.

Finally an EBSD map was acquired with the different
identified phases (the step size of the map was 0.2 μm). The
EDS signal was simultaneously acquired to get a qualitative
mapping of the elemental distribution.
3. EDS Accuracy for the Multi-element Ni-based
Matrix (Boron-free)

At first, the Boron-free regions of the brazed MC2 superalloy
were analyzed to evaluate the ability of X-ray microanalysis
techniques to provide reliable compositions (even if the case
of strongly overlapping peaks is shown in Fig. 3). Our final goal
was to determine how accurately Boron can be quantified by
difference with EDS (once reliable quantitation of all other
elements is demonstrated).



3.1. Microanalysis Results on Boron-free Regions

Table 1 (line 4 to 5) shows the quantitative EDS results
obtained on a region of the MC2 base metal, far away from
the brazed interface (to be compared to the recommended
composition range for MC2, confirmed by further EPMA and
WDS/EDS analyses on the as-received material). Two correc-
tion methods were applied: the ϕ(ρz) method as available in
the EDS software with 106 count standard spectra and the
classical P/B ZAF method without any standards (in that case,
peak intensity is compared to background intensity). We have
not taken the carbon contamination into account for EDS
quantitation. It can be assumed that it alters very little the
heavy-element quantitation, mainly present in MC2.

As expected, the ϕ(ρz) matrix correction method was the
only method able to reach FS values close to 100% (Table 1).
Using the P/B ZAF correction method, the sum was far from
100%. This method is definitely not adapted to the quantita-
tion of Boron by difference, which is in agreement with the
already known recommendations for reliable EDS analyses.

Comparing the EDS results with the nominal composition
of the base metal shows that a precision of about 0.5 at.% can
be obtained for each element with the ϕ(ρz) method. One can
note that the quantitation was performed supposing the
presence of Si even if MC2 base metal contains no Si. Si is only
present in the filler metal and consequently some areas of the
brazed joint contain this diffusing element. It was important
to check that the tested method was able to measure the Si
amount. Indeed, Si is especially difficult to measure in this
alloy since the post-processing software has to separate
strongly overlapping peaks (between Ta, W and Si). The result
shows that Si level was overestimated with an error of only
about 0.5 at.%. The result is even lower when considering the
sum of the three overlapping elements.

Similar EDS analyses were repeated over the homogenized
base metal. The quantitation results were always within the
error range observed in Table 1. FS parameter was always
close to 100%with a deviation of 1 wt.% (at best). Thus if Boron
would be quantified by difference, about 1 wt.% would be
obtained. This corresponds to an error in Boron quantitation
of about 5 at.% in MC2 alloy.

Table 2 gives similar EDS results on the isothermal solidifica-
tion region that is Boron-free, according to the EPMA. Chemical
segregations can be found in this phase and may explain the
observed variations for points 1, 2 and 3. However, Table 2
confirms that no Boron was detected by optimized EDS analysis.
FS factor prior to normalization was 101.5%.

3.2. Discussion

Our analyses demonstrate that the state-of-the-art EDS
systems can quantify the multi-elements of Ni based
Table 2 – Elemental at.% composition at various locations ins
system (ϕ(ρz) method and 106 count standards were applied).

at.% Al Ti Cr Co Ni

Microprobe point 1 1.5 0.1 5.3 0.7 82.4
EDS point 2 1.3 0.2 5.5 0.6 82.8
EDS point 3 1.2 0.1 6.5 0.4 81.7
superalloys with a precision of about 0.5 at.% for each element
(Table 1). To reach this precision level, classical recommen-
dations for high resolution EDS must be applied. The best
spectral resolution mode of the detector should be used and a
spectrum comprising at least 106 counts was recorded. The
ϕ(ρz) correctionmethodmust be applied. With this number of
counts, a good precision from X-ray statistics is obtained in
reasonable time, depending on the electronic intensity.
Relative precision on k-ratio is then 0.2%.

One has to take care of the current stability of the primary
electron beam (FEG–SEM is recommended as it offers higher
beam stability — we checked before and after analyses that
the current was identical).

It is further recommended to select peaks of the same order of
magnitude to correctly determine k-ratios on overlapping peaks.
For example, in the BNi-2 brazed MC2 superalloys, Si, Ta and W
elements were satisfactorily quantified by deconvolution of the
three peaks of similar intensities. This shows the performance of
nowadayspost-processing software to separate overlappingpeaks.

Consequently the Boron content can reasonably be deter-
mined by difference. Inmost of the cases, no Boronwas detected
in Boron free phases using ϕ(ρz) method with 106 count for the
standards. However, according to variation in FS parameter from
one measurement to the next, an error in Boron quantitation of
about 5 at.% in MC2 alloy must be considered. Of course this
requires an accurate quantitation of all other elements. The
method by difference applied to light element quantitation also
allowsminimizing in EDS the effect of carbon contamination. It is
worthmentioning that Boron can be evaluated by difference only
if no additional element is missing in the quantitation. Special
care is required if other elements, like H or Li not detectable by
EDS could be present. Fortunately, they are not present in
Ni-based superalloys. Once these precautions have been taken,
it becomes possible to quantify Boron by difference with an
accuracy of less than 5 at.%.
4. Accuracy of the Elemental Analysis of Borides

Three types of bulky borides were selected for those additional
EDS analyses: B-1: Cr–Mo–W rich, B-2: Ni–Ta–Ti rich, and B-3:
Ni-rich (Fig. 2a). Different methods were applied to quantify the
Boron content and the EDS results were compared to the results
obtained using the EPMA. To optimize the analysis, the specific
issues linked to the quantitation of Boron are first described
below.

4.1. Special Care Linked to the Quantitation of Boron

The direct quantitation of Boron in Ni-based superalloys is
tricky with EDS and even with WDS systems for the reasons
detailed below.
ide the solidification front using the microprobe and EDS

Mo Ta W Si Fe B

0.2 0.2 0.4 6.9 2.4 0 (B standard)
0.1 0 0.6 6.4 2.5 0 (difference)
0.1 0 0.4 6.7 2.9 0 (difference)



Fig. 4 – Normalized spectral scans of various
Boron-containing standard samples recorded with a
SEM–WDS attached to the JEOL J7600F (i = 29 nA, V = 15 kV)
fitted with a LSM 200 analyzing crystal. A few spectra are
noisy due to the low Boron level and the high Boron
absorption in Ni. It is worth mentioning the spectral shift of
the B-Kα peak caused by the chemical environment.
First, the B-Kα peak has a low intensity due to its high
absorption in the Ni matrix. In addition, its peak position in
the spectrum is located in the low energy range where the
quality of window detector transmission is reduced.

Moreover the Mass Absorption Coefficient (M.A.C.) of B-Kα
in Ni is not well-known, as already mentioned by Bastin and
Heijligers [17]. According to their literature review, B-Kα in Ni
is assumed to stand between 33,090 cm2/g and 41,500 cm2/g.
With our EPMAmeasurements and using StrataGem software,
a MAC value of 41,500 cm2/g for B-Kα in nickel was suitable to
obtaining an FS parameter close to 100% on all the analyzed
borides. This value corresponds to the highest value reported
by Bastin and Heijligers for the absorption of B-Kα in nickel.
Similar analysis also showed that a variation of 10% of the
MAC value (for example from 41,500 to 37,350 cm2/g) reduced
the Boron amount to 2 at.% and increased the Ni/B ratio from
3.05 to 3.42. This highlights the influence of the MAC value on
the Boron quantitation.

The choice of the standard is thus of great importance;
unfortunately Ni-based superalloy standards containing a
certified amount of Boron cannot be easily found. Should
this be possible, then an empirical MAC value for B-Kα in
nickel could be directly obtained from electron probe micro-
analysis experiments carried out at various voltages using the
XMAC software from Pouchou [18]. Unfortunately a
Table 3 – Composition (expressed as at.%) of boride B-1 obtained
and EDS/WDS spectra was done with ϕ(ρz) method as availabl
difference method or by measuring k-ratios (Eq. (1)) with variou
parameters before normalization are given in the last column.

at.% B Al Si Ti

Our reference: microprobe B standard 34 n.d. n.d. n.d.
EDS — B by difference 36 0 0 0.1
EDS — B standard 68 0.5 0 0
EDS — BN standard 51 0 0 0
EDS — NiB standard 13 0 0 0.1
EDS/WDS NiB standard 48 0.4 n.d. n.d.
commercial SEM/EDS/WDS software does not allow to modify
the MAC value; in many cases the used value is unknown by
the user.

Finally, it must be emphasized that in the B-Kα energy
range, numerous additional emitted peaks also do exist. Even
with a high spectral resolution such as the one provided by
WDS systems, a few peaks may still overlap. This is especially
true for the Mo-Mζ and the B-Kα emission lines (when
analyzed by EDS). Thus the presence of Mo in the boride to
be analyzed strongly increases the error associated with the
Boron measurement.

For WDS systems, additional difficulties must been pointed
out. First, the signal strongly depends on the analyzing crystal
(here the LDE2H crystal was used for Boron). In addition, several
cumbersome multi-order peaks could exist in the wavelength
range of interest. As an example, BN is not a suitable standard
for the analysis of Boron. Indeed, the 2nd order N-Kα peak
lies very close to the B-Kα peak and cannot be totally eliminated,
even electronically using tight Pulse Height Analyzer
windowing. Finally, likewith other light elements, peak position
(its centroid) and shape of the B-Kα peak are sensitive to its
chemical environment. Fig. 4 shows the B-Kα peak of various
Boron-containing standards, recorded byWDS. One can observe
that thewavelength at themaximumof the peak shifts between
6.75 nm and 6.86 nm. Also, we can notice subtle changes in the
shape of the peak. Both effects illustrate the effect of chemical
bonds for light elements [19]. Thus, a careful analysis of Boron
requires either the same type of standard as the analyzed phase
or an analysis of the global peak area (either directly or through
the so-called Area-to-Peak factor [20]) and the possibility to
subtract the adequate background part.

4.2. Boron Quantitation: What is the Best Approach?

Here, Boron was at first quantified on a boride of B-1 type (Cr,
Mo,W-rich boride— Fig. 2a). Results obtained with three X-ray
microanalysis techniques are presented in Table 3 (different
standards were used for EDS analyses to evaluate their impact
on the final results). Of course, precautions described earlier
were also taken into consideration (see Section 3).

Our results show that an acceptable Boron level could be
obtained by EDSwhen Boron was calculated using the difference
method. Indeed, a Boronamount of 36 at.%was found, compared
to 34 at.% using EPMA (our reference technique for Boron
quantitation). This suggests that about 1/3rd of the atoms in
this boride are Boron atoms. The error level can be estimated
below 5 at.%.
using different techniques. The post-processing of the EDS
e in the softwares. Boron was quantified either using the
s standards (106 counts for standard and spectrum). FS

Cr Fe Co Ni Mo Ta W FS wt.%

36.6 1.3 0.5 18.9 7.6 n.d. 1.1 100.4
34.5 1.3 0.5 17.8 8.2 0.2 1.4 100
17.4 0.6 0.2 8.9 3.7 0 0.7 128.6
26.6 1.0 0.4 13.8 6.0 0.2 1 111.7
47.2 1.8 0.6 24.4 11.0 0.1 1.8 94.6
28.7 1.0 0.4 14.3 6.35 n.d. 0.85 106.6
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Fig. 5 – Spectra of ‘B-1’ type borides recorded in the
0.30–0.15 keV energy range using the JEOL JXA-8530F
electron microprobe fitted with an LDE2H analyzing crystal.
The X-axis (in mm) is linked to the position of the diffracting
crystal in the equipment. Its scaling is proportional to
wavelength. Since energy of the emitted photons is inversely
proportional to wavelength, energy scale increases from
right to left.
The EDS measurements using various standards gave
significant discrepancies for the Boron content. The sum of
elemental weight fraction FS was always significantly differ-
ent from 100% whatever the applied standard. As a conse-
quence, the normalized atomic % of the main elements (here
Cr, Ni, Mo) were far from expectations. The low spectral
resolution of an EDS system coupled with the signal weakness
in the low energy range definitely excludes to measure Boron
in such complex Ni-based matrix and thus whatever the
applied standard sample.

SEM–WDS could then be an alternative by taking advantage
of its improved spectral resolution compared to EDS. Unfortu-
nately for this complex chemistry, the quantitation results were
not better; the Boron level was evaluated to 48 at.% with an FS
Table 4 – Composition (expressed as at.%) of the three selected
amount of Al, Si, Ti, and Ta was not determined by microprobe
each at.%, an additional line indicates the atomic composition
Section 5 to compare the elemental results with the crystal stru

at.% B Al Si

B-1 boride Microprobe at.% 34 n.d. n.d. n
Unit cell% (10 atoms) 3.4
EDS at.% 36 0 0 0
Unit cell% (10 atoms) 3.6 0.0 0.0 0

B-2 boride Microprobe at.% 20 1.8 0.5 1
Unit cell% (29 atoms) 5.8 0.5 0.1 0
EDS at.% 18 1.9 1.3 1
Unit cell% (29 atoms) 5.2 0.5 0.4 0

B-3 boride Microprobe at.% 24 0 0.1 0
Unit cell% (4 atoms) 1. 0.0 0.0 0
EDS at.% 21 0.1 0.2 0
Unit cell% (4 atoms) 0.9 0.0 0.0 0
parameter equal to 106%. At that stage it might be worth
recalling that the composition of this boride is the most difficult
to determine due to the simultaneous presence of Mo and B
(Fig. 5 depicts the Mo-Mζ and B-Kα overlapping peaks as
observed by EPMA). However the presence of Mo seems not to
be the first order problem; Boron quantitation on the other types
of borides gave similar discrepancies in Boron level compared to
EPMA. The main problem for this chemistry is probably the
limited options to process the data in the commercial software
(better adjustment of background andworking out data acquired
at different accelerating voltages – as available on EPMA –would
be required). Of course, the fact that it is impossible to have a
certified standard with chemistry close to the borides counts
also against a reliable result. However to the author's experience,
SEM–WDS remains an interesting alternative for direct Boron
quantitation in less complex chemistry [21].

This confirms that direct Boron quantitation in Ni-based
matrix is not recommended with EDS or coupled EDS/WDS
systems. The resulting error could lead to a misinterpretation
of the nature of the boride and a wrong description of the
mechanisms controlling the boride's formation during the
brazing process.

4.3. Boron Quantitation Results

Thanks to the experience gained on boride B-1, borides B-2 and
B-3 (Fig. 2) were analyzed independently using EPMA and SEM–
EDS.Measurementswereperformedexactly on the sameborides
to suppress the possibility of chemical variations intrinsic to the
material. Table 4 summarizes the obtained results.

Here too, Boron could be measured by EDS using the
difference method with an accuracy of about 3 to 5 at.%
(depending on the presence of molybdenum). However this
precision degree could only be achieved once the levels for the
other elements were precisely determined. Spectra containing
at least 106 counts are recommended for the standards and for
the analyzed points. Ta-Mα andW-Mα emission lines should be
used to measure Ta andW k-ratio.

From Table 4, it is also interesting to note that the larger
discrepancies are observed for the major elements (Ni for the
B-2 and B-3 borides and Cr for the B-1 borides). As expected,
this correlates well with the error linked to the Boron
borides inside the brazed MC2 joint. In a few borides, the
(n.d.) as the sum Al + Si + Ti + Ta did not exceed 0.1%. For

relative to a specific unit cell (this information is useful in
ctures deduced by EBSD).

Ti Cr Fe Co Ni Mo Ta W

.d. 36.6 1.3 0.5 18.9 7.6 n.d. 1.1
3.7 0.1 0.0 1.9 0.8 0.1

.1 34.5 1.3 0.5 17.8 8.2 0.2 1.4

.0 3.5 0.1 0.0 1.8 0.8 0.0 0.1

.2 3.0 1 0.5 70.5 0.1 1.2 0.1

.3 0.9 0.3 0.1 20.5 0.0 0.3 0.0

.2 3.1 1. 0.7 72 0.1 0.7 0.2

.3 0.9 0.3 0.2 20.8 0.0 0.2 0.1
2.5 0.7 0.5 72.3 0.1 0 0

.0 0.1 0.0 0.0 2.9 0.0 0.0 0.0
2.7 0.7 0.5 74.4 0.1 0 0.1

.0 0.1 0.0 0.0 3.0 0.0 0.0 0.0
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Table 5 – Composition (expressed as at.%) of B-2 and B-3 borides. More than 15 points were measured per boride type.

at.% B Al Si Ti Cr Fe Co Ni Mo Ta W

B-2 boride Average composition 18 1.7 1.2 1.0 3.9 1.2 0.4 71.4 0.1 0.8 0.2
Standard deviation 3.0 0.2 0.3 0.2 0.3 0.1 0.1 2.8 0.1 0.1 0.1

B-3 boride Average composition 25 0.1 0.1 0 3.1 0.8 0.4 70.3 0.1 0.1 0.1
Standard deviation 2.8 0.1 0.1 0.1 0.5 0.2 0.1 2.5 0.1 0.1 0.1
measurement. As a result, a careful recording of the main
element standard is mandatory in order to minimize errors
linked to the quantitation of this element.

Finally, the measurements on B-2 and B-3 borides have been
repeated to evaluate their chemical homogeneity as well as the
reproducibility of the quantitation process (only few B-1 types—
Cr,Mo,W-rich borides were found and no statistics could be run).

The result in Table 5 shows that the variation measured
from one location to the next is of the same order than the
discrepancy between the two techniques (about 3 at.%).
Interestingly, a clear correlation was found between B and Ni
levels (as displayed in Fig. 6), underlying again the importance
of a careful quantitation of themain element. This correlation
suggests that the dispersion is mainly due to the uncertainty
in the quantitation method rather than a real chemical
heterogeneity of the borides.

Despite the high accuracy of the composition reached with
optimized EDS technique or EPMA, it remains difficult to
identify exactly the type of borides. Indeed, a large variety of
borides of type (MB, M3B, M3B2, M23B6) are possible in Ni-based
superalloys brazed with filler metal containing B and/or Si
[1,6,7]. Numerous Cr-rich borides do also exist with close Boron
levels. For instance Cr5B3 leads to a theoretical Boron level of
37.5 at.%, whereas Cr3Mo3B4 leads to a Boron level of 40 at.%.

The difference in Boron level can well be within the range of
the experimental error of the microanalysis measurements.
Thus, in the next section, the possibility of using EBSD coupled
withEDSwasexplored toobtainadditional information for boride
identification, taking crystallographic features into account.
5. Contribution of Coupled EBSD/EDS Techniques
for the Identification of Borides

In this section, it is shown that coupled EBSD/EDS measure-
ments enable the crystal structure of the 3 selected borides
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Fig. 6 – Experimentally measured amount of Boron vs.
measured amount of Ni in ‘B-2’ type borides (i.e., containing
Ni, Ti & Ta) using EDS analysis.
(B-1, B-2 and B-3 in Fig. 2a) to be identified unambiguously.
Their Kikuchi patterns could be indexed successfully with the
advanced interactive phase identification mode available in
the software tool box (as summarized in Fig. 7).

Borides of B-3 type were the easiest to analyze. They had
diffractionpatternsofNi3B crystal structure (space groupno. 62—
crystal symmetry Pnma). Each Kikuchi pattern measured on
these borides had 12 diffraction bands in common with a
theoretical pattern of Ni3B phase (see an example in Fig. 7a, b).
Moreover Ni3B was clearly the only phase in the large ICSD
database offering this high number of band matching between
experimental and simulated patterns (and consistent with the
qualitative chemistry proposed by the EDS/EBSD system prior to
phase identification). A comparison between experimental
(Fig. 7a) and simulated patterns (Fig. 7b) confirms that both are
fully consistent.

The Ni3B stoichiometry obtained by EBSD is also fully
consistent with the one deduced from microanalysis mea-
surements (in the range of Ni2.9 × 0.1 B1 (microprobe) and
Ni3 × 0.1 B0.9 (EDS) — see Table 4).

Borides of B-2 typehaddiffraction patterns of aNi23B6 crystal
structure (space group 225— crystal symmetry Fm-3 m) (see an
example in Fig. 7c, d). Here too,Ni23B6was clearly theonly phase
in the large ICSD database offering 12 common bands between
the experimental and simulated patterns.

Itmust benoticed that this phase could be easilymisindexed
as a Ni-rich phase from the same space group (number 225).
Indeed, the diffraction patterns of both phases share a high
number of bandpositions. However, subtle intensity differences
are present.

In the EBSD software, the intensities associated to the
different reflectors are evaluated by kinematic simulation.
The reflector list produced for the Ni23B6 and Ni phases is
slightly different in intensities of multi-order reflectors (due
to the difference in atomic composition of the cell). Moreover
{311} reflectors present with a high intensity for Ni-based
phase have a too low intensity to be detected for Ni23B6. Thus
EBSD allows to discriminate both phases providing that a high
number of experimental bands is detected and used to find
the best solution.

Here too, the Ni23B6 stoichiometry obtained by EBSD is fully
consistent with the one deduced from microanalysis mea-
surements (in the range of Ni20.5 × 2.7 B5.8 (microprobe) and
Ni20.8 × 3 B5.2 (EDS) — Table 4). However this precise
stoichiometry could not be directly and solely deduced from
the microanalysis results. Indeed, other compounds like
(NiX)3 or 4B fit also with the elemental analysis, taking into
account the limited precision of the microanalysis techniques
(5 at.%). This demonstrates the valuable contribution of EBSD
to boride's identification.

Finally, the borides of B-1 type are chromium rich. They
exhibit the diffraction pattern of a crystal structure belonging
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Fig. 7 – Crystal structure identification of various borides using coupled EBSD/EDS analysis. Columns are respectively
associated to ‘B-3’, ‘B-2’ and ‘B-1’-type borides. Images of the experimentally-obtained & calculated Kikuchi Electron
Backscatter Diffraction patterns of selected borides are presented; along with the corresponding crystal structures (at the
bottom).
to the space group no. 127 — crystal symmetry P4/mbm (see
an example in Fig. 7e, f). They are typical of a complex
chromium iron molybdenum nickel titanium boride with the
following composition proposed in the ICSD database (Ni0.42
Mo2.16 Ti1.278 Cr1.278 Fe0.864 B4). Again, this was the only
phase in the database that exhibited 12 common bands
between the experimental and simulated patterns. Other
chromium rich borides like Cr5B3 or Cr3B4 often found in
brazed Ni-based superalloys are definitely to be excluded.1

In that case, the phase identified by EBSD has no chemistry
determined by quantitative microanalysis (Ni1.9 Mo0.8 Ti0 Cr3.7
Fe0.1 W0.1 B3.4 — Table 4). No Ti was observed and the Cr, Mo
and Ni contents were significantly different. However the
measured ratio between Boron and the other metallic elements
(×6.6 B3.4) was not too far from the (×6 B4) suggested by EBSD.

Once all the phases were identified, EBSD technique was
used in the mapping mode (with a step size of 0.2 μm) to
identify how these phases were distributed over a part of the
region imaged in Fig. 1. The map was acquired with a speed of
100 points/s. With such high acquisition speed, the EDS signal
that was acquired simultaneously could only provide limited
(qualitative) information about the elemental distribution of
the elements. The result is shown in Fig. 8. The 3 boride's
crystal structures and the Ni-based structure were used to
index the Kikuchi patterns.
1 Cr5B3: space group no. 140 — crystal symmetry I4/mmm and
Cr3B4: space group no. 71 — crystal symmetry Immm.
Only one chromium boride (B-1 type) could be found in the
analyzed region. It was depicted with a dark blue color in
Fig. 8b and was successfully indexed. Additional mapping in
other regions has confirmed that only few of these chromium
borides were present in the microstructure.

M23B6 borides (B-2 type) were not only found in the
solidification front but also close to the interface between
the base metal and the joint. This suggests that they
precipitate at the early stage of the isothermal solidification
process. Some of them actually grow within the Ni-based
solidification front (see for example the wide boride of B-2
type in Fig. 2a). The small-sized borides at the interface were
well identified. This identification takes advantage of the high
spatial resolution offered by EBSD in comparison to EDS.

Ni3B borides (B-3 type) (light blue on the map) had a low
indexation percentage due to the weak contrast of the Kikuchi
patterns. However, the results are good enough to ensure
reliable identification of this phase. Improved surface prepa-
ration could possibly increase the fraction of indexed pixels
over this phase.

The rest of the material was indexed as Ni-based phase (in
red). This includes the base metal, the solidification front, and
finally the eutectic region. However, comparing the EBSD map
and the EDSmap, one can notice important chemical variations.
In particular, Si as diffusing element present in the filler metal
was mostly concentrated in the eutectic zone (Fig. 8c).

This deep characterization of the brazed MC2 joint
definitely demonstrates that the different modes to



Fig. 8 – EBSD and EDS elemental mapping images of the
brazing area described in Fig. 2a. (a) Image with the forward
scatter detector. (b) EBSD phase map. (c) Si-Kα EDS mapping
after peak deconvolution (the color indicates the qualitative
variations in Si content).
combine EBSD/EDS really provide rich information for
accurate boride's identification. All the process can reason-
ably be run with a speed of 100 points/s and with a
resolution in a range of a few tens of nanometers. Thus
compared to EDS analysis alone, the overall speed of the
data collection is increased as well as the spatial resolution
of the final characterization.
6. Conclusions

In this contribution the different phases formed in a brazed
MC2 Ni-based superalloy have been studied to evaluate how
precise the state-of-the-art microanalysis systems attached to
a SEM (EDS, WDS, EBSD) could quantify Boron and provide an
accurate identification of the boride types.

Our main conclusion is that the best method to quantify
Boron using EDS is definitely by composition difference.
Indeed, the multi-elements of a Ni based superalloy can be
quantified with a precision of about 0.5 at.% for each element.
Consequently the Boron level can reasonably be determined
by difference and an overall precision of 5 at.% can be
obtained. To reach this precision, the classical recommenda-
tions for high resolution EDS must be applied as detailed in
the present paper.

All attempts for direct Boron quantitation with EDS or
coupled EDS/WDS systems using different standards gave less
accurate results. The measurement error can easily lead to a
misinterpretation of the boride nature and a wrong descrip-
tion of the mechanisms controlling the boride's formation
during the brazing process.

Despite this improved Boron quantitation, couples of
borides with low Boron stoichiometry variations still get
mixed up after EDS analysis.

Our second conclusion is that EBSD coupled with EDS can
differentiate these different borides by collecting qualitative
chemical information simultaneously with crystallographic
information. This advanced phase identification mode con-
sists in using the chemical information to pre-filter the
crystallographic phase candidates from a database and
further indexation of the EBSD diffraction patterns enables a
conclusive identification of the boride.

Once all phases have been identified, EBSD maps can be
acquired to analyze the spatial distribution of the detected
phases over a large area. Simultaneous EDS signal acquisition
serves for qualitative mapping of the elemental distribution.

Our analyses definitely demonstrate that these twomodes to
combine EBSD and EDS really improve the richness of informa-
tion available to characterize a brazed Ni-based superalloy.
Compared to EDS analysis alone, the overall speed of the data
collection is increased as well as the accuracy and the spatial
resolution of the final characterization.
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