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Abstract:  
 

In this paper, an iron (Fe) matrix reinforced with boron carbide (B4C) and titanium 

carbide (TiC) was produced by conventional furnace sintering at the same compositions 

and temperatures. Experimental data on the change in ultrasonic velocity parameter, 

densities and porosity of these two different microstructure composites during 

microstructure development are reported. The microstructural phases were characterized 

by metallographic studies and hardness measurements. The velocities of ultrasonic 

longitudinal waves were measured by the pulse- echo method using the transmit/receive 

probe. In the Fe-TiC composite sample, ultrasound longitudinal wave velocity, hardness 

and porosity increased linearly depending on the increasing amount of TiC. In the Fe-

B4C composite sample, on the other hand, there is a linear increase in general depending 

on the increasing amount of B4C, and there is a sharp decrease in the amount of 8.33% 

B4C. The reason for this decrease and other results are explained by taking into account 

SEM and XRD analyzes. 

 

1. Introduction 
 

Composite materials are new materials made of two 

or more component materials with significantly 

different physical or chemical properties and have 

different properties when combined. Cermets are 

also materials consisting of heterogeneous 

combinations of metals and alloys with one or more 

ceramic phases. Composites generally get their 

strength from hard and brittle reinforcement 

materials. Matrix materials provide toughness and 

ductility to the composite. Mechanical and physical 

properties are not only dependent on the matrix 

structure but also directly related to the type, size and 

distribution of carbides in the structure [1-5]. In 

addition, some alloying elements such as silicon, 

titanium and boron segregate to the matrix/carbide 

interface and contribute to the development of 

mechanical properties by modifying eutectic 

carbides [6-7]. In order to improve the mechanical 

properties and strength of these materials, alloying 

processes can be carried out with alloying elements 

such as carbide-forming vanadium, tungsten, 

titanium, boron and niobium [8-11]. 

The development and use of new wear-resistant 

lightweight composites based on boron carbide due 

to their excellent properties such as low density, high 

wear resistance, elastic modulus and hardness, and 

titanium carbide due to its desired properties such as 

high hardness, high melting temperature, high 

modulus and good wettability and thermodynamic 

stability in molten Fe has many areas of use 

including metallurgy, armor applications, hardening 

of metal surfaces, cutting tools and abrasives, 

hydrogen production and storage, glass industry, 

aerospace and chemical industry [12-21]. 

 

In this study, experimental data on the changes in 

ultrasonic velocity parameters, densities, hardness 

and porosity during microstructure development of 

Fe-TiC and Fe-B4C composites are reported. 

Microstructural phases are characterized by 

metallographic studies and hardness measurements. 

For this purpose, microstructure examinations and 

hardness measurements were applied to materials 

with different titanium carbide and boron carbide 

ratios in the pressed and heat-treated position and the 

results obtained were comparatively examined. 
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2. Material and Methods 

 
2.1 Fe-TiC and Fe-B4C composite preparation 

 

The properties of the metallic and ceramic powders 

used in this study are Fe powders from Sigma 

Aldrich with 99.8% purity and particle size less than 

70 μm, B4C powders with 99.9% purity and particle 

size less than 100 μm, TiC powders with 99.5% 

purity and 10µm particle size were used. 

98.33%Fe {
1.66%TiC
1.66%𝐵4C

 , 96.66%Fe {
3.33%TiC
3.33%𝐵4C

 , 

95%Fe {
5%TiC
5%𝐵4C

, 93.33%Fe {
6.66%TiC
6.66%𝐵4C

 , 

91.66%Fe {
8.33%TiC
8.33%𝐵4C

 samples were obtained by 

powder metallurgy method. The powders were 

weighed with precision scales and mixed in a mixer 

for 24 hours to ensure that the composition was 

homogeneous. Fe, TiC and B4C powders were 

pressed in a cylindrical high-strength steel mold with 

a diameter of 15 mm and a length of about 5 mm 

using a uniaxial cold hydraulic press under a 

pressure of 300 kg/cm2. The raw densities of the 

pressed Fe-TiC and Fe-B4C composite samples were 

measured and then sintered at 1200°C in an Argon 

gas atmosphere for 2 hours in a conventional tube 

furnace. After the sintering process, the samples 

were left to cool naturally under the argon 

atmosphere in the oven. The hardness of Fe-TiC and 

Fe-B4C composite samples was measured with 

METTEST-HT (Vickers) brand hardness tester. In 

order to make microstructural and metallographic 

evaluations, SEM and EDX analyzes were 

performed with a LEO 1430 VP scanning electron 

microscope equipped with an Oxford EDX analyzer. 

 

2.2 Ultrasonic pulse-echo method 

 

The purpose of using the ultrasonic method is to 

determine the properties of the material under 

investigation due to the deviations observed in the 

ultrasonic response occurring in an ideal 

environment and to understand the wave-material 

interaction. The ultrasonic method is the most 

preferred NDT technique for finding defects such as 

microstructure and physical properties, errors, 

cracks and fractures by performing material 

characterization without damaging the tested part. 

 

The experimental data set obtained in the study 

includes raw data collected by the ultrasonic pulse-

echo method on Fe-TiC and Fe-B4C composite 

samples. The surfaces of the measured objects were 

carefully scanned point by point. Pulse-echo 

measurement of the stimulated sound pulse is 

performed at each of these measurement points. The 

time signal resulting from a pulse-echo measurement 

is often called an A-scan in ultrasonic testing [22]. 

Such an A-scan is based on the logic that it maps the 

sound pressure of the received signal in amplitude to 

a certain flight time of the pulse.  

The schematic diagram showing the ultrasonic 

experimental setup is presented in Figure 1. In the 

study, Sonatest Sitescan 150s brand flaw detector, 

which is a fully functional device and thickness 

gauge that includes many productivity-enhancing 

features for ultrasonic measurement, was used in 

pulse echo measurement for ultrasonic testing.  

The ultrasonic flaw detector works on the principle 

of measuring the flight time of high-frequency sound 

across the test piece, as well as evaluating the 

amplitude of reflected or transmitted echoes. It has 

two test modes: pulse echo and transmit/receive. 

A single-cycle sinusoidal signal was generated by a 

function generator (Sonatest Technologies, Inc.) to 

drive the transmitter. The excitation voltage of the 

input signal was set at 10 V to provide a reliable 

signal with sufficient energy for subsequent analysis. 

A contact transducer (Sonatest SLH4-10) with a 

diameter of 10 mm and a nominal center frequency 

of 4 MHz was used during the experiment. 

In the pulse-echo experiment (Figure 1(a)), the 

ultrasonic wave propagating through the sample was 

reflected by the bottom interface and then received 

by the same transducer. To improve the signal-to-

noise ratio, measurements were taken 5 times from 

the sample surface and averaged. To ensure good 

contact between the transducer and sample and to 

allow smooth probe movement during testing 

Sonatest sonagel-W liquid gel was used as a 

coupling fluid between the probes and the sample. 

The speed of the waves through the thickness of the 

samples was determined by Equation (1). 

 

𝑉𝐿 =
2×𝑑

𝑡
 (1) 

 

where d: thickness of the composite sample (mm), t: 

time of flight between adjacent back wall signals 

(µs) and V: velocity of the ultrasonic longitudinal 

wave (m/s) [23-24]. At the same time, a calibration 

check was made after the test to minimize errors. 

The data received is raw data recorded point by point 

on a measurement grid defined on two surfaces of 

the sample. 

 

3. Results and Discussions 
 

Composite samples produced by sintering at 1200°C 

with powder metallurgy technique; interpreted in 

terms of hardness, density, microstructure, porosity, 

SEM and XRD. 
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(a) 

 

 
(b) 

Figure 1. Schematic diagram of a) A scan plot b) the 

ultrasonic testing (UT) set-up 

 
SEM analysis results of Fe/TiC and Fe/B4C 

composite samples prepared with TiC and B4C 

powders taken at different volume ratios sintered at 

1200 °C are shown in Figure 2 and Figure 3. Also, 

the XRD analysis results of Fe-TiC and Fe-B4C 

composite samples sintered at the temperature of 

1200°C were shown in Figure 4 for two hours. As 

can be understood from the XRD analysis results, the 

presence of TiC and B4C peaks in the pattern 

indicates that the Fe, metallic phase is reinforced 

with TiC and B4C carbide phases. As can be seen, 

Fe, TiC and B4C phases are formed in the produced 

composite.  The measured ultrasonic longitudinal 

wave velocities, density, Vickers hardness and 

porosity values of TiC/Fe samples and B4C/Fe 

samples in this study are summarized in Table 1 and 

Table 2, respectively. 

 

 

 

    

 
 

 
 

 
 

 
Figure 2. SEM images of Fe/TiC composite samples. 
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Figure 3. SEM images of Fe/B4C composite samples. 

 

 
(a) 

 
(b) 

Figure 4. The XRD analysis results of Fe-TiC and Fe-

B4C composite samples. 

 
Table 1. Physical and mechanical properties for the 

TiC/Fe composites as a function of TiC content. 
Composite 

Samples 

VL 

(m/s) 

Hardness 

(HV) 

Density 

(g/cm3) 

Porosity 

(%) 

98.33%Fe-

1.66%TiC 
3275±0.5% 140.6 8.56 40.1 

96.66%Fe-

3.33%TiC 
3556±0.5% 137.1 7.72 34.5 

95%Fe-

5%TiC 
3752±0.6% 122.4 7.49 32.8 

93.33%Fe-

6.66%TiC 
3867±0.3% 107.5 7.35 31.9 

91.66%Fe-

8.33%TiC 
3925±0.2% 103.6 7.22 27.5 
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Table 2. Physical and mechanical properties for the 

B4C/Fe composites as a function of B4C content. 

Composite 

Samples 

VL 

(m/s) 

Hardness 

(HV) 

Density 

(g/cm3) 

Porosity 

(%) 

98.33%Fe-

1.66%B4C 
3333±0.6% 48.3 7.78 37.7 

96.66%Fe-

3.33% B4C 
3476±0.5% 60.7 7.56 35.3 

95%Fe- 

5% B4C 
3647±0.6% 66.18 7.23 35.2 

93.33%Fe-

6.66% B4C 
3921±0.5% 72.65 6.80 32.8 

91.66%Fe-

8.33% B4C 
4096±0.6% 79.63 6.29 29.9 

 

3.1 Hardness Measurement Results 

 

Hardness testing is performed to determine the 

suitability of a material for a particular application 

or specific process to which the material is subjected 

and to determine the internal structural strength of 

that material. Hardness measurements always 

indicate characteristics of the properties of both 

binder and carbide phases; these can be significantly 

affected by factors such as crystal structure, shape 

and size of carbide grains, chemical, physical and 

mechanical properties of the sintered carbide/metal 

interface, and residual stresses between phases [25-

27]. Hardness measurements were made using the 

METTEST-HT (Vickers) microhardness tester. 

Micro hardness measurements were measured at a 

feed rate of 0.5 mm/min by averaging the hardness 

values taken from 10 different points for each 

sample. Hardness measurement results in Vickers 

units are given in Figure 5. The change in hardness 

values is clearly seen by adding different amounts of 

Fe, TiC and B4C elements, and as the percentage 

values of titanium carbide and boron carbide 

compound increased, the hardness values decreased 

and increased respectively. The hardness of TiC/Fe 

composites followed a decreasing trend with the 

further increase of TiC content. It can be seen that 

the increase in TiC addition leads to a decrease in 

hardness for TiC/Fe composites of 1.66%, 3.33%, 

5%, 6.66% and 8.33% by volume. When measuring 

the Vickers hardness of composites, it is important 

to consider some characteristics of the materials 

used. Composites obtained with some carbides tend 

to be hard and relatively brittle materials, so some of 

the energy delivered is consumed in creating cracks. 

Therefore, at high loads, the energy will be 

dissipated by the formation of cracks and the 

measured overall hardness value will decrease. 

While the porosity value of TiC/Fe composite was 

8.33% by volume (27.5%), it weakened the bearing 

capacity of TiC hard grains. It can be concluded that 

the hardness of the composites depends on the 

collective effect of TiC content and porosity. 

Composites containing 1.66% TiC by volume 

reached the highest hardness of 140.6 Vickers. It can 

be seen that the increase in B4C addition leads to an 

increase in hardness for B4C/Fe composites of 

1.66%, 3.33%, 5%, 6.66% and 8.33% by volume. 

Boron carbide, used in the military, industry and 

industry, is a substance with excellent structural 

hardness, low density, large cross-sectional surface 

area for neutron absorption and high chemical 

stability. The hardness of Fe-B4C composite samples 

increases with decreasing initial porosity and 

increasing iron doping. Therefore, the increase in the 

hardness of the composite is due to the uniform 

distribution of the reinforcement. Composites 

containing 8.33% B4C by volume reached the 

highest hardness of 79.63 Vickers. 

 

 
Figure 5. Variation plot of Vickers hardness against 

different volume percentages of TiC/Fe and B4C/Fe 

samples 

 

3.2 Porosity and Density Measurement Results 

 

Porosity is expressed as the volumetric ratio of pores 

in the material. The density and porosity of TiC/Fe 

and B4C/Fe composite samples were measured by 

the Archimedes method. In the study, porosity was 

measured as the ratio of the porosity, that is, the void 

volume of the composite material, to the total 

volume of the composite material. This porosity 

amount was shown in table values as percentage (%). 

As seen in the SEM images, it is seen that there are 

voids on the surface or internal structures of the 

composite material and the density decreases. Both 

porosity values and density values decreased due to 

increasing volume percentages of TiC/Fe and 

B4C/Fe composite samples heat treated at the same 

sintering temperature. Porosity is closely related to 

the density of the material and the general nature of 

the compounds of the elements and the presence of 

voids between these compounds. Additionally, 

reducing the grain size in the internal structure of the 

material may make it difficult for iron powders to 

penetrate the preform, which may further contribute 
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to the decrease in relative density. Figure 6 shows 

the microstructure of prepared TiC/Fe and B4C/Fe 

composite samples with varying porosity values 

against different volume percentages. 

The densities of the samples obtained after sintering 

(𝑑 = 𝑚/𝑉) were calculated using the calculation 

formula (Figure 7). Here 𝑚 is the mass of the 

sintered sample; 𝑉 is the volume of the sintered 

sample calculated geometrically. When Figure 7 is 

examined, the highest density is in 1.66% TiC added 

mixture as 8.56 g/cm3 and 1.66% B4C added mixture 

as 7.78 g/cm3, respectively, and the lowest density is 

7.22 g/cm3 in the mixture with 8.33%TiC additive 

and 6.29 g/cm3 in the mixture with 8.33% B4C 

additive, respectively. According to these values, 

density and porosity change in direct proportion. 

 
Figure 6. Graph of porosity variation against different 

volume percentages of TiC/Fe and B4C/Fe samples 

 
Figure 7. Relationship between percent volume values 

and relative density of TiC/Fe and B4C/Fe composite 

samples. 

 

3.3 Ultrasonic Wave Velocity Measurement 

Results 

 

Ultrasonic pulse velocity (UPV) is also determined 

by the vibration and rotational energy of 

intermolecular interactions within the 

microstructure. Ultrasonic vibration waves in boron 

carbide and titanium carbide reinforced composites 

into iron powders are mainly related to absorption in 

molecules and scattering of particles. The wave 

propagates faster in a continuous solid; that is, a 

higher porosity level tends to reduce the ultrasonic 

pulse velocity. Considering the porosity results of 

the composites, it decreases depending on the 

behaviour of UPV. 

Ultrasonic pulse velocity data for Fe/TiC composite 

samples range from 3275 m/s to 3925 m/s, while 

ultrasonic pulse velocity data for B4C/Fe composite 

specimens range from 3333 m/s to 4096 m/s.  

 
Figure 8. Relationship between percentage volume 

values and ultrasonic longitudinal wave velocity values 

of TiC and B4C composite samples. 

 
Figure 8 shows the graphs of the interaction effect of 

varying TiC and B4C percentage values on the 

ultrasonic pulse velocity of both TiC/Fe and B4C/Fe 

composites. B4C has a higher R2 value of 0.98376 in 

the chart, revealing that it offers good statistical 

predictability for the data. The percentage 

contribution shown in Table 1 and Table 2 reveals 

that UPV is affected by the volume fraction factor. 

UPV increases as the proportion of TiC and B4C in 

the matrix increases, as shown in Figure 8, which 

also leads to a decrease in the porosity level. We can 

state that the increase in pores contributes to the 

delay in wave propagation. Thus, a higher matrix 

phase content also reduces the void volume, 

increasing the dispersion of ultrasonic pulse waves. 

There are also other works done on related subject 

and reported imported results [28-38]. 

 

4. Conclusions 

 
This article describes the effect of the particle system 

in the composite structure formed by TiC and B4C 

reinforcements on iron powders with different 

volume percentages on the ultrasonic pulse velocity, 

mechanical and physical responses. In particular, 

correlation analyses of hardness, density, porosity 

and UPV are performed against TiC and B4C 

reinforcements taken at different volume 

percentages. The surface and distribution of the 

evaluated particles first affect their physical 

properties and then their mechanical properties. 
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While hardness values decrease with increasing TiC 

reinforcement percentage in the Fe-TiC composite 

sample, they increase with increasing B4C 

reinforcement percentage in the Fe-B4C composite 

sample. Fe-TiC carbide compounds were found to be 

brittle and hard materials. From the results obtained, 

it was determined that carbide materials were hard 

and considering their hardness values, they were 

listed as B4C > TiC. According to SEM and XRD 

analyses, the density and porosity values of the 

supported composite samples decrease as the 

amount of reinforcement increases. Ultrasonic pulse 

velocity increases with increasing percentage rates; 

because it did not prevent the advancement of 

ultrasonic waves due to the fact that the pore sizes in 

the structure were very small and gradually 

decreased. In general, physical and mechanical 

responses are mainly affected by the surface area and 

distribution of particles. 
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