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Investigation of Diffusion Welding Capability of WC Ceramic Based
Ni Doped Composites
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% Electroless Nickel Plating

» Solid State Diffusion Welding
» Shear Test

» Ceramic Based Composite

Graphical Abstract

In this study, composite was produced with two different production methods after sintering using WC powders that
were coated and not coated with Electroless Nickel (EN). The mechanical strengths of the composites (35.4 MPa)
were determined by applying tensile shear test to the produced composites. After the characterization of the samples,
it has been determined that the samples produced by electroless Ni coating have a higher solid state diffusion source
than the others.
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Figure 2. Diffusion bonding unit where the samples were pressured with screw system.

Aim
Combining Ni-doped ceramic matrix composites by solid state diffusion welding.
Design & Methodology

Composite production with powder metallurgy technique and tensile shear test, determination of mechanical and
metallographic properties

Originality
The use of electroless Ni coating technique in composite production
Findings

Determination of tensile and hardness values as well as mechanical and metallographic properties of produced
samples.

Conclusion
Better mechanical properties of solid state diffusion welding have also been obtained in composites produced by the
electroless Ni coating method.
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oz
Bu ¢alismada, Ni kaplanmig WC tozlarindan firetilen (WC)Ni kompozit ve kaplanmamis WC-Ni tozlardan olusturulan
(WC)Ni/(WC)Ni ve WC-Ni/WC-Ni numune ciftleri difiizyon kaynag ile birlestirme i¢in kullanilmigtir. Difiizyon kaynagi Ar
atmosferi altinda onceden yiiklenmis sikistirma sistemi ile yapilmistir. Baglama basinci ve sicakligi degistirilerek diflizyon
kaynakli ciftler elde edimistir.. Diflizyon kaynakli ¢iftlerin ¢ekme makaslama testi i¢in Schimadzu 100kN iiniversal ¢ekme
makinesi kullanilmistir. Cekme makaslama testi sonuglari, akimsiz nikel kaplanmis WC(Ni) kompozit difiizyon ciftinin diger
diflizyon ciftine kiyasla en iyi ¢ekme makaslama dayanimina 35,4 MPa sahip oldugunu gostermistir. 200 ila 400HV arasinda

degisen sertlik degerleri belirlenmistir. Caligma da elde edilen kompozitlerin ve difiizyon kaynakli numunelerin mikro yapisal
incelenmesi ve kaynak ara yiizeyinde olusan parcgaciklar analiz etmek i¢in SEM ve XRD analiz sisteminlerinden yararlanilmistir.

Anahtar Kelimeler: Difiizyon kaynagi, malzeme o6zellikleri, toz metaliirjisi, elektrik akimsiz Ni kaplama verim.

Investigation of Diffusion Welding Capability of WC
Ceramic Based Ni Doped Composites

ABSTRACT

In this study, sample pairs of (WC) Ni/ (WC) Ni and WC-Ni / WC-Ni formed from (WC) Ni composites produced from Ni coated
WC powders and uncoated WC-Ni / powders were used for diffusion welding. Diffusion welding was carried out by preloaded
compression system under Ar atmosphere. Diffusion welding was obtained by changing bonding pressure and temperature.
Schimadzu 100kN universal tensile machine was employed for tensile shear testing of diffusion welded couples. The tensile shear
test results showed that electroless nickel coated WC(Ni) composite diffusion couples yielded best tensile shear load bearing
capacity 35,4 MPa compared to other diffusion couples. Hardness values ranging from 200 to 400HV were determined. SEM and
XRD analysis systems were used to analyze the microstructural analysis of the composites and diffusion welded samples obtained
in the study and to analyze the particles formed at the weld interface.

Keywords:Diffusion bonding, mechanical specification, powder metallurgy, electroless nickel plating

1. INTRODUCTION

Powder metallurgy method is a manufacturing method
performed by mixing ceramic and metal powders under
temperature, pressing in a mold with a shape and
specified dimensions, and sintering at a certain
temperature after shaping [1]. Diffusion welding is an
important joining technique used in electrical, electronic
devices, and industries [2]. Similar or different metals are
combined by solid state diffusion welding technique.
Diffusion welding is an optimized solid state bonding
process under pressure, various temperatures, and
different dwell times. Diffusion welding is formed by
controlled diffusion by applying heat and pressure for a
certain period with the minimum of macroscopic
deformation between mating surfaces under relevant
atmosphere protection. This welding method is more
widely used in material couples where bonding of

*Sorumlu Yazar (Corresponding Author)
e-posta : aerol@aku.edu.tr

different material couples through traditional methods is
problematical. This method was developed for airplane

and space industry and nuclear technology. It is possible
to reach the strength of values of the actual material
approximately in the diffusion welding of the same
material couples. Materials, metal and non-metal
materials that form intermetallic phases and have various
melting temperatures and elastic limits can be welded by
this method.

The standard connection process for the production of
cermet composite parts is the welding of ceramics and
metals. While welding, solid state diffusion welding or
soldering method may be preferred. Composites are
constantly evolving with their use in every field. One of
the most important innovations that have emerged is
replacing ordinary materials due to the mechanical and
physical properties of innovative composite materials
[3]. When composite materials are exposed to
environmental influences (temperature, humidity, etc.)
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like other materials; they cause a decrease in material
properties and service life [4-7]. However, the solid-state
diffusion weld ability of Ceramic-Metal composites
gives hope for future studies, although their mechanical
strength values are not high. Diffusion welding can be
applied with or without interlayer. In the welding without
interlayer, the joining takes place by micro-deformation
mechanism, and high temperature and pressure are
required for the joining process [8-9]. Diffusion welding
is a solid state welding that makes it possible to combine
many ferrous and non-ferrous metals and alloys,
including ceramics and composites, which cannot be
joined together by fusion welding. [10-15]. Parameters
such as contact temperature, pressure and time
significantly affect the strength at the interface while
forming the solid state bond [16-17]. P/M enables easy
production of materials with different sizes and different
geometric shapes. It is the transformation of powders into
parts with high mechanical strength after being sintered
after pressing [18-25].

In this study, the composite produced from Ni coated WC
powders and uncoated WC-Ni powders were cold
pressed in the mold after 24 hours of mixing and then
sintered at the temperature of 12000C. The mechanical
properties of the composites obtained after the sintering
process were determined. Afterwards, the weldability of
WC-Ni/WC-Ni ceramic-based metal-reinforced
composite sample obtained from electro-less nickel-
coated tungsten carbide powders (WC) Ni / (WC) Ni and
non-nickel-coated tungsten carbide powders was
investigated by diffusion welding method. For this
purpose, ceramic-based composite couples were
subjected to diffusion welding process at 1200C in argon
atmosphere under 10 kg load for 30 minutes. The tensile
shear strength and hardness distribution of the welded
samples were determined. In addition, the microstructure
of welded joints was examined.

2. MATERIAL and METHOD

In this study, WC powders at 99% purity with a size of
20 micron were used. Ceramic based Ni reinforced metal
composite samples were produced by using electroless
nickel coated and uncoated Electroless Ni coated and
uncoated WC powders was mixed and then cold

Table 1. Sample sizes of compression experiment

electroless nickel plating, 2nd Group WC-Ni composite
samples Ni reinforced WC composite material samples
were produced by powder metallurgy.

In the coating process, 20% diluted hydranize hydrate
(N2H4, H20) and 36gr Nickel Chloride (NiCl2.6H20)
baths were prepared and when the temperature reached
900C, WC powders were added to the process and the
coating process was carried out until the reaction was
completed. The powders of the capping process were
washed 3 times with distilled water. In addition, bath
residues were removed by washing with alcohol. It was
made ready for sintering by drying in an oven at 1050C
for 24 hours. The prepared compositions were shaped in
a uniaxial mold with 6x8x12 mm dimensions and
sintered in an argon atmosphere in a tube furnace at
1200°C. Mechanical and metallographic tests were
applied to the produced samples.

2.1 The Determination Mechanical and
Microstructural Properties of WC-Ni/(WC)Ni
Composite sample

The strength of WC-Ni / WC-Ni ceramic based metal
reinforced composite samples obtained from non-
electroless nickel coated tungsten carbide powders and
(WC) Ni/(WC) Ni composite obtained by electroless
nickel coated tungsten carbide powders was determined
by applying the compression test. Compression test was
carried out in Shimadzu AG-XD 100kN brand test device
at a feed rate of 0.001 mm.

The compression test samples were carried out in the
compression test machine. They were placed within the
compression test machine in vertical position. The plastic
deformation amounts of the test samples under gradually
increased compression loads were determined.
Compression load reached the maximum load value that
the samples could withstand and then fell down, and there
occurred a crack on the material from which P/M was
produced due to a visible deformation along the height of
the sample.

The hardness measurement of the composite materials
was carried out in the Shimadzu - Hmv-21 Assy tester. A
load of 0.2kg was applied to the penetrating tip.

In order to determine the microstructure of the composite
materials, the samples prepared by using classical

Samples Thickness (mm) Width (mm) Height (mm)
WC-Ni 6 8 12
(WC)Ni 6 8 12

pressured in the mold. The green products were then
sintering at 1200°C. Two different ceramic based
composites were produced in the experiments. The 1st
Group was (WC)Ni composite samples using by

metallography methods were etched in 20ml H20 + 10ml
Acetic Acid + 10ml HNO3 at the end of 1 min. LEO 1430
VP model brand scanning electron microscope was used
for microstructure analysis. In addition, Bruker Brand D8
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Table 2. The parameters applied to samples in the diffusion

welding.
Sample name Temperature Load Time
°C (Kg) (min)
WC-Ni/WC-Ni 1200 10 30
(WC)Ni-(WC)Ni 1200 10 30

Advance XRD system was used for the characterization
of the composite materials obtained in the study.

2.2. Preparation and Joining of Composite Materials
for Diffusion Welding Process

The dimensions of the composite materials obtained by
sintering Electroless Nickel coated and uncoated WC
powders in the study are given in Table 1.

The surface of composite samples was cleaned for
diffusion welding The schematic diagram of temperature,
pressure and time in diffusion bonding is shown in Figure
1. The welding parameters applied to composite samples
the in diffusion welding is given in Table 2.

r Heating period

Bonding period

The device used for diffusion welding of composite
samples is shown in Figure 2. The samples were joined
by means of the mechanism by controlling the
deformation rate of the pressure on the material.

The composites samples were compressed with 10kg
load pressure through diffusion welding at the
temperature of 1200°C. The diffusion welding process
was performed in a tube oven under argon atmosphere
for a 30 minute period. The samples were left to natural
cool down in the oven after welding process.

2.3 Determination of Mechanical Properties of
Diffusion Welded Composites

The strength of the diffusion welded samples was
determined by tensile shear test. Tests were carried out
with shear test equipment shown in Figure 3 which was
prepared specially in order to establish the shear strength
of the samples after welding.

T (Temperature)

I P(Pressure)

Time

Figure 1. Konik Diagram of Temperature, Pressure and Time
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Figure 2. Diffusion bonding unit where the samples were pressured with screw system.
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Figure 3. Tensile shear test sample apparatus

The hardness measurement of diffusion welded sample
was carried out on the cross section of welded sample by
using Schimadzu Hardness test machine.0,5 kg load
applied to the intender of the test machine. At least five
measurements were carried out to minimize the error.
The average of the hardness values was used in the
graphic drawing.

The surfaces of the diffusion welded samples were
sanded with abrasives of 1000 meshes to examine the
metallographic structures of the samples. In order to
determine the microstructure of the composite materials,
the samples prepared by using classical metallography
methods were etched in 10ml H20 + 10ml Acetic Acid +
10ml HNO3 at the end of 1 min. At the end of the
classical metallographic sample preparation processes,
the microstructures of the samples were examined by
optical microscopy, SEM and EDX.

3.RESULTS AND DISCUSSION
3.1 WC-Ni / (WC)Ni Composite samples properties

In this study, EDX analysis was performed to determine
whether the electroless nickel coated powders used in the

production of composite materials are coated or not, the
result is shown in Figure 4.

™

)\) s Moo y ﬂ 1]
1 2 3 H k‘s“ 5 7 B 3
"

Figure 4. EDX analysis of Ni coated WC powders
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The result of the analysis indicates that the WC powders
were successfully coated with the electroless Nickel
coating method. The strength of composite materials
obtained by using these powders was determined by the
compression test and the results are graphically shown in
Figure 4.
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sintering temperature. Since electroless Ni coating
facilitates bonding between particles, the coated samples
show better properties. WC particle sizes used in
composite production also affect the closing of pores. As
the particle size decreases, post-compression porosity
will decrease. This will further reduce the porosity after

m (WC)Ni ® WC-Ni

Figure 5. Compression test curve of composite samples

After sintering the material with WC matrix, which is
electroless Ni coated and produced by powder metallurgy
method, at 1200 °C, the compressive strength tests were
performed in Shimadzu AG-XD 100kN device. The
compressive strength of the sample produced by classical
powder metallurgy method was measured as 152MPa.
The compressive strength of the ceramic matrix
composite produced by plating electroless Nickel was
measured as 271MPa.

3000

sintering. The decrease in porosity will also reflect on the
mechanical properties of the material.

Among the composite samples produced with electroless
Ni coated WC powders, the highest hardness value was
measured as 271HB in the composite produced from
powders coated at 1200°C. The hardness of the composite
sample produced from WC-Ni mixed powders was
measured as 152 HB on average. As electroless Ni
coating contributes to the reduction of porosity, it has

2000

i
1000

0 T

[Group:SONXRD, Data:298] WC-Ni

20 30 40

I
G0 a0
Theta-2Theta [deg)

Figure 6. XRD analysis graph of WC-Ni composite sintered at 1200 °C in tube furnace

The compressive strength of the composites is obtained
from electroless Ni coated and an uncoated powder was
measured as 271MPa and 152MPa respectively. It has
been determined that the ceramic-metal composite
produced by making Ni coating shows higher strength
than samples produced without coating at 1200°C

been determined that the properties such as hardness and
strength are better in samples with electroless coating.
The samples sintered in a tube furnace at 1200°C without
electroless coating were examined and characterized by
XRD analysis. The XRD analysis chart of the composite
sample produced by adding Ni powder into WC ceramic
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Figure 7. XRD analysis graph of (WC)Ni composite sintered at 1200 °C in tube furnace

Theta-2Theta (deg)

powders without applying the coating process is given in
Figure 6.

As seen in Figure 6, the X-ray graph of the WC-Ni
ceramic metal composite sintered at 1200 ° C is given.
Peaks of WC and Ni phases are seen. The low content of
Ni in the composite and the low intensity of the Ni peaks
confirm the composition. In addition; the XRD analysis
graph of (WC)Ni composite sintered at 1200 °C in tube
furnace is shown in Figure 7.

As seen in Figure 7, the X-ray graph of the Ni ceramic
metal composite (WC) produced from Electroless Ni
coated WC powders at 1200 ° C is given. Peaks of WC,
Ni and NiO phases are seen. It has been observed that the
intensity of the Ni peaks is almost the same as the
composite produced by classical powder metallurgy, due
to the obtaining of the composite through Ni coating in
its composition. Moreover, the microstructure of sintered
composites are evaluated. The microstructure images of
composites are shown in Figure 8 a and b.
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In the sintering process, it is seen that the powders are
connected to each other by forming a neck (Figure 8a). It
is seen that the porosity rate of powders sintered by
electroless Ni coating is lower than the composite
sintered by mixing Ni powder. It is seen in SEM
photographs that composite particles produced from
electroless Ni coated powders exhibit a more
homogeneous microstructure than the others.

3.1 Diffusion Welded WC-Ni / (WC)Ni Composite
Sample Properties.

Table 3. The tensile shear strength values of the diffusion
welded composite samples.

Diffusion Temperature Time Tensile
Welded °C (min) Shear
Composite Strength
(MPa)
WC-Ni/ WC-Ni 1200 30 22,4
(WC)Ni-WC)Ni 1200 30 35,4

The strength of diffusion welded composites are
determined by tensile shear test. The tensile shear
strength values of the diffusion welded samples were
given in Table 3.

Shimadzu universal pulling device was used for shear test
of diffusion welded pairs. (WC) Ni / (WC) Ni diffusion
welded sample is due to the higher shear strength of the
WC-Ni / WC-Ni diffusion welded pair, due to the fact
that the Nickel particles accumulated on the surface parts
of electroless nickel coated WC powders provide
stronger intergranular bonding. is considered. Although
the shear test results show that the (WC) Ni composite
diffusion pair has the best shear strength load capacity of
35.4 MPa, diffusion weld pair welding is not very good.
However, it gives hope for studies that will increase the
power of the interface.

The hardness measurement was carried out at certain
intervals (0.5mm) in both directions from the weld
interface of the diffusion welded joints to the main
material. The hardness results are graphically shown in
Figure 9.
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Figure 9. The diffusion bonding micro-hardness values of the
samples

As seen Fig.9 In both diffusions welded samples, the
hardness values increased as they approached the
bonding zone. The hardness in the composite diffusion
weld joint area produced by the coating method has a
higher hardness value of 80-90 HV compared to the base
sample. In composite produced with classical powder
metallurgy, this value was measured as 50-60HV The
fact that the hardness of the weld zone of the diffusion
welded sample obtained from Electroless Ni coated WC
powders is higher than the other diffusion source sample
supports the high tensile strength.

of Diffusion

3.1.1. Microstructural Evaulation

Welded WC-Ni / (WC)Ni Composite sample
The macrographs of diffusion welded composite samples
were shown in Figure 10a and b.

(a) WC-Ni Non-Plated

b) (WC)Ni Plated
Figure 10. The photographs of diffusion bonded samples
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The microstructure of diffusion welded composite
samples were also examined and results are shown in
Fig.11 and and b.

AKU-TUAM ks
b)WC-Ni Non-Plated composite
Figure 11. The SEM 10kX photographs showing the bonding
spots of the composite produced by Ni Plated WC
powders and Non-Plated WC powders.

IProbe= B4 pA

Solid state diffusion weld interface of composite samples
produced from electroless Nickel coated powders is
given in SEM Figure in 11a. Although the sample has a
homogeneous structure, it contains pores. The diffusion
weld interface is clearly seen in the picture. Although its
mechanical strength is lower than the strength of the main
material, it is considered to be improvable.

Solid state diffusion weld interface of composite samples
produced from Wolfram carbide and Nickel powders is
given in SEM Figure in 11b. It is understood that
homogenization of micro-structured powders takes
place. It is seen in the picture that the diffusion weld
interface is not very clear. Mechanical shear strength has
been measured lower than composite produced from
electroless coated powders. The reason for the low shear
strength is due to the weak neck formation between
ceramic metal powders

6. CONCLUSION

e The following conclusions have been drawn from
the solid-state diffusion welding study in composite
materials.

e The ceramic matrix composite and Electroless Ni
coated Ceramic matrix composites joined by
diffusion welding method. Welding process was
applied at 1200 °C for 30 minutes dwell time in
argon atmosphere by using 10 kg loads. and a good
solid-state welding has been formed.

e The tensile shear test results showed that the
diffusion welded WC(Ni) composite couples
yielded best tensile shear strength 35,4 MPa
compared to other diffusion couples. Breaks
occurred at the joint interface during the shear test.

e The solid-state diffusion welded composite samples
produced by using Electroless Ni coating technique
has measured better mechanical properties than the
other. Electroless Nickel coating method provides
advantages in joining of samples.
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