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The kinetics of cooling of the aluminium grade of the A5N, its alloys doped
with silicon, copper, and rare-earth metals in a wide temperature range were
measured. It revealed that the process of cooling of the aluminium and its
alloys has a relaxation behaviour. An experimental study of the specific heat
and heat transfer coefficient of these substances is carried out. According to
experimental data, the temperature dependence of the heat transfer coeffi-
cient for pure metals is calculated. It is shown that the values of heat transfer
coefficients of copper, aluminium, and zinc are different. To determine the
heat capacity of doped alloys for each group is recommended to define the
coefficient of heat transfer of the initial alloy.

Key words: aluminium A5N, cooling, specific heat capacity, coefficient of
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Bumipsza KiHeTHKa 0X0JIOMKeHHA arroMinito Mmapku ASN, #oro cTomis 3 Kpe-
MHieM, Migaio i piikicHO3eMeJIbHUMU MeTajlaMi Y MITPOKOMY iHTepBaJi TeM-
neparyp. BuasieHo, 110 IIpollec OXOJIOAKEHHA aJIOMiHiIO 1 #ioro cTomiB mMae
penakcamiiiHui xapaxTtep. IIpoBeneHo eKcliepuMeHTaJbHE TOCTiIKeHHs IIH-
TOMOI TeIJI0eEMHOCTI i KoedimienTa Temnrosiggaui mux peuosur. OgeprkaHi ga-
Hi IpoBeIeHOoT0 JOCTIiI:KeHHS JO3BOJIUINA PO3PaXyBaTu TeMIIEPATYPHY 3aJIeK-
HicTh KoepimienTa remnosiggaui unctux merainiB. Ilokasawmo, 110 BeIUUYUHU
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KoedimieHTiB TemjoBigmaui anasd Mimi, aJIOMiHiI0 Ta IMUHKY BiApisHAOTHCA.
JJ1a 3HAXOAKEeHHA TEeIJIOEMHOCTI JIETOBAHUX CTOMIB AJIA KOMKHOI TPy PEKO-
MEHJI0OBAaHO BU3HAUYaTH Koe(dillieHT TenIoBiggaui AJ1s BUXiZHOTO CTOIIy.

Kuarouosi ciaoBa: amrominiii ASN, 0X0JI0mKeHHs, IINTOMA TEeIlJIOEMHICTE, Koe-
dimieHT Temonepemayi.
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1.INTRODUCTION

The thermophysical properties of metals and alloys are the most im-
portant physical characteristics that determine the patterns of their
behaviour under various operating conditions [1-11]. The main inter-
est in doped alloys is primarily due to the possibility of significant im-
provement, and sometimes a fundamental change in the physicochemi-
cal properties of known materials.

The thermophysical properties of aluminium alloys doped with rare-
earth metals, scandium, and yttrium have been the subject of intensive
study in recent years [4, 8, 9, 14]. The range of their possible perfor-
mance is almost unlimited. However, to date, there is no theory has
been developed that accurately describes possible changes in thermo-
physical properties during the doping of alloys.

Thus, the experimental study of the thermophysical properties of
doped alloys is a significant scientific and applied interest. The solu-
tion to this problem can contribute to the creation of materials with
predetermined properties.

This paper presents the results of an experimental study of the tem-
perature dependence of the specific heat capacity of an ultrahigh-
purity aluminium base AK1M2 alloy doped with praseodymium, neo-
dymium, scandium, and yttrium. At least partially to fill the gap in the
experimental study of their thermophysical properties depending on
the temperature and concentration of the doping metals is carried out.

2. OBJECT OF THE STUDY AND RESEARCH METHODS

The objects of the study are aluminium of grades of A5N (99.999%)
and A7 (99.7%), Si (99.0%), Cu (99.99%), and aluminium-based al-
loys of grades AK1 (Al + 1% wt. Si’) and AK1M2 (AK1 + 2% wt. Cu)
doped with praseodymium, neodymium, scandium, and yttrium in dif-
ferent mass proportions (Table 1). The choice of research objects is due
to the possibility of using these alloys in various fields of science and
technology.

For purely physical reasons, observation of monotonous change in
the temperature of an object during the heating is extremely difficult
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due to the presence of many factors (voltage in the power supply net-
work, the thermal conductivity of the environment, etc.). The most
convenient and simple method is to use the ‘cooling-mode’ regime,
which makes fewer errors during the experiment.

The specific heat capacity of materials is measured using the setup
shown in Fig. 1. The device consisted of the electric furnace (1) mount-
ed on a bench, which can move to the horizontal direction. The sample
(2) with this is a cylindrical form (2 = 30 mm, D = 16 mm), with a
drilled channel at one end, into which thermocouple (3) inserted
(Fig. 1). The ends of the thermocouple are connected to the Digital
Multimeter UT71B 4 meter, which allowed the direct recording of the
measurement results on a computer (7) in a table view. The accuracy of
temperature measurement is +0.1°C.

According to the Newton—Richmann law of cooling, the specific
heat capacity of alloys in the wide temperature range is measured. A
body having a temperature above ambient will be cooled, and the cool-
ing rate depends on the heat capacity of the body C and heat transfer
coefficient a. The amount of heat lost by a preheated body of mass m
when it is cooled by dT degrees will be

dQ = CmdT.

Loss of energy occurs through the surface of the body. Therefore, we
can assume that the amount of heat lost through the surface of the body
over time will be proportional to time, surface area S, and the difference
in body temperature T and the environment To: dQ, = —o(T — T;)Sdz. If
the body releases heat in such a way that the temperature of all its points
changes identically, then equality will be true [7]:

=1 2]
a:::?a::Ja?a'J B
EI = "

1 T ]

b

Fig. 1. Experimental setup for temperature measurements. 1—electric fur-
nace; 2—sample; 3—thermocouple; 4—Digital Multimeter UT71B; 5—AC
voltage controller; 6 —Digital Multimeter DI 9208; 7—computer.
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CmdT = -o(T - T,)Sdr. (1)

Heat transfer from a warmer body to a less warmed one is a tendency
to establish thermodynamic equilibrium in a system consisting of
many particles called a relaxation process. The relaxation process in
time can be described as an exponential dependency.

In our case, a heated body transfers its heat to the environment (i.e. a
body with an infinitely large heat capacity). Therefore, the ambient
temperature can be considered constant (7). Then the law of change in
body temperature with time t can be written as:

AT = AT, e ™™,

where AT is the difference in temperature between the heated body and
the environment; AT; is the difference in temperature between the
heated body and the environment at the time of the beginning of the
measurement. i.e. at t = 0, 1 is the cooling constant, numerically equal
to the time during which the difference in temperature between the
heated body and the environment decreases by a factor of e.

Assuming that in a short temperature range the values of C, o, and T
are independent of the coordinates of the surface points of the samples
heated to the same temperature, and at a constant ambient tempera-
ture, we write the ratio for two samples C,m,S,a,(dT /d1), =
= C,m,S,0,(dT / dt),. When using this formula for two samples having
the same dimensions s; = s; and the condition of the surfaces, the equal-
ity of their heat transfer coefficients o; = a2 is assumed. Therefore,
knowing the masses of the samples m; and m3, the cooling rates of the
samples, and the specific heat capacity Ci, we can calculate Cs.

First, we needed to find out to what extent the assumption of o1 = o
is justified. For this, we studied the cooling process of copper, alumin-
ium, and zinc, for which the temperature dependence of heat capacity
is known. The experimentally obtained time dependences of the tem-
perature of the samples are described with good accuracy by an equa-
tion of the form:

T =y, +ae” + pe™,

where a, b, p, and k are constant values for a given sample. yo= T is the
ambient temperature, a =T, - T,, p =T, — T, is the amplitude of the
first and second processes, the temperature difference between the
heated body and the environment at the time the measurements begin,
i.e.att=0,b=1/11, and k = 1/72, where t; and 1 are the cooling con-
stants for the first and second relaxation processes:

T T

T=T +(T,-T)e " + (I, -T)e “. 2)
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Differentiating (2), we obtain the cooling rate:

T-T — T,-T —
ar _ _|L-% Oem 422 "0 % | 3)
dt T T,

3. RESULTS AND DISCUSSION

The experimentally obtained time dependences of the temperature of
the samples are described with reasonably good accuracy by equation
(2). Table 1 shows the values of the coefficients in formulas (2) and (3)
for the investigated pure metals and alloys.

As an example, Fig. 2 shows the dependence of temperature on cool-
ing time for copper, aluminium (A7), A5N, and AK1M2. The time de-
pendence of the temperature of ASN shows on Figures 2 and 3 sepa-
rately for the first and second relaxation process.

It should be noted that using the experimental data of cooling rates
from equation (1), we only can determine the ratio of the heat transfer
coefficient to the heat capacity of the sample

TABLE 1. Values of T4, t1, T2, T2, (T1 — To)/71, (T2 — To)/72 are for the studied
metals and alloys.

Ti—To, | t1, |To—To, | t1, |(T1—To)/t1,|(T2—To)/t2,| To,

Alloy K s K s K/s K/s K
Al (A7) 523.3 417 90.7 110 1.25 0.82 292.6
Al (A5N) 411.8 526 208.4 154 0.78 1.35 295.2
Cu 398.1 302 199.6 88 1.32 2.27 302.7
AK1 360.7 625 250.0 222 0.58 1.13 294.7
AK1+Cu2% (1) 420.4 500 211.8 189 0.84 1.12 286.4
(1)+Nd 0.005 470.1 476 182.6 178 0.99 1.02 291.0
(1) +Nd 0.05 448.1 500 221.6 196 0.90 1.13 286.4
(1)+NdO0.1 416.5 500 265.5 238 0.83 1.11 289.3
(1)+Nd 0.5 352.4 555 338.0 238 0.63 1.42 286.7
(1)+Pr0.005 370.6 294 274.2 588 1.26 0.47 290.2
(1)+Pr0.05 428.8 500 205.0 217 0.86 0.94 293.1
(1)+Pro0.1 3568.2 278 302.7 588 1.29 0.51 285.5
(1)+Pr0.5 457.5 500 232.0 204 0.91 1.14 288.1
(1)+Sc0.005 400.6 312 246.1 769 1.28 0.32 284.2
(1)+Sc0.05 361.0 303 279.0 666 1.19 0.25 286.4
(1)+Sc0.1 331.1 294 307.6 666 1.13 0.46 288.0
(1)+Sc0.5 443.2 555 180.2 208 0.80 0.87 292.0
(1)+Y0.005 322.0 263 307.1 588 1.22 0.52 281.5
(1)+Y0.05 406.6 526 244.7 222 0.77 1.10 286.2
(1)+YO0.1 412.2 526 269.6 217 0.78 0.70 285.7

(1)+YO0.5 512.6 454 112.6 161 1.13 0.70 292.3
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Fig. 2. Variation of the temperature of copper, aluminium A7 and A5N, alloy
AK1M2 as a function of cooling time.

o(T) m(dT / dr)
C(T) S(T-T,)°

It is known that the heat capacity can be calculated from the coeffi-
cient of heat transfer or vice versa. Figure 4 shows the relationship be-
tween the ratios of the coefficient of heat transfer to the heat capacity
of different aluminium grades as a function of temperature.

The heat capacity of pure metals is measured by many authors, and
their data are in good agreement with each other [16—19]. As a result

500+
400+

300

B~ 2001

100+ 411.8 exp(-t/526)
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208.4 exp(-t/154)
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Fig. 3. Variation of the temperature of copper, aluminium A7, and A5N, alloy
AK1M2 as a function of cooling time for first (1) and second (2) process.
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of data processing, we obtained the following equations for the tem-
perature dependence of the specific heat capacity of copper, aluminium
of the A5N grade and silicon in the temperature range of 293—-873 K,
and zinc in the temperature range of 293-693 K:

C,(T),, =310.53+36.0-102T —4-10'T* +2.2-10 " T?,
C,o(T) s = 730.23+0.7571 T - 0.0008 T? +5.97-10 " T?,
C,(T)y, =390.18 +1.60T —18-10*T* +7.24.10'T?,
C,(T),, =325.44+36.9-10°T —7-10"T* +7.6-10"T".

Using data on the specific heat and experimental values of the cool-
ing rate, we calculated the temperature dependence of the heat trans-
fer coefficient by the following formula

C(T)m (dTJ

T

|lo(T)| = Sa-T)

4)

Figure 5 shows the heat transfer coefficient of copper, aluminium,
grade A5N, and zinc as a function of temperature T.

According to the obtained data of the study, it possible for the first
time to calculate the temperature dependence of the heat transfer coef-
ficient for pure metals.

As can be seen, the values of the heat transfer coefficients for cop-
per, aluminium, and zinc are different. Therefore, to determine the
heat capacity of doped alloys for each group, it is necessary to deter-
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Fig. 4. The temperature dependences of the ratio of heat transfer coefficient to
specific heat (kg/(m?-s)) for aluminium grades A5N, A8, and A7 on temperature.
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mine the heat transfer coefficient for the initial alloy.

Using the Neumann—Kopp rule, according to which the molar heat
capacity of the compound is equal to the sum of the heat capacities of
the components:

C, = x,C, +x,C,,

where x; and x: are the mass fractions of the components, the heat ca-
pacity of the alloys is calculated.

Then, applying the formula (4), the heat transfer coefficient for the
alloy is calculated. From our knowledge, the information on the ther-
modynamic properties of AK1 and AK1M2 alloys is not available in the
literature.

Upon the calculated data on the heat capacity of the AK1l and
AK1M2 alloys, and the experimentally obtained values of the cooling
rate, the following equations are obtained for the temperature depend-
ence of the heat transfer coefficient:

|0UT)| pey, = 2-0591+0.0298 T —4.3362-10°T* +1.1254-10°T" ,
|ou(T)| = 8.4799+0.0127T +1.9817-10°T% -1.0021-10°T°.

AK1M2

The obtained experimental results for the heat transfer coefficient of
the AK1 alloy show that even with small additions of the second com-
ponent, the heat transfer coefficient cannot be considered as the same.

For AK1M2 doped alloys, the heat transfer coefficient is used for
the initial alloy of AK1M2, if it does not depend on the concentration
of the doping component. Next, we calculated the specific heat of
doped alloys according to the formula[14, 15]:

60,
2
J Ve
5011 ___ 4 (A5N) s
—— a (Cu) P

U i o

§ 301

3 20
10-

300 400 500 600 700 800 900 1000
T, K

Fig. 5. The temperature dependencies of the heat transfer coefficient of alu-
minium grades A5N (1), copper (2), and zinc (3) on temperature.
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TABLE 2. The value of the coefficients in the equation Co(T) = ao+ boT + coT? + doT®.

Metal and alloys ‘ ao bo ‘ co,107* ‘ —dp, 1078

Al (A5N) 730.2302 0.7571 -8 -0.60
Cu 310.5300 0.3600 -4 0.22
Si 390.1809 1.5987 -18 0.72
Sc 463.5476 0.5450 -8 -0.52

Y 278.2143 0.0604 0.18 -
Pr 174.5357 -0.0071 2 0.06
Nd 95.2619 0.4487 -6 -0.38
AK1 726.9297 0.7655 -8.1 -0.60
AK1M2 (1) 718.6017 0.7574 -8.02 -0.59
(1) + Nd 0.005 728.3789 0.19748 8.2 0.48
(1)+ Nd 0.05 719.2733 0.268 6.3 0.49
(1)+NdoO.1 656.145 0.9447 -7.2 -0.38
(1)+Nd 0.5 682.0345 0.5389 4.3 0.51
(1)+Pr0.005 725.2818 0.6857 -3.5 -0.12
(1)+Pr0.05 728.583 0.5852 1.3 0.21
(1)+Pro0.1 714.2943 0,5834 2.0 0.23
(1)+Pr0.5 747.3512 0.1858 8.0 0.42
(1)+Sc 0.005 890.9848 0.1953 6.9 0.47
(1)+Sc0.05 816.7284 0.1290 5.3 0.18
(1)+Sc0.1 656.7735 0.9674 5.0 0.19
(1)+Sc 0.5 910.3302 0.1317 5.0 0.17
(1)+Y 0.005 706.6932 0.2509 2.8 0.01
(1)+Y0.05 696.5381 0.395 1.2 0.05
(1)+YO0.1 660.3804 0.5405 1.4 0.06
(1)+YO0.5 607.3512 0.9261 3.0 0.03

T T-T
oy - [HTDIST T
daT
m -
dr

The values of the coefficients in the equation of the temperature de-
pendence of the specific heat for the studied systems are given in Ta-
ble 2. It should be noted that all the equations obtained are applicable
only in the studied temperature range of 293-873 K.

4. CONCLUSION

Based on the approximation of the experimental data for A5SN alumin-
ium [16], a comparison of the specific heat values for Al clusters with a
diameter of 6 nm is given [17]. The temperature dependence of the heat
capacity of doped alloys determines the change in solubility, i.e. the
solubility of the doping metal increases with increasing temperature,
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which is in good agreement with the phase composition.

According to the obtained data, it is possible to calculate the tem-
perature dependencies of the heat transfer coefficient for pure metals,
in which the temperature dependence of heat capacity is known.

It is found that the values of heat transfer coefficients for copper,
aluminium, and zinc are different.

In addition, to determine the heat capacity of doped alloys for each
group, the heat transfer coefficient for the initial alloy is obtained. All
obtained equations are suitable only in the studied temperature range
of 293-873 K.
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