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Abstract
The rationale of our study is to evaluate the feasibility of aluminium in the fields of
engineering and construction, where it is often an integral part of structures and engineering
components that are exposed to constant heat, making them more susceptible to temperature
changes and thus thermal expansion. Even though there have been many studies to determine
the thermal expansion coefficient, they often give a range or sometimes imprecise values,
leaving engineers with troubles to calculate the thermal expansion of aluminum in the real world.
To evaluate that, the thermal expansion coefficient of aluminium must be calculated at greater
accuracy to be able to be used for industrial applications and their respective purposes. This
project aimed to use the Michelson interferometer, to which fractional changes in length to
precision of mm per degrees Celsius can be captured. In a Michelson interferometer, a beam of
collimated light is directed at a beam splitter. The resultant two beams of equal amplitude are
reflected by mirrors equidistant from the beam splitter. These two beams recombine at the beam
splitter, where they interfere. The interference patterns and subsequent fringe shifts have
allowed us to calculate the thermal expansion coefficient. From which, the thermal expansion
coefficient of aluminum was deduced to be (24.3±0.7) × 10⁻⁶ °C⁻¹, this gives a percentage error
of 3.40% from the value given by NIST, which is (23.5±0.3) × 10⁻⁶ °C−1 .

1. Introduction and Literature Review
There have been inconsistent studies on the thermal expansion coefficient of aluminium.
The results collected do not collate or converge to a single answer. This is especially ironic
since aluminum is one of the most widely used metals of the 21st century. Knowledge of
accurate data of thermal expansion of metals is needed in order to select the appropriate
material for specific uses (Meekaewnoi et al., 2013). Thermal expansion has adverse influence
on product quality if thermal expansion is not controlled (J D James et al., 2000). Lack of
knowledge of thermal coefficients can cause structural dangers, especially materials which are
subject to a broad range of temperatures throughout the day. Measurements of the crystal
lattice parameter of a material at different temperatures can be used for calculation of thermal
expansion coefficient.
Aluminium is widely used in the construction of transport vehicles and buildings, which
are very susceptible to thermal expansion due to their constant exposure to varying
temperatures. Aluminum is the material for building space structures such as thrusters and fuel
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tanks. If the thermal expansion to it during ignition is not controlled, this may lead to disaster.
(Aluminium.org, 2012). Aluminium is widely used in building wiring. It expands and contracts at
significantly different rates under thermal exposure, so a connection can become loose,
especially after prolonged use. Loose connections get progressively worse over time
(Wikipedia, 2020).
The thermal expansion coefficient describes how the size of an object changes with a
change in temperature. Specifically, it measures the fractional change in size per degree change
in temperature at a constant pressure, such that lower coefficients describe lower propensity for
change in size (Wikipedia, 2020). The choice of coefficient depends on the particular application
and which dimensions are considered important. For a solid like aluminum, only the change in
length matters. With this, engineers can calculate the change in length of the metal subjected to
thermal expansion, so that they can prevent potential disasters from happening.

2. Proposed Solution and Solution Design
Solution Background
The Michelson interferometer is a common configuration for optical interferometry (Fig.
1.1). Using a beam splitter, a light source is split into two arms. Each of those light beams is
reflected back toward the beamsplitter, and on towards a screen or detector. The resultant two
beams of equal amplitude are reflected by mirrors equidistant from the beam splitter. These two
beams recombine at the beam splitter, where they interfere.

Figure 1.1: Configuration of Michelson interferometer
Optical interference occurs when the optical wave fields carry out destructive or
constructive interference. The interference pattern consists of either circular or parallel fringes,
depending on the orientation of the beams.
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When the optical wave fields reinforce, they create constructive interference.
Constructive interference takes place at the bright fringes. It occurs when a peak of a wave
meets another peak of a wave at the same frequency and point, or when a trough of a wave
meets the trough of another wave at the same frequency and point, creating a wave in which
the amplitude is the sum of their individual amplitude. Constructive interference occurs when the
phase difference between the waves is an even multiple of π (Scholl & Liby, 2009; Wikipedia;
2021).
When the optical wave fields cancel, they create destructive interference. Destructive
interference takes place at the dark fringes. Destructive interference occurs when a peak of a
wave meets the trough of a wave at the same frequency and point, creating a wave in which the
amplitude is the difference of their individual amplitudes. Destructive interference occurs when
the difference is an odd multiple of π (Scholl & Liby, 2009; Wikipedia; 2021).
Interference fringes on the screen are shown in Figure 1.2. When the metal is heated, it
will expand and push the mirror toward the beam splitter. When the mirror is pushed forward,
the laser waves reflected to and off the two mirrors do not travel the same distance, and
therefore there would be a change in interference fringes (Fig. 1.3).

Figure 1.2: Interference pattern
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Figure 1.3: Shift in interference fringes due to different interference taking place
The Michelson interferometer was invented by Albert Abraham Michelson in 1887. It was
firstly used in the "Michelson-Morley Experiment", which set out to prove or disprove the
existence of luminiferous aether, a substance at the time thought to permeate the Universe, the
medium in which light waves propagated. The result was negative. There was no significant
difference between the speed of light in the direction of movement through the presumed aether,
and the speed at right angles. This was considered to be one of the pieces of evidence that
disproved said theory.
It has been applied in many different ways throughout history. One notable application is
the Fourier transform spectrometer (Fig. 2). This is the same as a Michelson interferometer with
one movable mirror. An interferogram is generated for different positions of the movable mirror.
This is usually discrete and minute movements to the mirror since the interferometer is very
sensitive. This also allows for a delay in the travel time of the light to be included in one of the
beams. A Fourier transform is then used to translate the interferogram into an actual spectrum,
allowing for analysis.

Figure 2: Fourier transform spectrometer
The Twyman–Green interferometer is another applicability of the Michelson
interferometer (Fig. 3). Used to optical components, light from a laser is expanded by a
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diverging lens, then is collimated into a parallel beam. A convex spherical mirror is positioned so
that its center of curvature coincides with the focus of the lens being tested. The emergent
beam is recorded by an imaging system for analysis. The rotation of one mirror results in
straight fringes appearing in the interference pattern, a fringing which is used to test the quality
of optical components by observing changes in the fringe pattern when the component is placed
in one arm of the interferometer.

Figure 3: Twyman–Green interferometer
The Michelson interferometer was used just recently in 2015 to detect gravitational
waves (Fig. 4). For context, gravitational waves cause space itself to stretch in one direction and
simultaneously compress in a perpendicular direction. When a gravitational wave comes along,
it distorts space and one arm becomes longer than the other. This causes the two arms of the
Michelson interferometer to not be the same length. This is known as differential arm motion,
since the arms are simultaneously changing lengths in opposing ways. Since light has a finite
speed, light takes a different amount of time to reflect back to the beam splitter for the different
arms. As the distances change, so does the alignment between the peak and the troughs of the
waves at the beam splitter. The peaks and troughs of the waves do not cancel out each other,
and total destructive interference does not occur. This causes light to be reflected onto the
photodetector. The intensity of this light varies as the distances of the arms with respect to the
beam splitter varies. The intensity can be measured to measure the gravitational wave. This
constantly happens back and forth until the wave has passed. The change in arm length caused
by a gravitational wave can be as small as 10⁻¹⁹ m, which is about
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the width of a proton.

In 2015, LIGO detected gravitational waves using this setup, with arm lengths of 4km. This was
the first experimental validation of the General Theory of Relativity (LIGO, 2015).
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Figure 4: LIGO Laser Interferometer
The Michelson interferometer is rather sensitive and as such small temperature changes
are needed to deduce thermal expansion coefficient of materials. Their experimental setup is
shown in Figure 5. In Scholl and Liby’s experiment to measure the thermal expansion coefficient
of copper in 2009, from 26.9°C to 37.2°C, 336 fringe shifts were detected, translating to α = 16.8
× 10⁻⁶/°C. This is about a 1.1% percentage error. Thus, this experimental model can be
translated into that for aluminum, because aluminum and copper share metallic properties, and
they share similar thermal properties in terms of expansion. As such, it is rather efficient as it
can provide accurate results for such a small temperature range, and hence determine the
thermal coefficients of metals with a low percentage error. To heat the metal, an Amptek silicone
heat tape was placed inside of the metal. Foam pipe insulation was placed around the pipe to
ensure uniform heating. The heat tape can warm the pipe quickly, faster than can be measured
by the eye. It is important to take care that the recombined beams are collinear, otherwise poor
quality or no fringes will be produced (Scholl & Liby, 2009). With the high accuracy of results
that the Michelson interferometer yielded as in previous experiments, it was determined to be
used to calculate the thermal expansion coefficient of aluminum.
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Figure 5: Scholl & Liby Michelson Interferometer

Aims and Objectives
In this project, we aimed to do the following:
●

Implement the use of the Michelson interferometer to calculate the thermal
expansion of aluminum;

●

Deduce the thermal expansion coefficient of aluminium to great accuracy.

Procedures and Methods
The Michelson interferometer was set up as shown in Figure 6.1, 6.2 and 6.3. A He-Ne
laser diode of wavelength 632.8 nm with power 5 mW was used. These specifications were
provided by the manufacturer of the laser, and not calculated. A temperature sensor connected
to a data logger was placed next to the metal and supported by a retort stand (Fig. 6.4). The
metal is cylindrical, and is wrapped with heat tape, which uses electrical energy to heat the
metal later. The data logger for the temperature is shown in Figure 6.5. The mirrors are placed
11.4 cm from the beam splitter. A camera was placed 13.0 cm opposite to the screen for
recording purposes. The retort stand is to hold the iPhone camera (not shown), and it is placed
on top of a trolley (Fig. 6.6). Since the interference pattern changes every time the laser is
turned on and off, the screen will be placed at any appropriate position on the table. Two sets of
data were collected per session. It is imperative that the light rays from the two mirrors converge
to a single point, else low quality or no interference patterns will be created.
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Figure 6.1: Screen view of Michelson interferometer

Figure 6.2: Alternative view of Michelson interferometer
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Figure 6.3: Top view of Michelson interferometer

Figure 6.4: Non-contact temperature sensor
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Figure 6.5: Data logger to check temperature of metal

Figure 6.6: Retort stand for camera
The formula in Figure 6.7 was used to calculate the change in length of the metal, ΔL.
The variables in the formula are as follows: n represents the number of fringe shifts, and λ
would be the wavelength of the laser diode used, 632.8nm. ΔL can be taken to unlimited
λ

significant figures as n is a whole number, and that 2 is a constant. A factor of 2 resides in the
denominator because when the mirror moves a distance x, the path length changes by a
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distance 2x (Scholl & Liby, 2009). The formula to calculate the thermal expansion coefficient, α
is given in Figure 6.8. L₀ is the initial length of the metal, and ΔT is the change in temperature.
Since α is the ratio between ΔL and L₀ΔT, a graph of ΔL in nm against L₀ΔT in mm°C would be
plotted. The gradient, α can be easily deduced and would have units 10⁻⁶ °C−1. Therefore, α is
the gradient of the graph multiplied by an order of magnitude of 10⁻⁶, with units °C−1.

Δ𝐿 =

𝑛λ
2

Figure 6.7: Formula for ΔL

α=

Δ𝐿
𝐿₀Δ𝑇

Figure 6.8: Formula for α
Step 1 - Obtaining the metal to the correct starting temperature, T₀
1. We collected two sets of data per lab session, as the metal needed to cool overnight
after it was heated using the heat tape
2. The starting temperature for the first set of data is usually the temperature of the metal
where we first go to the lab.
3. The temperature on the data logger fluctuates, and thus an average temperature was
calculated.
4. For the second set of data collected, the starting temperature is similar to the ending
temperature after we heated the metal following the collection of the first set of data. The
thermal expansion coefficient does not really differ for small temperature ranges.
Step 2 - Measuring the initial length of the metal, L0
1. The initial length of the metal was measured with vernier callipers with up to 0.01mm
precision.
2. This would be done when the metal reaches the starting temperature.
3. The initial length of the metal varies, from session to session, due to the many conditions
in the lab, as well as the limitations brought by the pandemic. As such, L0 cannot be
taken as a constant. Thus, it was decided to exploit this by changing L0 simultaneously
with ΔT. Since both are constituents in the same variable, changing both of these would
not impact the experiment.
Step 3 - Heating and recording the metal over a temperature range, ΔT
1. The electrical circuit was turned on, and the metal was subjected to a voltage of 120V.
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2. At the same time, the phone records the change in interference fringes. All videos were
taken in 1080 pixels at 30 frames per second, with iPhone cameras.
3. When the metal reaches the final temperature Tf = T₀ + ΔT, the electrical circuit is turned
off and the metal stops being heated. The recording stops.
Step 4 - Counting the number of fringe shifts, n
1. The videos are uploaded to a Google Drive folder for the counting of fringe shifts.
2. The central fringe was not used to count the fringe shifts as it is unstable and prone to
unpredictable blinks.
3. Instead of using the central fringe to count, the second or third fringe from the centre was
used to count the number of fringe shifts (Fig. 6.9).
4. Firstly, the original position of the second or third fringe, depending on the videos, were
marked. After which, the number of fringes that passed through that mark is the number
of fringe shifts.
5. The number of fringe shifts per video were counted multiple times to ensure accuracy.
6. The naming format for the videos were as follows: ΔT_T₀ - Tf .
7. The gallery for the videos can be found at:
https://drive.google.com/drive/folders/1TzsueRKN_jhGAM_aa2KXUjttfk5Ud4kv?usp=sharing

Figure 6.9: Annotated interference fringes
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3. Results and Discussion
The results gathered are shown in Figure 7.1.
T₀ / °C

Tf / °C

L0 / mm

ΔT / °C

L0 ΔT /

L0 ΔT /

n, number

mm°C

mm°C (3

of fringe

s.f.)

shifts

,

ΔL

𝑛λ
/ nm
2

26.0

31.0

100.40

5.0

502

500

34

10757.6

26.0

32.0

100.45

6.0

602.7

600

48

15187.2

26.0

33.0

100.62

7.0

704.34

700

56

17718.4

26.0

34.0

100.40

8.0

803.2

800

62

19616.8

34.0

43.0

100.60

9.0

905.4

900

68

21515.2

25.5

35.5

100.50

10.0

1005

1000

79

24995.6

31.5

42.5

100.59

11.0

1106.49

1100

81

25628.4

Figure 7.1: Data collected
From this, a graph was plotted of ΔL against L0 ΔT (Fig. 7.2).
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Figure 7.2: Graph of ΔL against L0 ΔT
From the graph, the linear regression line deduces α of aluminum to be (24.3±0.7) μ°C−1,
which equates to (24.3±0.7) × 10⁻⁶ °C−1. This method has a percentage error of 3.40% with
respect to the thermal expansion coefficient of aluminum given by NIST: (23.5±0.3) × 10⁻⁶ °C−1
(Peter & Krider, 1952). The coefficient of determination, R2 , is seen to be 0.9729, which shows
that α has an uncertainty of 2.7%, thus giving the uncertainty of 0.7 within α. The error bars also
help us to visualise the accuracy of each data, showing an uncertainty of ±2011.1nm.
There are potential sources of error in this experiment conducted. The first is that of the
non-contact temperature sensor. The temperature sensor was placed some distance away from
the metal. Since there is some air passing through the narrow opening between the sensor and
the metal, there could have been discrepancies with the actual temperature range,
compromising the accuracy of ΔT. Furthermore, this experiment was done in an air-conditioned
environment, which could have provided inaccurate data to the data logger. This could be
solved by using either a contact temperature sensor or by using two or more thermocouple
thermometers.
The second is that of the aluminum oxide protective layer. Aluminum, in its purest form,
is surrounded by a layer of aluminum oxide. This could potentially direct some heat away from
the aluminum, and use it to heat the aluminum oxide. Therefore, the true expansion of the
aluminum is not accurately captured, since some heat is being used to expand the layer of
aluminum oxide, which itself has a different thermal expansion coefficient. This, however, is a
problem that is difficult to solve. One could try pouring small amounts of acid to neutralise the
oxide layer and then clean off the acid and immediately put on the heat tape. However, this may
not work mainly due to the fact that aluminum reacts rapidly with the surrounding air to produce
the aluminum oxide layer again.
The third is that the temperature ranges are not the same. Even though it is only ΔT that
matters, the reality is that α does vary with temperature. However, α is largely constant for
minor temperature changes. Due to the restrictions brought on by the pandemic, the amount of
sessions were decreased, and subsequently a compromise was made with the temperature
range. This could be more accurately done if the experimental data was collected with a
common T0.
The fourth source of error could be the fact that when the metal is gaining heat and
expanding, the mirror attached to it also gains heat and expands. This could cause the laser
wave to reflect in a different way as expected. This would therefore affect the interference
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patterns and fringe shifts on the screen, and implicate the accuracy of n. This however cannot
be solved. It is inevitable that the mirror would expand. To minimize such heating, one could try
putting a heat near the mirror and a cooling device so that the mirror’s temperature is largely
kept constant. The problem with this is that it could cause unnecessary and unbalanced
expansion and contraction of the mirror, which would also affect the variable n. Moreover, the
cooling device must also not affect the thermal expansion of the metal, which is the key player
at hand.

4. Conclusion and Further Work
Based on our results, we have determined the thermal expansion coefficient of
aluminum to greater accuracy, which is (24.3±0.7) × 10⁻⁶ °C−1. This gives a percentage error of
3.40% from the value given by NIST, which is (23.5±0.3) × 10⁻⁶ °C−1 . Even though it is not as
accurate as the value given by NIST, it is well within the atmosphere and abilities of the school
lab.
The project was completed with the deduction of the thermal expansion coefficient of
aluminium, with the use of the Michelson interferometer. Since most of the materials could be
found within the SRC Lab, there was no need for an especially high budget to navigate this
experiment.
We have also demonstrated a way to deduce the thermal expansion coefficient of
metals, with high accuracy. Moreover, the change in the fringes pattern can be seen as the
metal expands. With our Google Drive folder, this can allow for future researchers in this field of
what to expect when carrying out this experiment. It is also thus possible to use similar setups of
the Michelson interferometer to calculate the thermal expansion coefficient of other metals.
Measures must be taken to ensure the laser diode does not cause eye radiation.
Student researchers are to be guided by licensed laboratory staff. Laser safety eye goggles are
to be worn at all times while conducting the experiment and gathering data. Laser apparatus
must be locked when not in use and is only accessible to authorised laboratory staff.
Future researchers are to learn from the sources of error conducted in this experiment
and carry out ways to better suit their experiment as well as maintain their accuracy.
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