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Abstract. Solar panels must maintain the vertical direction of sunlight throughout the day to
optimize their electrical energy output. Different actuators, such as electric, hydraulic, or pneumatic,
can accomplish the tracking mechanism. However, there are several issues with these actuators,
including their affordability, size, complexity of their control circuits, and maintenance
requirements. Smart materials called shape memory alloys (SMAs) have replaced traditional
actuators to address these issues. The SMA has special qualities that make it crucial in designing a
solar panel sun-tracking system. When heated or subjected to a direct electric current, the SMA
spring may function as a linear actuator, contracting with significant force. On the day the test is
being conducted, the current data might be kept in an Excel sheet table according to the sun's
azimuth angles. This study aims to model by Matlab/Simulink and implement an SMA actuator
(spring) driven single-axis solar tracker in the azimuth direction under open-loop control. The
results show that, in comparison to the fixed panel, the mobile solar panel's maximum efficiency
will increase by 30% at noontime solar radiation values of 1026 W/m?. Additionally, these alloys
help to raise the average efficiency of the moving plate's increase by 60% when compared to the
stationary panel. To validate the computational model results, experimental tests have been
conducted on an SMA-based solar tracker setup. The simulated and experimental results appear to
correlate well. The results also indicate that this alloy is a good actuator for driving solar trackers.

Keywords: Solar tracking system; SMA actuator; excitation current; PV panel; Azimuth angle

1. Introduction

Renewable energy sources?, such as solar, wind, and
other sources, are gaining popularity among users as an
alternative to fossil fuels. Solar energy is one of the most
attractive and healthy alternatives to fossil fuels. Solar
energy has several uses, such as crop drying systems>™),
air heating systems>®, water heating systems’®, and the
production of electricity®'?, etc. Because clean energy is
becoming increasingly important, there is a greater
demand for solar energy equipment. Hydro, wind, solar,
and environmental energy” are some of the methods
utilized to supply the growing need for electrical energy
and accomplish sustainability goals.

Solar-powered equipment is widely used in residential,
commercial, and agricultural settings. Solar panels are by
far the most common component of this kind of
equipment. To capture as much solar energy as feasible,
these panels need to be combined with solar tracking
systems!'! so that sunlight always falls perpendicular to
the panels. Actuators must be installed in the tracking
systems to implement the tracking mechanism.

Because actuators are essential to solar tracking

systems, their design must be properly thought out. Strong
durability capabilities, technical precision and control,
stability, and seamless integration with solar trackers are
all requirements for actuators. Good tracking of solar
energy using actuators may increase the efficiency of solar
panels by 30-40% compared to fixed panels'".

Energy sources such as hydraulic pressure, pneumatic
pressure, or electrical current may drive actuators. They
convert energy into movement. It allows photovoltaic
(PV) panel angle adjustments by users. According to
degrees of structural freedom, solar tracking systems may
be divided into two primary categories: single-axis'>!?
and dual-axis'#'¥. Single-axis trackers typically go in the
direction of the sun, from east to west (the azimuth angle),
while dual-axis trackers are designed to monitor the sun
using two axes that correspond to the azimuth and altitude
solar angles. Because single-axis tracking systems are
easier to install and operate, have a longer lifespan, are
more dependable, and are less expensive than dual-axis
trackers, they are widely utilized in a wide range of
applications. To achieve high structural dependability and
control accuracy for the real performance of these systems,
new designs and technologies for actuators in both kinds
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of trackers have been developed recently.

Mechanical actuators come in various forms, including
stepper motors'®, DC motors and gearboxes'”, and linear
motors'®). The solar tracker can also be driven by different
actuators, such as pneumatic'® and hydraulic?).

To increase the efficiency of solar panels, particularly
in hot regions, Mohammed et al.'¥ developed and
experimentally verified the efficiency of a PV panel
integrated with a water glazing system and driven by a
dual-axis solar tracker. Hamidi et al.'"> developed and
built an automated dual-axis sun tracker driven by two
worm DC gear motors and controlled by a microcontroller
to deliberately point the solar concentrator prototype in
the direction of the sun in order to improve its thermal
performance. Khalaf et al.?? designed and constructed, by
Matlab/Simulink, a model of fuzzy logic-controlled,
closed-loop, dual-axis solar tracker powered by
pneumatic actuators. Abdul-Hussein et al.??) designed
suitable pneumatic actuators to drive an open-loop, two-
axis PV solar tracker while taking into consideration the
maximum load and impact angles in the worst weather
conditions experienced in Iraq. Alexandru?” created a
simulation model of a dual-axis solar tracker that is
hydraulically operated and utilized in a PV platform.

Hydraulic linear actuators were used to drive the PV panel.

The use of electrical actuators in driving the solar
tracker makes it work well, but it suffers from many
defects, including their large size and weight, the
economic cost of the actuators, the electrical losses
associated with their operation, as well as the complexity
and cost of their control circuits. As for the hydraulic and
pneumatic systems, they are highly adaptable and can be
used in a wide range of applications, including solar
trackers, they are frequently subject to fluid leaks and
require additional components (compressors, pumps,
valves, and piping). Numerous drawbacks are common to
these actuators, such as the necessity for extra parts,
lengthy installation times, high system complexity, hefty
weight, and high power consumption. Smart alloys known
as shape memory alloys (SMAs) were used to replace
these actuators to address these issues.

The SMA actuator, a smart material, has several
qualities, including compactness, robustness, high
strength-to-weight ratio, cheap cost, noiseless operation,
and tiny size?>?¥. Due to its unique mechanical and
thermal characteristics, it may be used in a wide range of
technical applications. The material's shape memory
effect allows it to return to its original form when the right
stimulus is present?”. The SMA can convert electrical
energy into mechanical energy (motion). This task is
usually completed by an electrical motor, yet in a few
situations, the SMA provides notable benefits over
motors?®,

Because of their enormous and attractive features,
SMAs have become the focus of researchers' attention to
study their unique properties and employ them in many
applications. The SMAs have been the subject of recent

studies in the fields of robotics?”, biomedicine®®,
automotive®”, aerospace®”, and antennas’?.

Since these alloys have all the above-mentioned
features and are used efficiently in many applications, the
current study is distinguished from other studies by
applying these smart and inexpensive alloys in
implementing a solar tracking device. The present paper
aims to model using Matlab Simulink and implement a
smart single-axis sun tracker setup using the SMA
mechanism under open-loop control. Using SMA
actuators, this mechanism allows the PV panel to track the
sun with an azimuth angle of 216° from sunrise at 5:09 to
sunset at 18:49 during the day. By injecting a DC electric
current into the SMA springs mounted on the tracker
structure, these springs generate enough force to guide the
solar PV panel to precisely track the sun's movement
throughout the day. Sun tracking systems work better
when they use SMA spring-based actuators because they
provide smooth and accurate control, easy integration into
the system architecture, and the possibility of downsizing,
all while maintaining exceptional functional performance
conditions.

An SMA-based solar tracking system setup was used to
study the performance of the system as well as to
experimentally test and confirm the accuracy of the
computational model results.

2. Working principle of shape memory alloy

The material's phase transition behavior gives the SMA
its thermo-mechanical properties®?. This is connected to
the material's internal stress and temperature, and under
some circumstances, a shape memory effect takes place.
When stress is placed between the Martensite and
Austenite phases at a specific temperature, the austenite
phase becomes distorted and retains its residual stress.
This refers to this procedure as forward transformation.
Here, distortion from the forward transformation is
eliminated and the material reverts to its initial shape, a
process known as reverse transformation, when heating is
applied within the austenite phase, as shown in Fig. 1.
SMA may be employed as an actuator during this process,
which generates a significant amount of stress.

\ Heating

Reverse
Transformation

Austenite

Y Cooling

Temperature

Loading

Forward
Transformation

Twinned Martensite Deformed Martensite

Load
Fig. 1: Principles of working of SMA3*

-3110 -



Modeling and Implementation of an Open-loop Single-axis Solar Tracking System Driven by an SMA Spring Actuator

3. Modeling of SMA

The SMA demonstrates the exceptional ability to recall
its prior crystalline configurations throughout the
transition from the martensite to the austenite phase. In
some applications, joule heating using electric current is
the usual method of achieving actuation temperature. It is
difficult to simulate the complex thermal-electrical-
mechanical dynamics of SMA actuators. Additionally, the
direct design and execution of the SMA model would
provide challenges for the designers because of the fatigue
behavior of SMA and its primary thermal mechanical
conditioning. Even though the design, modeling, and
dynamics of SMA actuators have been explored in a wide
range of applications, there is relatively little research on
systems based on SMA actuators in renewable energies,
particularly about solar tracking and their control devices.

Micro and macroscopic levels were used by
Khandelwal and Buravalla®® to categorize SMA modeling
approaches. The macroscopic research of SMA is more
pertinent to actuator applications as it aims to understand
phase field, hysteresis, and phase propagation. The SMA
microscopic study deals with the dynamics of crystals and
lattices. Three approaches may generally be used for the
macroscopic  investigation of SMA: 1) the
thermodynamics model, 2) the phase transition model,
and 3) the kinematic model.

In the proposed simulation for the SMA, the
Thermodynamics model will be adopted.

3.1 Thermodynamic model of SMA

Temperature and current are two physical and electrical
parameters related to the thermodynamics model of SMA.
The difference between the power provided and heat
losses determines the rate of temperature rise, as per the
energy conservation rule®>®. The following is the
thermodynamic equation:

MLl R —d,Lyh(T—~T,) (1)

Where Lo, =1 mis the original length of the SMA spring,
do = 0.5 mm is the diameter of the SMA spring wire. p =
6.45 g/m3 is wire material density, ¢ = 837.36 J/kg.K is
the specific heat coefficient, R =5 Q is the wire electrical
resistance, & = 47.83 is the coefficient of convective heat,
T(t) is the temperature, 7, = 20C° is the ambient
temperature, i(f) is the input current, and 7 is the time-
independent variable.

It is possible to characterize the stress in the SMA
spring as a function of temperature®?:

Stress = Y(aAT)/L, )

Where Y is young modules, « is the thermal expansion
coefficient, and AT is the change of temperature.

A material experiences an increase in stress as
displacement rises. This suggests that the more a material
is stretched or twisted, the more stress it will experience.
The relationship between displacement and stress is
affected by the direction and magnitude of the applied
force as well as the properties of the material, such as
elasticity and stiffness.

At temperature T, the SMA spring actuator may
provide the following output displacement®”:

[G(T)-GL]yL 3)
(d@/nwD2)G(T)+[(Fy—FL)/ASFL]G(T) vy

6(T) =

Where n is the spring's number of turns, F is the axial
load at low temperature, Fy is the axial load at high
temperature, d is the wire diameter, D is the average
diameter of the spring, Ad = 10 mm is the stroke of the
actuator, y. = 2% is the shear strain, G; is the shear
modulus of the SMA spring at low-temperature value, and
G(T) is the shear modulus of the SMA spring at
temperature T and its value (25-40) GPa in the austenitic
phase.

At temperature T, the axial load may be found using®”:

8(T)G(T)
F) == "h “)

The axial load at low temperatures can be given as®":

_ d4GL
~ 8D3n

F, s, (5)

4. System modeling

This study uses MATLAB R2023b Simulink to
investigate the feasibility of employing SMAs as
actuators to drive a single-axis solar tracker under open-
loop control to drive a solar panel. The overall simulation
model is displayed in Fig. 2. A simple smart actuator is
built from two SMA springs; the first is used to drive the
PV tracker at high temperatures and the second at low
temperatures. Thus, to generate a displacement in
response to heat input, SMA actuators exert a
considerable force on a certain weight. The injected
electric excitation current causes the suggested actuators
to compress and have a substantial thermal energy storage
capacity. It can then release this energy as displacement,
or mechanical energy.
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Fig. 2: Simulation of the entire solar tracking system model

To implement the tracker model, the first step is to build
a framework. The framework used here is based on
several stages. Firstly, an SMA model is built in which the
displacement due to temperature change is obtained based

a solid work program. The output of solar tracking block
is the panel angle variable, which in turn becomes an input
effective solar radiation from "Rad. measurement" block.
The radiation value will become an input to the "PV

on regulating the inlet excitation current values through a
"current source Excel sheet" block. The displacement
values exiting from the "SMA spring" block become input
to the "solar tracking" block shown in Figure 3, built using

panel" block. Lastly, the voltage and current values of the
PV panel are recorded as the panel is loaded by a resistive
load.
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i. SMA spring block

The SMA spring block, shown in Figure 2 is used for
modeling the two SMA springs based on the initial length,
stiffness, and thermal properties of the SMA spring
(thermal resistance, heat capacity, and ambient
temperature). The input of this block is an Excel sheet of
current and the output is the value of displacement of the
SMA spring.

ii. SMA stress block

The SMA stress block is modeled to compute the SMA

(b) stress based on the spring parameters (spring constant and

Fig. 3: a) Solar tracking block, b) solid work of PV panel cross-section area of spring). The output of the SMA

block spring block, the "displacement”, will be input to the SMA

stress block and the output "sigma" of the SMA stress
block acts as the stress of the SMA spring.

Below is a detailed explanation of all subsystems
(blocks) of the entire solar tracking system model shown
in Fig. 2. iii. ~SMA temperature block
The SMA temperature block is used to compute the

SMA spring temperature based on the thermal
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characteristics of the spring. The Excel sheet of current
will be fed to this block while, the output is the spring's
temperature change.

iv. Solar tracking block

Solar tracking block is modeled to simulate the solar
tracking mechanism. Its input is the displacement variable,
which is the SMA spring's output and its output is the
angle of the solar PV panel. All internal details of this
block are shown in Figure 3a. The proposed solar tracking
mechanism is built by attaching the SMA springs to the
solar panel with a moving base. This base is connected to
two cylinders on which the SMA spring will be placed.
When the current passes through the SMA spring, the
spring will cause a displacement. As a result of this
displacement, the moving base will move and then the
solar panel will rotate according to the displacement. The
current feed values of the springs are related to the
movement of the sun. They are stored offline in an Excel
sheet to be called on time.

v. Rad. measurement block

The "Rad. measurement" block represents the
relationship between the panel tilt angle as an input and
the effective radiation as an output. The block is designed
to evaluate the effective solar radiation incident on the PV
panel based on the solar cell's tilt angle value. The output
of this block, the effective irradiance, will be as an input
to the "PV panel" block. The variations in radiation levels
are taken from SunCal position on May 6, 2024, in
Baghdad’V.

vi. PV panel block

This block simulates the process of converting effective
solar radiation falling on the solar panel into electrical
power. The input to this block is effective solar radiation
and the output is the electrical values represented by the
voltage and current of the PV panel when loaded with a
resistive load. The PV panel used has the specifications
listed in Table 1.

Table 1. Solar panel specifications
Value
Solar panel model DG-P25W
Max. power (Pumax) 25W

Max. power voltage (Vump) | 18V

Description

Max. power current (Zmp) 1.39A
Open—circuit voltage (Voc) | 21.24V
Short—circuit current (Isc) | 1.53A
Max. system voltage 1kV
Area of the solar cell 0.19 m?

5. Experimental validation

An SMA-solar tracking system experimental setup
under open-loop control is depicted in Fig. 4. The system
mainly consists of a DG-P25W PV panel, a tracker's iron

structure, control circuit, measuring sensors, Lead-Acid
battery (2x12V, 9Ah), and two SMA springs. One end of
each SMA spring is fixed at the point closest to the center
of the PV panel to achieve rotation of the panel at the
maximum possible angle. Since this spring has high
strength characteristics, it has the ability to rotate the
proposed plate up to 180° with minimal displacement.
Each spring with an area of 19.65 mm? was formed from
1 mm diameter NiTi alloy wire. The control circuit mainly
includes an Arduino UNO, ATS8W-43 Compact Analog
Twin Timer to give signal each hour through the day to
excite the spring with electric current pattern, and a
general-purpose relay for turning on / off the SMA springs.

A series of experimental tests on displacement,
temperature, and stress were carried out to assess the
behavior of the SMA springs in response to changes in
electric excitation current and to validate the simulation
model's results.

SMA spring

Ultrasonic sensor .=

LM35 sensor [ 8=

PV panel

Fig. 4: Experimental setup

An Excel sheet table of electric current values is stored
offline in the Arduino's RAM. The current values are
proportional to the solar azimuth angles during the day of
the test. These values are called sequentially according to
the hours of the day in conjunction with the timer signal
to excite the SMA actuators.

The necessary data values are captured by several
sensors, such as a LM35 sensor to measure the
temperature of the SMA spring, a load sensor to measure
the force (i.e. stress = force/spring area) applied by spring
to pull the PV panel, a ACS712 current sensor to measure
the current flowing across the spring, and an Ultrasonic
sensor HC-SR04 to measure the displacement in the
spring.

The SMA springs will be activated by current table
values shown in Fig. 5. All measurement (temperature,
stress, and displacement) all based on electrically heated
MSA springs. Figure 6-8 display the plotted current-
dependent variables. By analyzing the results of Figs. 5-8,
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it is noted that there is a fairly acceptable agreement
between the outputs of the simulation model and the
experimental setup.

6. Results and discussion

This section describes the design and implementation
of the SMA spring-driven solar tracking system model
using MATLAB Simulink on May 6, 2024. The model
results will also be validated by conducting experimental
tests on the SMA-based solar system. The performance of
the tracking system is studied in two stages. The first stage
represented the study of SMA behavior during the day,
while in the second stage, the behavior of SMA was
reflected in the performance of the solar panel during the
day in terms of their electric output power and efficiency.

6.1 SMA behavior

The hourly distribution of SMA spring excitation
current is shown in Fig. 5. The values of current were
determined according to the sun's azimuth angles in a full
day and were stored off-line in a table (Excel sheet) to be
entered into the SMA spring block. These currents were
eventually converted within the model into a force that
moves the solar panel at an angle proportional to the value
of the current. The current table can be repeated during
the days of the year based on maps related to the location
of Baghdad city. In this case, the proposed system can
work without the need for any feedback system, and this
tracker can work in all expected weather conditions.
Figure showed that the current increased from sunrise to
sunset, with the exception of about midday, when it nearly
stabilized because of the sun's slow movement and the
high temperature during this time. This almost eliminated
the need for electric current stimulation during this period.
It can be seen from the figure that at the end of the day,
the alloy draws the highest value of current to achieve the
maximum displacement of the solar panel. The value of
the excitation current in the practical side exceeds the
theoretical one by approximately 16% throughout the day.
This difference results from neglecting the loading effect
to which the PV panel is exposed in the practical system,
including air resistance and the coefficients of friction of
the moving parts, etc.

——Simulation = ——Experimental

Current(A)
o
oo

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time(hour)

Fig. 5: Hourly distribution of SMA spring excitation current

The behavior of the SMA spring was studied in terms
of changes in temperature, stress, and displacement
during the day on May 6, 2024, as a function of excitation
current, as shown in Figs. 6-8. Figure 6 shows how the
temperature increased with increasing electric current
(which was also the average temperature for the model),
because increasing the current lead to increased energy
loss and therefore an increase in the heat generated. It can
be seen from the figure that at the end of the day, the
practical temperature value of the alloy reaches
approximately 70°C. The practical values exceed the
theoretical ones by about 10%.

——Simulation = ——Experemental

[oc]
ol

Temperature (C°)
N iy [e2]
(63} (6] (8]

(&)

0.1 0.15 0.2 0.25 0.3 0.35
Current (A)

Fig. 6: Excitation current vs. temperature of SMA

The hourly change of the SMA stress with the SMA
excitation current during the day is displayed in Fig. 7.
Since the thermal expansion coefficient, which varied
from alloy to alloy, was the primary factor determining
stress, increasing the electric current resulted in increased
heat production, which in turn raised the stress value. It
was found that when electric current grew, so did the value
of stress. In general, the more the temperature changes,
the higher the level of stress that can occur. This increase
lead to the transformation of the material into the austenite
phase.

= Simulation Experimental

850

Stress (Pa)
N 5 9
g & 3

o
o

0.1 0.15 0.2 0.25 0.3 0.35
Current (A)

Fig. 7: Excitation current vs. stress of SMA

In addition, temperature-related modeling of the output
displacement of the SMA spring actuator had been
conducted. Figure 8 illustrates how the SMA spring
actuator's output displacement rose in direct proportion to
the excitation current. The opposing element defeats the
readily bendable SMA element's resistance at low
temperatures. To activate the actuator, the SMA element
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must be heated above the transformation temperature.
Thus, the SMA element's stiffness increased, allowing it
to overcome the contract's resistance and provide
mechanical work and beneficial displacements. It can be
seen from the figure that the spring displacement values
were roughly steady for readings between 0.2 and 0.25 A,
which correspond to noon. This is due to the sun's sluggish
motion during that time of day.

g ——Simulation ——Experimental
&7
-
=
9]
Es
=5
£
23
87
a

1

0.1 0.15 0.2 0.25 0.3 0.35
Current(A)

Fig. 8: Excitation current vs. total displacement of SMA

6.2 PV panel performance

Before beginning to study the performance of solar
panels, the distribution of sun azimuth angles throughout
the day must be known. The following data’® show
additional information about timings: Dawn: 04:42:56,
Sunrise: 05:09:24, Culmination: 11:59:20, Sunset:
18:49:45, Latitude: N 33°21'29.88"33.35830°, and
Longitude: E 44°18'50.04"44.31390°. Coordinates: 38S
436167 3691219, considering that the solar declination =
16.7°. The sun azimuth angles were considered as the
input signal to the PV block, whose movement reaches
216°, from east to west on May 6, 2024. The distribution
of solar radiation during the day must be simulated. Figure
9 showed the distribution of solar radiation on May 6,
2024. It was noticed that the radiation gradually increased
until it reached a maximum radiation of 1026 W/m? at
noon and then began to decrease again.

1200
1000
800
600
400
200

0
567 8 91011121314151617 181920

Time (hour)

Radiation (W/m*"2)

Fig. 9: Hourly distribution of solar radiation on May 6, 2024

The performance factors represented by the output
power and efficiency of the PV panel were obtained and
plotted, during the day on May 6, 2024, with and without
tracking, as illustrated in Figs. 9 and 10.

The value of the PV panel's daytime electrical output
power is shown in Fig. 10. It has been noted that the
resultant energy rose until midday as the value of solar
radiation climbed, and then it started to fall as the
radiation value dropped. Additionally, at 12:30, the
output power reached 20W without the tracking (fixed
panel) and reached a maximum of around 25W while
utilizing the tracker. It is noted that the maximum value of
energy provided by the solar panel confirmed to the
specifications of the PV panel in Table 1. The figure
shows that the maximum performance of the mobile panel
exceeds the fixed panel by 25%.

Tracker Fixed

Output power (W)
—_ = D W
o b O O

< L

56 78 910111213 141516 17 18 19 20

Time (hour)

Fig. 10: Hourly distribution of PV panel output power

Plotting the PV panel efficiency curves was used the
radiation intensity (G) curve (Fig. 9), the PV panel output
curve (Fig. 10), and the panel area (4 = 0.19 m?). Eq. 7
offers a way to calculate efficiency.

Po
GXA

n(%) = X 100% (7)

As illustrated in Fig. 11, the PV panel efficiency
increased as solar radiation increased. The efficiency
values began to gradually rise from sunrise at about 5:00
until they reached to maximum at midday around 12:30
and then began to decrease until they reached its lowest
level at sunset around 18 o'clock due to the decrease in
solar radiation. It was clear from the curves that the
maximum efficiency reached about 13% in the case of
tracking, while it is 10% without tracking. The maximum
and average values of efficiency of the moving PV panel
is greater than that of the fixed one by 30% and 60%,
respectively.

Tracker Fixed

—_— —_—
< Lh

Efficiency %
w

0
56 7 8 9 1011121314 1516 17 18 19 20

Time (hour)
Fig. 11: Hourly distribution of PV panel efficiency
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7. Conclusions

The study involved examining the system's
performance and verifying the correctness of the
computational model results through actual testing using
a solar tracking system configuration based on SMA
spring actuators. When compared to a fixed panel
example, the moving panel's maximum efficiency
increased by 30% at a solar radiation value of about 1026
W/m?, demonstrating the importance of using smart
technology to direct the tracking system. Additionally, it
was discovered that, in comparison to a fixed panel, the
panel powered by SMA actuators may raise its average
efficiency value by 60% during the day. The outcomes
proved that there is a lot of agreement between the
experimental and analytical models. This alloy can be
regarded as a good substitute for conventional actuators
that power solar panels. The suggested system is
incredibly low-cost and incredibly simple, and it can
function offline without the requirement for feedback
devices under all predicted weather conditions. Therefore,
shadow or clouds have no effect on the movement and
location of the tracker.
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Appendix

ATINiTi SMA 1™ Alloy

INTRODUCTION

Typically used in shape memory nickel titanium alloy devices and actuators
Applicable industry standards: ASTM F2005, ASTM F2004, ASTM F2082
Austenite finish (A temper nge 30°C to 75°C
in the fully aled condition by DSC testing)

Table 1. Ingot Chemistry

Element Typical maximum (unless noted otherwise)
(weight %)
Nickel 54010 57.0
Carbon 0,005
Cobalt 0005
Copper 0,005
Chromium 0005
Hydrogen 0002
ron 0,005
Niobium 0,005
Nitrogen + Oxygen 0025
Titanium Balance
Melting Point 1310°C (2390°F)
Density 645 glem’ (0.234 Ibs/in’)
Electrical Resistivity Austenite phase: ~80-100 pQ-cm
Martensite phase: ~70-60 y0-cm
“Thermal Conductivity Austenite phase: 0.18 wattem-"C
Martensite phase: 0.085 watt/cm-"C
‘Thermal Expansion Austenite: 11 x 10%°C
Martensite: ~6.6 x 10%/°C
mew lu addiional physical properties:
. Materials Properties Handbook: Ttanium Alloys, ASM Interational Copy Right 1994
MECHANICAL PROPERTIES
Uttimate strength >155 Ksi (1070 MPa)
| Elongation | 210% |
T — —L
PRODUCT FORMS AVAILABLE

+  Sheet: Nominal 0.020" to 0.125°T in widths up to 24" widths. Surface finish typically hot worked, blasted and

pickled
o Plate: Nominal 0.126°T up 10 0.250°T in widths up to 24" widths. Surface finish typically hot worked, blasted and
pk*l
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