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USE OF ULTRASOUND TO IDENTIFY MICROSTRUCTURE-PROPERTY RELATIONSHIPS IN (AIN + WC) FABRICATED
WITH ELECTROLESS NI PRODUCING

In order to improve the properties of the materials produced by the powder metallurgy method, first of all, powders (16.59%
AIN + 6.63% WC) were coated with nickel (Ni) by electroless method, and then box boriding, which is one of the most widely
used surface coating methods, was applied. A composite formed with (16.59% AIN + 6.63% WC)76.7Ni was prepared under the
Ar shroud in the temperature range of 1000-1400°C. Pulse-echo technique was used for ultrasonic velocity measurements on Ni
coated (16.59% AIN + 6.63% WC) samples. It is aimed to examine the change of physical, mechanical and ultrasonic properties of
the obtained ceramic-metal composites depending on different sintering temperatures. In addition, the samples were characterized
by mechanical and metallographic examination. The results show that the longitudinal and transverse ultrasonic velocity values
and ultrasonic modulus (shear, bulk, Young’s etc.) values increase simultaneously with the increase of sintering temperature. The
highest microhardness value was observed in composite samples sintered at 1400°C and its value was 1150.80 Hv. The increased
strength is mainly due to grain refinement and strong interfacial bonding between Ni particles and AIN and WC matrix.
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1. Introduction

In order to improve the mechanical and microstructural
properties of ceramic materials, ceramic matrix composites with
metal particles are obtained by mixing with metal powders in
the classical powder metallurgy method [1]. One of the coating
techniques used in the production of ceramic metal composites
is the electroless nickel plating method. With this coating, more
robust, durable, corrosion and wear resistant materials are ob-
tained. The biggest advantage of electroless nickel plating is that
apart from the fact that it covers the entire surface of a piece,
the powders are homogeneous and fine in size at the end of the
plating process. [2-7]. In recent years, besides the studies on
electroless nickel coatings, it has shifted to (Ni-B) coatings with
the inclusion of boron coating [8-10]. One of the new application
areas of boron and boron derivative products, which have hun-
dreds of different uses, is their use as a kind of surface hardening
method in steels, cast irons, nickel alloys, titanium alloys and
sintered carbides. Compared to traditional hardening methods,
boriding has many advantages. The boride layer formed on the
surface is one of the most important advantages of this method,

as it has high microhardness values and maintains its microhard-
ness at high temperatures, as well as having superior properties
such as good wear, oxidation and corrosion resistance [11-12].
While there is more than one method to measure the elastic
modulus, “non-destructive” testing methods are preferred more
as an alternative. The most preferred of these non-destructive
methods is the ultrasonic pulse-echo method, which has high
accuracy and is measured without damaging the tested material
[13-16]. The transverse and longitudinal wave velocities in the
materials are measured and then the elasticity model is used to
calculate the elastic modulus [17-18].

In order to increase the strength and improve other proper-
ties of the composites produced in this study, first nickel plated
with electroless coating method and then box boriding. This
study aimed to investigate the elastic properties of “(16.59%
AIN + 6.63% WC)76.7Ni” composites depending on differ-
ent sintering temperature using ultrasonic bulk wave velocity
properties. In addition, it is aimed to evaluate the mechanical
properties of the produced composite samples depending on the
sintering temperature.
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2. Materials and methods

In this study; WC powder of 99.8% purity and 10 pm size
from Aldrich and AIN with 99% purity and —325 mesh size
were obtained from Aldrich company. WC and AIN powders
were subjected to Ni plating process using hydrazine bath with
electroless Ni plating technique. Nickel Chloride, Hydrazine
Hydrate (N,H4.H,0) and 30 vol.% Ammonia was used in the
plating bath (NiCl,.6H,0).

During the coating, the bath temperature was kept constant
at 90-95°C and the pH value was measured between 9-10 by
Philips brand PW 9413 Ton-Activity Meter. The coated powders
were washed several times with distilled water and alcohol and
filtered by removing the residues remaining from the coating.
The coated powders were dried in an oven at 105°C for 24 hours.
The coated powders were shaped in a cylindrical mold under
300 bar pressure in a uniaxial hydraulic press. The shaped sam-
ples were sintered in a conventional sintering furnace for one
hour in Argon atmosphere at temperatures of 1000-1400°C and
composites were produced by powder metallurgy. Composite
specimen dimensions were taken as 0.12" (3 mm) thickness and
0.6" (15 mm) diameter for all tests. Five samples per volume
fraction were tested for all manufactured composites. After
the physical and metallographic examinations of the produced
composite samples, the box boriding process was applied at
950°C for 4 hours. Ecrit powder was used to prevent oxidation in
boriding samples produced as (16.59% AIN + 6.63% WC)76Ni.
For metallographic measurements, LEO 1430 VP model Scan-
ning electron microscope and H Oxford EDX analyzer were
used for microstructure examinations and the density Sample
densities were calculated according to the Archimedes principle.
The microhardness of boriding samples were measured. Nickel
plating bath chemicals and their ratios are given in TABLE 1.

TABLE 1
Nickel plating bath and ratios
Chemical Raitos
Aluminum nitride (AIN) 12
Tungsten carbide (WC) lg
Nickel chloride (NiCI,.6H,0) in powder form 72g
Hydrazine hydrate (N,H,.H,0) 20%
Distilled water 80%
Temperature (°C) 90-100 (°C)
pH values 8-10
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3. Elastic property measurement using ultrasonic
wave velocities

In the ultrasonic pulse echo technique, an ultrasound wave
is excited by a piezoelectric transducer (transmitter and receiver)
and sent into the material. The ultrasonic velocity is determined
by the known thickness (d) of the samples, (Af) which is the dif-
ference between the time the wave hits the surface of the sample
and the second (transition time) when it leaves the other side
[19]. In short, velocity is expressed as the distance (thickness of
the sample) divided by the time delay.

The ultrasonic velocity of the wave is equal to:

- 2xd
At

()

where d is the thickness and At is the time delay [20-21].

Sonatest Sitescan 150 Pulser/Receiver device was used
with pulse echo method, which is one of the ultrasonic measure-
ment methods, to measure ultrasonic velocity values of samples
sintered at different temperatures. The center frequencies of
the probes are 2 MHz for longitudinal waves and 4 MHz for
transverse waves. The thickness of the samples was measured
with a caliper (with an accuracy of 0.01 mm). Ultrasonic lon-
gitudinal and transverse wave velocities (V; and V) together
with parameters such as elastic modulus (¥: Young’s modulus,
G: shear modulus and K: volume modulus) can be determined
with the following expressions [22-27].

WP —4r?
E=pVy —5—k @
L _VT
G= pVT2 3)

K= §3VL2 —4r} )
Here, the E, G, K and p values are Young’s (elastic) modulus,
shear (stiffness) modulus, bulk modulus and density of the
sample, respectively. All measurements were repeated at least
three times and are reported in TABLE 2 with the mean + one
standard deviation. For composites (16.59% AIN + 6.63% WC)
76.7Ni, measurements were performed both along the thickness
and along the layers (lateral direction). The coordinate system
and the schematic representation of the experimental setup used
for ultrasonic analysis are described in Fig. 1.

Ultrasonic
Transducer

Thickness direction

145.5356 AN+ 6.63% W) 7670 g Latevz! direction
- —
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Fig. 1. Schematic diagram of the ultrasonic testing (UT) experiment set-up, depicting the test screen and definition of the coordinate system for

ultrasonic analysis



4. Mechanical and metallographic examination

Ceramic-metal composite samples produced by powder
metallurgy were nickel-plated with electroless nickel plating
technique and sintered in an argon atmosphere at temperatures
of 1000-1400°C. The sintered samples were then boriding by
box drilling at 950°C for 4 hours. The densities of the boriding
composite samples were calculated according to Archimedes’
law, the greater the density of the liquid, the higher it will lift
the hydrometer and the less the part of the instrument immersed
in the liquid will be. The number read across the division line
of the hydrometer standing in equilibrium in a liquid, which
coincides with the liquid surface, gives the density of that liquid.

After the ceramic-metal composite samples produced with
electroless nickel plating were sintered at 1000-1100-1200-1300-
1400°C in an argon atmosphere, the microhardness of the borid-
ing composite samples was measured in Vickers with a Shimadzu
HMYV 2L microhardness device. Its application areas are metal,
ceramic and plastic materials, and it is a device that can apply
loads from 10 gr to 2 kg. Both sides of the prepared samples
are flat and smooth. The surface to be measured is polished.
Microhardness measurements were made at 10 different points
and microhardness measurements were obtained by taking the
average of the microhardness values. At the same time, metal-
lographic examination was carried out in order to understand
the compounds, sequences and material structure of the boriding
sample after electroless nickel plating with powder metallurgy.
Boriding (16.59% AIN + 6.63% WC)76.7Ni composite samples
were metallographically used in microstructure studies with LEO
1430 VP model Scanning electron microscope and Oxford EDX
analyzer. Boriding samples are characterized by XRD analysis.

4.1. X-Ray Diffraction Analysis

At the highest sintered temperature, the grain boundaries
became more pronounced and the surface open porosity de-
creased. (16.59% AIN + 6.63% WC) 76.7Ni X-Ray analysis
results of 1400°C composite revealed WC, AIN ceramic phases
as well as Ni metallic phase, respectively. In addition to the
ceramic metal phases, Ni;B, NigB; and Ni,B were determined
as metallic boride phases. Controlling the C/W ratio is vital for
the characteristics of the WC. Even slight deviations from the
ideal carbon content result in the formation of either graphite
or W,C phases. If there is more than a stoichiometric amount of
W dust, W,C is formed according to the following equivalence.
It is assumed that the metallic tungsten formed then undergoes
the following reactions to form tungsten carbide:

W+C — WC (5)
W+0.5C— W,C (6)
W,C + C —2WC (7)

WC+W—W,C (8)
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This reaction takes place around 1250°C. It is known to
decompose into W,C, WC and W components below this tem-
perature [28-30]. As a result of the experiments, it was seen that
the tungsten peaks were less in the samples with high temperature
in the XRD analysis. In addition, the amount of carbon decreases
due to the oxidation of carbon during sintering, and as a result
of the exothermic reaction with other elements in the vacuum
environment during sintering, the amount of WC phase decreased
and Ni;B, phase emerged.
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Fig. 2. X-Ray Diffraction diffractograms of (16.59% AIN + 6.63%
WC)76.7Ni composite at 1000°C

X-ray analysis of samples sintered at 1000°C and then
boronized is given in Fig. 2. Obtaining boron phases in samples
sintered at 1000°C shows that boronization has taken place.
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Fig. 3. X-Ray Diffraction diffractograms of (16.59% AIN + 6.63%
WC)76.7Ni composite at 1400°C

In Fig. 3, grain coarsening was observed with increasing
sintering temperature in (16.59% AIN + 6.63% WC)76.7Ni
composites. In the X-Ray analysis results of the 1400°C com-
posite, along with the phases showing the presence of WC, AIN,
Ni powders used in the study, many intermetallic phases such
as Ni3B, Ni,B and NiyB; are formed between nickel and boron
with the effect of boriding.



1370

4.2. SEM Analysis

The thickness of the Ni coating deposited on the surface of
the powder particles after Electroless Ni coating of the powders
was measured as 1-2 um. The Ni coating thickness in the coated
samples was molded under pressure after the Electroless Ni
coating process. Afterwards, the precipitation thickness around
the particles was measured in SEM images. Surface morphology
images of samples produced at 1000°C and 1400°C of composi-
tion (16.59% AIN + 6.63% WC)76Ni with a scanning electron
microscope (SEM) focused beam of electrons are given Fig. 4,
surface SEM micrographs of the samples that were sintered at
1000°C and then boriding process were given. Microstructure
differences are observed in the samples sintered at 1000°C, due
to the fact that the bonding of the particles is weaker than the
sample sintered at 1400°C depending on the temperature and
its porosity is higher.

o

Mag= 500KX

SEM micrographs of the surface of the samples sintered
at 1400°C and then borided are given in Fig. 5. In the samples
sintered at 1400°C, the bond formation of the particles with each
other was better. The low porosity indicates that the boriding
process is performed better. The appearance of acicular slices in
the sample microstructures supports its high hardness.

5. Results

Ultrasonic longitudinal and transverse wave velocities,
Young’s modulus, shear modulus, bulk modulus, microhard-
ness and density measurement results of sintered (16.59% AIN
+ 6.63% WC) 76.7Ni ceramic-metal composite samples are
shown in TABLE 2. Graphs were drawn depending on the sin-
tering temperature to understand whether their interactions and
existing relationships with each other are significant. Looking
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Fig. 4. SEM micrographs of (16.59% AIN + 6.63% WC)76.7Ni composite at 1000°C
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Fig. 5. SEM micrographs of (16.59% AIN + 6.63% WC)76.7Ni composite at 1400°C
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TABLE 2
Ultrasonic, mechanical properties and sintering temperatures of ceramic-metal composites
. Sinterin; I Young’s Shear Bulk . .
Cso;llﬂ?lselste Temperatl%re 5‘32%::;((1:::21) VI]Z acrilts;fe(:;:;as) Modu?us Modulus Modulus ]()g(;rcl;g] Mlcroh?(; (;;wss Hv
(°C) (GPa) (GPa) (GPa)
1000 2443+33.9 1200+11.3 21.82 8.14 22.87 5.65+0.1 285.3£21.3
(16.59% AIN 1100 3159+60.1 1403+31.1 33.83 12.28 45.89 6.24+0.11 554.9+34.7
+6.63% WC) 1200 3330+5.7 1637+36.8 47.14 17.58 49.30 6.56+0.13 589.6+32.4
76.7Ni 1300 3438£6.4 | 1756+60.1 59.09 22.33 55.81 7.240.12 975.3+45.6
1400 3743£12.7 1880+14.1 69.83 26.23 68.99 7.42+012 1150.8+56.1

at the graphics, it is seen that the sintering temperature is effec-
tive in the composite structure to be formed and the ultrasonic
longitudinal and transverse wave velocity increases with its
increase. Fig. 6 shows the evolution of Young’s modulus, shear
modulus and bulk modulus of composite samples sintered for
two hours at various temperatures (1000°C, 1100°C, 1200°C,
1300°C, 1400°C). The elastic properties of materials are gener-
ally characterized by Young’s modulus, shear modulus, and bulk
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Fig. 6. Relationship between sintering temperature and ultrasonic
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modulus. In modern materials science, the specific properties of
materials have begun to be considered in order to quickly and
practically investigate the structure of various materials in order
to discover or design new materials with desired properties.
In particular, the relationship between the best-known elastic
constants Young’s modulus, shear modulus and bulk modulus
is important, since a sufficient value of modulus of elasticity
expressing the ability of a solid to resist external forces will
be explanatory in expressing and understanding the internal
structure of the material. According to Fig. 6 and TABLE 2,
it is seen that ultrasonic modules increase with increasing sin-
tering temperature. At 1400°C, the optimum values of Young’s
modulus, shear modulus and bulk modulus reached 69.83 GPa,
26.23 GPa and 68.99 GPa, respectively. The density-sintering
temperature and microhardness-sintering temperature variation
graph was plotted in Fig. 7 using the measured data. Above
1400°C, a significant increase in mechanical performances was
observed. This result is also confirmed by SEM micrographs and
the known effect of boriding on mechanical strength. It is clearly
seen that microhardness and density values are dependent on
temperature (Figs. 7a and 7b). Grain growth with increasing
sintering temperature increased intergranular porosity and den-
sification, which was eliminated later, increased microhardness
and increased durability.
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Fig. 7. Relationship between sintering temperature, microhardness and density of ceramic-metal composites
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6. Conclusions

Young’s modulus, shear modulus and bulk modulus,
(16.59% AIN + 6.63% WC) 76.7Ni composite samples, which
were prepared by box boriding after plating with electroless
nickel sintered at different temperatures, were evaluated using
ultrasonic techniques. The mechanical properties of (16.59%
AIN + 6.63% WC) 76.7Ni composites have improved with the
increase in sintering temperature and production techniques.
Longitudinal and transverse velocities were used to determine
the elastic stiffness coefficients of the composites. The calcu-
lated values of the mechanical properties prove that (16.59%
AIN + 6.63% WC) 76.7Ni composites improve the mechanical
properties. At 1400°C, the optimum values of shear modulus,
bulk modulus and Young’s modulus of (16.59% AIN + 6.63%
WC) 76.7Ni composites with different percentages reached
26.23 GPa, 68.99 GPa and 69.83 GPa, respectively. The micro-
hardness value increased and reached 1150.8 HV at the latest.
The obtained results showed that the mechanical properties and
ultrasonic modulus values of the produced composites were
directly related to the sintering temperature. According to the
results above 1400°C, it is clearly seen that the microstructure
is improved and the effect of boronization.
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