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1. Introduction

Titanium-based (Ti-based) metal matrix compo-
sites are novel materials that have superior mechanical prop-
erties. These composites have potential to be used in the avi-
ation industry for their good specific strength, lightweight,
heat and wear resistance [1]. They are already used in air-
craft engines and gas turbines [1, 2]. Determination of ma-
terial properties of these novel composites require further
studies and experimental tests. One of the important proper-
ties is electrical conductivity. To measure electrical conduc-
tivity, a measurement setup suitable for composite samples
is needed.

Like metals, Ti-based composites are good electri-
cal conductors. They have an electrical conductivity in the
range of 108 S/m [3, 4]. The electrical conductivity of a com-
posite depends on many factors, such as chemical composi-
tion, particle size, porosity, homogeneity, isotropy, and
manufacturing method. The Ti-based composites are manu-
factured using high voltage electrical discharge (HVED)
and spark plasma sintering (SPS) methods from powders.
After HVED process composite contains carbides and MAX
phases [2, 3]. In addition, the particle size is reduced and all
components are distributed evenly [2]. Porosity inside the
microstructure occurs due to air bubbles that appear during
manufacturing and interaction between matrix and rein-
forcement particles [4]. The optimal ratio between the con-
stituent components at which both electrical and mechanical
properties are optimal is important to find. Most powder
based metal matrix composites are isotropic in nature [5].
Four point probe method is commonly used to measure elec-
trical conductivity of such composite samples [3, 4]. When
utilizing this method, the sample geometry must be consid-
ered, and appropriate corrections must be made. Ideally, test
sample should have uniform geometry and thickness. Sam-
ple test surface should be polished and cleaned to minimize
surface roughness, pores and contaminants [4]. The probes
must contact the sample with small probes arranged in a
straight line. Two outer probes have current running through
them, and two inner probes measure potential difference.
This method eliminates parasitic resistance coming out of
the probe contact. The force of probes into sample should
be constant and equal with all probes [6, 7]. The electrical
conductivity dependence on temperature is an important

characteristic. Sample heaters or coolers are commonly used
in measurement setups. It is known that electrical conduc-
tivity increases at lower temperature. Furthermore, meas-
urements under controlled atmosphere for instance vacuum
eliminates errors coming from humidity. The current source
applied should be pulsed DC or AC to prevent Joule heating
of the sample, which could influence the result. Voltage
measurements must be conducted with sensitive nano-
voltmeter. Outside interference that could affect measure-
ment must be considered.

This work will advance knowledge about electrical
conductivity properties of Ti-based metal matrix compo-
sites. Improved ways for measuring electrical conductivity
of metal matrix composites are proposed. In addition, exper-
imental data of electrical conductivity for bulk-pellet-shape
samples of finite geometry is acquired. Research for such
shape composite samples is limited. The influence of out-
side factors such as temperature and atmosphere are re-
searched.

The aim of the research is to develop and test an
experimental setup for measuring electrical conductivity of
titanium metal matrix composites. Designed experimental
setup was comparatively tested using standard copper sam-

ple.
2. Methodology

The probes that are used for experimental setup are
made of spring steel and gold plated [8]. The yield strength
of the material of the probe is 525 MPa.

Fig. 1 presents the schema of a probe and its geo-
metrical parameters (Fig. 1).
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Fig. 1 A probe used for designing of experimental setup [8]

The tested samples in this research have a cylinder
pellet shape, variance from approximately 10.05 to
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10.35 mm diameter and 4.75 to 6.45 mm thickness. Samples
do not have a perfect shape, variations in thickness and di-
ameter occurs when measuring the height and the thickness
of every sample (Table 1).

Table 1

Geometrical parameters of samples

Sample Diameter, mm Thickness, mm
N6 10.35 4.75
N7 10.1 6.45
N8 10.05 5.6
N10 10.1 6.4
G6 10.1 5.5
G7 10.2 4.9

The data on the research of electrical conductivity
of similar composite materials is summarized and presented.
Table 2 shows a comparison of properties of the
composite materials from other similar scientific researches.

Table 2
Comparison of Ti-Al-C composites properties

Material | Electrical |Measurement|Manufacturing|Reference
conductivity,| method method
S/m
TiC-10 1.2-105 Kelvin4 | Pressure less [9]
wt. % wire with AC| sintering at
TisAl resistance 1500 °C
bridge
Ti2AIC 1.85-106 | Linear Van | Magnetron [10]
and der Pauw |sputtering, an-
TisAlC: nealing at 850
°C
Ti2AIC - | 1.63-106 | Four-probe | Sintering at [3]
5wt. % 1350 °C
TiC
TisAIC2 | 3.05-106 | Four-probe | Sintered at [4]
-5 vol. 1400°C
% Al203
TisAIC2 | 1.22:105 DC four- Sintered in [11]
probe vacuum at
1400°C

The lowest resistivity obtained was 0.327-10% Qm
and highest 8.3-10% Qm. Most of the measurements per-
formed with four-probe method under the room temperature
and air atmosphere.

In Fig. 2 presents a Solidworks model of the meas-
urement set used in this study. Fig. 3 presents a real view of
a designed experimental setup, connected to the Arduino
board.

The sample is placed inside the sample holder and
fixed by tightening screw. In addition, thermal paste is ap-
plied on the side, which will encounter the Peltier module.
The thermal paste has two functions, increasing surface area
and allowing the sample to lay flat despite thickness irregu-
larities. A small gap is left between the sample holder and
Peltier module fixation part. Both parts are made of isolative
material and are fixed flat by four screws. The Peltier mod-
ule is fixed inside the bottom part and is attached directly to
the sample on one side and to an aluminium block to the
other. The aluminium block serves as a heat dissipater to
increase the cooling rate. The aluminium block slides on
four metal rods that serve as guides for movement in one
direction. Metal rods are greased with oil to reduce friction.

The metal block moves up and down because of a hydraulic
cylinder. Movement occurs from bottom to up and prevents
bending of needles due to surface roughness of the sample.
The cylinder has a 50 mm travel and travel speed of 3 mm/s.
Arduino board controls the cylinder travel and the feedback
goes to controller once test needles touch the sample; cylin-
der stops after a second. This ensures equal amount of pres-
sure is exerted on the samples every time despite different
thicknesses. The loud of 2 N is applied on every needle gen-
erating by spring. Such a load of 2 N occurs when the dis-
placement is 4.3 mm. The stiffness of springs is 0.65 N/mm
[8]. Specification presented by producer states that the main
material of probes is steel coated with gold [8]. The needles
have a sharp tip that can penetrate oxide layer. Proper con-
tact to sample and equal pressure is ensured. Adjacent nee-
dles have 2 mm distance between each other. Needles are
pressed into the needle holder part which is made of an iso-
lative material. The needle holder is pressed into a metal
part, which is also connected with guiding metal rods. The
top metal part is fixed to housing with bolts and nuts. The
housing and whole assembly has 170 x 120 x 280 mm di-
mensions.
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Fig. 2 Solidworks model of electrical conductivity measure-
ment setup: 1 — Peltier module; 2 — sample; 3 — cool-
ing block; 4 — cylinder; 5 — needle probes; 6 — probe
holder; 7 — Peltier module holder; 8 — sample holder;
9 — linear motion drive; 10 — top fixation part;
11 — M3 fixation screw; 12 — M8 bolt; 13 — M3 screw;
14 — frame; 15 — M8 nut

A Keithley 2614b source meter was used as a cur-
rent source and voltage measurement tool. VVoltage meas-
urements were done with pulses. Number of measurements
can be selected before test. A mean, standard deviation,
minimum and maximum values were given by the meter.
Measurements were performed by using 4 wires and ohm-
meter mode. Four wire method eliminates resistance coming
from probes. A 100 mA current was used for Ti composite
samples and 1 A was used for copper sample. The resistance
is automatically calculated by the source meter. Accuracy of
measurements is 0.03 % + 1.5 mA for current source at 1 A



range, and 0.015 % + 150 pV for voltage measuring at 100
mV range [8].

A simulation was performed to validate model and
better understand current flow. A model was created with
Comsol software. Mesh size: from 1.6x10“ m to 0.00128 m.
Cylindrical sample has 6 mm height and 10 mm diameter.
Two adjacent probes are spaced 2 mm apart. Probe spacing
is determined based on the needles and the biggest diameter
of the sample. Probe needle tip is not infinitely small; the tip
is 0.04 mm diameter. The tip had to be of finite diameter
because very small mesh would be needed.

Fig. 3 Fully assembled measurement setup

Electric currents, Joule heating and solid mechan-
ics physics are used in the simulation. Sample and probes
are separate entities and form an assembly. Mechanical and
electrical contacts are applied to areas where probes touch
sample. One probe current is applied point current source of
1 ampere. The other current probe is given ground. Pure ti-
tanium material properties are used in simulation because it
is the closest material to real samples available. At the posi-
tions of the voltage probes, electric potential values are
taken. The plot of the simulation can be seen in Fig. 4.

Fig. 4 shows the current paths’ distribution around
the sample and. It is well known that finite geometry sam-
ples resistivity measurements need correction factors [6].

The resistivity without correction factor is calcu-
lated by using Eq. (1).

Uj,

p=2~7r-s-[|— Q)
where: p is the resistivity of the sample material, Q-m; s is
the spacing between two adjacent probes, m; | is the current
applied between current probes, A.

5
p= 2-3.14-0.002-[%] ~477.107Q-m

Resistivity with correction factor is calculated by
using Eqg. (2). Two correction factors applied that are taken
from scientific literature [13, 14].
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pc:2-7f-3-(UTj~F1-Fz: (2)

where: p is the resistivity of the sample material with cor-
rection factors, Q-m; F is the correction factor for finite
thickness; F» is the correction factor for finite lateral width.

-5
p. = 2-3.14-0.002-(%}

.0.978-0.7419 =3.46-107Q-m.

The true resistivity of titanium presented in
COMSOL software is 3.846 x 107 Q-m. Resistivity with
correction factor is closer to the true value of the material.
The percentage error with correction factor is 10% and 24%
without correction factor.

Volume: Electric potential (V)

40,01
x107

Fig. 4 Electric potential plot of collinear for point probe
method from Comsol [12]

4, Results and discussion

A simulation was performed to determine the in-
fluence of contact force to the electrical connection of
probes and sample. Contact pressure parameter was applied
to the contact pair at the connection area. Ideally, probe tip
should be infinitely small; in this case, probe tip had radius
of 0.02 mm and area of 1.25-10"° m2. The needle probe used
in setup will be spring-loaded and will have a force rating.
By using Eq. 3, contact pressure can be calculated.

P= ©)

F
A 1
where: P is the contact pressure, N/m?; F is the theoretical
force of spring-loaded probe, N; A is the area of probe tip,
m2.

Simulation results are presented in Table 3.

It was found that at least 8 N force is required to
have adequate contact. If force is increased further, no
change is seen. The resistivity at 8 N force or higher is the
same as bonded connection. Below 8 N force, big variation
is seen. Resistivity is much smaller than the true value. This
indicates that proper connection between probe and sample
is not made sufficiently well. This behavior can occur be due



to surface roughness and hardness of the materials. At a cer-
tain force, in this case, at 8 N, surface roughness is flattened
and an ohmic connection is made.

In Fig. 5, a plot of von Mises stress is shown. Dur-
ing shown simulation 8 N force or 6.39-10° N/m? is applied.
The probes were constrained in X and Y directions. The
sample was fixed immovably.

Table 3
Contact force simulation results

Contact pressure | Force on in- | Resistivity no |Resistivity with
applied to all four | dividual correction, | correction, Qm
probes, N/m? probe, N Qm
3.99-10° 5 2.69-102 1.95-10%
6.39-10° 8 4.77-107 3.46:107
7.98-10° 10 4.77-107 3.46:107
| Surface: von Mises stress (N/m?) [ = e
| x107% m N/m?
1 || o A 3.43x10°
f b T x10°

3

=

¥ 3.97x10°

Fig. 5 Von Mises stress plot with 8 N force applied

The highest stresses were calculated at the tip of
the probe needle. Maximum stresses are obtained at the very
tip that are lower than yield strength (525 MPa) of the ma-
terial of the probe. The stress in the sample is lower than the
yield strength of titanium. In this simulation, both, probes
and composite sample would not be plastically deformed. In
real scenario, the probe needles would have much sharper
tip and lower force would be needed to achieve ohmic con-
tact. However, experimental testing would be needed to find
the minimum needed force.

Six titanium-based composite samples were tested
in total. One sample was measured six times; every time
needle holder was rotated by 45 degrees. Additionally, at
each position, 30 measurements were performed by the me-
ter. By using statistics function, mean, standard deviation,
minimum and maximum values were calculated automati-
cally by the meter. Furthermore, an average of the six meas-
urements was calculated, the results are presented in Ta-
ble 4. The Peltier element was used to maintain a constant
20°C of the sample during measurement.

Another test was performed in different tempera-
tures. Measurements were performed without rotating nee-
dle holder, only at one position. Peltier element used to heat
and cool the sample. Firstly, sample was cooled until tem-
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perature reached 10°C. After measuring all the samples, Pel-
tier element was used in heating mode to bring the sample
temperature to 50°C. EX355P AIM-TTI programmable
power supplied linear drive 12V and Peltier element with
needed current and voltage. The resistance measurement re-
sults are shown in Fig. 6.

All Ti-based composites either tested by experi-
mental method or found in literature had higher electrical
resistivity than pure titanium. This can be explained by the
microstructure of the composite. The microstructure has po-
rosity and air gaps that increase the resistivity. Also, differ-
ent particle material bonding could affect the overall resis-
tivity. Furthermore, the alignment of the particles, whether
isotropic or anisotropic affects result. The comparison of
highest and lowest values obtained by different methods is
presented in Table 5.

Table 4
Measurement results of average electrical resistance
Sample | Mean, Q Stand.ard de- Min, mQ | Max, mQ
viation, Q
N6 4.11-10° 4.28-10* 3.821905 6.141154
N7 8.30-10* 7.85-10° 0.451887 | 0.905952
N8 1.28-1073 1.16:10* 0.677334 1.349107
N10 1.43-10°3 1.67-10* 0.562374 1.520077
G7 1.36:10°3 1.65-10* 0.489736 1.441337
G6 1.41-10°3 1.71-10* 0.520926 1.507413
Copper | 5.77-108 1.47-10% 0.004644 | 0.050341
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Fig. 6 Dependence of electrical resistivity of Ti-based sam-
ples on temperature

Table 5
Comparison of electrical resistivity obtained by different
ways
Highest electrical | Lowest electrical
Method resistivity, Qm resistivity, Qm
Experimental 2.27:10° 6.4:10°
Found in similar re- 8310 0.327-10
search
Slmulfatlon of pure 346107 3.46:107
Ti sample

It was also observed that tested composite samples
had an unusual behaviour, increase in resistivity while de-
creasing temperature. As seen in similar material research a



linear increase in resistivity is seen at a certain range. How-
ever, nonlinear behaviour can be exhibited at lower temper-
atures [15]. Measurements consisting of a wider range
would be needed to determine if in fact this material behaves
differently than other metals.

5. Conclusions

1. A design of the measurement setup was created using
3D modeling. The design conformed to needed require-
ments. Outer dimensions of the setup did not go over
dimensions of the vacuum chamber. The outside di-
mensions of the measurement setup were 120 mm
width, 228 mm length and 323 mm height. The samples
fit into the sample holder and needles could probe them.
The maximum sample diameter was 11 mm, and the
minimum was 7 mm. The maximum sample thickness
was 20 mm and minimum 4 mm. A heating and cooling
element was applied. A minimum temperature of minus
55°C and a maximum temperature of 83°C could be
achieved. The sample can be measured at different an-
gles by rotating needle holder. Simulation was per-
formed for the four-point probes with a pure titanium
sample. Electrical resistivity calculated from simula-
tion results showed a value of 3.46:107 Qm. The per-
centage error from true value was less than 10%.
Electrical resistance of titanium-based composite sam-
ples was measured. Electrical resistivity and conductiv-
ity were calculated. N6 sample had the highest resistiv-
ity with 2.27-10° Qm and the N7 had the lowest with
6.40-10° Qm. Other samples had similar resistivity,
around 1.2-10"° Qm. Additionally, a copper sample was
measured to verify the measurement. Result was
5.74-108 Qm, it was 3.3 times higher than the real value
of copper. Additionally, all samples were tested at 10°C
and 50°C. It was observed that all Ti-based composite
samples had lower resistivity at 50°C, but copper sam-
ple had lower resistivity at 10°C. Experimental results
were compared with similar results of other scientific
research works. N7 sample and TisAIC; had only 1.2
time difference. In all cases Ti-based composite sam-
ples had lower electrical conductivity than pure tita-
nium.

The following experiments determining the investiga-
tion of electrical properties of Ti-based samples will be
performed for the purpose to increase an accuracy of
the testing of Ti-based samples with different chemical
composition.

The project is in progress. Following future tasks as de-
velopment, calibration, experimental research will al-
low to determine electrical properties of Ti-based com-
posites with various chemical composition.
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DEVELOPMENT OF DETERMINATION
METHODOLOGY OF ELECTRICAL CONDUCTIVITY
OF TITANIUM-BASED COMPOSITES

Summary

The Ti-based metal matrix composite samples are
novel, fabricated by using high voltage electric discharge
and spark plasma sintering processes. They have potential
usage in the aviation industry. A research that allowed
measuring an electrical conductivity of Ti-based composites
was performed. A collinear four-point probe method was
chosen for measurement of electrical conductivity. Needle-
like probes were used to contact the tested sample. Other
aspects of the measurement setup are discussed and selected
according to relevant literature. A simulation was performed
using COMSOL software to validate the measurement
method. Furthermore, a simulation performed for contact
force of the probes was performed. A 3D model of the
measurement tool was created and designed. The
measurement setup was tested and validated by using a
copper sample. electrical resistance of Ti-based composite
samples was measured, and electrical conductivity was
calculated. Furthermore, samples were measured at
different temperatures and resistivity dependence to
temperature was presented. Experimental results are
compared to similar research results.

Keywords: electrical conductivity, resistivity, four probe,
MMC, composite.
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