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Secondary phases such as Laves and carbides are formed during the final stages of solidification of the
nickel based superalloy Inconel 625 coatings deposited during the gas tungsten arc welding (GTAW) cold
wire process. However, when aged at high temperatures, other phases can precipitate in the microstruc-
ture, like the y” and & phases. The aim of this work was to evaluate the different phases formed during
thermal aging of the as-welded material through ultrasound inspection, as well as the influence of back-
ground echo and backscattered ultrasound signals on the computational classification of the microstruc-
tures involved. The experimental conditions employed an aging temperature of 650 °C for 10, 100 and
200 h. The ultrasound signals were acquired using transducers with frequencies of 4 and 5 MHz and then
processed to determine the ultrasound velocity and attenuation, as well as to study the background echo
and backscattered signals produced by wave propagation. Both signal types were used to study the effec-
tiveness and speed for classifying the secondary phases, using detrended fluctuation analysis and the
Hurst method in the signal pre-processing and the Karhunen-Loéve Transform in the classification of
the microstructures. The ultrasound signals and the signal processing tools used were considered suffi-
ciently sensitive, fast and accurate in the detection and classification of the microstructures in the as-
welded and aged Inconel 625 alloy using this nondestructive technique.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Nb-bearing nickel-based superalloys, like the Inconel 625 alloy,
exhibit an outstanding combination of mechanical properties and
resistance to pitting, crevice and intergranular corrosion due to
the stiffening effect of chromium, molybdenum and niobium on
its nickel matrix, making precipitation-hardening treatments
unnecessary [1]. The extraordinary resistant against a wide range
of organic and mineral acids is due to their excellent anti-corrosive
properties, manly, at high temperatures. These alloys are com-
monly found in the marine, aerospace, chemical and oil and gas
industries [2-4].

In particularly, the Inconel 625 alloy has greater applicability,
especially in highly corrosive environments such as the oil and
gas industry, than many other Ni-base alloys. Nowadays, this alloy
is widely used in the weld overlay of the inner surface of carbon
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steel pipes and other equipment for offshore applications. However
further studies of this alloy such as the one reported in this paper
are required to increase the overall knowledge concerning its
properties.

During welding with the Inconel 625 alloy, there is intensive
microsegregation of elements, such as niobium and molybdenum,
within the interdendritic regions causing the supersaturation of
the liquid metal in its final stage of solidification, which results in
the precipitation of Nb-rich Laves phase and MC primary carbides
type NbC [5,6]. The segregation and precipitation of the secondary
phases can change the mechanical properties of the alloy and de-
crease its resistance to corrosion [7]. In addition, the Nb-rich Laves
phase has a low melting point that causes an increase in the tem-
perature solidification range, making the alloy susceptible to solid-
ification cracking [8]. However, an adequate selection of the
welding conditions can minimize the formation of the Nb-rich
Laves phases thus reducing susceptible to solidification cracking.
Also it is important to investigate the phase transformation process.

Although there are important and numerous engineering uses
for Inconel 625 alloy, knowledge concerning its properties is still
very scarce and consequently much research has been carried
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out on this alloy. For example, Evans et al. [9] studied foil and sheet
forms of the Inconel 625 alloy in as-processed condition and fol-
lowing creep-rupture testing in air at 750 °C and 100 MPa. Mathew
et al. [10] evaluated the effect of aging, for 500 h at six different
temperatures in the range of 873-1173 K, on the mechanical
behavior of the Inconel 625 alloy using a nondestructive stress/
strain microprobe system. Zhang et al. [11] investigated the
Inconel 625 alloy thermally sprayed using high velocity oxy-fuel
process. The coatings deposited by a liquid-fuelled gun were com-
pared with the ones produced by a gas-fuelled system. The micro-
structural evolution of the coatings was accomplished using
scanning electron microscopy and X-ray diffraction. Ganesh et al.
[12] analyzed the fatigue crack growth and fracture toughness
characteristics of an Inconel 625 laser rapid manufactured alloy.
Cooper et al. [13] verified the seawater corrosion behavior of three
Inconel 625 alloy laser processed surfaces: (i) one produced by
laser melting, and the other two by (ii) laser melt/particle injection
processing with tungsten carbide (WC) and (iii) with titanium car-
bide (TiC) particles. Arafin et al. [14] investigated a combination of
experimental and computational techniques to predict the time
required to complete isothermal solidification during the transient
liquid phase bonding of the Inconel 625 alloy. Mathew et al. [15]
evaluated the creep rupture properties of the same alloy when
service-exposed for 60,000 h at 720 °C. The creep tests were car-
ried out at various temperatures between 650 and 900 °C, and
the rupture times varied up to 32,000 h. Song and Nakata [16]
evaluated the mechanical properties of friction stir welded and
post-heat-treated Inconel 625 alloy through friction stir welding
rotation and traveling speeds of 200 rpm and 100 mm/min, respec-
tively; heat treatment was carried out after welding at 700 °C for
100 h in vacuum. Li et al. [17] studied hot compressions tests of
an Inconel 625 superalloy using the Gleeble-1500 simulator
(Dynamic Systems Inc., USA) and adopting different strains be-
tween 900 and 1200 °C and a strain rate of 0.1 s~!. Optical micro-
scope, transmission electron microscope and electron backscatter
diffraction technique were employed to investigate the micro-
structure evolution and nucleation mechanisms of dynamic
recrystallization.

A detailed review about various types of nickel-based alloys
available on a commercial basis and their development, including
alloying additions as well as processing techniques used to achieve
specific mechanical and/or chemical properties, can be seen in [18].

Nondestructive tests, predominantly ultrasonic methods, have
been used on Inconel 625 alloy to provide more efficient and accu-
rate studies. These methods have been used to investigate the long
term service degradation of this alloy in cracker tubes of heavy
water plants [19]. The effect of aging on the mechanical behavior
of the alloy at six different temperatures (from 600 to 900 °C) over
500 h was investigated using an automated ball indentation tech-
nique. The technique demonstrated its effectiveness to detect
changes in the mechanical properties due to aging [10]. Another
investigation into the influence of thermal aging from 650 to
950 °C on the same alloy using ultrasonic velocity measurements
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to characterize the microstructures correlated to the tensile
properties and hardness, which were determined using ball inden-
tation technique, was reported in [20].

The velocity and attenuation of ultrasonic waves have been
widely used for several decades to determine mechanical proper-
ties of solids in an accurate, fast and nondestructive manner. The
interaction between ultrasonic measurements and microstructures
can be evaluated through background echo and backscattered sig-
nals [21-23]. Therefore, the main goal of this work is to evaluate
the sensitivity of ultrasound measurements, the effectiveness of
the background echo and backscattered signal computational clas-
sification, and to detect and characterize the microstructure
changes, i.e., the formation of the secondary phases/precipitates,
occurring in a thermally aged Inconel 625 alloy at 650 °C for 10,
100 and 200 h. To accomplish these goals, background echo and
backscattered signals pre-processed by the detrended-fluctuation
and rescaled range methods and without any pre-processing were
used. The classification of the pre-processed and original signals
was carried out using the Karhunen-Loéve Transform. The poten-
tiality and efficiency of the combination of the ultrasonic signals
and the computational tools to characterize the microstructures
of Inconel 625 alloy samples aged and as-welded was demon-
strated by the results.

As far as the authors know, this is the first time that the effect of
thermal aging on Inconel 625 alloy has been analyzed using two
types of ultrasonic signals combined with computational tools of
signal pre-processing and classification, which makes the results
presented and discussed of noteworthy value.

2. Experimental procedures

This section described the experimental work done; first; the
test setup is described; then, the preparation of the Inconel 625
alloy samples is addressed; afterwards, the ultrasonic inspection
is introduced; finally, the methods and techniques used to process
and classify the ultrasonic signals are presented.

2.1. Test setup

Inconel 625 alloy coatings deposited on an ASTM A36 steel
metal base were used in the experiments. The chemical composi-
tions of these materials are shown in Table 1. A 4 mm diameter
tungsten electrode doped with thorium was used, and pure argon
(99.99%) was chosen as the shielding gas.

An electronic multi-process power source connected to the data
acquisition system was used during the welding to monitor the
current and tension. The manipulation of the torch was carried
out using an industrial robot system, Fig. 1a. An automatic cold
wire feed system for gas tungsten arc welding (GTAW) was used
to supply the filler metal. A positioning unit was used to guide
the wire into the arc so that adjustments to the configuration
parameters and geometry of the wire feed could be made,

Table 1
Chemical composition in weight percent (wt.%) of the weld metal/coating and of the base metal.
AWS ERNiCrMo-3 (INCONEL 625 alloy - Weld Metal) Ni C
64.43 0.011
Nb Mn
3.53 0.01
ASTM A36 steel (Base Metal) Ni
0.02
Fe

Bal.

Cr Mo W Fe Al Ti
22.2 9.13 - 0.19 0.09 0.23
Si Cu Co \Y P S
0.05 0.01 0.03 - 0.002 0.002
C Cr Mo

0.23 0.02 -

Al Mn Si

0.03 0.67 0.09
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(b)

Fig. 1. Experimental setup used in the welding process: (a) robotic system,
(b) GTAW guide wire feed and torch.

Fig. 1b. The welding coating was performed on an ASTM A36 steel
metal base plate, resulting in a coating of 350 x 60 x 14 mm?>.
The remaining welding parameters used were: 285 A of welding
current (DCEN), arc voltage of 20V, travel speed equal to 21 cm/
min, welding heat input of 16 kJ/cm, wire feed speed equal to
6.0 m/min, arc length of 10 mm, 15 1/min of gas flow and arc oscil-
lation describing a double-8 trajectory. Other minor considerations
included the wire feed direction ahead of the arc weld, wire tip to
pool surface was kept at a distance of 3 mm, wire feeding angle
was maintained constant and equal to 50°, Fig. 3, and the electrode
tip angle fixed at 50°. To guarantee a good overlaying due to multi-
ple pass deposited side by side, a distance equal to 2/3 of the initial
weld bead width was established as an ideal step. Other arc
oscillating parameters were: oscillation amplitude of 8 mm and
wave length equal to 1.2 mm.

To produce a 10 mm thick coating on the substrate, seven
layers with eight passes were deposited under identical welding
conditions.

2.2. Samples preparation

After the welding, the coating was detached from the substrate
by conventional machining, as the material of interest was only the
Inconel 625 alloy. Then, the coating was divided into four samples,
three samples were submitted to aging heat treatments at 650 °C
for times of 10, 100 and 200 h [24], and the remaining one was
kept as the as-weld state (0O h). The aged samples were water
cooled with moderate agitation at room temperature.

Afterwards, the four samples were subjected to metallographic
preparation that included grinding, polishing and electrolytic
etching using 10% chromic acid with a tension of 2 V tension for
15s. Metallographic images were acquired using a scanning
electron microscope (SEM) Philips XL30 (Oxford Instruments,
England), and a study of the chemical composition of the second-
ary phases was carried out through energy dispersive spectroscopy
of X-rays (EDS).

After the microstructural analysis, nondestructive ultrasonic
inspection was conducted to attain velocity and attenuation
measurements, as well as the acquisition of background echo and
backscattered signals to evaluate the effect of aging on the Inconel
625 alloy samples.

2.3. Ultrasonic inspection

For the ultrasonic inspection, the pulse echo technique and di-
rect contact method were used to obtain ultrasonic velocity and
attenuation measurements. As a coupling material, SAE 15W40
lube oil was used for the longitudinal measurements. A Krautkr-
amer ultrasound device (GE Inspection Technologies, USA, model
USD15B) was used connected to a 100 MHz digital oscilloscope
(Tektronix, USA, model TDS3012B), which transmits the ultrasonic
signals to a computer, so they can be processed. Ten signals were
acquired with 10,000 points and a sampling rate of 1 Gs/s, after
which the average ultrasound velocity and attenuation values were
calculated.

The ultrasonic velocity measurements of all the samples
were obtained by using commercial NDT ultrasonic transducers:
one of 4 MHz (Krautkramer, Germain, model MB4S) and another
one of 5MHz (Krautkramer, Germain, model MSW-QCG). The
choice of these transducers was based on the authors’ previous
experience in this kind of NDT and knowledge concerning the
materials under study [21-23]. In fact, these frequencies revealed
to be the most adequate to analyze the material under study, as
a transducer with a frequency of 10 MHz completely attenuated
the ultrasound signal, and one with a frequency of 2.25 MHz led
to an adjacent echo that overlapped extensively the signal compro-
mising seriously the accuracy of the results.

For each sample, 10 signals with two adjacent echoes per signal
were acquired for the velocity measurements. Next, the time
between the first two echoes was measured through an echo over-
lapping algorithm [23]. With the wave propagation time and the
thicknesses of the samples, obtained by using a micrometer at
the same signal acquisition points, it was possible to determine
the average velocity of wave propagation and the ultrasonic atten-
uation coefficient [23,25].

2.4. Ultrasonic signal processing and classification

Classification of the ultrasound signals was carried out using
the Karhunen-Loéve Transform and pre-processing techniques
based on detrended fluctuation analysis (DFA), statistical and Hurst
RS methods, as well as background echo and backscattered signals
without any pre-processing. To assurance statistical significance in
the measurement processes, 40 signals were acquired for each
sample, each background echo signal had 10,000 points, i.e. a total
of 400,000 points was attained, and each backscattered signal had
500 points, resulting in a total of 20,000 points to study. After sig-
nal pre-processing using the DFA and RS methods, the number of
points of the background echo signals was reduced to 1680, i.e. a
reduction of 42 times, and to 960 points for the backscattered sig-
nals, which means a reduction of 24 times. As the echo signals
without pre-processing had a very large number of points, their
use was impracticable.
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2.4.1. Fluctuation analyze

This section describes the methods of fluctuation analyze used
in the signal pre-processing step for the classification of the alloy
microstructures. These methods are usually employed to identify
long-term memory effects in self-affine or fractal time series
[26-28]. In a time series of a genuine fractal nature, memory
effects can be gauged by a single number, 7, that relates to a mea-
sure of the average fluctuations, Q(t), inside the time series to the
size, 7, of the time window used in the calculation, according to the
power law:

Q1) ~ 7. (1)

For experimental time series, which of course cannot be genu-
inely fractal, the various analyses described below have proven
to be quite useful in providing signatures of the underlying pro-
cesses peculiar to distinct situations, such as different defects pres-
ent in welding joints probed by ultrasonic techniques [26], as well
as diverse defects in gearboxes registered by vibration signals [27].

Each technique involves the calculation of the average of the
functions Q(t) over all cells, for a defined set of values of 7, which
are then used to characterize the different microstructures, since
the exponents 7 are not sufficient to generate the desired
discrimination.

2.4.1.1. Rescaled-range method. The rescaled-range (RS) method
was introduced by Hurst [28] as a tool for evaluating the persis-
tence or anti-persistence of a time series. The method works by
dividing the series into intervals of a given size 7, and calculating
the average ratio RS of the range, i.e., the difference between the
maximum and minimum values of the series, to the standard devi-
ation inside each interval. The size 7 is then varied, and a curve of
the rescaled range RS as a function of 7 is obtained [28].

2.4.1.2. Detrended-fluctuation analysis. The detrended-fluctuation
analysis (DFA) aims at improving the evaluation of correlations
in a time series by eliminating trends in the data. The method con-
sists initially in obtaining a new integrated series:
1
=Y (@—-@), (2)
k=1

with the average (z) being taken over all n points [29].

After dividing the series into L, with L = int[n/z], intervals of size
7, the points inside a given interval are fitted by a straight line.
Then, for eliminating linear trends, a detrended-variation function
A{(1), for each interval, 7 is obtained by subtracting from the inte-
grated date the local trend as given by the linear fit. The detrended-
variation function is explicitly defined as:

Ai(7) =z — hi(7), 3)

where hy(7) is the value associated with point i according to the lin-
ear fit [29]. Finally, the root-mean-square fluctuation F(t) inside an
interval can be calculated as, [29]:

RO =\ [L 32 A, @)

2.4.2. Karhunen-Loéve transformation

In order to classify the signal data pre-processed by applying
the statistical fluctuation (DFA) and rescaled-range (RS) methods
on the ultrasonic signals acquired, the Karhunen-Loéve transfor-
mation was used.

Although very helpful in studying data clusters, any computa-
tional approach ignores some of the information embraced in the
original data. For example, the original Karhunen-Loéve (KL)
transformation does take into account all class information in the

classification process. The version of KL transformation employed
here [30] relies on the compression of discriminatory information
contained in the class means.

Let x; be the vector corresponding to the input signal. KL trans-
formation consists of initially projecting the training vectors along
the eigenvectors of the within-class covariance matrix Sy, defined
by:

Nc  Ng
Sw = % SOy — my)(x — my)", (5)
k=1 i=1
where N¢ is the number of different classes, Ny is the number of
vectors in class k, my, is the average vector of class k, and T denotes
the transpose of a matrix (here, a column vector). The element y; is
equal to 1 (one), if x; belongs to class k, otherwise y;, equals 0 (zero).
The resulting vectors are rescaled by a diagonal matrix built from
the eigenvalues J; of Sy. In the matrix notation, this operation can
be written as:

X = AU'X, (6)

where X is the matrix whose columns are the training vectors Xx;,
A =diag(21,22,...), and U is the matrix whose columns are the
eigenvectors of Sy. This choice of coordinates assures that the
transformed within-class covariance matrix corresponds to the unit
matrix. Finally, in order to compress the class information, the
resulting vectors are projected onto the eigenvectors of the
between-class covariance matrix Sg:

$5=3° M (m, - my(m, — m)" @)
B — £ N k k ’

where m is the overall average vector. The full transformation can

be written as:

X' =V AUX, (8)

with V as the matrix whose columns are the eigenvectors of Sg
(calculated from (6)) [30].

3. Experimental results and discussion

In this section, the experimental results are discussed: first, the
SEM and EDS analyses of the Inconel 625 alloy aged samples are
discussed; then, the ultrasound velocity and attenuation values
are evaluated; and, finally, the classification of the ultrasound sig-
nal classification and their correlation with the material micro-
structures are discussed.

3.1. SEM/EDS analysis

The coatings of Inconel 625 alloy deposited by the welding pro-
cess were submitted to metallographic analysis and SEM revealed
the Ni-fcc matrix and an extensive amount of secondary phases
precipitated (glowing dots) at the intercellular or interdendritic
region. The microstructure of the as-welded alloy condition (0 h)
can be seen in Fig. 2a. Figs. 2b-d show the micrographs of the aged
samples at 650 °C for 10, 100 and 200 h, respectively, in which the
microstructural modifications can be seen clearly.

A detailed investigation of all samples was carried out by SEM/
EDS. Fig. 3a shows the microstructure of the as-welded condition.
An enlarged area of this image depicting an interdendritic second-
ary phase and some precipitates with cuboidal morphology is
shown in Fig. 3b. EDS analysis of the same area, shows an intense
peak of Nb, corresponding to an expressive increase of this element
in the secondary phase, Fig. 3c. The Nb content was four times high-
er than the normal content for the alloy, revealing that an Nb
rich Laves phase was formed after welding. A cuboidal morphology
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Fig. 3. Representative microstructure of the sample in as-welded condition (a), detail view showing large blocks of Laves phases with some cuboidal precipitates of carbides/
nitrides (b), EDS analysis of Laves phase rich in Nb (c), and of a cuboidal precipitate rich in Ti and Nb (d).

particle enclosed inside the Laves phase was evaluated by EDS and carbonitride elements. In the work of Silva et al. [31] microstruc-

the result showed an intense peak of Nb and also the presence of a tures of an Inconel 625 alloy weld overlay were investigated by
strong peak of Ti, besides the presence of the Nb peak, as can be transmission electron microscopy and cuboidal precipitates rich
seen in Fig. 3d. Based on these findings, one can affirm that a cuboi- in Nb and Ti present in the weld metal were identified not as

dal precipitation took place forming Nb and Ti nitrides and/or carbonitrides (NbTi)(CN), but as a combination of a titanium
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Fig. 4. Representative microstructure of the sample aged at 650 °C for 10 h (a), detail view showing Eutectic-like Laves phase and some cuboidal precipitates of carbides/
nitrides (b), EDS analysis of Laves phase rich in Nb (c), and of a cuboidal precipitate rich in Ti and Nb and showing also N, O, Mg and Al (d).

2.00 4.00 6.00 8.00 10.00 - . 6.00 8.00 10.00

Fig. 5. Representative microstructure of the sample aged at 650 °C for 100 h (a), detail view showing decomposition of the Laves phase reducing significantly its dimension
with some cuboidal precipitates of carbides/nitrides (b), EDS analysis of Laves phase rich in Nb (c), and of a cuboidal precipitate rich in Ti and Nb (d).

nitride (TiN) core surrounded by a shell composed of niobium and/ Fig. 4a shows the microstructure correspondent to the sample
or niobium-titanium carbide (NbTi)C. This hypothesis was sup- aged at 650 °C for 10 hours. Additionally, Fig. 4b shows a detail
ported by the heterogeneous chemical composition observed by of the microstructure in which one can see the presence of Laves
EDS elemental mapping, which showed a new combination of a phase and some cuboidal precipitates of carbides/nitrides. The
titanium nitride (TiN) core surrounded by a shell composed of nio- EDS analysis of the Laves phase rich in Nb and cuboidal precipi-

bium (NbC) and/or niobium-titanium (NbTi)C carbides [32]. tates rich in Ti and Nb, and also revealing N, O, Mg and Al, are
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Fig. 6. Representative microstructure of the sample aged at 650 °C for 200 h showing practically only TiNb carbides/nitrides (a), a detailed view showing a reminiscent of the
Laves phase indicating almost total dissolution/decomposition of the same (b), EDS analysis of Laves phase rich in Nb (c), and of a cuboidal precipitate rich in Ti and Nb (d).

P 10um

AGING 625 ALLOY

-

Exp PF—— 10um

100 1 AGING 626 ALLOY

Fig. 7. Grain boundary precipitation in an early stage observed in the sample aged at 650 °C for 100 h (a and b), and in the final stage observed in the sample aged at 650 °C for
200 h (c and d).

shown in Fig. 4c and d. The findings confirmed a large amount of in Laves phase content and dimension, Fig. 5a. The resulting micro-

Laves phase, but signs of Laves phase dissolution were also noted. structure showed a very reduced amount of Laves phase due to the
Increasing the time of thermal exposure to 100 h, a significant partial dissolution of the same, Fig. 5b. The carbide/nitrides that
change in the alloy microstructure relative to the as-weld and remained seemed to be unaffected, without any sign of dissolution.

10 h conditions was observed. There was a considerable reduction So, quantitatively there was a larger amount of TiNb cabides
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Table 2
Ultrasound velocity values.

V.H.C. de Albuquerque/Materials and Design 36 (2012) 337-347

Temperature Transducer frequency (MHz) Aging time (h) Velocity (m/s) Mean (m/s) Standard deviation
0h (as-welded) 4 - 5822 5840 5834 5866 5900 5905 5873 5900 5868 33
5 - 5826 5793 5820 5856 5923 5889 5923 5890 5865 49
650 °C 4 10 5899 5855 5844 5833 5854 5702 5789 5837 5827 59
100 5748 5768 5760 5711 5725 5715 5721 5682 5729 28
200 5863 5923 5923 5838 5793 5758 5841 5800 5842 60
5 10 5914 5858 5827 5823 5798 5730 5782 5817 5819 54
100 5724 5721 5760 5740 5732 5678 5711 5682 5719 28
200 5896 5821 5837 5812 5819 5746 5828 5789 5819 42
5930 presence of two stages: (i) dissolution of the Laves phases for
0-100 h and (ii) appearance of cuboidal precipitates rich in Ti
5900 = and Nb from 100 to 200 h.
Based on Kumar et al. [33], who studied a service tube of
SHid S » Inconel 625 alloy exposed to ~600 °C for ~60,000 h, a short dura-

5800

G

&

Ultrasound velocity (m/s)

650°C
=% Ultrasonic Transducer 4 MHz
“&: Ultrasonic Transducer § MHz

0 10 100
Aging time (h)

200

Fig. 8. Ultrasound velocities for each thermal aging time at 650 °C.

/nitrides relative to the Laves phases, which was different to what
was seen in the as-welded and 10 h samples.

A representative microstructure of the Inconel 625 alloy sample
aged at 650 °C for 200 h is shown in Fig. 6a. In this case, the micro-
structure indicated an almost complete dissolution of the Laves
phases, as the microstructure was now practically totally consti-
tuted by TiNb carbides/nitrides and Ni-fcc matrix. The yet incom-
plete Laves phase dissolution was evidenced by the residual
presence of reminiscent Laves phase, as shown in Fig. 6b. The
EDS analysis of Laves phase rich in Nb and some cuboidal precipi-
tate rich in Ti and Nb are shown in Fig. 6¢ and d.

Another important microstructural change that was observed in
samples aged for 100 and 200 h was the precipitation of new
particles in the solidification grain boundaries and solidification
sub-grain boundaries, as depicted in Fig. 7. Figs. 7a and b illustrate
the behavior of the precipitation for the 100 h aging condition, in
which a discontinuous precipitation of very thin precipitates along
the grain boundaries is seen. For the 200 h aging a continuous thin
film precipitate along the grain boundaries was observed in most
cases, as shown in Fig. 7c. In the remaining cases, discontinuous
films were formed, but there were more precipitates than for
100 h of aging, Fig. 7d.

3.2. Ultrasound velocity and attenuation

The ultrasound velocities obtained using the transducers with
frequencies of 4 and 5 MHz from the as-welded and aged at tem-
peratures of 650 °C for 10, 100 and 200 h samples are shown in
Table 2 and represented in Fig. 8.

From Fig. 8, one can see that the mean ultrasound velocity
decreased with the time of the aging heat treatment between
0h (as-welded) and 100 h, and increased from 100 to 200 h.
This behavior was found for all frequencies used, indicating the

tion aging at 650 °C up to 10 h caused a dissolution of the Niy(Cr,-
Mo) phase. When the alloy was aged at 850 °C for 1 h, there was a
complete dissolution of both y” and Niy(Cr,Mo) precipitates. It is
important to note that this temperature is 200 °C higher than the
one used in this work. Other temperature ranges were studied by
Kumar et al. [33], for example, 1150 °C for 0.5 h, in which a full dis-
solution of the intermetallic precipitates and grain boundary car-
bides occurred. Aging the alloy led to the precipitation of y”
phase at 650 °C and & phase at 850 °C. Details on the microstruc-
tural characterization of the Inconel 625 alloy aged and analyzed
by Kumar et al., in which the precipitates were evaluated by optical
microscope and transmission electron microscope, were reported
by Shankar et al. [24]. These works support the values of ultra-
sound velocities obtained in this study at 650 °C, Fig. 8; in particu-
larly, the higher value for the as-welded material, due to the
presence of the intermetallic phases, and a lower value for aging
at 10 h. The lowest velocity value was found in the sample aged
for 100 h, indicating the dissolution of precipitates after welding,
i.e. the formation of the secondary phases. According to Kumar
et al. [33], the dissolved precipitates are only of the Niy(Cr, Mo)
type. The maximum reduction in the ultrasonic velocity was ob-
served after 200 h of aging. Probably, at this aging time, the initial
formation of a new phase, or morphology changes and/or variation
in the amount of the secondary phases, occurred. The results
reported through to 200 h of aging were confirmed in this work,
since there was a dissolution/decomposition of the Laves phases
over the aging time.

The ultrasonic velocity is affected by the density and the elastic
constants of the material under inspection [34,35] and, mainly, by
its different micro, including grain size and shape, precipitations/
new phases, distortions in the crystallographic lattice, pores and
several types of discontinuity [36-38]. However, the degree of
coherency, fineness or distribution of the precipitates cannot orig-
inate variations in ultrasonic velocity [33]. Therefore, the varia-
tions observed in the ultrasound velocity indicate changes in the
material properties due to secondary phases generated by the weld
solidification process.

In order to measure the intrinsic attenuation of the material, the
ultrasonic testing must be performed with care, as many factors
can contribute to its inaccuracy, such as beam divergence (i.e. dif-
fraction) [39], coupling materials in the direct contact technique,
unsteady pressure applied to the transducer and roughness [40].
These factors mentioned above can cause difficulties to correlation
the ultrasound attenuation with microstructure, as was observed
by Bouda et al. [41,42]. However, in our work the ultrasound atten-
uation values were similar to the ones obtained through ultra-
sound velocity until 100 h for the temperature used, as can be
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Fig. 9. Ultrasound attenuations for each thermal aging time at 650 °C.

seen in Fig. 9. This figure, which is built from the values in Table 3,
shows that at 200 h the reverse of what occurred for the ultra-
sound velocity occurred, i.e., the ultrasound attenuation value con-
tinues to decrease due to the dissolution of the Laves phases and
there is a considerable formation of cuboidal precipitates rich in
Ti and Nb. This reveals that the ultrasonic velocity and attenuation
are promising indicators for following-up the phase transforma-
tions of the material, since that are affected by the intermetallic
precipitates and probably by the grain boundary carbides in the
Inconel 625 alloy studied in this work.

3.3. Ultrasound signal classification and microstructural correlation

The results using the original ultrasound background echo and
backscattered signals and the correspondent pre-processed signals,
both classified using Karhunen-Loéve Transform, proved to be effi-
cient in the recognition and classification of the secondary phases
originated by the thermal aging process. The analysis of the classi-
fication results was accomplished using confusion matrices, also
known as confusion tables [43]. One hundred training sets were
used to build all the confusion matrices and the diagonals of such
matrices indicate the average accuracy rate values. Table 4 shows
the confusion matrix for the four classes classified (0 h (as-welded)
and 10, 100 and 200 h at 650 °C). The values in this table were
obtained using the 5 MHz transducer, backscattered signals and
with RS signal pre-processing. From these values, a correct classi-
fication of 55% for 0 h, and of 40%, 53% and 96% for 10, 100 and
200 h, can be confirmed respectively. There was greater difficulty
in the classification for 0, 10 and 100 h at 650 °C than the classifi-
cation for 200 h at the same temperature. These findings are fully
supported by the microstructural analysis that was carried out,
since the time period between 0 and 100 h corresponded to the
formation and partial dissolution of the Laves phases, and the time

Table 3
Ultrasound attenuation values.
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Table 4
Confusion values for conditions: 0 h (as-welded) and 10, 100 and 200 h at 650 °C,
using backscattered signal, RS pre-processing and a 5 MHz transducer.

Oh (%) 10h- 100h - 200 h -
650°C (%) 650°C (%) 650°C (%)
Classified as 0 h 55 24 14 4
Classified as 650 °C (10 h) 20 40 32 0
Classified as 650°C (100 h) 24 33 53 0
Classified as 650 °C (200 h) 1 3 1 96

Table 5
Confusion values for conditions: 0 h (as-welded) and 10, 100 and 200 h at 650 °C,
using backscattered signal, without signal pre-processing and a 4 MHz transducer.

0h(%) 10h- 100 h - 200h -
650°C (%) 650°C (%) 650 °C (%)
Classified as 0 h 72 7 1 0
Classified as 650°C - 10 h 23 78 15 0
Classified as 650 °C - 100 h 5 15 84 0
Classified as 650 °C - 200 h 0 0 0 100

period from 100 h to 200 h corresponded to the cuboidal precipita-
tion rich in Ti and Nb, i.e., two microstructure types were involved.
The average classification accuracy rate was equal to 61% and re-
quired a computational time of 79.1250 s in a personal computer
with an Intel Pentium D915 Duo Core at 2.8 GHZ and 1 G of RAM.

However, when backscattered signals without pre-processing
and a 4 MHz transducer were used, a substantial increase in the
accuracy rate was observed. Table 5 shows a correct classification
of 72% for 0 h, and of 78%, 84% and 100% for 10, 100 and 200 h at
650 °C, respectively. In this case, the average classification accu-
racy rate was equal to 83.50% and required a computational time
of 811.6560 s. Again, there was a greater difficulty to classify the
signals acquired for aging times of 0, 10 and 100 h, but the ones ac-
quired for the aging time of 200 h were accurately classified. In
comparison to the classification approach based on signal pre-pro-
cessing, the classification rate increased by 22.5%; however, the re-
quired computational time was considerably greater, as can be
seen in Table 6. As such, it is possible to confirm the efficiency of
the ultrasonic nondestructive inspection technique combined with
the computational signal pre-processing and classification tools
used to monitor the formation of new phases of the Inconel 625
alloy originated by thermal aging.

The results obtained for all testing conditions are shown in Table
6, which demonstrates the accuracy rate and the required classifi-
cation time. The experimental findings show that a superior accu-
racy was reached with the 4 MHz transducer and original
backscattered signals, i.e. without any pre-processing, although a
greater classification time was required due to the larger amount
of data involved. For this reason, many researchers have used signal
pre-processing techniques to optimize the required computational

Temperature Transducer frequency (MHz) Aging time (h) Attenuation (db/mm) Mean (m/s) Standard deviation
0 h (as-welded) 4 - 73 65 48 36 47 43 51 40 50 13
5 - 48 54 52 45 49 39 51 53 49 5
650 °C 4 10 42 44 32 59 28 49 57 55 46 11
100 38 29 41 41 47 47 37 47 41 6
200 38 36 49 43 39 36 35 35 39 5
5 10 53 48 47 35 36 38 32 47 42 8
100 47 37 45 42 51 41 46 41 44 4
200 38 35 36 29 31 29 29 35 33 4
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Table 6
Results obtained for all experimental conditions.

Transducer Type of signal  Pre- 0 h (as-welded), and 10,
frequency processing 100 and 200 h at 650 °C
(MHz) technique
Accuracy  Classification
rate (%) time (s)
4 Backscattered DFA 56.25 78.84
RS 42.25 78.64
- 83.50 811.66
Background DFA 49.50 237.58
echo RS 45.50 234.34
5 Backscattered DFA 75.00 78.72
RS 61.00 79.13
- 67.75 856.25
Background DFA 59.25 232.38
echo RS 38.50 236.97
4
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Fig. 10. Classification obtained from the backscattered signals, using RS signal pre-
processing and a 5 MHz transducer for aging times of: 0 h and 10, 100 and 200 h at
650 °C (a), and from the same signals and aging times but without signal pre-
processing and using a 4 MHz transducer (b).

time. In this work, the best classification rate (83.5%) was attained
using a 4 MHz transducer and the original backscattered signals.
The best combination accomplished based on signal pre-pro-
cessing techniques was using a 5 MHz transducer, backscattered
signals and DFA. In fact, the DFA signal pre-processing presented

more accurate results than the RS method, and the backscattered
signals were more favorable than the background echo signals.

Figs. 10a and b illustrate a combination of the data in Tables 4
and 5, respectively, making the graphical analysis of the signal
classifications possible. As such, in these images one can recognize
patterns and discriminate differences among the distinct types of
ultrasound signals and thermal aging conditions.

4. Conclusions

This work evaluated the sensitivity of the ultrasound velocity
and attenuation, and original and pre-processed background echo
and backscattered signals for a fast, accurate and nondestructive
analysis of the secondary phase formation of a welded and aged
Inconel 625 alloy.

For the work done, the following conclusions can be pointed
out:

(1) The results revealed that the ultrasonic measurements were
sensitive to the microstructural changes in the Inconel 625
alloy, and were able to identify the formation of the second-
ary phases during the welding process, as well as the modi-
fications due to the different thermal aging times.

(2) The maximum ultrasound velocity was obtained in the
as-welded material, in which the secondary phases of inter-
metallic precipitates were formed. Until 100 h, there was a
decrease in the ultrasound velocity due to the dissolution
of precipitates. For 200 h, the velocity increased due to the
formation of new phases and there was a large reduction/
decomposition of the Laves phases. An important observa-
tion was that the ultrasound velocity was influenced by
the intermetallic precipitates and formation of the cuboidal
precipitate rich in Ti and Nb.

(3) In relation to the ultrasound signal classification, the best
accuracy (around 83.5%) was obtained using the 4 MHz
transducer and with the original signals, i.e. without signal
pre-processing. Regarding the signal pre-processing, the
DFA method presented more accurate results than the RS
method, the same was seen with the backscattered signals
in relation to background echo signals.

In general, the outcomes obtained and discussed throughout
this work are very promising and can significantly contribute to
the field of Materials Science and Engineering, since the nonde-
structive characterization of materials and microstructural control
based on ultrasonic measurements combined with computational
techniques can lead to more effective results for the mechanical
characterization of materials, in particular, of the Inconel 625 alloy.
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