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l. INTRODUCTION small indentation is produced by the hardness test and it
does not make the material useless. For this reason, it is
common that the hardness test is sometimes classified as
nondestructive [4].

Steel bars with minimum yield strength of 500 MPa are
widely used in civil construction for structural purposes [1,
2]. This steel grade must satisfy some requirements that

establish minimum values for the yield and tensile Over recent years, the hardness measurements have
strength, whose properties are important to characterize the been investigated as a quick way to estimate some
final product. mechanical properties of steels. Thus, some mathematical

models suggest a possibility to determine wear resistance,
yield point and ultimate tensile strength, by using only the
hardness test [1-7]. The relationship between mechanical
properties and hardness of steels represents an alternative
method of characterization which can reduce wastage, cost
and time of samples and equipment preparation.

The mechanical properties of structural steel bars are
generally determined by conventional destructive testing
such as the tensile test [1-3]. However, it is important to
highlight that the tensile test demand more cost and time,
in addition to causing permanent deformation of the
material until its rupture, which makes impossible to

repeat measurements. It is also known that the results Another possibility to estimate the steel mechanical
obtained from the tensile test are greatly dependent on the properties by a single test can be found in the Ultrasonic
geometry and superficial condition of the samples, besides Technique. Ultrasonic testing has a great prominence for
the stress velocity [4]. relating propagation velocity measurements of ultrasonic

waves to some physical and mechanical properties of

On the other hand, the steels hardness is a property i
materials, such as Young’s modulus, shear, bulk, Poisson’s

which measure the resistance to plastic deformation. A
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ratio, acoustic impedance, anisotropy factor and hardness
[8-12].

With the advancement in knowledge of electronic
instrumentation, low-cost ultrasonic devices with high
level of reliability in measurements can be developed and
applied in study of mechanical properties of metallic and
non-metallic materials [13-15].

Ultrasonic pulse-echo and transmission techniques are
the most known methods for characterization and
inspection of metallic materials. The ultrasonic pulse-echo
technique uses a single piezoelectric transducer which is
capable of generating and detecting ultrasonic waves
propagated through the studied material [16]. On the other
hand, the ultrasonic pulse transmission technique utilizes
two piezoelectric transducers on opposite faces of the
material, one of them is responsible for generating and the
other for capturing the ultrasonic waves [17].

Recently, a group of researchers from the Graduate
Program of Computational Modeling and Systems at the
State  University of Montes Claros (PPGMCS/
UNIMONTES) has investigated the possibility of non-
destructive characterization of metallic alloys by using the
ultrasonic  transmission technique. Developing an
electronic system for emission and reception of signals it
was possible to verify the viability of this method with
interesting results obtained in 6061 aluminum, AZ31
Magnesium and AISI 1020 carbon steel.

Therefore, according to the above reports, this study
sought to characterize the elastic and mechanical
properties of CA-50 steel using the electronic ultrasonic
system developed by researchers from
PPGMCS/UNIMONTES. The structural CA-50 steel was
chosen for representing one of the primary civil building
inputs utilized in Brazil and also for considering the
scarcity of researches with ultrasound in this steel grade.

1. MATHERIAL AND METHODS
2.1 Characteristics of the sample

To carry out this study, was acquired a CA-50 steel bar
of 25 mm in diameter and 200 mm in length. According to
the manufacturer, this bar has a yield strength Ys > 500
MPa and a minimum ultimate tensile strength Ts > 540
MPa, which corresponds to an 8% increase in the yield
strength. CA-50 and TMT 500W structural steels present
similar chemical composition and mechanical properties
[1, 18, 19].

2.2 Calculation of the ultrasonic velocities

To calculate the velocities of ultrasonic waves
propagated through the bar, it was measured the travel
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time of the longitudinal waves with an ultrasonic
electronic system. In this system, which is based on the
ultrasonic transmission technique, the emitter and receiver
circuits were powered by symmetrical supplies of 30 V
and 12 V, respectively.

The emitter circuit was designed for generating pulses
with amplitude of 60 V and length of 400 ns
(nanoseconds), in time intervals of 5 ms (milliseconds).
The pulses were produced by a piezoelectric transducer of
longitudinal waves, model AW190, with 20 mm of
diameter and frequency equal to 2 MHz. Another
transducer of the same model was used to capture the
pulsed signal in the receiver circuit.

The captured signal in the receiver circuit was
amplified using an operational amplifier, model
THS4271D, designed to work from supply voltages
between + 5V and + 15 V. The electronic circuits and the
components utilized in the ultrasonic testing with the
transmission technique are shown in Figure 1.

B e T e —

emitter circuit

receiver transducer
bar (CA-50) Q

experimental
___table emitter transducer

Fig. 1: Set up of the experiment to generate and capture
ultrasonic signals

It is important to highlight that the receiver circuit
generates an amplified signal with a predefined gain at the
output, reducing interferences which may harm the
measurement process. Figure 2 shows the transducers
aligned at the CA-50 steel bar ends to carry out the
measurements.

Before carrying out the measurements, the bar ends
were polished. The bee honey, whose acoustic impedance
value Z; is 2.89 x 108 kg/m?s and density of 1360 kg/m?,
was used as the couplant material between the bar ends
and the transducers.

The signal measurements provided at the receiver
circuit output were accomplished using a digital
oscilloscope, model TBS1062 by Tektronix. The time
measured in microseconds between the emitted and
detected ultrasonic wave was observed on the oscilloscope
screen, as illustrated in Figure 3. Then, the average time
was calculated from three measures obtained by removing
and repositioning the transducers at the bar ends. All
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measurements were executed at an ambient temperature of
25 °C.

Fig. 2: Positioning of the transducers for emitting and
receiving the ultrasonic waves

M Pos: 21205 CURSORES

Fig. 3: Travel time of ultrasonic wave

The distance between the vertical lines displayed on
the oscilloscope screen represents the time spent by the
ultrasonic wave to travel along the bar length. In that way,
Equation 1 was considered to calculate the propagation
velocity of the longitudinal wave (V).

V, = ? €Y)

In which: L = bar length and t = travel time

The ratio between longitudinal and transverse
ultrasonic velocities is approximately 0.50 for most
metallic materials [16]. Thus, to estimate the value of the
transverse ultrasonic wave velocity (Vs) was used the ratio
Vs/VL obtained from the reference values for 1020 steel,
which are indicated in Table 1. This procedure was
adopted due the scarcity of information about the values of
ultrasonic velocities propagated through the CA-50 steel
and the similarity between chemical compositions of these
steels.

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 9(9)-2022

Table. 1: Ultrasonic velocities for the 1020 steel

Vi (mfs) Vs (m/s) Vs/ViL Reference
5890 3240 0.550 [20]
5899 3237 0.549 [21]

Therefore, it was possible to estimate the transverse
ultrasonic wave velocity (Vs) from the value of the
longitudinal velocity (VL) by using the Equation 2.

VS = 0'55VL (2)

2.3 Density determination

To determine CA-50 steel density, a cylindrical sample
was obtained from the bar by a conventional machining
process, whose approximate dimensions are of 22.10 mm
in diameter and 22.90 mm in height. The dimensions of the
cylinder were measured with a digital caliper and the
weight was determined using an analytical balance with a
resolution of 0.001 g. The bar and the cylindrical sample
are illustrated in Figure 4.

Fig. 4: CA-50 steel bar and cylindrical sample

The density (p) was calculated from the determination
of weight (kg) and volume (m?), described in Equation 3.
The calculated density of the CA-50 steel bar was
considered uniform, once the cylinder had constant inertia
and homogeneous weight distribution.

_ weight

p (3)

volume

2.4 Hardness measurements

To determine the Brinell hardness, a sample with 10
mm in thickness was cut from the cross section of the bar,
as illustrated in Figure 5. Afterward, the sample was
undergone Brinell hardness test (HB). The test was
executed according to the ASTM E10 standard, using the
HBW 2.5/187.5 scale and a 2.5 mm tungsten carbide ball.
The applied load was of 187.5 kgf. The average value HB
was obtained from four measurements performed on the
sample.
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Fig. 5: Sample for hardness test

2.5 Calculation of the elastic and physical properties

The elastic properties of the CA-50 steel bar were
calculated using the values of density (p), longitudinal
ultrasonic velocity (VL) and transverse velocity (Vs). Table
2 shows some elastic and physical properties which can be
described from the ultrasonic velocities and density values.
Among them are: Young’s modulus (E), shear modulus
(G), bulk modulus (B), Poisson’s ratio (Vv), acoustic
impedance (Z) and anisotropy factor (A.) [8, 12, 16, 22].

Table. 2: Equations for the elastic properties

Property Equation  Reference
3V2 — 4V2
E=py2 L "5 4 )
pVS ( VLZ_VSZ ) () []
G = pV? () (8l
B=p(Vi-— (6) [22]
(V2 —2v$)
=—= 7 8
Y= ATV (7) [8]
Z=pV, (®) [16]
Ay =——— 9 12
. (9) [12]

To calculate the anisotropy factor, the elastic constants
in Equation 9 were described as a function of the
ultrasonic velocities and the density of the bar, in which:
C11= pVi? Cuu=G = pVs? e Cip = C11 — 2C4s [23].

2.6 Calculation of mechanical properties

The ultimate tensile strength (Ts), yield strength (Ys),
modulus of resilience (Ur) and Brinell hardness (HB) were
calculated using the mathematical relationships proposed
in Table 3. Then, the found results were compared with
reference values reported in the literature and discussed
according the results of hardness HB measured.
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Table. 3: Equations for the mechanical properties

Property Equation  Reference
Ts = 0.66V, — 3194.29 (10) [24]
Ys =Ts/1.2 (11) [1]
(¥Ys)?
= 12 4
Ur =" (12) [4]
HB =Ts/3.45 (13) [4]

Equation 10 relate the ultimate tensile strength (Ts)
with the longitudinal velocity (VL) of the ultrasonic waves
propagated through cast iron samples [24]. Therefore, this
equation was utilized by the authors to verify its
application in CA-50 steel.

. RESULTS AND DISCUSSION
3.1 CA-50 steel density

Table 4 shows the density value calculated for the
CA-50 steel bar. The found result was approximately
7848 kg/m® and it is in accordance with the expectations.
For example, some authors report that the structural steels
with 0.24% of carbon can have a density of 7851 kg/m?®
[12]. In the same way, percentages of carbon around
0.24% are also observed in CA-50 steel.

Table. 4: Density of steel bar CA-50

Weight (kg)  Volume (10%m3)  p (kg/m3)
0.0690 8.7923 7848
Reference value [12] 7851

3.2 Velocities of ultrasonic waves for CA-50 steel

The calculated values of the longitudinal (V) and
transverse (Vs) ultrasonic velocities are presented in Table
5. The average travel time of the longitudinal ultrasonic
wave was 34 x 10°® s, which only a small variation in
values was observed caused by removing and
repositioning the transducers. Thus, the values V. = 5882
m/s e Vs = 3235 m/s were calculated for the CA-50 steel
bar. These results are very close to the ones reported in the
technical notes by Olympus for the 1020 steel, which are
Vi = 5890 m/s e Vs = 3240 m/s [20]. The approximated V.
values between these steels also indicates a suitable use of
the Equation 2 to estimate the Vs value.

Table. 5: Ultrasonic velocities for the CA-50 steel

Steel Time (10°s) Vie(m/s) Vs (m/s)

CA-50 34.00£0.01 5882 3235

1020 Reference [20] 5890 3240
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3.3 Elastic properties of CA-50 steel

Table 6 shows the elastic properties calculated for CA-
50 steel. The Young’s modulus (E) represents a
proportional relationship between stress and strain of steels
subjected to mechanical load, while the shear modulus (G)
is an important parameter to investigate the elastic
behavior of steels when there is a load applied over the
cross section [4]. Generally, carbon steel has E and G
values around 207 GPa and 83 GPa, respectively [4]. The
E value of 1020 steel, which has a chemical composition
similar to CA-50 steel, can vary between 210.98 GPa and
212.01 GPa, and the G value between 81.97 GPa and
82.41 GPa [25]. For TMT 500W, the Young’s modulus is
210.52 GPa at ambient temperature of 25°C [26].
Therefore, the calculated E and G values for CA-50 steel
are similar to those reported for structural steels in other
studies.

Bulk modulus (B) represents the stiffness to volumetric
deformation, whose values for carbon steel are around 160
GPa [27, 28]. The reference value also agrees with the
calculated result of B = 162 GPa for the CA-50 steel.

B/G ratio can be utilized to understand the ductile—
brittle transition of metallic alloys with cubic structure, in
which B/G < 1.75 for brittle materials and B/G > 1.75 for
ductile materials [29, 30, 31]. Thus, the achieved value of
B/G = 1.97 implies that the CA-50 steel bar presents a
ductile property, as expected.

Table. 6: Calculated properties: Young’s modulus (E),
Shear modulus (G), bulk modulus (B), Pugh’s modulus
(B/G), Poisson’s ratio (v) and impedance acoustic (Z)

E (GPa) G (GPa) B (GPa) B/G
211 82 162 1.97
v Ao Z (10° kg/m?s)
0.28 0.95 46.16

Poisson’s ratio (V) represents the relationship between
the transverse and longitudinal strains of materials. For
carbon steels, v values can vary from 0.28 to 0.30 [4, 28].
Hence, the calculated result of v = 0.28 for CA-50 steel are
in the range of expected values for most carbon steels.

For perfectly isotropic materials the elastic anisotropy
factor (Ao) is adopted as 1 [32]. For high-resistance, low-
carbon structural steels the anisotropy value can vary
between 0.90 and 1.2 [33]. In this case, the CA-50 steel
presents isotropic features as indicated by the calculated
value of A, = 0.95.

Acoustic impedance (Z) can be described as the
opposition the passage of acoustic wave energy through a
material [16]. This property can be calculated by the
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product between density and longitudinal ultrasonic
velocity, as shown in Equation 8. Usually, the Z value
adopted for carbon steel is 45 x 10¢ kg/m?s [16]. For 1020
steel, this value is around 45.56 x 10° kg/m?s [34]. As
observed, the reference values are close to the result for the
CA-50 steel, which was Z = 46.16 x 10° kg/m?s.

3.4 Mechanical properties of CA-50 steel

The calculated values of the CA-50 steel mechanical
properties are presented in Table 7. From Equation 10 an
attempt was made to estimate the ultimate tensile strength
(Ts) using the Vi value. As a result, it was found a Ts value
of 688 MPa, approximately.

Table. 7: Mechanical properties for the CA-50 steel
Ts (MPa) Ys(MPa) Ur (MPa) HB
668 557 735 199

According to the manufacture of the CA-50 steel bar,
the minimum Ts value must not be less than 540 MPa. For
the TMT 500W steel, which is similar to CA-50 steel, the
Ts value may vary from 661 to 703 MPa [27]. However,
lower values between 602 and 665 MPa can be found [1].
For this reason, the suggested result of Ts close to 668
MPa agrees with the range of values found for TMT 500W
steels.

The Yield strength (Ys) in TMT 500W steels can be
estimate by applying Ts in Equation 11. Using this
procedure, a Ys value close to 557 MPa was obtained for
CA-50 steel. The Ys value in TMT 500W steel can vary
between 500 and 550 MPa [1]. Higher values can be
observed in some cases, which are between 526 and
590 MPa [27]. Therefore, the calculated result of Ys is also
similar to those found for TMT 500W steels.

Modulus of resilience (Ur) was calculated by applying
the Ys and E values in Equation 12. Thus, the found Ur
value was approximately 735 MPa. Average values of Ys =
559.77 MPa and E = 204.88 MPa are related for TMT
500W steel [27]. Using these values, it can be calculated a
result of Ur = 765 MPa for TMT 500W steel, which is not
divergent from the one found for the CA-50 steel.

As regards CA-50 steel hardness, the estimated value
applying Ts in Equation 13 was 199.42 HB. This value was
confirmed by the hardness test, whose average result
obtained from the CA-50 steel sample was 200.25 HB +
0.5 HB. This result indicates a good estimation of the Ts
value by the mathematical model presented in Equation
10.
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(AVA CONCLUSION

The results of this study showed the possibility of
characterizing the elastic and mechanical properties of CA-
50 steel with an electronic system that consists of the
ultrasonic transmission technique. The values of the
properties calculated with the equations proposed for
isotropic materials were very close to the reference values
reported in the literature, attesting to the feasibility of the
non-destructive method used.

Regarding the mechanical properties, the mathematical
model used to estimate the tensile strength of cast iron
seems to be suitable for studying the mechanical properties
of CA-50 steel in the as-received condition. This
hypothesis was reinforced after a comparative analysis
between the calculated and measured HB hardness values
in the CA-50 steel sample.
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