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Ultrasonic non-destructive evaluation of porosity in particle-reinforced metal
matrix composites with mean grain size
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The ultrasonic pulse echo method is widely used for non-destructive evaluation of properties of alloys and composites and
monitoring of internal damage; however, important characterization parameters such as the pulse echo method for ceramic-
metal composites are still unknown. Therefore, in this article, the porosity dependence of transverse and longitudinal sound
wave velocities, hardness values, mean grain sizes, densities, elastic (Young’s) modulus were statistically examined in isotropic
porous Ni-Fe-WC ceramic-metal composites prepared by powder metallurgy method. The results show that metal and
ceramic powders taken in different proportions have various morphologies and complex internal structures, which greatly
affects the homogeneity of the longitudinal wave velocity ranging between 4827-6766 m/s and the transverse wave velocity
varying between 2176-4198 m/s, and they also It shows that the ultrasonic pulse velocity in the Ni-Fe-WC composite is the
main reason for the dispersion effect. It was observed that porosity decreased as ultrasonic wave speed, Young’s modulus,
density, average grain size values increased and hardness values decreased. It has also been clearly seen that the porosity,
hardness, mean grain size, density and ultrasonic wave velocity of the Ni-Fe-WC composite are strongly related to the
sintering temperature. It is concluded that ultrasonic sound wave with ultrasonic pulse echo method is a promising candidate
for quantitative non-destructive evaluation of porosity of additive manufacturing components.

Keywords: Porosity, Ultrasonic wave velocity, Hardness, Mean grain size, Young’s modulus.

Introduction in metallographic studies: round pores, long and wide

pores, long and cracked pores, and small, cracked pores

Today, the most reliable metal matrix composites [17, 18]. It is well known that this porosity, unevenly
(MMCs) are based on composites and alloys reinforced distributed throughout the composite material, leads to
with heat- and wear-resistant ceramic and intermetallic a detrimental reduction in composite strength [19, 20].
particles, with different high strengths and hardnesses [1- Therefore, quantitative nondestructive testing of porosity
4]. Nickel coating on ceramics powders can significantly in metal and ceramic matrix composites prepared by
improve the sintering and microstructure properties different methods and their subsequent relationship with
of ceramics. It can expand the application areas of mechanical tests are of great scientific and practical
ceramics, but attention should be paid to the coating importance. The results of the studies obtained together
process and application conditions to ensure optimum are very useful for predicting the material behavior of
properties [5-14]. One of the important factors affecting composite materials and evaluating their durability, that
the mechanical properties of ceramic and metal matrix is, their service life. Ultrasonic inspection method, which
composite materials is porosity in the microstructure. is one of the important methods of non-destructive testing
Porous structures are encountered in nature and in many methods, is a method where the material can be examined
engineering applications. Porosity affects a material’s volumetrically and the type, size and location of defects
mechanical properties, thermal properties (especially can be determined. Nowadays, ultrasonic examination
heat transfer), and corrosion and mechanical wear is mostly performed with the pulse echo technique [21,
behavior due to the materials present in the environment 22]. The velocity of the ultrasonic wave propagating
[15, 16]. In ceramics, alloys and composite materials, within the material depends on the microstructure, thus
porosity is also important depending on the area in the material, pore rate, density, sintering temperature
which it is used. Table 1 shows the development and and time, powder type, sintering atmosphere and other
characteristics of pores, which are divided into four types variables. Relationships can be established between
the propagation velocity of the ultrasonic wave in the
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Table 1. Four different pore types, development and characterization of pores by Chen et al. [5].

Types of pores Round pores

Long, broad pores

Long, fissured pores Small, fissured pores

A

Solidification
process and bubble
formation

Pore morphology
in the structure

* Precipitation in the
liquid melt or in
the beginning of

Characterizations solidification. growing bubbles and
* Unrestricted bubble dendrites.
growth. * High to medium H,
* High H, concentration concentration.
required.

» Bubble formation with
still high liquid fraction.
e Arrangement between

* Bubble formation
during formation of the
dendrite network.

* Bubble expansion
limited by still open
melt channels.

* Medium to low H,
concentration.

* Precipitation shortly
before the end of
solidification.

* Shape and size of pores
determined by closed
interdendritic spaces.

* Low H, concentration.

velocity of ultrasound, as voids and pores in the material
structure are very effective scatterers of ultrasonic waves
[24-26]. Nowacki [27] clearly presents the possibility
of determining the steel structure by applying a direct
method based on the dependence between steel grain size
and some ultrasonic wave parameters. Bindumadhavan
et al. [28] show that ultrasonic velocity measurement in
particulate composites can provide sufficient information
about the particle-porosity relationship in the composite.
Liu et al. [29] systematically studied the effects of
ultrasonic vibration of different strengths on the porosity,
microstructure development and mechanical properties.
Thus, in this study, ultrasonic pulse technique was
used to examine the relationship between porosity and
mean grain size and mechanical properties of composite
materials through experiment. Changes in the Young’
modulus, ultrasonic longitudinal and transverse velocity
values of a heat-treated material at a certain temperature
were observed and were correlated with the mean
grain size and porosity. WC-containing metal matrix
composites (MMK), one of the advanced engineering
materials, constitute a very important part of the cutting
tool material industry [30]. In this study, the effect of
different amounts of Fe and Ni additives as binder
phases on microstructure and mechanical properties
was investigated. XRD analysis and scanning electron
microscope (SEM) photographs of Ni-Fe-WC composite
materials were used to express the existence of the
interaction between pores, mean grain size and ultrasonic
measurements. Such a study could have significant
significance in the ongoing development of advanced
materials design. In Section 2, the production of metal
matrix composite samples using the powder metallurgy
technique is mentioned. Based on the theory of internal

structure of the material, such as porosity, grain size
and hardness are introduced in Section 3. In Section
4, ultrasonic theory, one of the non-destructive testing
methods, is introduced. The effects of pore length, pore
width, porosity, and intrinsic porosity on the mean grain
size parameter based on SEM photographs are discussed
with graphs in Section 5. Conclusions are drawn in
Section 6.

In this study, we investigate the effect of porosity on
the mechanical properties and phase-velocity distribution
of longitudinal and transverse ultrasonic waves in
particulate MMCs.

Experimental Procedures

Sample Preparation

Five nominal powder compositions shown in Table 2
were used in the study: 53.33Ni-30Fe-16.67WC, 55.55Ni-
31.11Fe-13.34WC, 57.55Ni-32.2Fe-10WC, 60Ni-33.3Fe-
6.66WC and 62.3Ni-34.44F¢-3.33WC (wt%) was mixed
directly by powder metallurgy process, respectively. The
particle size of all metallic and ceramic powders used in
the study is -325 mesh.

Table 2. The nominal compositions of Ni-Fe-WC composites.
Composition (wt.%)

Symbol  Composite

Ni Fe WC
A Ni-Fe-WC 53.33 30 16.66
B Ni-Fe-WC 55.55 31.11 13.33
C Ni-Fe-WC 57.55 322 10
D Ni-Fe-WC 60 333 6.66
E Ni-Fe-WC 62.3 34.44 3.33
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Pressing direction
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Fig. 1. Schematic image of (a) metal cylindrical mold and (b)
composite sample used in the cold pressing process of composite
powders.
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WC (tungsten carbide) powder with 99% purity and
Ni (nickel) powder with 99.8% purity (metal-based)
were obtained from Alfa Asear, and Fe (iron) powder
with 97% purity was obtained from Sigma Aldrich.
Powders taken in certain proportions by weight were
mixed in a mill rotating at 20 rpm for 24 hours to obtain
a homogeneous mixture. After the mixing process, the
mixtures were cold pressed using a hydraulic press in the
form of cylindrical samples (30 mm % 7 mm) at 305.9 kg/
cm’ pressure at room temperature (Fig. 1) and then left
for natural cooling at 1400 °C in an Argon atmosphere
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for 2 hours. It was carried out using a RONTEC QX2
brand and model detector and a LEO 1430 VP model
scanning electron microscope (SEM) device equipped
with energy dispersive X-ray spectroscopy (EDX)
to analyze micromorphology and composition. Also,
the mean grain size was analyzed from SEM images.
Phase identification and X-ray diffraction analyzes were
performed with the Shimadzu XRD-6000 device.

2 3
53Ni-30Fe-16WC 1400°C H

EHT=2000kV

Signal A = SE1
WD = 26mm

Mag= 100K X

EHT = 20,00 KV 57Ni-32Fe-10WC 1400°C

{23k Signal A = SE1
WEE WD = 26 mm
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Analysis of Microstructural Properties

X-ray diffraction results

X-Ray Diffraction analysis of the A, and E
compositions of the compositions consisting of Fe-Ni-
WC elements was performed at 1400 °C. In sample A,
peaks belonging to Fe, Ni, WC, FeNi, Ni;Fe and W
phases were determined. It is the sample with the highest

Mag= 300KX
EHT = 20.00 kV

Mag= 300KX
EHT = 20.00 kV

60Ni-33Fe-6WC 1400°C

Mag= 200K X
EHT = 20.00 kV

G62Ni-34Fe-3WC 1400°C

Fig. 3. Scanning Electron Microscopy image of (a) A sample, (b) B sample, (c) C sample, (d) D sample, (¢) E sample.
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WC ratio in the composition. The average hardness of
this sample was measured as 83.63HV. At the same
time, the porosity rate is higher than other samples. It
can be said that the lack of clear grain boundaries is
due to porosity.

X-Ray Diffraction analysis was performed for
composition E. In sample E, peaks belonging to Ni, WC,
FeNi, NisFe and FeO phases were determined. It is the
sample with the lowest WC ratio. The average hardness
of this sample was measured as 51.41HV. Sintering was
observed to be better in composition E and particle sizes
were measured to be higher than other compositions.

SEM images and Grain Size

A Zeiss brand LEO 1430 VP model scanning electron
microscope (SEM) operating at 20 kV voltage was used
to examine the particle size, particle size distribution and
surface morphology of the compounds. From the images
obtained, two-dimensional detailed information about the
grain size and the arrangement of the particles can be
obtained at both micro and nano scales.

The images obtained from SEM in Fig. 3 belong to
samples A, B, C, D, and E, respectively. It is seen that
sample A has a porous structure. At the same time,
the grain size in the samples of this composition was
measured to be around 30-34 um. This measured value
was determined to be smaller than other samples. Grain
boundaries are clearly visible in the SEM image of
sample E. In sample E, the grain size was measured
around 58-69 um. In this sample, grain growth played
an important role in reducing porosity and making
grain boundaries clear. Grain coarsening was measured
in samples B, C, D. Accordingly, decreases in porosity
were observed. In order to minimize the error, the mean
grain size values were averaged while examining more
than one SEM image of each composite obtained, and
one SEM image was given as an example in the study.

Porosity and Hardness
The microhardness values of the samples were

Fig. 4. Experimental setup of pulse-echo ultrasonic testing.

measured with the METTEST-HT (Vickers) brand
microhardness tester using Vickers hardness at a load
of 0.5 kg. At the same time, the mean hardness values
of Ni-Fe-WC composite samples are the hardness values
taken from 10 different regions.

Ultrasonic Measurements of Ni-Fe-WC
Composite

An experimental study was conducted to characterize
Ni-Fe-WC composite materials using ultrasonic pulse
echo techniques. The longitudinal and transverse wave
velocities of the composite samples and the Young’s
modulus values calculated depending on these velocities
and density were also measured. A broadband longitudinal
transducer with a central frequency of 2 MHz and
an element diameter of 10 mm was used to generate
longitudinal ultrasonic waves. A broadband transverse
transducer with a center frequency of 4 MHz and an
element diameter of 14.5 mm was operated to induce
transverse ultrasonic waves. The velocities of ultrasonic
waves in a sample are determined by measuring the
delay time (At) between the first and second sub-signals
and the distance traveled between the two back wall
echoes, 2S, twice the sample thickness [31, 32]:

.

14
At

)

The pulse/receiver unit for all ultrasonic testing of
Ni-Fe-WC composite samples prepared by powder
metallurgy method was Sonatest Sitescan 150s, as
shown in Fig. 4. In order to ensure the accuracy of the
measurements made during ultrasonic examination, it
was preferred that the sample surfaces were smooth and
smooth. Sonatest sonagel-W, which can be used on all
kinds of surfaces, was used to form a binder between
the sample surface and the transducer. The velocity at
which the wave moves from one point to another in
a sound environment, that is, oscillatory movements in
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Table 3. Density, porosity, hardness, means grain size, Young’s modulus, longitudinal and transverse velocity values for Ni-Fe-WC

composite samples at the same sintering temperature.

Ahmet Yonetken and Vildan Ozkan Bilici

Composite UltrE.iSOI’?iC Ultrasonic E Mean Grain Hardness Porosity Density
Samples Longitudinal Transverse (GPa)  Size (um) (HV) (%) (glen’)
Velocity (m/s) Velocity (m/s)

A 4827+94.5 2176+136.3 99.74 12.18 83.63 20.99 7.672

B 5195+86.9 2523+59.5 142.93 29.62 75.05 12.83 8.343

C 5246+46.7 2610+40.7 150.56 72.50 72.18 11.96 8.276

D 5696+90.5 3122+108.8 196.60 91.86 65.45 10.23 7.847

E 6766+58.9 4198+75.2 337.88 106.18 5141 8.54 8.027

a mechanical system, depends on the interaction, mass
and structure of the medium. Elastic theory shows that
sound wave velocities in an infinitely large solid medium
can be expressed as a function of Young’s modulus (E)
and density (p) [33]. The relationships are shown below:

3V —4p?
E=pyi=—t " 2
PV )

where V; is the longitudinal wave velocity (m/s), V5 is
the transverse wave velocity (m/s), p is the bulk density,
E is the Young’s (elastic) modulus (GPa).

Results and Discussion

Porosity in Ni-Fe-WC composite samples produced
with different amounts of reinforcement has been
associated with ultrasonic and mechanical properties.
These are the relationship between standard metallographic
technique (mean grain size using SEM microscopic
observation)-porosity, ultrasonic technique (ultrasonic
wave velocity- and Young’s modulus)-porosity,
mechanical properties (hardness- and density)-porosity
(Fig. 5). In this study, the mean grain size, hardness,
porosity and density values obtained for the material
characterization of the ceramic-metal composite samples
produced, as well as both longitudinal and transverse
ultrasonic wave velocities and Young’s modulus values
examined by ultrasound method, are shown in Table 3.
The velocity of the ultrasonic wave propagating in the
part depends on the microstructure, thus the material,
pore rate, density, sintering temperature and time,
powder type, sintering atmosphere and other variables.
Increased porosity in Ni-Fe-WC composites, depending
on the composition, generally leads to a decrease in
mechanical properties such as Young’s modulus due to
factors such as decreased density, stress concentration,
interface weakness, and changes in microstructure.
Understanding these mechanisms is crucial to optimize
the performance of these composites in their application
areas. It is seen that sintering is not fully realized
depending on the composition in Ni-Fe-WC composites.
It was determined that porosity was at its highest value
with 20% in A samples. It is understood that the

hardness value increased and a brittle structure was
formed in A samples. It is also seen in X-ray analysis
that WC ceramic particles and metal Fe-Ni particles do
not form a new phase. SEM images also support this. In
E samples, the formation of especially Fe-Ni and FeNi;
phases changed the microstructure.

Figure 5 shows the polynomial fit of Ni-Fe-WC
composites based on porosity corresponding to ultrasonic
wave velocity, Young’s modulus, mean grain size,
hardness and density. As it is known, the polynomial
regression method is used when the relationship between
variables is not linear. In cases where linear regression
is not sufficient, polynomial regression provides good
modeling by interpreting the data obtained as a result
of the analysis and ensuring a high level of perception
of the predicted situations. It shows that the polynomial
function provides a better fit than the linear function;
hence, the polynomial function is used to characterize
the relationship between Ni-Fe-WC composite samples
and porosity with higher reliability. Fig. 5a shows the
relationship between longitudinal and transverse sound
velocity and porosity of Ni-Fe-WC samples at 2 and 4
MHz, while Fig. 5b represents the relationship between
Young’s modulus and porosity calculated with ultrasonic
sound velocities and intensity values. It can be easily seen
that the velocity of sound is inversely proportional to the
porosity of the sample; that is, the higher the porosity,
the slower the sound wave propagates. Experimental
results also show the linear variation of velocity with
porosity content. The obtained numerical results also
show changes in delay and amplitude depending on
porosity content and pore size. In porous ceramic-metal
composites, ultrasonic wave velocity varies depending
on the amount, size and size distribution of pores [34].
It is stated that ultrasonic wave velocities and Young’s
modulus decrease due to the increase in the amount of
pores [35-37].

Graphs showing the relationship between grain size,
hardness, density and porosity are shown in Figs. Sc,
5d, 5e and 5f. Porosity and grain size are important
factors affecting hardness. Considering the same sintering
temperature and sintering condition, we can say from
the results and SEM images that there is an improved
densification and a lower porosity appears. At the
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Fig. 5. Porosity dependencies of (a) ultrasonic wave velocities, (b) Young’s modulus, (c) mean grain size, (d) hardness, (e) densities
in Ni-Fe-WC composite samples with different reinforcement particle contents and (f) the interdependence of hardness and mean

grain size.

sintering temperature of 1400 °C and taking into account
the changing composition ratios, it was concluded
that grain boundary shifting and grain rotation along
with the rearrangement of WC particles embedded
in the iron and nickel metal matrix were the main
densification mechanisms. It shows that porosity has a
strong dependence on sintering temperature. An increase
in the mean grain size with sintering temperature was
accompanied by a decrease in the mean pore size, thus
decreasing the porosity due to the process of sintering
densification, which resulted in the gradual occupation
of the pores by Ni and Fe grains. This is attributed to
grain growth occurring at 1400 °C. At the same time,

reinforcement of nickel is more effective in terms of
interface stability and wetting. As the porosity within the
structure decreased, the hardness values also decreased.
As a result of the experimental study, in the materials
produced by cold pressing, the density was higher, the
porosity was lower, the pore size decreased thanks to
the liquid phase formed with the increasing sintering
temperature, and densification occurred faster and more
effectively. Additionally, it was observed that there was
a decrease in hardness depending on the amount of
porosity remaining in the structure. When SEM images
are examined at 1400 °C sintering temperature, it is seen
that the most appropriate sintering occurred in samples D
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and E due to tungsten carbide and the grain boundaries
are clear. Looking at the graph in Fig. 5f, there is a
linear relationship between the variables (hardness and
mean grain size). It explains how hardness and mean
grain size are interconnected and what effect they have
on each other. As it is known, increasing porosity also
affects material density. In the light of research, it can
be evaluated how the pore structure changes structurally
as the density changes. In this study, micro photographs
of Ni-Fe-WC ceramic-metal composites of different
densities were used to determine the pore structure,
and its dependence on porosity and the approximate
increase in density that varies inversely with porosity
were discussed (Fig. Se).

Generally, Fig. 5 shows the variation in porosity of
ceramic-metal composite according to the percentage
of Ni, Fe, and WC powders. As seen from the figure,
the porosity of Ni-Fe-WC ceramic-metal composite is
about 8.54%-20.99%, which is linearly and positively
related to the percentage of Ni, Fe and WC powders. In
comparison, it is found that the distribution points cluster
around the curve as the percentage of Ni and Fe powders
increases and the percentage of WC powder decreases.
The higher the degree of strength and hardness, the
more pronounced is the positive correlation that exists
between porosity and the percentage of Ni, Fe and WC
powders, which is similar to the correspondence between
ultrasonic wave velocities of the Ni-Fe-WC ceramic-metal
composite and the percentage of Ni, Fe and WC powders
(Fig. 5). This also shows that as the strength degree
improves, its porosity within the structure decreases,
and with the increase of the percentage value of Ni and
Fe, their influence on the porosity of the ceramic-metal
composite gradually becomes the dominant factor.

Conclusion

Ni-Fe-WC ceramic-metal composite samples were
produced by sintering at a constant temperature using
the direct mixing method, with different porosity values
ranging from 8.54% to 20.99%. Ultrasonic induced
longitudinal and transverse sound wave velocity,
Young’s modulus, were used for porosity evaluation in
a non-destructive manner. The conclusions can be drawn
as follows:

(1) Ultrasonic wave velocity has a significant effect
on porosity. The total number of pores and pore size
show an almost linear increase in Ni-Fe-WC composite
samples. Accordingly, as the porosity increases, the
mean grain size, ultrasonic wave and Young’s modulus
decrease, while the final hardness value also increases.

(2) Ultrasonic wave velocity is very sensitive to
slight change of porosity due to the change of effective
Young’s modulus. When a high-precision evaluation
is expected, wave velocity and absorption modified by
prior knowledge of the pore shape are needed.

(3) The effects of sintering temperature on the pore

Ahmet Yonetken and Vildan Ozkan Bilici

properties and mechanical behavior of Ni-Fe-WC
composites were also clearly seen. As a result of the study,
it was also supported by scanning electron microscopy
that porosity changes depending on ultrasonic wave
velocity, pore amount, size, size distribution, density,
mean grain size and sintering temperature.

(4) Considering the number of correlations between
hardness and mean grain size (R*=0.78236), it shows that
it decreases linearly with increasing porosity. Therefore,
ultrasonic sensing technology is suggested to be a
promising candidate for the quantitative, non-destructive
assessment of porosity of fabrication components in
manufactured ceramic-metal composites.
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