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Abstract. The objective of this review article is to study the resistivity of aluminium alloy at low
temperatures. Various articles have been thoroughly studied for this review. Alloys that contain Al as
dominant metal are termed as Al alloys. The first conventional Al alloy was prepared A6160 whose major
constituents are Si and Mg. Al metal in its pure form has very high electrical conductivity but it is soft. Foils
and conductor cables are made of Al. For advanced applications, Al is alloyed. The review has briefly
explained the physical background of electrical resistivity and analysis of chosen material, aluminium alloy.
Furthermore it has also discussed the resistivity of nanoparticles of Aluminium alloy.
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1. Introduction

Materials behaviour is mainly characterised by the nature of their constituents. The evolved
Physical and nonphysical features are then attributed to the components and vary by external
factors such as pressure and temperature, in general. Specified electrical properties also depend
upon the structure of the material. Due to that, conducting, with low resistivity, materials are used
to supply electric current to long resistance. While in some cases materials with high resistivity
applied in different appliances e.g. electric heater, iron filament, etc. electrical and electronic
systems use electrical resistance as the key parameter for the selection of materials. The right
selection of material is based upon the required application. Power distribution systems rely on
electrical resistivity to assess transmission lines, earth grounding, and soil material. Electrical
resistivity is a manipulating variable function of temperature.

Electrical resistivity can be measured by using various methods and models. The shape of the
sample and contact resistance defines which method is suitable for precision measurements. The
resistivity of high resistive samples can be measured by using two probes methods (ohm metre
or voltmeter — ammeter measurements) [15]. Four probes methods can be used for the
measurement of resistivity of materials those who have low resistance and single crystals. The
resistivity of the pellets and bulky samples can be measured by using Montgomery, van der Pauw,
and Smith technigues. These are conventional techniques by which resistivity can be measured
but other techniques which use modern technology analyse the resistivity. Electrical resistivity is
essential for the applications of metals, alloys and their nanoparticles, and a thorough
understanding of their electrical resistivity is much needed. In many electrical applications we
utilise in our daily lives, the electrical behaviour of a material can be as, and sometimes more,
important than the mechanical properties. The electrical resistivity of aluminium alloy is of great
practical importance especially in applications involving aerospace, automotive, architectural,
lithographic, electric, and electronic applications.
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2. Electrical Resistivity of Aluminium alloy at low temperature

The resistivity of aluminium alloy varies from 0.5-6 yQ cm as a function of temperature. But it was
noticed by C. H. Yin and L. M. Qiu that variation in resistivity is infinitesimally small below 77K
temperature [1]. At very low temperatures, especially lower than 20 K resistivity becomes nearly
constant of Al alloys. The resistance of different aluminium alloys at low temperature (ranges from
ice point to helium temperature) will be (0.18-2.16)x10 with sample size 5 x 0.5 X 90 (width x
thickness X length). The resistivity of aluminium alloys at low temperatures is 1000 times more
than pure aluminium [2].

Theoretical analysis shows that the cryocooler instrument can be used to study electrical
resistivity below 38 K temperature [1]. To achieve a low-temperature environment two-stage
cooler is used. By providing constant current the voltage is measured with variation in
temperature.
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Figure 1. Resistance vs temperature of the cryocooler measurement platform [1].

As the Debye temperature of aluminium is 380 K which concludes that its resistance below 38K
nearly constant which can be shown in figure 1. Above 90 K resistance is nearly proportional to
temperature. The results can be compared with the Physical Property Measurement System
(PPMS) system’s results to prove that they are accurate and reliable. Experimental verification of
the cryocooler measurement method is performed which shows only 1 %. The resistance of the
aluminium alloy is nearly constant between 38 K and 4.20 K which was proposed theoretically
and proved experimentally by C. H. Yin and L. M. Qiu[1]. This experiment also gives convenience
that if the experimental setup does not allow 4.2 K temperature, for the measurement of resistivity
of materials with low-value Residual Resistivity Ratio or Residual Resistance Ratio (RRR)
(RRR<10), we can use any temperature between 38 K and 4.20 K.

R. Krsnik (R.K.) and E. Babic (E.B.) measured the resistivity of aluminium alloys within the
temperature range 4.2-100 K. By using rapid quenching techniques they obtained samples
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covering a wide range of concentrations. R.K and E.B proved experimentally that resistivity of
impurity is one greater than the highest found. They also founded from these observations that
Pph X T3 so mainly resistivity depends upon impurities in this range [4].

There are more than ten different mechanisms by which we can observe deviation from the
conventional resistivity proposed by Matheissen (total resistivity is the sum of resistivity due to
pure host (phonon) and resistivity due to impurity concentrations as well) [5]. We can study and
specify some mechanism to eliminate the error factor in deviation from Matthiessen's rule (DMR)
by alloying Al metal with different alloying elements and different concentrations. There is an
ideology behind the anomalous impurity resistivity which says that interferences of phonon and
impurity scattering at different temperatures cause deviation from standard impurity scattering
values. Aluminium is best for understanding DMR and anomalous impurity resistivity. Caplina.D.
and Rizzutoc founded that Al alloys with non-anomalous impurities resistivity at low temperature
is given as,

p(T) =py+ Ppure (T) + A(py) T3 1)

Where,pyis residual resistivity ana A(pg) is a varying function independent of the impurity. There
are two theoretical ways by which equation (1) can be defended: one based on “extra electron-
phonon scattering processes due to impurities” while the second one “assumes that the impurities
are the relaxation time over the Fermi surface” [6]. To minimize the discrepancy between these
two models it would be good to modify recent measurements to higher concentration and very
low temperature. Although the solid solubility of elements in aluminium is very high, increasing
the concentration is difficult due to the formation of Guinier Preston zones (Nanosized coherent
pre-precipitates or solute clusters formed during natural ageing and in the early stages of artificial
ageing). So the ultrarapid quenching technique is used to prepare high impurity concentration
samples and the molten temperature of sample alloys can be varied. The samples prepared by
R.K. and E.B. were thin strips having 20-50 um thickness, 2 — 4 mm broadness, and 3 —
5 cmlong. Concentrations can be determined with electron microscope analysis and the
geometrical factor can be estimated from mass, length, and parameter of the lattice of the samples
and via residual resistivity ratio. Resistivity can be measured with the help of potentiometric setup
with high accuracy up to 10°.

R.K. and E.B. concluded that there is no variation in impurity resistivity due to variation in
temperature a few Kelvin less than the temperature at which resistivity due thermal agitation is
detectable. They also noted that different alloys with different residual resistivity showed the same
behaviour during the increase in temperature. Temperature dependence is always T® at low
temperature and above 20°K resistivity increases faster same as ppue(T) but in case of most
concentrated alloys where phonon contribution is completely masked by T3dependence have the
same dependence on T3. These results are according to the prescribed theoretical models (the
first model predicts T2 dependence at low temperature and the second predicts T® dependence
only at an intermediate temperature and T° dependence at very low temperature but R.K. and
E.B. did not extend their measurement for T° dependence rather only take measurements for the
dependence of T%). To distinguish between these two models we have to consider the
dependence of phonon resistivity on residual resistivity [4].
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Figure 2. Dependence of phonon resistivity p(T)- po on impurity resistivity at three fixed
temperatures. Data is taken from Senoussi and Campbell [7] measurements and R.K and E.B.
measurements.

Although the sample preparation technique was different from R.K and E.B their measurements
have good agreement with Senoussi and Campbell measurements. Consequently, they showed
that the determination of DMR can get with using concentrated alloys and resistivities of these
samples proportional to T up to 0.1 ©p (Debye temperature) which depends only log po the rapid
guenching technique is best for the preparation of samples.

Over a wide range of annealing temperature variation in resistivity is measured during the ageing
of aluminium alloy [8]. They took measurements by using a new approach and proposing solubility
products for the Q phase in aluminium and identified the contribution to overall resistivity due to
precipitates. For studying precipitation in aluminium alloy, an electrical resistivity is a good tool
but it is very hard to separate effects due to solute atoms and fine-scale precipitates. When
precipitation starts, resistivity increases due to the formation of the solute cluster and keeps
growing as precipitants increase. The methodology is also used for the separation of solute from
solid solution and is known as resistivity anomaly. Resistivity increases as the function of ageing
times and becomes maximum for very long ageing time and then decreases to values below as-
guenched resistivity. The effect of ageing can be resolved by distinguishing between resistivity
due to solute atoms (described by Matthiessen’s rule) and resistivity due to fine-scale precipitates
[9]. None theoretical model (e.g. increment in resistivity is due to strong scattering from clusters
of solute atoms and reduction in resistivity is due to either increase in cluster’s radius more than
the mean free path of electrons [9] or to the increasing anisotropy of Bragg scattering from clusters
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[11]) could explain anomaly resistivity successfully so experimental calibration is required.
Uncertainty in resistivity is due to short quantitative analysis (it is considered that at early stages
precipitation is very important while on the other hand effect of precipitates can be ignored when
the spacing between clusters is larger than the mean free path of electrons and when spacing is
the intermediate effect of a precipitate is less clear).

For the determination of Q phase product solubility and contribution of precipitate resistivity alloy
solution prepared and treated at 560 °C, quenched in water, and for immediate ageing treated
with temperature in a range of 200-560 °C for 1 h. To avoid temperature effects all the
measurements were taken by immersing specimens in liquid nitrogen (77 K). Measurements
elaborated that initially resistivity increases with increasing ageing temperature and after 350 °C
the process is reversed and a plateau in resistivity is gained at 300 °C (plateau resistivity increases
with temperature). So resistivity will not be affected by precipitates at higher temperatures (due
to coarse structure) and the value of plateau resistivity represents the equilibrium condition. While
for low-temperature precipitate resistivity is taken into account because plateau resistivity is not
gained. So Matthiessen’s rule can be moulded according to the above analysis as,

P = Ppure (T) + Zi piC; + Pppt (2)

Where ppure(T) is phonon resistivity due to thermal agitation, pi is resistivity due to specific solute
atoms and C; concentration of specific solute, and ppy resistivity due to the formation of clusters.
From plateau resistivity concentrations of precipitates can be measured and by using these
concentration solubility products of Q precipitate can be measured.
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Figure 3. A comparison between experimental and equilibrium values [8]

From figure 3 we can see that when the ageing temperature in the range of 450-560 °C the
experimental and equilibrium values coincide but when decrement in temperature takes place
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deviation of equilibrium values can be seen towards higher resistivities. The reason behind this
deviation is due to the effect of precipitate resistivity and precipitate resistivity (depending on the
separation between precipitates) can be calculated as,

12
Pppt = 1172 3)

where L is spacing between precipitates.

Table 1. The contribution of precipitate resistivity to the total resistivity varying with separation spacing
between precipitates [8].

Separation between precipitations Contribution to total resistivity

10 nm 15-25 %
10-100 nm 10-15 %
Up to 1000 nm Below 5 %

In theoretical assumption, it is considered that scattering from precipitates, metastable
precipitates, and solute clusters have similar behaviour but experimental observations show that
precipitate resistivity must be taken into account especially for those precipitates which strengthen
the alloys. Consequently, it was found the effect on electrical resistivity due to different ageing
temperatures of aluminium alloy and came to know that at higher temperatures resistivity due to
precipitates can be ignored and lower temperatures of precipitates resistivity must be taken into
account. According to these results, Matthiessen’s rule can be modified which includes the term
precipitate resistivity. By using this rule, the range of precipitate can be identified (where it is
effective and where it is not).

Aluminium alloy with different heat treatment conditions shows that resistivity decreases uniformly
within the temperature range liquid helium to ice point[12]. Resistivity measurements of these
alloys can be used to correlate with their other properties e.g. electrical conductivity, precipitation
hardening, etc. The relation between electrical resistivity and electrical conductivity (Ae) is given
by the Lorentz ratio.

— Ae
L=p; (4)
where L is the Lorentz number.
Uncertainty in the measurements of aluminium is 0.4% which arises due to systematic error as
well as two voltage measurements rather imprecision in the size of sample and voltage
measurements because these errors are much less than systematic error. For these

measurements, the electrical resistivity dip probe method can be used and for numerical
calculations, a simple formula can be useful.
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= R;% (5)

Graphical analysis of these measurements can be useful to show their behaviour according to
change in temperature as well as heat tempering.
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Figure 4. Electrical resistivity of aluminium alloys [12].

The figure shows that alloys behave similarly with variation in temperature regardless of
composition and heat treatment. So curve plots from room temperature measurements can be
extrapolated to check the low-temperature behaviour of these or new aluminium alloys. Except Al
5083 and Al 2024, which have larger and smaller resistivities respectively corresponding to larger
and smaller content of impurity, there is also a rise in resistivity of alloy and alloy scales with a
rise in impurity content [12]. Heat treatment may change the phase structure of the specimen and
can be done in four different ways (‘0’, T4, T6, and T86). The ‘0’ is the condition of heated alloy
and cools slowly to form large precipitates that will separate; thus scattering is reduced. The ‘T4’
condition is naturally aged heated solid solutions while ‘T6’ is aged artificially so fine-scale
precipitates will form to lower the resistivity. The final one is ‘T86’in which solution anneal and
cold working is done during artificial ageing and resistivity increase due to imperfections (due to
cold working).

3. Resistivity of nanoparticles of Al alloy

The introduction of nanoparticles in the matrix influences the electrical, magnetical, optical as well
as mechanical properties. Aluminium alloy and nanoparticles introduced into them have specific
characteristics e.g. high electrical resistivity, heat resistance, yield strength, plasticity, hardness,
etc?. It has been found that if the grain size of the doped nanoparticles sample is much smaller
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than the original one than electrical resistivity will increase because there would greater number
of grains consequently there would be large grain boundary to hinder the charge carrier and
reverse phenomenon will occur when grain size of sample embedded with nanopatrticles is
significantly larger than the original sample. Smaller grain size also reduces the surface contact
area between grains due to which motion of charge carriers reduces and resistivity will increase?.
But it was found in [13] that grain size of 6061 alloy increases from (155 pym to 240 ym for wt. 0.5
%) when nanoparticles of alumina are introduced. So resistivity will decrease according to [14].
But increment in the consecration of nanoparticles causes a decrease in the grain size
consequently resistivity increases. Change in the cooling rate of the alloy will change the size of
grains.
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Figure 5. Relations of resistivity with concentration and temperature of nanoparticles [15]

The figure shows that when concentration increases the inverse of electrical resistivity increases
and similar behaviour has shown by temperature increment. The decrease in resistivity with
increasing temperature symbolises the semiconductor behaviour. When temperature increases
the drift mobility of charge carriers increases due to thermal effects consequently resistivity will
increase. Basically in nanomaterials, there is little probability of overlapping the wave function of
electrons of ions located at an adjacent site. But probability will increase when the temperature
increases because ions vibrate more violently and transfer their electrons with each other as the
resulting resistivity will decrease.

4. Conclusion

The present review revealed that the resistivity of Al alloy is at low temperatures and is dependent
upon temperature. At very low temperature (below 20 K) it is proportional to T° and at low
temperature (above 20 K and below 12th part of Debye temperature) resistivity is proportional to
T2 and resistivity has linear relation at high temperature (this is experimental verification of Bloch-
Gruneisen theoretical calculations). From the behaviour of Al alloy, we demonstrate that residual
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resistivity is nearly constant at any temperature. We prove that if any metal is in the pure form its
resistivity becomes zero at absolute zero temperature and if the metal is impure resistivity
becomes constant at specific temperatures (called residual resistivity). Furthermore it has also
been scientifically proven that resistivity of nanoparticles of aluminium increases with the increase
in temperature
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