Ultrasonic Detection of Hydrogen Attack

ABSTRACT

Hydrogen attack is produced in steels from the seepage of hy-
drogen that reacts with carbides to form methane gas. This gas
decarburizes the steel, produces microcracks, and lowers the
toughness of the steel without necessarily a loss of thickness. De-
tection of hydrogen attack is important to assure safe operation of
pressure vessels and piping susceptible to such damage. To
nondestructively detect hydrogen attack, three uitrasonic tech-
niques based on velocity, attenuation, and back-scatter, respec-
tively, were investigated. Specifically, velocity decreased while
attenuation and back-scattering increased. In samples with hy-
drogen attack, the experiments showed all three parameters wers
affected to a certain degroe.

Based on this study, recommendations are that both velocity
and back-scattering be used to detect hydrogen attack in steels.
The study also determined that an inspection based only on ve-
locity measurements may not detect earlier stages of hydrogen
attack.

INTRODUCTION

Hydrogen attack is produced in steels exposed to high-pressure
hydrogen at high temperatures.’ Under such conditions, a chemi-
cal reaction occurs between hydrogen and steel to produce meth-
ane gas. The gas nucleates at the inside diameter (ID) grain
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boundaries and progresses to the outside diameter (OD). Eventu-
ally, the nucleated cavity grows in size and merges into bubbles to
form fissures. The kinetics of hydrogen attack depend on several
variables’ including temperature, pressure, and fluid flowing in the
pipe. In general, the chemical reaction for hydrogen attack can be
simplified to:

Fe,C + 2H, = CH, + 3F, (1)

The formation of methane gas bubbles at the grain bound-
aries and the decarburization of the steel reduce the material's
toughness without necessarily any reduction in thickness. This
loss of structural strength from hydrogen attack has been known
to produce several failures in petroleum?? and fossil plants.**

To address the problem, in 1977, the American Petroleum
Institute (API)*" issued API Publication 941° that presents safe
operating temperatures for various steels in hydrogen environ-
ments. Hydrogen damage was reponted, however, in steel operat-
ing within the allowable temperatures, so a revision was published
in 1983. Under the revised guidelines, some older equipment was
found to be performing at unacceptably high temperatures. To
guarantee continued safe operation, a proven nondestructive test-
ing (NDT) technique for periodic assessment of hydrogen damage
was needed.

For this purpose, ultrasonic techniques (UT) were investi-
gated by the authors. The ultrasonic parameters under study in-
cluded velocity, attenuation, and back-scatter measurements. Ul-
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trasonic tests were performed on steel samples containing
hydrogen attack that were taken from piping and vessels previ-
ously in service in petrochemical plants. The tests showed that
hydrogen attack decreased ultrasonic wave velocity and increased
attenuation and back-scattering. A careful application of ultrasonic
measurement techniques should, therefore, detect such damage.

Background

Previous studies have already demonstrated that hydrogen
attack changes the propagation of ultrasonic waves. A theoretical
study performed by O'Connell and Budiansky” and Temple®
showed that microcracks in a material affect the bulk modulus of
elasticity and, thus, reduce the velocity of both longitudinal (v) and
shear (v,) waves. They also predicted that the decrease in velocity
of longitudinal waves will be more than that of shear waves.
Hence, hydrogen attack will increase the value of v /v;. This result
means that detection of hydrogen attack can be performed by
measuring the ratio of transit time of longitudinal-to-shear waves
(tM, = Vo) without knowing the thickness. The theoretical results
were found to be true by Birring, et al.;® Watanabe, et al.;'® and
Senior and Szilard.!' Birring, et al.,® applied the velocity method to
detect hydrogen attack in fossil-fired boiler tubes. Watanabe con-
cluded that a steel is attacked by hydrogen if the ratio vgiv, is
higher than 0.55. Normally, the value of the ratio is 0.54.

Another technique to detect hydrogen attack is measurement
of attenuation. Loper, et al.® applied ultrasonic attenuation to de-
tect hydrogen attack in fossil-fired boiler tubes. An increase in at-
tenuation by more than 3 decibel (db) across the thickness of a
boiler tube [approximately 6.3-mm thick (0.25 in.)] was considered
to be caused by hydrogen attack.

While ultrasonic velocity and attenuation techniques have
been successfully applied, both have certain limitations. The veloc-
ity ratio technique works successfully when used to detect the last
stages of hydrogen attack and when hydrogen attack has
produced a uniform porosity (microcracks) in the material, which
reduces the velocity, but the technique may not be able to detect
isolated porosity.

The attenuation technique works very well if the surface of
the component on the side opposite to the transducer is smooth
(e.g., smooth ID surface when the transducer is placed on a
smooth area of the OD surface). The reliability of the attenuation
technique deteriorates sharply on rough surfaces that scatter ultra-
sound.

In this study, the authors investigated ultrasonic velocity, at-
tenuation, and back-scatter techniques on samples known to have
hydrogen attack. As just discussed, all previous work for hydrogen
attack detection had been limited to velocity and attenuation; the
back-scatter technique had not been used for such an application.
Back-scatter had been {imited primarily to grain-size dstermination
in the field of NDT.

EXPERIMENTAL TESTS

Samples

Ultrasonic tests were conducted on two samples received
from two petroleum-related confidential sources. One set of five
samples, supplied from one source and identified as Set A, was
cut from a pipe with a 16.8-cm (6.625-in.) OD and 1.8-cm (0.718-
in.) thickness. Four of the samples (A-1 through A-4) with hydro-
gen attack were cut from 90-, 180-, 270-, and 360-degree loca-
tions of the pipe, respectively. The fifth sample (A-5) was from
another pipe location with no hydrogen attack. A second set of
samples, identified as Set B, was cut from a 98-mm- (3.85-in.)-
thick vessel made out of ASTM® A204 Grade A steel. Three sam-
ples were made (B-1 through B-3); each sample was a 25-mm-
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Outer Surface

FIGURE 1. Schematic illustration of sample locations taken from a
pipe (Set A) and a vessel (Set B). (a) Samples A-1 through A-4 with
hydrogen attack were cut at the same axial location on the pipe.
Sample A-5 was cut from the same pipe, but at a different axial
location with no hydrogen attack. (b) Samples B-1 through B-3 were
cut through the outside surface, midthickness, and inside surface of
the vessel, respectively.

(1-in.)-thick piece cut across the thickness of the vesse! wall from
the OD through the ID (see Figure 1).

Material Tests

Metallurgical investigations were performed on the samples
to verify that they had hydrogen attack. Metallography was per-
formed on all the samples to detect microcracks. Additional tests
that included measurements of fracture toughness were performed
on sample Set B.

Metallography — Hydrogen attack in the specimens was con-
firmed by metallography. Micrographs taken on Samples A-1
through A-4 showed microcracking and decarburization. Figure
2(a) shows the micrograph (4X magnification) for Sample A-2 (180
degrees) in which two-thirds of the thickness from the ID was at-
tacked by hydrogen. Microcracks and decarburization are visible
(200X magnification), as shown in Figure 2(b). The microcracks at
the ID were approximately 50 pm. Metallurgical investigation re-
vealed the hydrogen attack in Set A was in an advanced stage. A
micrograph of Sample B-3 (ID) (see Figure 3) displayed cracks of
the order of 25 p.m produced by hydrogen attack. Metallurgical
investigations showed isolated microcracks on a few grain bound-
aries in Sample B-3 compared to Samples A-1 through A-4 and
established that the hydrogen attack in Sample B-3 was in an
early stage. No hydrogen attack was evident at the OD (Sample
B-1). :

Charpy Impact Tests — To obtain absorbed energy measure-
ments, 2-mm V-notch Charpy impact tests were taken on sample
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FIGURE 2. Micrographs showing hydrogen attack in Set A samples.
(a) Sample A-2 shows damage through about two-thirds of its
thickness. (b) Microcracks, about 50-um long, are shown at the
inside surface.

Set B using a 294-joules (J) testing machine. The absorbed en-
ergy value registered lower in specimens at the ID and mid-thick-
ness compared to the OD, demonstrating that hydrogen attack
was present in up to two-thirds of the metal thickness from the ID.
The value of the absorbed energy dropped from 40 J for Speci-
men B-1 at the OD to 25 J for Specimen B-2 at the mid-thickness
and to 24 J for Specimen B-3 at the ID (see Table 1).

Fracture Toughness — Fracture toughness (K,.) measure-
ments were taken on Samples B-1 and B-3. These tests were per-
formed to verify hydrogen attack as the micrographs showed very
few microcracks in Sample B-3. The metallographs of Sample B-3
showed some evidence of hydrogen attack, but the fracture tough-
ness test was used for further verification.

Toughness was characterized using J,., an elastic-plastic
toughness parameter, and K,.. Specimens B-1 and B-3 were
tested to assess the inherent variability in this property. The exper-
imental procedure followed the standard test method of ASTM
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FIGURE 3. Micrographs showing hydrogen attack in Sample 8-3.
Early stages of hydrogen attack were detected in this sample.

. TABLE 1
Absorbed Energy Measured by the 294-J Charpy
Test Machine and Fracture Toughness Values (K,.)
Characterized Using J,.. an Elastic-Plastic Toughness Parameter

Absorbed
Energy
Sample No. Location W) Ky (MPa \'m)
81 outside diameter 40 1341
B-2 midthickness 25 test malfunction
8-3 inside diameter 24 761

£813'2 and ASTM E399'? for measuring fracture toughness. The
specimens used were the standard compact-type (CT) in ASTM
£399, with a hole drilled at the end of the notch to facilitate easy
placement of the clip gage on the created ledges. This procedure
generated a J-resistance curve (increase in toughness as a func-
tion of crack growth). Crack extension was monitored using elastic
compliance techniques.'>'3 The compliances were obtained from
load displacement slopes, measured during periodic unloadings.
The J-integral was determined and then plotted against physical
crack growth.

Fracture toughness values were calculated from the mea-
surements taken during the tests. The resuits, given in Table 1,
showed that the value of fracture toughness at the ID was 57% of
the value at the OD of the specimen. This decrease was attributed
to hydrogen attack.

While the two J,. tests were performed on one sample (one
test from the OD and one from the ID), the results should still be
statistically valid. (Only single samples were used because of lim-
tted availability.) This was because the J,. test was performed by
applying several load excursions (10 to 20) on a single sample.
The data obtained from these excursions were extrapolated to ob-
1ain J,., which was used to calculate K.

Ultrasonic Measurements

Results of the ultrasonic velocity, attenuation. and back-
scatter measurement tesis conducted on the hydrogen attack
samples are discussed in the following subsections.

Velocity — Velocity measurements were taken on both sets
of samples using the pulse-echo (reflection) overlap technique.
Both longitudinal- and shear-wave measurements were made in
the radial direction. Measurements for Set A samples, given in Ta-
ble 2, showed that the longitudinal-wave velocity decreased by 7
to 11% relative to the velocity in Sample A-5 (without hydrogen
attack), while the shear-wave velocity decreased by 3 to 6% rela-
tive to the velocity in Sample A-5. The ratio of v/, for Samples
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TABLE 2
Longitudinal- and Shear-Wave Velocity
Measurements Taken at an Ultrasonic Frequency of 5§ MHz

Velocity (x 10° mm/sec)

Sample Location Av Av
No. {degrees) v, (percentage) v, (percentage) v v
Al S0 5.33 -93 3.10 -31 0.582
A-2 180 5.4 -7 3.08 =37 0.564
A3 270 537 -8.6 3.0 -59 0.560
A-3 366 528 -10.2 306 -4.4 0.579
A-S " 5.88 0 3.20 0 0.544
B-1 outside surface 581 0 3.250 0 0.550
B8-2 migsecton 587 -07 3233 -0.5 0.551
B-3 inside suriace 5.84 -12 3.227 -0.7 0.553

"'Sample with no hydrogen anack.

A-1 through A-4 damaged by hydrogen attack ranged from 0.56 to TABLE 3

0.58, and the ratio on Sample A-5 was 0.544. These resulis are in
direct agreement with the results of Reference 10.

The results of velocity measurements on the three samples in
Set B, given in Table 2, showed a very small decrease in velocity
compared to samples in Set A. The longitudinal-wave velocity de-
creased by only 1% at the ID compared to the OD, which had no
hydrogen attack. The shear-wave velocity decreased by 0.7%
compared to the OD. The ratio v /v, increased by a very small
amount from 0.550 at the OD to 0.553 at the ID, even though
there was significant difference in the amount of hydrogen attack.
Sample B-1 (OD) showed no microcracks, while Sample B-3 (ID)
showed microcracking.

Attenuation — Attenuation measurements were taken on both
sels of samples. Results from Set A, taken at 10 MHz (see Table
3), showed that attenuation in the hydrogen attack samples was
4.2 10 5.8 db/cm, and 1.6 db/cm in the sample not attacked by hy-
drogen—clearly demonstrating that attenuation increases with hy-
drogen attack. Results of attenuation on Set B, given in Table 3,
showed that attenuation increased from 1.7 dbfcm at the OD to
3.2 db/cm at the 1D, which had hydrogen atiack.

Back-Scatter — Ultrasonic back-scatter is a method in which
the ultrasonic waves scattered from within a material are analyzed.
Figure 4 shows the concept of measuring back-scattered signals.
Back-scattering occurs from the grains because of impedance mis-
match at the material’s grain boundaries. Back-scattering
increases with frequency, so these measurements are usually con-
ducted at high frequencies such as 10 MHz.

Results of back-scatter on the samples in Set A, given in Ta-
bie 4, show that the back-scatter amplitude (relative) increased
from 2 mV in the sample with no hydrogen attack to an amplitude
range of 13 10 24 mV on samples attacked by hydrogen. Results
of back-scatter measurements on samples in Set B, given in Table
4, showed that the back-scatter amplitude increased from 2 mV at
the OD, where there is practically no hydrogen, to 20 mV at the
ID. Figure 5 presents the oscilloscope traces of the amplitude at
the OD and ID, which definitely show the strong increase in back-
scatter at the ID.

DISCUSSION OF RESULTS

The velocity, attenuation, and back-scatter measurements on
both sets of specimens demonstrated that all three parameters
were affected by hydrogen attack. The most significant results
were obtained on Set B samples, which had low levels of hydro-
gen attack compared to Set A. Because the velocity measure-
ments on Set B samples displayed a very small decrease (1°),
the conclusion based only on the velocity measurement could be
reached that the B-3 sample had no damage. The ratio of vgiv, at
the ID was also only 0.553, even though the sample had damage.
Attenuation measurements showed a definite increase from 1.7 db
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Antenuation Measurements Taken at an
Ultrasonic Frequency of 10 MHz

Location Relative Attenuation
Sample No. (degrees) (db/cm)
A1 90 4.2
A-2 180 5.8
A-3 270 5.0
A4 360 5.3
A5 o 1.6
B-1 outlside giameter 1.7
8-2 midthickness 24
8-3 inside diameter 3.2

Msample with no hydrogen ahack.
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FIGURE 4. Test configuration to measure ultrasonic back-scattering
caused by discontinuities within the material.

at the OD to 3.2 db at the ID, which could indicate damage. Atten-
uation measurements, however, can result in false indications if
the 1D surface is pitted and scatters ultrasound. The most promi-
nent results on the samples in Set B were determined from the
back-scatter measurements, which displayed a significant increase
in amplitude at the ID—about 10 times over the OD.

The back-scattering result is very important since it was
found to be more sensitive to detect hydrogen attack on sample
Set B compared to velocity measurements. Taking only velocity
measurements on Sample B would have led to an incorrect con-
clusion that Sample B-3 had experienced no hydrogen attack.

The difference between the velocity and back-scatter is
caused because they are affected by two different material param-
eters. Velocity reduction is caused by an overall decrease in the
bulk modulus of elasticity (in the metal volume) caused by
microcracking.” Such a decrease in bulk modulus is produced
when a large number of microcracks are present or the material
has extensive hydrogen attack. Back-scattering, on the other
hand, is caused by impedance mismatch at grain boundaries in
the material.
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TABLE 4
Relative Back-Scatter Signal Amplitudes Taken
at an Ultrasonfc Frequency of 10 MHz

Location Back-Scatter Amplitude
Sampie No. (degrees) (mV)
A1 90 13
A-2 180 24
A-3 270 14
A4 360 14
A-5 m 2
841 outside surface 2
B-2 midsection 15
B-3 inside surface 20

MSample with no hydrogen attack.

While the back-scattering method is sensitive to cavities and
microcracks produced by hydrogen attack, the technique has to be
used carefully to avoid erroneous results. Back-scattering mea-
surements can sometimes be misleading since other factors such
as anisotropy between grains or the boundary of two different me-
tallic phases in an alloy can produce back-scattering. To account
for such effects, back-scattering measurements taken on a compo-
nent being inspected should always be compared to another loca-
tion (reference) on the same component with no hydrogen attack.
The difference between the two back-scatter measurements will
result from hydrogen attack. This is similar to comparing the mea-
surements of Specimen A-1 to Specimen A-5 (see Table 4).

The major advantage of using back-scatter measurements to
determine hydrogen attack is that the technique analyzes only the
sound scattered within the material and is not affected by the con-
dition of the [D surface. In fact, back-scatter measurements can be
taken on geometries that do not produce a back-surface reflection
required by velocity and attenuation measurements.

CONCLUSIONS

Since hydrogen attack undetected in certain components can
cause serious consequences, a reliable nondestructive approach
is essential. Three nondestructive techniques using velocity, atten-
uation, and back-scatter approaches were applied on samples to
detect and measure hydrogen attack. Ultrasonic longitudinal-wave
velocity was found to decrease by almost 10% in one of the sam-
ples; however, this was not true for another sample, which only
showed a 1% decrease. The uitrasonic back-scatter technique
was more sensitive to detecting hydrogen attack, as indicated by
an increase of back-scatter signal amplitudes by almost 10 times
on samples with attack degradation. The back-scatter technique is
also better than the attenuation technique, which is affected by
surface roughness at the ID and requires a back-surface reflec-
tion. To reliably determine the internal condition of materials, both
back-scatter and velocity measurements should be taken.
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