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This research studied the relationship between the ultrasonic characteristics and the mechanical properties
of tempered CA-15 martensitic stainless steel (MSS). The results show that, for as-quenched specimens, a
chromium carbide film at the martensitic boundary of the as-cast specimen will disappear causing a change
in the mechanical properties (e.g., the tensile strength is decreased or the hardness and the toughness are
increased). For the tempered MSS, the correlation of the ultrasonic velocity and the tensile strength,
hardness, and toughness is not obvious. However, there is a highly positive correlation with the elastic
modulus (E) of the material. For the ultrasonic attenuation evaluation, the attenuation coefficient (�) has
a positive correlation with the tensile strength and the hardness, while there is a negative correlation with
the toughness and the elongation. Also, a higher-frequency probe would cause the better sensitivity, but the
data are relatively dispersed.
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1. Introduction

Martensitic stainless steel (MSS) possesses excellent high-
temperature strength and corrosion resistance and is widely
used in highly stressed parts, such as turbines and gas distribu-
tor heads.[1] In general, MSS needs to be heat treated by aus-
tenitizing and tempering processes to achieve the desirable
mechanical and corrosion properties. Ultrasonic techniques are
used not only to detect discontinuities, such as voids, cracks,
inclusions, and precipitates,[2-5] but are also used to evaluate
such characteristics of a material as microstructure, grain size,
and residual stress.[6-10] The velocity and attenuation of sound
waves are commonly used for such purposes.

The velocity of an ultrasonic wave as it propagates through
a solid material is affected by the elastic modulus (E), the
density (�), and Poisson’s ratio (�). The relationships among
these properties and the longitudinal or transverse velocity of
the ultrasonic wave (i.e., VL or VT, respectively) can be ex-
pressed as follows[11]:

VL =� E �1 − ��

��1 + ���1 − 2��
(Eq 1)

VT =� E

2� �1 + ��
(Eq 2)

Equations 1 and 2 imply that the acoustic speed is a constant
value and thus is characteristic of a material in a specific state.
That is to say, a microstructural change in the material can
cause an alteration of the ultrasonic velocity.

When an ultrasonic wave travels through a solid object, its
amplitude (A) or its intensity (I) will decay exponentially with
respect to the distance (X) of the sound propagation.[11] The
relationship can be written as

A = Ao exp �−� X�, or I = Io exp �−� X� (Eq 3)

where Ao and Io are the initial sound amplitude and the inten-
sity, respectively. The attenuation coefficient (�) can be further
described by[2,11]

�� f � =
20�log�A1�A2� + 2 log R�

2d
(Eq 4)

where �(f) is in decibels per millimeter, A1 and A2 are peak
amplitudes of the first and second transmitted pulses in milli-
meters, and d is the test specimen thickness in millimeters. The
term R, the reflection coefficient of the coupling plane, is equal
to (1 − �)/(1 + �), and � is the acoustic impedance of the
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coupling plane. The attenuation coefficient of the ultrasonic
wave is affected by absorption (i.e., influenced by dislocation
damping, magnetic resistance, and thermal elasticity) and scat-
tering (i.e., influenced by grain boundaries, voids, inclusions,
second-phase particles, and cracks).[8] The attenuation coeffi-
cient is also a function of detector frequency.

It is important to understand the relationships between the
ultrasonic characteristics (velocity and attenuation) and the me-
chanical properties of MSS, tempered at various temperatures

such that the mechanical properties of the material can be
evaluated by nondestructive ultrasonic techniques.

2. Experimental Procedure

2.1 Material and Heat Treatment

In this study, 32 mm thick, CA-15-cast MSS plates pro-
duced by a regular foundry were used as the experimental
material. The chemical composition (wt.%) of the material was

Fig. 2 SEM and EPMA scan of the experimental material: (a) as-cast; (b) as-quenched; (c) tempered at 400 °C; and (d) tempered at 600 °C
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analyzed by emission spectroscopy as follows: Fe-0.14 C-0.34
Si-0.33 Mn-12.1 Cr-1.02 Ni-0.017 P-0.001 S. This chemistry
conformed to the CA-15 nominal chemical specifications.
Various specimens for mechanical testing and ultrasonic evalu-
ation were machined from the cast plates and then were heat
treated to different schedules. The heat treatment procedure
involved austenitizing, quenching, and tempering, as shown in
Fig. 1.

2.2 Mechanical Testing and Microstructural Analysis

Hardness testing of the samples was performed using a
Vickers hardness tester (30 kg load). Five hardness readings

were taken and averaged for each specimen. Tensile tests were
carried out using a dynamic testing machine (MTS model 810
MTS Systems Corporation, MN). Specimens for tensile testing
were machined according to the subsize tensile specimen of the
ASTM E 8M standard.[12] Impact tests were carried out using
a Charpy impact tester. Specimens for impact testing were
machined according to the V-notch impact specimen of the
ASTM E 23 standard.[13] Three tests were performed, and the
results were averaged to represent the tensile strength, elonga-
tion, and impact toughness of the experimental material in each
heat-treated condition.

Scanning electron microscopy (SEM), electron probe mi-
croanalysis (EPMA), and transmission electron microscopy
(TEM) were used to examine the microstructure of the mate-
rial. The specimens were polished and etched with Vilella’s
reagent (5 mL HCl + 1 g picric + 100 mL ethanol) for SEM and
EPMA observations.

2.3 Ultrasonic Measurement

An ultrasonic A-scan pulsing instrument was attached to a
gate monitor (model USIP12 with DTM 12 attachment, Kraut-
kramer, Branson, PA) for ultrasonic measurement of the ve-
locity, and for the first and second pulse peak amplitudes (i.e.,
the values A1 and A2 used in Eq 4) for attenuation coefficient
calculations. Ultrasonic probes with frequencies of 1 and 5
MHz were used, and commercial motor oil was adopted as the
coupling agent for the ultrasonic contact-type testing in these
experiments. A longitudinal wave was propagated through the
sample to evaluate the acoustic characteristics at the same po-
sition before and after heat treatments. Five ultrasonic readings
of each specimen were taken and averaged to represent the data
obtained.

3. Results and Discussion

3.1 Microstructure and Mechanical Properties

Microstructure of the experimental as-cast material mainly
consisted of martensite and ferrite phases in the matrix along
with chromium carbide films around grain boundaries (Fig.
2a). The carbide films were effectively eliminated by austen-
itizing at 1010 °C for 4 h followed by quenching, as shown in
Fig. 2(b). Figure 2(c) shows the micrograph of the sample
tempered at 400 °C. The microstructure was obviously unal-
tered, but the Cr content at the grain boundary of the marten-
sitic phase had increased. Furthermore, ferrite islands started to
precipitate in the martensite grains. After tempering at 500 and
600 °C, Cr and C were found to be uniformly dispersed in the
matrix. Figure 2(d) shows micrographs of the sample tempered
at 600 °C, at which point ferrite islands have precipitated in the
martensite grains.

The mechanical properties of the material after different
tempering treatments are listed in Table 1 and are illustrated in
Fig. 3. After austenitization and quenching, the hardness and
impact toughness were higher than those of the as-cast sample,
but tensile strength was lower. The reason is that Cr carbides
dissolve in the matrix for the austenitized specimens causing a
hardness increase in the material. The increase of impact
toughness resulted from the disappearance of boundary car-
bides, which could dominate the intergranular fracture in the

Table 1 Mechanical properties of the experimental
materials

Heat
treatment

Hardness,
HV

UTS,
MPa

Elongation,
%

E,
GPa

Impact
toughness, J

As-cast 289 1017 5.0 206 4.5
As-quenched 322 907 10.5 148 15
Tempered

200 °C 316 980 11.5 149 17
300 °C 354 1043 9.2 150 7.5
400 °C 358 1048 6.8 159 6
500 °C 296 824 15.6 168 16
600 °C 252 706 28.8 185 31

HV, Vickers hardness; UTS, ultimate tensile strength; E, elastic modulus

Fig. 3 Effect of the tempering treatment on the mechanical properties
of the experimental material: (a) tensile strength and elongation; and
(b) hardness and impact toughness
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matrix. However, due to the boundary carbide effect and
the retarded microcrack propagation being nonexistent, a
reduction in tensile strength resulted. After tempering at
300-400 °C, secondary hardening/strengthening occurred
for the material as a result of tiny carbides precipitating at
the grain boundaries. These carbides can be seen clearly in
the TEM micrographs (Fig. 4). This caused tempering mar-

tensite embrittlement (TME) and led to a reduction in im-
pact toughness. After 500 and 600 °C tempering, the hard-
ness and tensile strength of the material decreased, while the
impact toughness increased, as a result of the softening of the
matrix.

3.2 Interrelation of Ultrasonic Velocity and Mechanical
Properties

The ultrasonic characteristics from various tempered
specimens are listed in Table 2. Figure 5(a-d) illustrates the
relationship between ultrasonic velocity and mechanical
properties. From these figures, it is clearly seen that the data
were quite scattered and that no particular relationship exists
among ultrasonic velocity hardness, toughness, or tensile
strength. However, it is interesting that there was a dis-
tinct positive correlation (correlation coefficient >0.85)
between the ultrasound velocity and the E of the specimens
(except for the as-cast sample). These results are shown in
Fig. 6. The E of the material was changed by tempering treat-
ments, and the ultrasonic velocity increased with an increase in
E. Also, the as-cast sample possesses a higher value of E than
that of the tempered samples and results from the carbide films
at the grain boundaries retarding the elastic deformation of the
material in the linear elastic strain region.

Incidentally, for detection with the 1 MHz probe, the
variation of ultrasonic velocity was similar to that of the
5 MHz probe. However, the ultrasonic velocity at 1 MHz
was higher than that at 5 MHz. The reason for this is yet
unknown.

3.3 Interrelation of Ultrasonic Attenuation and Mechanical
Properties

Figure 7 depicts the relationship between the ultrasonic at-
tenuation coefficient � and the mechanical properties. The as-
cast specimen showed substantial acoustic attenuation com-
pared with the heat-treated specimens, and this might have
resulted from the carbide films at the grain boundaries causing
a scattering of the acoustic wave. Therefore, despite the anoma-
lous behavior of the as-cast specimen, linear equations were
derived and are shown in Fig. 7. It can be clearly seen that
strength and hardness are positively correlated with the attenu-

Fig. 4 TEM micrographs of the sample tempered at 400 °C: (a)
beaded boundary carbide; and (b) stringed carbide

Table 2 Ultrasonic velocity and attenuation of the
experimental materials

Heat
treatment

1 MHz 5 MHz

Velocity,
m/s

Attenuation,
dB/mm

Velocity,
m/s

Attenuation,
dB/mm

As-cast 5912 0.07340 5889 0.15380
As-quenched 5879 0.04971 5877 0.12455
Tempered

200 °C 5898 0.05146 5883 0.12419
300 °C 5916 0.05204 5891 0.13671
400 °C 5917 0.05017 5896 0.13441
500 °C 5928 0.04929 5898 0.12753
600 °C 5945 0.04673 5919 0.10899
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ation coefficient, while toughness and elongation are nega-
tively correlated with it. Correlation coefficients of all the lin-
ear equations were >0.8. This correlation implies that the
attenuation coefficient plays an important role in evaluating the
mechanical properties of the material. Table 3 shows the cor-
relation equations for relationships between the ultrasonic at-
tenuation coefficient and various mechanical properties and
provided the formula for the evaluation of mechanical proper-
ties based on the nondestructive ultrasonic attenuation data. In
addition, the higher the ultrasonic frequency, the higher the
attenuation coefficient obtained. However, it also resulted in
greater scatter of the attenuation data.

4. Conclusions

The purpose of this research was to derive relationships
among the ultrasonic characteristics and mechanical properties
of tempered CA-15 MSS. The following conclusions can be
made:

Fig. 6 Relationship between the ultrasonic velocity and the E of the
experimental materials, under different frequencies (r is the correlation
coefficient)

Fig. 5 Relationship between the ultrasonic velocity and the mechanical properties of the experimental materials, under different frequencies: (a)
hardness; (b) tensile strength; (c) elongation; and (d) impact toughness
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• The microstructure of the material consisted mainly of
martensite and ferrite with carbide films around the mar-
tensite interphase boundaries. These carbide films retarded
microvoid propagation (i.e., increased the strength) during
tensile testing but caused grain boundary embrittlement
(i.e., reduced the toughness) during impact testing and
distinctly scattered and attenuated the propagated acoustic
waves.

• The ultrasonic velocity of the wave in the samples, except
for the as-cast material, was positively correlated with the
E. The relationship between the ultrasonic velocity and the
mechanical properties was not obvious.

• The attenuation coefficient was positively correlated with
the strength and the hardness of the material, but was
negatively correlated with the toughness and elongation.

• For ultrasonic characteristic evaluation, the higher fre-
quency (5 MHz) probe, compared with the 1 MHz probe,
had better sensitivity, a higher attenuation coefficient (�),
and a lower velocity value. However, using this probe
resulted in relatively dispersed data.
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