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1. Introduction

Centrifugally cast modified HP stainless steels are often used
as radiant tubes in steam reformer and pyrolysis furnaces.
These tubes are designed to operate under extreme condi-
tions, such as high internal pressure at elevated temperatures
for more than 100,000 h [1].

HP steels have certain advantages over nickel-based super
steels, such as competitive pricing, thermal stability, resis-
tance to oxidation at elevated temperatures, and high creep
strength [2]. Steam reformer tubes are subjected to differ-
ent temperatures along their length, causing microstructural
changes. A more detailed study of the temperature profile
along reformer furnace tubes has been conducted by Le May
etal. [1]. Each operating temperature range has been classified
[3] based on its microstructural features. An as-cast HP-Nb-
modified steel shows an austenitic matrix decorated with
complex primary interdendritic carbide precipitates. Below
650°C, the microstructure is stable. However, when exposed
to temperatures between 650°C and 1000°C, the material
ages. This phenomenon is characterized by the coalescence
of primary carbides and extensive secondary interdendritic
precipitation of chromium-rich carbides [4]. Furthermore, at
temperatures above 700 °C, niobium-rich carbides (NbC) ini-
tiate an in situ transformation to the G phase, a Ni-Nb-based
silicide with stoichiometry of Ni;gNbgSiy [4,5]. Previous studies
[1,2,6] state that creep voids are preferentially formed at the G
phase/matrix interface. When these voids are interconnected,
microcracks are formed, which may lead to creep failure. This
is one of the most common types of breakdown observed in
steam reformer tubes.

Ultrasonic testing (UT) is commonly used for the detection
of defects and microstructural evaluation, as wave propa-
gation is significantly affected by the presence of different
phases. Some ultrasonic parameters can be measured by
UT, such as yield strength, fracture toughness, grain size,
ultrasonic velocity, and attenuation [7-9]. Ultrasonic data are
usually presented in the time domain; however, for complex
analyses, such as the evaluation of microstructural changes,
the extraction of information in the frequency domain may
be necessary [7]. Spectral analysis and Fast Fourier Transform
(FFT) have been widely applied to ultrasonic signals for mate-
rials characterization [7,10].

Birring et al. [11-13] evaluated the influence of creep
damage degradation in samples exposed to hydrogen attack
through ultrasonic velocity measurements. All cases pre-
sented a decrease in the ultrasonic velocity: longitudinal,
shear, surface, and creeping waves showed sensitivity to this
type of damage. Other studies [14-16] also demonstrated that
creep damage can be characterized by a decrease in ultra-
sonic velocity and increase in signal attenuation. Kruger et al.
[17] used spectral analysis to evaluate cast-iron samples and
found that materials showing higher attenuation had lower
amplitude spectra. In another study [18], hydrogen damage
was determined through a decrease in the spectral amplitude.

These studies showed that UT, relying on spectral analy-
sis, is sensitive to small microstructural variations. Thus, the
present study aims at characterizing two different aging states
of amodified HP steel with creep voids using scanning electron

Table 1 - Aging state and operating temperature.

Aging state Operating temperature

I\ 800-900°C
Y% 900-1000°C

microscopy (SEM) and non-destructive UT. Ultrasonic signals
were analyzed in the time domain using the cross-correlation
function and in the frequency domain using FFT. Longitudi-
nal wave velocities, Young’s moduli, and acoustic impedance
values were also measured.

2. Experimental method

2.1. Microstructure

Two samples of a modified HP-Nb steel were extracted from a
reformer tube operated for over 77,000 h. The working pressure
in the reformer furnace was kept constant at approximately
5MPa [19]. The samples were exposed to different operating
temperatures; therefore, they presented different aging states,
as described in Table 1. The inner diameter and wall thickness
of the tube were 112 mm and 11.50 mm, respectively.

Crosssectional metallographic samples were extracted
from the tube for further SEM analyses in backscattered
electron mode (BSE). The samples were ground up to 1500
mesh using emery paper, polished with 1 um diamond paste,
followed by ultrasonic cleaning for 5min in alcohol. The
microstructural characterization was performed with a VEGA3
TESCAN system at an accelerating voltage of 20 kV. The public-
domain Image]® digital image processing software was used
to quantify the volumetric fraction of chromium and niobium
carbides, G phase, and creep voids [20].

2.2. Ultrasonic testing

UT was performed via the pulse echo technique (Sonotron
Isonic 2005) using a single non-focused probe (Imasonic®)
with a nominal frequency of 1.6 MHz. Testing was performed
in contact mode with honey as the coupling material. A
Tecktronix MSO 4034 oscilloscope set at 250 MA/s was used
for signal acquisition. For each aging state, 30 signals were
obtained over an area of 40 mm x 120 mm. This procedure was
repeated six times to ensure technical validation. Matlab®
was then used to post-process the collected data. Ultrasonic
signals were cross-correlated [21] to correct the phase shift
between the data acquired for each sample. Longitudinal
ultrasonic velocities, Young’s moduli, and acoustic impedance
values were quantified via the cross-correlation function.

The average signal for each sample was used as its sin-
gle ultrasonic signal in the time domain. The DC level (zero
frequency) was removed from each sample’s signal. Signal
analyses were performed on the second backwall echo using
512-point windowing. FFT was applied to evaluate the signals
in the frequency domain [21]. Some ultrasonic parameters,
such as velocity and acoustic impedance, were calculated
based on the ASTM E494-10 standard [22]. Young’s modulus
and acoustic impedance were calculated using indexed values
of density and Poisson’s modulus [23].
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Fig. 1 - SEM micrographs in BSE mode of samples with different aging states: (a) IV and (b) V.

15 T

3. Resuts St:;te v

State V

The microstructure of the aging state IV sample (Fig. 1a)
is composed of blocky primary Cr-rich carbides, secondary
intradendritic precipitates of Cr-rich carbides (dark), and 0571
white and gray regions identified as the NbC and G phases,
respectively. In this case, a small volume fraction of creep
voids can also be observed in the interdendritic regions. On the
other hand, the samples exposed to temperatures of the order
of 900°C presented a microstructure typical to aging state V
and a higher volume fraction of creep voids. The NbC phase is
almost completely transformed to the G phase [4] and aligned
voids are located in the interdendritic region (Fig. 1b).

Thirty micrographs were taken for each aging state to 65 7 75 8 85 9 95 10
obtain the volumetric fraction of the phases present. The pro- Time [us]
cedure to evaluate these images was based on the ASTM E1382
standard [20]. Volumetric fractions of the NbC and G phases
were counted as one due to their close gray levels. Volumetric
fractions of the Cr-rich carbides and voids were determined
separately due to their significantly different gray levels. It
was observed that for aging state V, the volumetric fraction of
chromium carbides, G phase, and voids increased, as shown

Amplitude [ V]

aF

Fig. 3 - Time domain signal of second backwall echo in HP
steel samples. A higher amplitude is observed for state IV
and a larger attenuation for state V.

in Fig. 2. In contrast, the volumetric fraction of the niobium
carbides decreased due to the in situ transformation of the
NbC phase to the G phase [4].

Signal processing was performed for the second backwall
echo of the analyzed samples. Fig. 3 shows the superposition
of the data in the time domain for aging states IV and V. The

< aging state IV sample signal showed a higher amplitude than
c 8 the aging state V sample signal. The signal attenuation may
'% 6 be explained by the presence of creep voids and phases, which
= contributed to the loss of energy due to scattering [24]. In this
54 study, Rayleigh scattering (1 > D) was predominant as the inci-
£ dent wavelengths (1) in the material were much greater than
2 o the average scattered sizes (D) [25]. Fig. 2 shows that the volu-
metric fraction of voids in the aging state V sample was higher,

State IV justifying the increase in attenuation of the ultrasonic waves

Cr carbides [15,16,26].

NbG and G phase Calculated ultrasonic velocities, Young’s moduli, and
acoustic impedance values are shown in Table 2. The sam-
ples with aging states IV and V presented ultrasonic velocities

Fig. 2 - Bar diagram showing the volumetric fraction of of 6011.54+19.37 and 5922.73 +13.52m/s, respectively. The

phases present in each sample. lower longitudinal velocity in the aging state V sample was

State V
Voids
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Table 2 - Ultrasonic longitudinal velocity, Young’s modulus, and acoustic impedance of analyzed samples.

Aging state Ultrasonic longitudinal velocity[m/s]

Young’s modulus [MPa x 10%]

Acoustic impedance [kg/m? s x 10°]

I\ 6011.54 +19.37
Y% 5922.734+13.52

211.01+1.57
204.88+1.07

47.25+0.15
46.55+0.11

due to the presence of creep voids [27]. These contributed to a
decrease in the Young’s modulus and acoustic impedance.

Thus, the ultrasonic parameters presented higher values
in the aging state IV sample. In contrast, a decrease in the
values of these parameters was observed in the aging state
V sample due to the phases present and the higher volumet-
ric fraction of creep voids. These results agree with previous
studies, which show that the ultrasonic velocity is lower in the
presence of creep damage [6,28,29].

In accordance with Papadakis et al. [30], another method
to assess a material’s microstructure is spectral analysis. This
process enables the observation of changes in the frequency
domain according to variations in the microstructural condi-
tions [12,31-33].

Spectral analysis was performed on the second backwall
echo. The central frequency was found to be 1.465MHz for
both samples, in accordance with the transducer’s bandwidth.
The spectral amplitude for each sample was influenced by
its microstructural conditions. The mean frequency spectra
for the two samples and their standard deviations can be
observed in Fig. 4 The samples in state V had lower amplitude
than those in state IV.

Thus, UT could clearly differentiate between aging states IV
and V. The state IV sample exhibited a higher amplitude in the
time domain and spectral analysis, as shown in Figs. 3 and 4,
respectively. In contrast, the state V sample presented lower
amplitudes due to the attenuation of the ultrasonic signal in
the presence of creep voids and phases. In the present study,
a variation in the phase morphology was observed (Fig. 1). On
the other hand, the volumetric fraction of voids, the most sig-
nificant factor affecting the propagation of ultrasonic waves,
increased, thus reducing the longitudinal velocity and sig-
nal amplitude. The presence of phases and voids differently
affected the ultrasonic velocity, since velocity tends to be
higher on the initial aging states [14] but decreases in the pres-
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osl t o State IV
—State V
.......... + o State V
041 |
=]
S,
3 03f |
2
g
< 021 |
01} |
00 1 2 3 4 5

Frequency [MHz]

Fig. 4 - Second backwall echo spectra of state IV and V
samples (mean + standard deviation (o).

ence of voids [12,14-16]. Previous studies have widely reported
that signal attenuation increases and longitudinal velocity
decreases in the presence of voids and microcracks [4-16].

4, Conclusion

Non-destructive UT of HP stainless steel samples established
a correlation between signal response and microstructural
changes. The ultrasonic parameters and FFT applied to
the second backwall echo were strongly affected by micro-
structural changes caused by aging and the presence of creep
voids. The signal amplitudes were attenuated due to changes
in the phases present and increase in the volumetric fraction
of creep voids.
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