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Abstract
Reference blocks are required for ultrasonic calibration and non-destructive testing (NDT). There are already in
existence sets of reference blocks constructed according to American Society for Testing and Materials standards,
but as the industry evolves, we need more reference blocks with varied designs. In this study, two reference blocks
of steel and aluminum are constructed. These blocks have several sets of flat bottom holes (FBH) with different
diameters (0.5, 1, 1.5, 2 and 2.5 mm), angles (45° and 90°) and placements. The novel constructed reference blocks
are evaluated using the ultrasonic and a displacement measuring interferometer (DMI). They allow for detailed
FBH characterization in terms of defining their location, diameter, depth and so on. The two techniques show
consistency in the majority of the outcomes. The expanded uncertainty of readings is found to be ± 1.4 µm,
according to DMI data. The findings show that the newly constructed blocks could be ideal for evaluating a variety
of calibration factors including transducer sensitivity, dead zone, defect size, and depth. Furthermore, they can be
used in NDT in various industries such as petroleum pipe production, steel manufacturing and so on.
Keywords: calibration, reference blocks, ultrasonic, displacement measuring interferometer (DMI).
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1. Introduction
Ultrasonic testing (UT) is one of the non-destructive tests (NDT). It allows the determination
of surface, subsurface, internal and dimensional defects, and therefore, it can perform a
thorough volumetric investigation of materials. The frequency range for ultrasonic NDT is
usually between 1 and 30 MHz [1].
There are two main ultrasonic operational modes: pulse echo and through transmission. The
choice of mode depends on the test purpose. In many tests, the pulse-echo method is preferred
because it can examine a wide range of defects, including their size, area and location inside
the material. It also includes a single coupling region between the transducer and the specimen
(for both transmission and reception of waves). As a result, it is a simple approach with constant
conditions [2].
To perform UT, calibration must be first performed. Calibration ensures the validation of
the test, i.e. it standardizes the equipment to correctly do the test. For example, if we need to
calibrate an ultrasonic thickness gauge, standard blocks of well-defined dimensions are needed.
Then we calculate the deviation errors of the obtained measurements from the standard values.
Also, to calibrate a reference block, its dimensions and defects are determined using an
ultrasonic echo meter or ultrasonic flaw detector, then a comparison of measurements is done.
The comparison is made between the measured values of the tested block and the data in the
calibration certificate of this block or the data from another standard primary block that has the
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same shape and dimensions as the tested block. Many calibration procedures can be followed
according to standards like ASTM, DIN, etc.
Generally, calibration in UT is used in a variety of industries, including nuclear, steel, gas
and oil and so on. Reference or calibrated blocks are used in UT by the user to validate the
desired operation. Specific calibration demands, such as thickness calibration, transducer
sensitivity calibration, beam profile analysis calibration and on the like, are met by reference
blocks. Aluminum, steel, stainless steel and titanium are used to create the reference blocks.
They come in a variety of shapes, including grooves, holes, curved surfaces and other features.
Reference standards are representative tools designed to meet ASTM, ASME, AMS, ISO and
many other specifications. They are used to standardize responses from testing equipment.
Samples with defects like notches and Flat-bottom Holes (FBH) are often used to standardize
the amplitude of the detected signal concerning the size and/or position of known reflectors.
Side-drilled holes (SDH) are also an effective target for such standardizations.
Many reference blocks have been manufactured in accordance with ASTM E127 and ASTM
E428 [3-4]. The 30 FBH resolution reference block, for example, has crucial calibration features
such as transducer sensitivity, transducer resolution, flaw size and flaw depth. To determine the
transducer dead zone, sensitivity and distance-area amplitude, ASTM distance/area–amplitude
blocks (a set of 10) are used. The ASTM distance-amplitude #3, #5 and #8 FBH blocks (a set
of 19) can be used to determine the relationship between metal distance and signal amplitude.
In general, the American Society for Testing and Materials (ASTM) had presented many blocks
designed to meet various calibration and test requirements. In 1958, they published the first
official standard document on flat-bottomed-hole reference blocks manufactured of aluminum
alloy as a defect artifact standard in ultrasonic nondestructive testing. Apart from this, there are
several firms producing blocks in accordance with industry needs. Flat bottom holes (FBH)
were used to demonstrate transducer sensitivity and characterize distinct holes on these
constructed blocks. These blocks were typically rectangular in shape, with single-sized FBH
positioned at various locations on the block surface [5].
FBH calibration blocks can be evaluated using optical techniques. Non-contact and contact
methods can be used to measure the dimensional measurements of the planned holes, such as
position, diameter, and depth. Contact techniques such as cylinder gauges, micro indicators,
calipers and other similar instruments have lower resolution and accuracy than non-contact
approaches [6-8]. Measuring the interior diameter is challenging because contact techniques
detect the exterior diameter of holes by making contact with the surface. When applied to
measure the dimensions and inner diameter of holes, optical non-contact techniques such as
laser interferometry, profile projection, electro-optical method and optical machines are highly
precise [9, 10]. In length and dimensional metrology measurements, the secondary standard is
a stabilized wavelength laser. The displacement measuring interferometer (DMI) is made up of
a heterodyne stabilized wavelength laser and optical components, as well as a motorized
moving stage and a magnifying microscope [11]. Because it relies on a stable wavelength laser
to measure and calibrate the position, inner diameter and depth of the planned holes on steel
and aluminum reference blocks, DMI is the most accurate, precise and high-resolution
technique. The detection of the displacement between the positions of each interior wall of the
measuring holes is required for inner diameter measurements. The displacement between the
positions of the surface and the bottom of the holes is used to determine the depth. The optical
constants of the Steel and Aluminum reference blocks were determined using a PHE103Ellipsometer [12].
As previously stated, most built calibration blocks had a single-sized FBH at the right angle
and positioned at various locations on the block surface. The aim is to improve the data used to
assess transducer sensitivity. Varying FBHs of different angles (45°and 90°) and different sizes
are designed into rectangular aluminum and steel blocks. As a result, measurement variability
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increased and also the accuracy of detection sensitivity. In addition, these new blocks will be
used to test the performance of the ultrasonic examination apparatus and search units as well as
to standardize and control ultrasonic testing of metal alloy items. In this study, the newly
developed blocks are calibrated, evaluated and assessed using ultrasonic and DMI techniques.
2. Experimental details
The newly designed reference blocks are evaluated using both calibration and nondestructive tests. Therefore, we drilled many holes with different shapes by varying their
diameters, angles and positions which offers multiple tests in just two reference blocks that
were made from steel and aluminum. Steel and aluminum materials are the most commonly
used materials to design reference blocks according to ASTM standards. These reference blocks
offered newly designed holes that are not made in any other standard blocks as it poses quite a
challenge to serve the calibration better as well as the needs of the non-destructive tests that are
in continuous progress due to industry development.
Reference standards must be prepared and used in accordance with well-designed
specifications that cover the material selection, the manufacture of artificial defects and of
course, instructions for the specific testing application.
2.1. Blocks material
According to ASTM [13], the reference steel block was made of steel 4340 and the reference
aluminum alloy block was constructed of aluminum alloy 7075-T6 according to ASTM [14].
METLINE, India, provided the materials.
2.2. Block design
Steel (St4340) cuboid shape block with five sets of FBH of varying sizes (𝑄 = 0.5, 1, 1.5, 2
and 2.5 𝑚𝑚) and similar drilling depth (𝐷 = 5 𝑚𝑚), each set consisting of four FBH of the
same diameter but varied position with regard to the block surface, i.e., the steel block had 20
FBH. Cuboid aluminum alloy (Al7075-T6) block designed to have four sets of FBH of different
diameters (1, 1.5, 2 and 2.5 𝑚𝑚) and the same depth, each set composed of two FBH of the
same diameter but different position with respect to the block surface, i.e., the aluminum alloy
block had eight FBH, as shown in Figs 1 and 2. The steel block dimensions were 2 × 3 × 22 𝑐𝑚3
and its FBH was at a straight angle. The dimensions of the aluminum alloy block were 2 × 3.5
× 23 𝑐𝑚3 and it had an inclined FBH at 45°. The FBH was drilled with drilling mechanical
equipment (a Radial Drilling Machine by IndiaMart.com). The drilling depth inside the steel
block was 5 𝑚𝑚, however, it ranged from 6 to 14 𝑚𝑚 for aluminum blocks.
The new reference blocks were manufactured using a drilling machine with different driller
tips to attain different hole diameters. The block was first machined with the desired
dimensions, then we drew points on the block to mark the position of the holes. To obtain the
angled holes the block was adjusted on an angled wedge then the holes were drilled. A water
supply was used to cool the driller tip. After completing the drilling process, the water was
evaporated using hot air.
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a)

b)

Fig. 1. Design of a) steel block front and b) aluminum block front (Note that Q is FBH diameter, θ is FBH angle
and the surfaces of blocks are smooth).

Fig. 2. Photos of (a) the steel block and (b) the aluminum alloy block.

The newly designed steel block was coded MIR01ST, while the newly designed aluminum
block was coded MIR02AL. The type and density of both blocks are represented in Table 1.
Table 1. Type and density of the newly designed blocks.
New blocks
MIR01ST
MIR02AL

Type
St4340
Al7075-T6

Density, Kg/m3
7850
2800
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2.3. Ultrasonic measurement facility
The employed ultrasonic measuring equipment was evaluated to check its measurement
performance according to BS EN 12668-3:2000 [15]. Only pulse-echo equipment A-scan
presentations comprising direct contact testing are covered by the approaches.
2.3.1. Transducer
Ultrasonic transducers have been calibrated according to BS EN 12668-2:2001 [16]. Their
nominal frequencies are 2 and 4 MHz. In order to record their beam profiles, we used an
ultrasonic flaw detector (USIP 20 by Krautkramer Branson), a vector signal analyzer (IF
(89441A by HP) and an oscilloscope (TDS 3052B by Tektronix (USA)). The transducer
parameters are listed in Table 2.
Table 2. Transducer parameters.
Transducer
S12HB2
S12HB4

Damping
factor
1/4
1/3

Peak frequency
(𝒇𝟎 ), 𝐌𝐇𝐳
2.1
4

Upper frequency
(𝒇𝒖 ), 𝐌𝐇𝐳
3.6
5.3

Lower frequency
(𝒇𝒍 ), 𝐌𝐇𝐳
0.9
1.6

Bandwidth
(𝑩𝑾), 𝐌𝐇𝐳
2.7
3.7

The measurement results were traceable to the SI units, the temperature was 21.4˚𝐶 ± 1˚𝐶
and the humidity was 58.6 % ± 5 %.
2.3.2. Ultrasonic test instrument
The ultrasonic equipment is composed of a normal transducer (S12HB2 by Karl Deutsch),
shear transducer of 2 MHz (S12Y2 by Karl Deutsch), flaw detector (USN 60 by GE Inspection
Technologies), oscilloscope (WaveJet 354A by Lecroy,) and reference blocks (VI, VII and a
Navship cylindrical reflector block, 1018 steel, S. N. A14786).
2.3.3. Equipment standardization
The flaw detector was calibrated according to ASTM E 317-16. The expanded uncertainty
using a coverage factor of 2, providing a level of confidence of approximately (95%) is 𝑈𝑒𝑥𝑝 =
± 0.003, the temperature was 22.1˚𝐶 ± 1˚𝐶 and the humidity was 25 % ± 5 %.
Linearity of amplification: The divergence from linearity was plotted against the echo
number in Table 3. The flaw detector was set to 10 echoes on the flaw detector screen, after
which each echo was gated and the gain was boosted by 6 𝑑𝐵 and the echo height was recorded.
For each echo, these processes were repeated three times. The average deviation was then
determined. The amplifier was determined to be linear with a 0.05 average deviation.
Time base linearity and resolution: The time base of the instrument was linear within
throughout range. The probe delay is 0.57 µ𝑠. The equipment was capable of distinguishing the
different surfaces of the ultrasonic standard reference block.
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Table 3. Linearity of amplification.
Echo No.
1
2
3
4
5
6
7
8
9
10

Deviation from linearity
0.03
0.01
0.01
0.02
0.01
0.02
0.03
0.01
0.02
0.03

Penetration power: Five echoes were obtained from the cylindrical Perspex piece of the
ultrasonic standard reference block VI, at maximum gain with a low echo to noise ratio, with
an accepted signal to noise ratio indicating a good penetrating power.
2.3.4. Standard reference block
Standard reference block (Navship cylindrical reflector block, 1018 steel, S. N. A14786)
was calibrated according to ASTM E797/E797M-15 [17] and E317-16 [18] after flaw detector
and transducer calibration. This calibration was performed using the same equipment that was
used to test the newly designed blocks in order to determine the standard deviations of the data
and to ensure that the equipment system was appropriately calibrated to ensure proper
calibration of the new blocks. The extended uncertainty using the coverage factor of 2, with a
level of confidence of about 95% was 𝑈𝑒𝑥𝑝 = ± 0.01 𝑚𝑚, with a temperature of 19.6˚𝐶 ± 1˚𝐶
and a humidity of 62 % ± 5 %. It is worth noting that the standard reference block contained
six 1 𝑚𝑚 diameter FBHs in various locations on its surface.
2.4. Optical test method
Because DMI is applied as a secondary standard for length and dimensions measurements,
the optical measurements produced by DMI are used to verify the measurements obtained with
the ultrasonic method. The diameter and depth of a number of planned holes in steel and
aluminum blocks are measured using a high-resolution digital heterodyne displacement
interferometer. Figure 3a) shows the measuring system of the inner diameter of the roundness
of the holes and Fig. 3b) shows the measured system for measuring their depth. A Zygo laser
head, polarizing beam splitter, retroreflector mirrors, fiber cable with pick up and measuring
board with software make up the displacement interferometer. A computerized travelling stage
and a magnifying microscope are also available for inspecting the delicate edge of the holes.
The Zygo laser head emits a beam consisting of two orthogonal linear polarizing beams of
frequencies 𝑓1 and 𝑓2 which are separated by nearly 20 MHz. Frequencies 𝑓1 and 𝑓2 are related
to wavelengths 632.991501 𝑛𝑚 and 632.991528 𝑛𝑚, respectively. The two beams travel
toward a polarizing beam splitter that is used to separate the two orthogonal polarizing beams
𝑓1 and 𝑓2 . The reference beam of frequency 𝑓1 is directed toward the fixed retroreflector and
the other beam of frequency 𝑓2 is directed toward a moving retroreflector. The two reflected
reference and measured beams are recombined and emerge from the polarizing beam splitter to
produce an optical interference signal. This interference signal is transferred through a fiber
cable to the measuring board for converting it into digital data.
In displacement measurement, beam 𝑓1 becomes the reference beam since it moves a fixed
distance path. Beam 𝑓2 is the measured beam since it travels toward the target retroreflector
which moves a distance to yield a beam of frequency 𝑓2 ± ∆𝑓 that is reflected back to the
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interferometer. The motion of the target retroreflector causes a Doppler shift in the reflected
beam. The measuring board receiver detects a signal, which is the frequency difference between
the reference and measured beams and given by 𝑓1 – 𝑓2 ± ∆𝑓. This signal is compared with the
reference signal 𝑓1 – 𝑓2 on the measuring board.
The desired displacement 𝑑 is calculated through the equation [19]:
1 𝜑 𝜆𝑣𝑎𝑐
,
𝑛

𝑑 = 𝑁𝑀

(1)

where 𝜑 is the phase, 𝜆𝑣𝑎𝑐 is the vacuum wavelength, 𝑛 is the refractive index of the medium,
𝑁 is an integer based on a number of passes and 𝑀 is a constant depending on the measurement
electronics. 𝑀 value refers to the number of phase meter counts per 2𝜋 radians of the phase.
The wavelengths collected from the laser head are slightly different in frequency and based on
that the measurement arm calculates the suitable wavelength value. Using the erroneous
wavelength results in displacement inaccuracy. Because a change in the refractive index causes
a change in the wavelength, the refractive index must be precisely set for operation in a medium
other than vacuum.
a)

b)

Fig. 3. Displacement measuring interferometer DMI setup a) for diameter measurements, b) for depth
measurement; R1, R2: reference and measured retroreflectors, PBS: polarizing beam splitter, S: sample.

According to the Edlén equation [20], a computerized high-resolution digital sensor is used
to record environmental factors such as air temperature, pressure and humidity in order to
correct the wavelength of light due to the influence of the refractive index of air.
The target mirror and magnifying microscope were mounted on a travelling linear motorized
stage (Model IMS600LM by Newport) with a minimum incremental motion of 20 𝑛𝑚 and
repeatability of 0.05 µ𝑚 for the diameter measurements of the holes shown in Fig. 3a). The
magnifying microscope was utilized to precisely determine the tiny edge of the hole. The
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change in location of the target mirror from the zero position or beginning point is measured
during the measurements. The interferometer must mark it as zero at one edge of the hole and
then move it to the other edge where the values of the moved distance are recorded using the
magnifying microscope. For establishing the maximum diameter of roundness, the measured
diameter is repeated a number of times over the curvature of the holes.
As shown in Fig. 3, the depth of the hole was determined by replacing the magnifying
microscope with a very small probe (b). To begin, we placed the probe against the hole outer
surface and re-zerod the interferometer, which served as a measuring start point. After zeroing
the probe, it moved within the hole until it came into touch with its bottom, when the depth was
recorded. The whole measurement sequence was performed a number of times at different sites
for a correct depth determination.
The optical constants of steel and aluminum blocks were determined with the PHE-103
ellipsometer at wavelengths ranging from 250 𝑛𝑚 to 1000 𝑛𝑚 with a fixed incidence angle of
70° [21]. It was achieved by measuring the ellipsometric parameters ∆, Ψ , which indicated the
phase and amplitude shift in the light beam after it had been reflected from the surface of the
test item [22]. These factors were needed to calculate the object's optical constants, such as the
refractive index 𝑛 and extinction coefficient 𝑘 [23].
3. Results and discussion
3.1. Block properties
3.1.1. Ultrasonic velocity (𝑪), Poisson’s ratio (𝒗), elastic moduli (𝑬, 𝑳, 𝑮 𝒂𝒏𝒅 𝑲) and microhardness (𝑯)
The ultrasonic operation mode is the direct contact ultrasonic operation utilizing the pulse
echo technology. In this operation, the ultrasonic transducer acted as transmitter and receiver
of echoes at the same time and it had one coupling point on the block’s surface. The ultrasonic
velocity (𝐶) and the mechanical parameters were determined. The ultrasonic velocity (𝐶) was
determined by means of block’s thickness (𝑥) and the time travelled by the echoes (𝑡) as
follows:
2𝑥
𝐶= 𝑡
(2)
By the use of the measured ultrasonic longitudinal (𝐶𝐿 ) and shear (𝐶𝑆 ) velocities, some
blocks properties including the Poisson’s ratio (𝑣), elastic moduli (𝐸,𝐿, 𝐺 and 𝐵) and microhardness (𝐻) were calculated as follows [24]:
𝑣=

𝐶
1−2( 𝑆⁄𝐶 )2
𝐿
𝐶
2−2( 𝑆⁄𝐶 )2
𝐿

(3)

𝐸 = 2(𝐶𝑆 )2 (1 + 𝑣)

(4)

𝐿 = (𝐶𝐿 )2

(5)

𝐺 = (𝐶𝑆 )2

(6)

𝐵 = 𝐿 − [(4⁄3)𝐺]

(7)

𝐻 = [(1 − 2𝑣)𝐸/(6(1 + 𝑣)],

(8)

where 𝐶𝐿 is ultrasonic longitudinal velocity, 𝐶𝑆 is ultrasonic shear velocity, 𝑣 is the Poisson’s
ratio,  is block density, 𝐸 is Young’s modulus, 𝐿 is the longitudinal modulus, 𝐺 is the shear
modulus, B is the bulk modulus and 𝐻 is the micro-hardness.
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Table 4. Some calculated block properties.
Blocks
MIR01ST
MIR02AL

𝑪𝑳
(𝒎/𝒔),
± 40 𝒎/𝒔
5890
6320

𝑪𝑺
(𝒎/𝒔),
± 40 𝒎/𝒔
3234
3113

𝒗

𝑬
(𝑮𝑷𝒂)

𝑳
(𝑮𝑷𝒂)

𝑮
(𝑮𝑷𝒂)

𝑩
(𝑮𝑷𝒂)

𝑯
(𝑮𝑷𝒂)

0.284
0.34

210.9
73

272.3
112.2

82.1
27.2

162.9
75.9

11.8
2.9

Table 4 shows that a steel block (MIR0ST) had higher elastic properties (Young's (𝐸),
longitudinal (𝐿), shear (𝐺) and bulk (𝐵) moduli) than the aluminum block (MIR02AL), as well
as higher micro-hardness (𝐻). The ultrasonic longitudinal velocity of the steel block is smaller
than that of the aluminum block but the shear velocity did the contrast. These last-mentioned
features were used to evaluate and record the most essential aspects of the blocks. MIR01ST is
harder, with fewer interatomic gaps, than MIR02AL.
3.1.2. Optical constants of the newly designed blocks
Selected optical properties of the blocks, i.e., the optical constants the refractive index (𝑛)
and the extinction coefficient (𝑘) of both aluminum and steel blocks which were determined
using the PHE-103 ellipsometer at an angle of incidence 70° and in the wavelength range from
250 𝑛𝑚 to 1000 𝑛𝑚 [25, 26] are shown in Fig. 4 (a) and (b).
a) steel block

b) aluminum block

Fig. 4. The optical constants 𝑛 and 𝑘 measurements determined with the PHE-103 ellipsometer at different
wavelengths range from 250 𝑛𝑚-1000 𝑛𝑚 of a) steel block, b) aluminum block.

From Fig. 4 it can be seen that both the refractive index and the extinction coefficient
increased with wavelength in both blocks. In the aluminum block, the refractive index ranged
from about 0.3 to about 2.3 and the extinction coefficient ranged from about 1.5 to about 7.3.
In the steel block, the refractive index ranged from about 0.8 to about 2.5 and the extinction
coefficient ranged from about 0.8 to about 2.8. The optical constants (refractive index &
extinction coefficient) results of both the steel and aluminum materials show a good match with
the data in the literature [31].
3.2. Block assessment
To make block assessment, a calibration procedure was performed according to ASTM E
428-92 [13] and ASTM E 127-92a [26]. The calibration procedure was as follows:
− Blocks cleaned of oil, dust, etc., using 70% ethanol.
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− All measurements performed with pulse-echo ultrasonic testing using the equipment
described in the experimental part.
− Ultrasonic velocity measured according to ASTM E 494-92a [27].
− Location of FBH from the block surfaces determined using the ultrasonic.
− Diameter and depth of FBH in the two newly designed blocks determined using
ultrasonic and DMI technique. Note that DMI was used for verification and calibration
of the dimensional measurements done with the ultrasonic technique.
− DMI technique used according to Length Scale Measurement Procedures [28].
3.2.1. Location of FBH from the blocks’ surfaces
Figures 1 (a) and (b) show the FBHs drilled at specific locations from the surface of the steel
block (MIR01ST) and the aluminum block (MIR02A0L) and these locations are represented as
nominal location (𝑋) in Table 5. To verify these sites, the ultrasonic pulse echo method and the
displacement measuring interferometer DMI were applied, as presented in Table 5. To calculate
the measurement error, each position was measured ten times.
Table 5. Location of FBHs in MIR01ST and MIR02AL.

Groups of FBHs

MIR01ST:
FBH 0.5 𝑚𝑚 diameter

MIR01ST:
FBH 1 𝑚𝑚 diameter

MIR01ST:
FBH 1.5 𝑚𝑚 diameter

MIR01ST:
FBH 2 𝑚𝑚 diameter

MIR01ST:
FBH 2.5 𝑚𝑚 diameter
MIR02AL:
FBH 1 𝑚𝑚 diameter
MIR02AL:
FBH 1.5 𝑚𝑚 diameter
MIR02AL:
FBH 2 𝑚𝑚 diameter
MIR02AL:
FBH 2.5 𝑚𝑚 diameter

Hole
Positions

Nominal
location
(𝑿), 𝒎𝒎

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
1
2
1
2
1
2

3.2
4
6
8
3.2
4
6
8
3.1
4
6
8
2.8
4
6
8
2.5
4
6
8
13
18
13
18
13
18
13
18

Deviation
Average
Average
Location by Error (𝑿-𝑿ˉ), Location by
the ultrasonic 𝒎𝒎 from the DMI(𝑿ˉ),
(𝑿ˉ), 𝒎𝒎
𝒎𝒎
ultrasonic
2.94
0.26
3.7099
3.58
0.42
4.6110
5.92
0.08
6.6485
8.06
-0.06
8.5427
3.02
0.18
3.4208
3.89
0.11
4.3888
5.98
0.02
6.4337
8.20
-0.20
8.3646
3.15
-0.05
3.1125
4.18
-0.18
4.1069
6.03
-0.03
6.1504
8.36
-0.36
8.1341
2.38
0.42
2.7667
4.31
-0.31
3.6751
6.13
-0.13
5.8095
8.56
-0.56
7.8650
2.57
-0.07
2.5096
4.50
-0.50
3.6103
6.42
-0.42
5.6513
8.95
-0.95
7.6237
13.04
-0.04
14.212
18.01
-0.01
19.9656
13.08
-0.08
14.074
18.03
-0.03
19.7071
13.14
-0.14
13.564
18.20
-0.20
17.9067
13.26
-0.26
12.3237
18.36
-0.36
18.3836

Deviation
Drror (𝑿𝑿ˉ), 𝒎𝒎
from DMI
-0.5099
-0.611
-0.6485
-0.5427
-0.2208
-0.3888
-0.4337
-0.3646
-0.0125
-0.1069
-0.1504
-0.1341
0.0333
0.3249
0.1905
0.135
-0.0096
0.3897
0.3487
0.3763
1.212
1.9656
1.074
1.7071
0.564
-0.0933
-0.6763
0.3836
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According to the data in Table 5, the values of average locations measured with the ultrasonic
and DMI were virtually identical to those of nominal locations. The smallest deviation error for
ultrasonic measurements was 0.02 𝑚𝑚 and the largest was - 0.95 𝑚𝑚 while the smallest
deviation error for DMI measurements was - 0.0096 𝑚𝑚 and the largest was 1.9656 𝑚𝑚.
The standard error of the mean (SEM) values are calculated in accordance with the position
of the holes and the diameter for both ultrasonic and DMI techniques and are represented in
Fig. 5a), b). In the figure, the SEM is plotted against the diameter of the holes. Each curve in
the figure represents the hole position according to the location as referred to in the second
column in Table 5. As shown in Fig. 5, all the standard errors of the mean values are random
values.
a)
b)

Fig. 5. Relation between the standard error of the mean SEM and the location of the holes a) steel
block and b) aluminum block.

When comparing the results of FBH location determination in the designed new blocks to
those of FBH location determination in the standard reference block (Navship cylindrical
reflector block, 1018 steel, S. N. A14786), we found that we obtain the same expanded
uncertainty (𝑈𝑒𝑥𝑝 = ± 0.01 𝑚𝑚) as for the standard reference block using the same equipment
set and procedure (Navship cylindrical reflector block, 1018 steel, S. N. A14786). As a result,
the newly constructed blocks can be used to correctly evaluate near-surface resolution in the
same way that standard reference blocks do (Navship cylindrical reflector block, 1018 steel, S.
N. A14786).
3.2.2. Diameter and depth of FBH in the two new designed blocks
The FBH drilled diameters in the steel block (MIR01ST) shown in Fig. 1a), i.e. ranging from
0.5 𝑚𝑚 to 2.5 𝑚𝑚, are represented as Groups 1 to 5 in Table 6, while the FBH drilled diameters
in the aluminum block (MIR02AL) shown in Fig. 1b), i.e. ranging from 1 𝑚𝑚 to 2.5 𝑚𝑚 are
represented in Groups 6 to 9 in Table 7. To verify these dimensions, the ultrasonic pulse echo
and DMI techniques were applied. Each dimension was measured ten times with each technique
in order to quantify the measurement error, as well as the depth of FBH drilling in the blocks,
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which was measured ten times and the error was calculated. Table 6 shows the diameter and
depth measurements taken with the DMI and ultrasonic techniques on several sets of holes on
a steel block (MIR01ST). The diameter and depth measurements of multiple sets of holes on
an aluminum block (MIR02AL) using both methods are shown in Table 7.
Table 6. Results of diameter and depth measurements of holes on steel block (MIR01ST) using the DMI and
Ultrasonic techniques.
Groups of FBHs
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Diameter by
Diameter by
Depth by DMI
DMI (𝒎𝒎)
Ultrasonic (𝒎𝒎)
(𝒎𝒎)
Group 1: MIR01ST, FBH 2.5 𝑚𝑚 diameter
2.5756
2.5501
6.3164
2.6358
2.5903
6.1195
2.7747
2.6320
6.0467
2.7565
2.6197
6.1329
Group 2: MIR01ST, FBH 2 𝑚𝑚 diameter
2.0615
2.0263
5.4647
2.1146
2.0945
5.6395
2.1252
2.1013
5.6528
2.1384
2.1205
5.6998
Group 3: MIR01ST, FBH 1.5 𝑚𝑚 diameter
1.5327
1.5215
5.7082
1.5524
1.5411
5.6763
1.5317
1.5302
5.6137
1.5706
1.5614
5.5291
Group 4: MIR01ST, FBH 1 𝑚𝑚 diameter
1.0253
1.0145
5.6325
1.0395
1.0335
5.6582
1.04127
1.0356
5.5114
1.0516
1.0490
5.6522
Group 5: MIR01ST, FBH 0.5 𝑚𝑚 diameter
0.5362
0.5129
NA
0.5494
0.5358
NA
0.5512
0.5471
NA
0.5745
0.5602
NA

Depth by
Ultrasonic (𝒎𝒎)
5.9124
5.7402
5.8706
5.9102
5.2014
5.6175
5.4260
5.5738
5.4860
5.5324
5.7105
5.6081
5.5750
5.7106
5.6280
5.5874
5.3808
5.1962
5.3460
5.2765

Table 7. Results of diameter and depth measurements of holes on the aluminum block using the DMI and
Ultrasonic techniques.
Groups of FBHs
1
2
1
2
1
2
1
2

Diameter by
Diameter by
Depth by DMI
DMI (𝒎𝒎)
Ultrasonic (𝒎𝒎)
(𝒎𝒎)
st
1 Group 6: MIR02AL, FBH 2.5 𝑚𝑚 diameter
2.6372
2.6405
13.2157
2.7766
2.7035
5.9895
nd
2 Group 7: MIR02AL, FBH 2 𝑚𝑚 diameter
2.0175
2.0477
13.1643
1.9685
2.0332
10.1135
rd
3 Group 8: MIR02AL, FBH 1.5 𝑚𝑚 diameter
1.3994
1.5120
7.8969
1.4543
1.5171
7.1094
4th Group 9: MIR02AL, FBH 1𝑚𝑚 diameter
0.9186
1.1240
NA
0.8948
1.0447
NA

Depth by
Ultrasonic (𝒎𝒎)
13.7125
6.1235
13.4822
10.3214
8.0523
7.4120
NA
NA
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The results in Tables 6 and 7 show a good agreement between the ultrasonic and DMI
techniques. Table 6 shows that the DMI methodology was unable to measure the depth for the
Group 5 MIR01ST, FBH 0.5 𝑚𝑚 diameter, while Table 7 shows that both methods were unable
to record the depth for the Group 9: MIR02AL, FBH 1 𝑚𝑚 diameter.
When comparing the results of FBH diameter and depth determination in the designed new
blocks to those of FBH location determination in the standard reference block (Navship
cylindrical reflector block, 1018 steel, S. N. A14786), we found that we obtain the same
expanded uncertainty (𝑈𝑒𝑥𝑝 = ± 0.02 𝑚𝑚). As a result, the novel designed blocks are like
standard reference blocks (Navship cylindrical reflector block, 1018 steel, S. N. A14786), i.e.,
they can used to accurately test both defect diameter and depth, in addition, to calibrate
ultrasonic equipment such flaw detectors, transducers, etc.
3.2.3. Angle of FBH in aluminum block (MIR02AL)
The angled FBH in the aluminum block (MIR02AL) was measured using an angle probe
(MWB 45°, 4 MHz, 56927-19452 by Krautkramer). The angle adjustment was set to 45°. The
average angle measurement (𝐴ˉ) was calculated after 10 repetitions.
Table 8. Angle of FBH in the aluminum block (MIR02AL).
Groups of
FBHs
1
2
1
2
1
2
1
2

Angle measured by
Deviation from a nominal
ultrasonic (𝑨ˉ), (°)
angle (45°- 𝑨ˉ), (°)
Group 6: MIR02AL, FBH 2.5 𝑚𝑚 diameter
44.7°
0.3°
45.4°
-0.4°
Group 7: MIR02AL, FBH 2 𝑚𝑚 diameter
45.2°
-0.2°
45.3°
-0.3°
Group 8: MIR02AL, FBH 1.5 𝑚𝑚 diameter
44.9°
0.1°
°
44.9
0.1°
Group 9: MIR02AL, FBH 1 𝑚𝑚 diameter
45°
0°
°
45.1
-0.1°

As shown in Table 8, the deviation varied from -0.4° to 0.3°. Therefore, the designed
aluminum block can served as a good reference block to estimate the inclined angle of a given
reflector.
3.3. Uncertainty of diameter and depth measurements using DMI
The uncertainty in measuring the hole diameter and depth estimated according to the ISO
guide to the Expression of Uncertainty in Measurement [29] is shown in Table 9. The main
sources of uncertainty are the wavelength of the laser, the air refractive index due to the change
in the environmental conditions (temperature, humidity and pressure), thermal expansion of the
materials, the cosine error and finally the repeatability of the measurements.
The model equation which includes all the parameters that contribute to the diameter and
depth measurement process is expressed as:
𝑙 = 𝑙𝑙𝑎𝑠𝑒𝑟 + 𝑙𝑡 + 𝑙𝛼 + 𝑙𝑟𝑒𝑠 𝑠𝑡𝑎𝑔𝑒 + 𝑙𝑟𝑒𝑠 𝑠𝑜𝑓𝑡𝑤𝑎𝑟𝑒 + 𝑙𝑐𝑜𝑠 +
+ 𝑙𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 ( 𝑡,𝑝,𝑅𝐻) + 𝑙𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 + 𝑙𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑚𝑒𝑡𝑒𝑟 + 𝑙𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦

(9)

M. A. Y. Barakat, M. Abdelwahab, A. W. Abdallah: EVALUATION OF NEW DESIGNED REFERENCE BLOCKS …

Table 9. Uncertainty calculation for diameter and depth measurements using DMI.
Source of
uncertainty 𝒙𝒊
𝑙𝜆 wavelength
𝑙𝑡𝑚 (Δ𝑡𝑚 steel)
𝑙𝑡𝑚 (Δ𝑡𝑚 Al)
𝑙𝛼 (𝛼 steel)
𝑙𝛼 (𝛼 Al)
𝑙𝑡𝑎 Temp.
𝑙𝑝 Pressure
𝑙𝑅𝐻 Humidity
𝑙𝑆 Res. Stage
𝑙𝑟 Res. Software
Cosine error
𝑙𝑔 Geometry
𝑙𝐼 interferometer
𝑙𝑃 Repeatability

2 𝑛𝑚
0.1℃
0.1℃

Standard
Uncertainty 𝒖(𝒙𝒊 )
1 𝑛𝑚
0.057 ℃
0.057 ℃

Sensitivity
coefficient 𝒄𝒊
1
𝛼𝐿
α𝐿

Uncertainty
𝒖(𝒚𝒊 ) µ𝒎
0.001
0.66 𝐿
1.37 𝐿

1× 10−6 /℃

0.57× 10−6 /℃

𝑡𝑚 𝐿
𝑡𝑚 𝐿
9.6×10−7 𝐿
0.3×10−6 𝐿
9.8×10−9 𝐿
1

0.28 𝐿
0.69 𝐿
0.02 𝐿
0.017 𝐿
0.01 𝐿
0.29

1
1
1
1
1

0.00057
0.29
0.05
0.00057
0.6

Limit

−6

−6

2.4×10 /℃
0.05 ℃
0.1 𝑚𝑚𝐻𝑔
3%
0.5 µ𝑚

1.39× 10 /℃
0.025 ℃
0.057 𝑚𝑚𝐻𝑔
1.5 %
0.29 µ𝑚

1 𝑛𝑚
0.5 µ𝑚

0.57 𝑛𝑚
0.29 µ𝑚
50 𝑛𝑚
0.57 𝑛𝑚
0.6 µ𝑚

ــــــــــ
1 𝑛𝑚
ــــــــــ

The certified uncertainty in the laser wavelength is ± 2 𝑛𝑚 which contributed to uncertainty
(diameter, depth) by ± 0.001 µ𝑚. The temperature of the blocks must be recorded during the
measurement process to calculate the deviation that occurred in temperature. The contribution
of the temperature of the blocks in the uncertainty budget is 0.66 𝐿 and 1.37 𝐿 for steel and
aluminum blocks respectively in the case when the temperature reading is 20 ℃ and the
resolution of the temperature sensor is 0.1℃. The steel blocks had the thermal expansion of
11.5 ×10-6 /℃ with limits of 1×10-6 /℃ and that for aluminum is 24×10-6 /℃ with limits of 2.4
×10-6 /℃ and their effect on uncertainty is about 0.2 𝐿 and 0.69 𝐿. The variation in the refractive
index of the medium led to a change in the wavelength of the laser and so led to a change in the
distance measured thus any deviation in the refractive index is compensated through the Edlén
equation [20]. The errors in the Edlén equation due to the effect of temperature, humidity and
pressure are 0.02 µ𝑚, 0.01 µ𝑚 and 0.017 µ𝑚, respectively. The repeatability of ten
measurements contributes to uncertainty by 0.6 µ𝑚. In addition, the cosine error is one of the
basic sources of uncertainty that comes from the misalignment between the laser beam and the
axis of motion. The cosine error is determined according to [30]:
𝑑𝑐𝑜𝑠 = 𝑥 2 ⁄8𝑙 ,

(10)

where 𝑥 is the shift between the two reflected laser spots in 𝑚𝑚 and 𝑙 is the length of motion
in 𝑚𝑚.
Finally, the combined uncertainty in the diameter and depth measurement process can be
calculated through the equation:
𝑢(𝑙𝜆 )2 + 𝑢(𝑙𝑡𝑚 )2 + 𝑢(𝑙𝛼 )2 + 𝑢(𝑙𝑡𝑎 )2 + 𝑢(𝑙𝑝 )2 + 𝑢(𝑙𝑅𝐻 )2 +
𝑢𝑐 (𝑙) = √
𝑢(𝑙𝑆 )2 + 𝑢(𝑙𝑟 )2 + 𝑢(𝑙𝑔 )2 + 𝑢(𝑙𝐼 )2 + 𝑢(𝑙𝑐𝑜𝑠𝑖𝑛𝑒 )2 + 𝑢(𝑙𝑃 )2

(11)

The expanded uncertainty U95 with a coverage factor of 2 at a level of confidence of 95% is
given as:
for steel block: U95 = ± 2 × √0.53 + 0.51𝐿2 ,
for aluminum block: U95 = ± 2 × √0.53 + 2.35𝐿2 ,
where 𝐿 is the nominal length in meter.
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4. Conclusions
As the industry progresses technologically, reference blocks have been produced by the
authors in novel shapes to be utilized for ultrasonic calibration and non-destructive testing
(NDT). The block properties such as micro-hardness, elastic moduli, and optical constants have
been characterized. To ensure the accuracy of measurements, all results were acquired using
conventional methods. The examination of blocks was carried out to establish the position,
diameter, depth and angle of the FBHs. The results obtained using both ultrasonic and DMI
approaches were mainly in agreement. They ensured that the new blocks could be used as
reference blocks in a variety of applications. They can perform accurate FBH characterization,
transducer sensitivity calibration, transducer dead zone calculation, and so forth. As a result,
we conclude that the newly designed steel and aluminum blocks can be useful in calibration
and NDT for a variety of industries, including petroleum pipes production, steel manufacturing
and on the like. In the future we aim to complete the manufacturing of other reference blocks
according to the industry requirements.
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