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A B S T R A C T

Quantitative analyses produce important information concerning the microstructural characteristics of mate-
rials, which are reflected in the main properties of the materials. The secondary and backscattered electron
modes represent the two main techniques most used in scanning electron microscopy, to produce images and,
consequently, realize a quantitative analysis. However, each technique has its advantages and problems. The
present work proposed evaluate what is the best SEM technique to quantify secondary phases in a cladding of
Inconel 686, which can be extended to the other classes of nickel based alloys rich in Mo. It was performed a
quantitative analysis of several images to characterize the microstructure of Inconel 686 weld cladding. The
images were obtained using three modes: secondary electron (SE), Z contrast backscattered electron (BSE) and
topographic backscattered electron (BSE). The segmentation and quantify of secondary phases was performed by
SVRNA software. The statistical results revealed differences between the techniques. The secondary electron
mode included several artefacts that reduced the precision of the quantification study. The BSE modes are shown
to be the best techniques for quantification.

1. Introduction

Nickel-based alloys are a special class of materials which combine
great mechanical properties even at high temperature with an excellent
corrosion resistance in several environments [1,2]. The high costs as-
sociated with these alloys limit their use to severe service conditions
with high responsibility applications, and for this reason close control
of the microstructure is essential to guarantee the integrity of compo-
nents and equipment.

Usually, studies correlate the effect of secondary phases on the main
properties of materials. The morphology, size, distribution and amount
of secondary phase will reflect on the hardness, toughness and strength
[3–5]. In addition, the secondary phase has a direct impact on the
corrosion resistance [6]. Recent work have simulated the precipitation
kinetics of secondary phases in nickel alloys due to their strong impact
on the properties [7]. Reports about autogenous welding of precipita-
tion-strengthened nickel-based alloys, reveal the importance of sec-
ondary phases in the hardness balance of the join, including the

respective heat affected zone [8]. Recent studies has proposed new
models to predict the weldability and castability of precipitation-
strengthened nickel-base superalloys, taking account the formation of
secondary phases, which cause seriously metallurgical problems in this
manufacture processes [9–10]. In this context, quantitative analyses are
shown to be an effective and powerful tool to correlate these phases
with the properties of nickel-based alloys [11].

In the case of welding cladding, in general the secondary phases will
nucleate during the non-equilibrium solidification due to the fast
cooling frequently imposed by welding processes [12]. For claddings
manufactured for aggressive corrosion environments, the amount of the
secondary phases will reduce the corrosion resistance. These secondary
phases are rich in elements that participate in corrosion resistance.
Previous results shows that this formation will reduce the concentration
of Cr, Mo and W around the region in which they have nucleated
[13,14]. These phenomena will reduce the corrosion resistance in the
area close to the phase boundary between the matrix and precipitate
[13,14]. Thereby, for a high amount of secondary phases, the cladding
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will have more phase boundaries, which will probably increase the
susceptibility to corrosion, according to interfaces studies that report a
strong enrichment of Cr, Mo and W close to these interfaces [15,16].
Therefore, quantitative analysis is an important means to understand
the corrosion resistance of claddings.

The quantification of phases can be performed using several tech-
niques, where in most cases the size of the particles will limit the
technique to be used. For example, the use of light microscopy applied
to Ni-based alloys is adequate to observe some microstructural features
such as grains, dendrite growth and until the presence of secondary
phases [17]. However, when applied to quantitative analysis of sec-
ondary phases, this technique has been considerate not adequate due to
lower resolution and to the poor resultant contrast. On the other hand,
nanometric phases observed in aluminum alloys, for example, require
transmission electron microscopy (TEM) or atomic force microscopy
(AFM) [18]. In terms of quantitative analyses of the secondary phases
observed in the weld microstructure of nickel-based alloys, scanning
electron microscopy (SEM) has been shown a good option, because the
particles have dimensions of some microns [19].

In SEM there are two main electron matter interactions, which
produce different images: secondary electrons (SE) from inelastic
scattering and backscattered electrons (BSE) produced by elastic scat-
tering [20]. The first produce a topographical image of the micro-
structure, highlighting boundaries and any other features that show a
kind of topography [20]. Thus, with the aid of specific etching, it is
possible to highlight the secondary phase, allowing for easy quantifi-
cation. The BSE technique, on the other hand, will separate the phases
by chemical composition due to the elastic scattering of the electron
incident beam in relationship with the specimen [20]. The emissivity of
BSE is dependent on the atomic number of the elements that com-
pounds the phases, these being large for elements with higher atomic
numbers [5,20,21]. Thus, secondary phases that have a high content of
elements such as Mo and W will show a different contrast when com-
pared to the matrix [22]. However, each technique has its own parti-
cularity, with advantages and measurement errors that must be con-
sidered to conclude the analysis.

An indispensable step in quantification of secondary phases is the
segmentation of images. This technique allows separate what is the
object and the matrix. In this context, the SVRNA software has been
pointed in previous work as a great accurate software for segmentation
and quantification [23–26]. This software is based on a neural network
that increases the precision in the segmentation and subsequent quan-
tification.

Concerning the quantification of secondary phases in weld metal of
nickel based alloys, several works has been reported, and in the most
cases using secondary electrons mode in SEM [23,27,28]. Considering
the potential of backscattering electrons in separate phases by atomic
contrast, the present study proposes to evaluate the best SEM technique
to perform a quantitative analysis of an Inconel 686 weld cladding by
different modes of SEM operation, highlighting the difference between
the use of secondary and backscattered electrons to execute the ana-
lysis. The expectation is obtain support to point the best of image ac-
quisition mode, which can be extended to others Ni-Cr-Mo based alloys.

2. Experimental Methods

The study was performed on the cladding of a Ni-based alloy as a
sample to obtain the images for the analysis. The cladding was manu-
factured by the GTAW process using a filler metal of ER Ni-Cr-Mo-14
(Inconel 686) deposited under ASTM A36 plate. The microstructure of
the cladding was revealed using electrolytic etching with an aqueous
solution of 10% chromic acid. A soft etching was applied in order to
reduce the excessive corrosion of interdendritic regions.

To obtain the images a Quanta FEI 250 SEM was selected, using the
modes: SE, Z contrast BSE and topographic BSE. For each technique
evaluated, 100 images were produced. Each image was acquired from

the same region when using all techniques, thus improving the com-
parison between the image acquisition modes. All images were taken
using the same high tension, spot size and magnification. The contrast
and brightness were kept constant for each technique according to their
particularities.

The images were segmented to assist the quantification of secondary
phases. The software adopted to perform the quantification was
SVRNA, which is based on an artificial neural network. Previous studies
revealed that SVRNA's performance in segmenting and quantifying the
weld microstructure of nickel-based alloys was more precise than some
commercial software [23]. In addition, SVRNA demonstrates a good
performance in segmenting the microstructures of other materials
[24–26].

For the techniques chosen, analysis was performed using the SE and
BSE modes. In addition, another possibility of BSE detection was
evaluated using a special detector, which collected the backscattered
electrons that were returned from the sample at a slightly different
angle from 180° in relationship with the incident electron beam. This
system improved the quality of the images due to the large amount of
backscattered electrons detected, thus allowing a Z contrast image with
a special topographic contrast.

The statistical analysis was based on the ASTM A1245 standard. A
95% confidence interval was adopted [29]. Eq. (1) shows how to obtain
the 95% CI. The σ represents the standard deviation of the measures
and the coefficient t is known as the Student's t distribution, which
depends on the population number (n). The ASTM A1245 standard
recommends a t coefficient equal to 2 for a population number up to 30
measurements [29].

=
tσ

n
95%CI

(1)

To conclude the statistical analysis, it is still necessary to evaluate
the relative accuracy (RA). Thus, Eq. (2) takes the confidence interval
calculated and realizes a comparison with the average measurements
(X ), giving an estimation of the study error. According to the ASTM
A1245 standard, for a %RA more than 30% it is necessary to acquire
new fields to reduce the error [29].

= ×RA
X

% 95%CI 100 (2)

The X-ray energy dispersive spectroscopy (EDS) analyses were
performed on 30 particles of secondary phases to obtain the chemical
composition. The same methodology was used in the interdendritic and
dendrite regions. The results of the compositions were used to calculate
the BSE contrast between the phases. All EDS analyses were performed
using the FEI Quanta 450 FEG microscope, following the re-
commendations proposed by the ASTM E1508 standard, concerning the
beam interaction with the matrix [30].

3. Results and Discussion

Fig. 1 shows micrographs obtained in a random region using the
three techniques. In Fig. 1(a), (c) and (e) it is possible to see the original
images obtained using the SE mode, Z contrast BSE mode and topo-
graphic BSE mode, respectively. Each technique highlighted the sec-
ondary phases using its particular physical principle. The segmented
images observed in Fig. 1(b), (d) and (f) show a good correlation with
the original images, thus demonstrating that the segmentation was
performed very well by the SVRNA software.

The SE mode has the best resolution of all the techniques. This is
due to a small emitted region, very close to the surface, from which the
secondary electrons responsible for producing the image escape [20].
The SE images have good quality due to the large amount of electrons
that are collected by the SE detector [31]. In addition, it is possible to
see the topography, which was produced by selective etching, which
allows the secondary phases to be highlighted. However, the SE
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technique exposes some defects such as holes, which were probably
generated by the detachment of inclusions during the polishing.

The Z contrast BSE image is shown in Fig. 1(c), which is of poorer
quality than the other techniques. The noise observed in this image is a
consequence of the smallest amount of electrons which return to the
detector [31]. However, only backscattered electrons with high energy
are collected. Thus, the result is a flat image with a compositional
contrast, since elements with high atomic numbers will produce more
backscattered electrons than low atomic number atoms [5,20,21]. The
result is an image with a high contrast between the matrix and the
secondary phases [5,20,21].

The topographic BSE shown in Fig. 1(e) is an image of slightly better
quality than the image produced by the Z contrast BSE mode. Some
backscattered electrons emitted by defects such as grain boundaries,
which are normally lost due to the emitted angle being far from 180°,
can be collected using this technique, thus improving the image quality
by reducing the noise [31]. In addition, it is possible to observe a to-
pographic image. As in the Z contrast BSE mode, the topographic BSE

mode shows a compositional image with a better quality. In addition, it
is possible to see topographic information.

The segmented images observed in Fig. 1(b), (d) and (f) show a
similar result, with the many dispersed secondary phases highlighted in
white. All of the techniques separated the secondary phases from the
matrix very well. The secondary phase fractions in Fig. 1(b) (SE image),
(d) (Z contrast BSE image) and (f) (topographic BSE image) were ap-
proximately 1.66%, 1.51% and 1.55%, respectively. Although all of the
segmented images seem to be equal, they show small differences in
their quantification.

The quantification of the SE image shows the highest value of all the
techniques, followed by the topographic BSE and Z contrast BSE. The
segmented images reveal that the SE mode has problems with the
segmentation. For example, the circle highlights a secondary phase
undetected in the SE segmented image because of the similarity of its
grey tone with the grey tone of the matrix. The same phenomenon was
observed in the ellipse highlighted, which includes the interdendritic
region in the quantification due to the similar grey to that of the

Fig. 1. Images obtained using the techniques a) SE, b) segmented SE image, c) Z contrast BSE, d) segmented Z contrast BSE image, e) topographic BSE and f) segmented topographic BSE
image.

É.M. Miná et al. Materials Characterization 133 (2017) 10–16

12



secondary phase. The final quantification result is the combination of
small errors that sometimes include artefacts in the quantification as
secondary phase, and sometimes does not include some of the sec-
ondary phase that has not been segmented very well.

Also concerning the previous quantitative results, it was found that
BSE detection for both modes (topographic and Z contrast) show a si-
milar result. The topographic BSE seems to be slightly bigger than the Z
contrast BSE. This is probably due to the detection regions of some
secondary phases that show a non-flat geometric form, which promotes
the escape of BSE electrons at an angle slightly different from 180° in
relationship with the incident beam.

Fig. 2 shows in detail the square highlighted in Fig. 1. The enlarged
square reveals that the topographic BSE detected small scratches such
as SE mode (arrows number 1), which denote the possibility of obser-
ving details about the topography. As previously discussed, the topo-
graphic BSE can detect some backscattered electrons that the Z contrast
BSE mode cannot detect (arrows number 2). In addition, the segmented
images reveal that the SE image highlighted artefacts and the

interdendritic region, increasing errors in the analysis (arrows number
3). Besides this, a thin superficial secondary phase was observed in the
SE image, but the same was not observed using the BSE techniques
since the backscattered electrons are from a region below the surface.
Thus, thin superficial microstructures are undetectable (arrows number
4). Comparing Fig. 3(d) and (f), it is possible to note that the topo-
graphic BSE seems to detect the thin secondary phases slightly better
when compared to conventional BSE mode.

Fig. 3 shows in high magnification some microstructures, in order to
understand the error produced when some artefacts that do not re-
present a secondary phase are included in the quantification. As pre-
viously discussed, the SE image (Fig. 3(a)) increases the artefacts in
many ways. It is possible to note in the segmented SE image (Fig. 3(b))
that the holes boundaries are clearly detected by the software due to the
intense contrast, as a consequence of the large amount of electrons
emitted from this region, which are collected by the detector. This
phenomenon is known in electron microscopy as the edge effect.
Fig. 4(a) shows a schematic of the edge effect on the emission of

Fig. 2. Images obtained using the techniques a) SE, b) segmented SE image, c) Z contrast BSE, d) segmented Z contrast BSE image, e) topographic BSE and f) segmented topographic BSE
image.
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Fig. 3. A field in high magnification obtained using the techniques a) SE, b) segmented SE image, c) Z contrast BSE, d) segmented Z contrast BSE, e) topographic BSE and f) segmented
topographic BSE image.

Fig. 4. The edge effect illustrated in a) schematic and b) microstructure. The microstructure was revealed by a severe etching. The arrows indicate the artefacts that impair the
quantification analysis.
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electrons, and illustrates the large amount of secondary electrons pro-
duced from the edges. Fig. 4(b) shows the microstructure of the same
cladding, this time submitted to a severe etching, from which it is
possible to note a strong brightness in the edges of the interdendritic
region and in the edges of the secondary phases. In addition, this high
production of secondary electrons in the edges promotes a different
contrast, which turns the center of the precipitates to a grey tone similar
to that of the matrix, thus impairing the quantification analysis.

Comparing Fig. 3(c), (d), (e) and (f), it is possible to note that the
differences between the two BSE techniques are quite small. However,
the better detection of topographic backscattered electrons provides the
possibility of detecting small phases, in which the Z contrast BSE mode
has difficulty. The secondary phase fractions obtained from Figs. 3(b),
(d) and (f) had values of 2.23%, 1.41% and 1.44%, respectively. Note
that there is a big difference in the percentage of secondary phases
quantified by the SE image when compared to the Z contrast BSE. The
difference found in this analysis was almost 58%. The same metho-
dology for comparing the BSE techniques shows only a slight difference,
approximately 2%.

The large amount of error associated with the quantification of the
SE image is inherent in the use of the technique. The surface prepara-
tion by the mechanical polishing process and chemical or electro-
chemical etching introduces irregularities, which produce edge effects
that make it difficult to perform the image quantification without in-
cluding errors. The techniques using backscattered electrons have fewer
problems with artefacts, because the contrast of each particle will de-
pend strongly on the composition.

It is possible to estimate the influence of the elements/composition
on the emissivity of BSE electrons by determining the BSE coefficient
(η). Eq. (3) shows how the BSE intensity is calculated [5,21]. The
equation of BSE intensity depends on the atomic number [5,21].

= − + − × × + ×− −η Z Z Z0.0254 0.016 1.86 10 8.3 104 2 7 3 (3)

For complex phases composed of several elements, it is necessary to
consider each one. Eq. (4) allows us to calculate the average back-
scattered coefficient of a specific phase considering the mass fraction ci
of each element [5,21].

∑=η c η
i

i i
(4)

With the backscattered coefficient of each phase, it is possible to
check if the contrast between them will be enough to enable the soft-
ware to separate the phases. Eq. (5) shows how to estimate the contrast
[5,21].

=
−

>C
η η

η
η η,α β

α
α β (5)

To estimate the BSE contrast, some EDS measurements of the sec-
ondary phases and the matrix were carried out, including the inter-
dendritic and dendritic regions. Table 1 shows the average composition
of the main phases observed in the microstructure. Applying the atomic
numbers and the chemical compositions in Eqs. (3) and (4), it is pos-
sible to obtain the η BSE of individual elements and phases. Table 2
shows the η calculated for the present study.

Using the η phase coefficients calculated in Eq. (5), it is possible to
obtain that the contrast of the dendrite and interdendritic regions in

relationship with the secondary phases is approximately 8% and 7%,
respectively. Therefore, based on the values obtained for this specific
quantification study, the BSE techniques allow a contrast that is suffi-
cient for quantification. It is important to highlight that many reports
have reported on the influence of the matrix in EDS measurements due
to the high beam interaction volume [32]. Studies revealed the stronger
dependence of the interaction volume on the accelerating voltage and
the chemical composition of the specimen [33,34]. In addition, ac-
cording to the literature, the secondary phases observed in nickel-based
alloys are known as topologically closed packages (TCP)
[6,12–14,16,19]. These phases show a complex chemical stoichiometry,
which can be tetragonal (σ-phase: Cr0.99Fe1.01) [35], rhombohedral (μ-
phase: Co6Mo7) [36] and orthorhombic (P-phase: Cr9Mo21Ni20) [37].
Thus, the chemical composition shown in Table 1 is the average of the
sum of many possible secondary phases, including the effect of the
matrix chemical composition.

Table 3 shows the statistical analyses of the secondary phase frac-
tion obtained using each technique. As expected, the SE mode shows a
higher secondary phase fraction average (X ) than the BSE techniques,
followed by topographic BSE and Z contrast BSE. This difference is
probably a consequence of the errors introduced. As previously dis-
cussed, the better quality of the topographic BSE images improves the
detection of small phases, which the Z contrast BSE does not allow.
Thus, the topographic BSE mode naturally provides a slightly better
quantification.

A higher standard deviation (σ) was observed in measurements for
all techniques. This was a consequence of heterogeneous micro-
segregation due to non-equilibrium solidification. As a result, in some
fields an oscillating phase fraction was observed, from a small to a high
amount, from one field to another. However, the relative accuracy of
less than 5% shows that the number of measurements was satisfactory
for this statistical study.

4. Conclusion

Based on the experimental results obtained in this study to compare
the secondary electrons (SE) and backscattered electrons (BSE) tech-
niques in quantifying the microstructure of Inconel 686 weld metal, it
was possible to conclude that:

The SRVNA software demonstrates high accuracy in the segmenta-
tion and quantification of secondary phases, which allow compare the
image acquisition modes using a scanning electron microscopy.

The SE mode shows a large amount of artefacts, increasing the
measurement error, which were probably introduced by the surface
preparation process, which includes polishing and etching, due to the
edge effects.

The BSE modes offer the best image quality to quantify the area
fraction of secondary phases. The choice between them will be defined

Table 1
The chemical composition of main phases present in the microstructure obtained by EDS.

Microstructures Chemical composition of phases (wt%)

Ni Cr Mo W Fe Mn

Secondary phases 27.15 19.91 38.18 6.16 8.47 0.12
Interdendritic 47.82 19.73 16.72 3.46 12.01 0.26
Dendritic 52.10 18.23 12.28 4.04 13.19 0.15

Table 2
η BSE intensity of main elements and phases present in the microstructure.

Elements (η) Ni Cr Mo W Fe Mn

0.29 0.26 0.38 0.48 0.28 0.27

Microstructures (η) Secondary phase Dendrite Interdendritic
0.33 0.30 0.31

Table 3
Statistical quantification results.

X (%) σ IC 95% RA (%)

SE image 1.91 0.44 0.09 4.65
Z contrast BSE 1.77 0.39 0.08 4.40
Topographic BSE 1.84 0.40 0.08 4.31
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by the image quality, considering the noise due to the small amount of
BSE electrons collected. The BSE modes are found not to be influenced
by artefacts, which increases confidence in the results compared to the
SE mode.

Based on the comparison performed in this study it can be con-
cluded that the BSE mode offers the best image quality to quantify
secondary phases, and this knowledge can be extended for others nickel
based alloys with high fraction of Mo and other elements commonly
segregated such as W and Nb.
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