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Abstract: The electrical resistivity of NZ30K-Mg alloy was measured at different heating rates during continuous heating to study
the precipitation kinetics. Two kinds of metastable phases, " and ', formed during the heating. Kissinger method and differential
isoconversional method were employed to assess the precipitation kinetic parameters of NZ30K-Mg alloy, activation energy £, and
pre-exponential factor 4, . The fraction of transformation (a) and the precipitation sequence in NZ30K-Mg alloy were determined.
Continuous heating transformation (CHT) and isothermal heating transformation (IHT) diagrams were further obtained for guiding
the aging of NZ30K-Mg alloy. The analysis shows that the precipitation kinetic parameters of NZ30K-Mg alloy can be obtained

accurately using isoconversional method.
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1 Introduction

Magnesium alloys are widely used in automotive,
acronautical, electrical and electronic products due to
their low density and high specific strength [1,2].
However, the conventional magnesium alloys are only
suitable for low-temperature application (<523 K) as
their mechanical properties deteriorate at elevated
temperatures [3,4]. The addition of rare-earth (RE)
elements can effectively enhance the properties, such as
the room- and high-temperature strength, creep, heat and
corrosion resistance. This allows magnesium alloys to be
used in many more areas [2,5-7]. It is found that
age-hardening response is prominent in these alloys and
is a key factor to achieve the desired properties.
Therefore, the age-hardening response and precipitation
sequence of a wide range of Mg—RE alloys have been
studied recently [7—12].

Four different precipitation phases, leading to
complex microstructure and further improving the
properties, were found in the ageing process of Mg-RE
alloys [1,2,9,11-15]. The four different precipitations,
denoted as "(DOyy), f'(CO), p1(FCC) and S(BCT), were

proposed with stoichiometry of Mg;RE, MgsRE, Mg;RE
and Mg;RE. For Mg-Gd alloys [14,16], the
precipitations were " and/or f'. In the alloys with the
addition of Y, such as WE54 and WE43, all of the four
precipitation phases were observed. For Mg—Nd alloys,
the materials of interest, three kinds of precipitation
phases have been reported: " (a=b=0.64 nm, ¢=0.52
nm), f(a=0.736 nm) and the equilibrium phase f
(a=1.03 nm, ¢=0.593 nm) [8].

Various experimental methods, such as hardness,
calorimetry, X-ray diffraction and TEM [17-21], have
been used to analyze the phase transformation and
microstructure in the aging process. For Mg—Nd alloys,
it was found that the precipitation sequence [8,22,23] is
as follows: supersaturated solution—G. P. zones —f"—
p'—f. G P. zones are in fact a form of disc on
{1700} ~planes of a-Mg. A" with disc shape, is
completely coherent with the matrix, and obeys the
relationship of (0001),//(0001 )y, {1010} p //{IOTO}Mg.
p" is a stable phase within a wide temperature range and
contributes to the peak of age hardening. ' phase is
semi-coherent with the matrix [8,13]. There is no
coherent relationship between the matrix and the
equilibrium phase £.
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The precipitation fraction influences the mechanical
properties of Mg—Nd alloys significantly, so it is
important to know the kinetic process of precipitation.
To determine the kinetic parameters of precipitation,
various techniques have been used, such as differential
scanning calorimetry (DSC), hardness measurement, and
electrical resistivity measurement [18,20,24]. In this
research, resistivity measurement is used for qualitative
description of phase transformation in magnesium alloy.
This technique has been extensively used to analyze the
precipitation kinetics because it not only can measure
properties at macroscopic scale but also is sensitive to
atomic-scale phenomena [25-27].

However, to our knowledge, no quantitative attempt
has been made to analyze the precipitation kinetics of
NZ30K-Mg alloy. The principle objective of this
research is to determine the precipitation Kkinetic
parameters and the continuous heating transformation
(CHT) and isothermal heating transformation (IHT)
diagrams of NZ30K-Mg alloy, so as to establish the
relationships of the heating rate, the extent of conversion
and the time, which are valuable to guide the ageing
process of NZ30K-Mg alloy.

2 Experimental

The material used in this research was NZ30K
(Mg—3.0Nd—0.2Zn—Zr, mass fraction, %) magnesium
alloy. It was prepared from pure Mg, Zn, Mg—Nd alloy
and Mg—Zr alloy in an electrical resistance crucible
under the protection of the SF¢/CO, flux. Solution heat
treatment was performed in an air resistance furnace at
813 K for 4-10 h under the protection of SO,
decomposed from pyrites. The specimens were then
quenched in the air.

The aging of air-quenched specimens was
performed in an electrical resistance furnace at various
temperatures in nitrogen gas. The dimension of the
samples was 30 mm X 8 mm % 2 mm and their oxide
layers were removed before aging.

The four-point probe method was adopted to
measure the electrical resistance during the aging process,
using a rig designed by ourselves. Figure 1 shows the
schematic of the electrical system. The apparatus
consisted of heating chamber, heating
experimental data acquisition and processing system. A
constant current of 1.5 A was applied to the sample
during the process, and the voltage was recorded. The
electrical resistance was converted from the voltage
changes measured. The resistance, R, was used to
calculate the resistivity (p) as follows:

-= (1)

where S is the cross sectional area of the sample, and / is

system,

the constant distance between the two potential probes.
The time step of the data collecting system was set to be
1.7 s to accumulate large enough data sets, in order to
minimize the systematic errors.

Current /

Voltage U

Temperature T

X

Sample

Fig. 1 Schematic of electrical resistivity measurement rig

During the continuous heating, the samples were
heated at a fixed heating rate until the phase
transformation had finished. The heating rates of 0.10,
0.17, 0.55, 1.08, 2.30, 5.90 and 7.25 K/min were adopted
in the experiment, and the schematic diagram of
experimental conditions is shown in Fig. 2.
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Fig. 2 Schematic diagram of experimental conditions
3 Results

The electrical resistivity revolution during
continuous ageing at different heating rates is shown in
Fig. 3. It can be found that two inflections (Fig. 3) exist
on these curves, which in fact indicate the precipitation
of p” and p'. The inflection points move to higher
temperatures with increasing of the heating rate,
suggesting the thermally activated nature of the
transformation. In addition, as the heating rate increases,
the inflection of " becomes less obvious while that of 5
becomes more prominent, indicating that the
precipitation fraction of f” decreases while that of f’
increases. When the transformation finishes, the
electrical resistivity varies with temperature for different
heating rates, indicating that the total amount of



1692 Xiao-na WANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1690—-1697

precipitation during continuous heating at various
heating rates is almost the same.
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Fig. 3 Electrical resistivity evolution in continuous heating with
different heating rates

As the electrical resistivity suggests the
accumulated precipitation in the alloy, its differential
curve displays the change of the precipitation rate
(Fig. 4). The two peaks in each curve correspond to the
maximum transformation rates of metastable phases £"”
and p', respectively. Overlap of " and ' peaks occurs,
especially at higher heating rates. Both peak
transformation temperatures of the two phases increase
with heating rates. The area under " reaction peak (the
amount of £") is much smaller than that of ', and is
significantly reduced at higher heating rate. From Fig. 4,
peak temperatures of phase transformation of " and f’
are listed in Table 1.
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Fig. 4 Differential curves of electrical resistivity

According to the basic theories of the electrical
resistivity [28], all factors that tend to disrupt the
regularity of the metal lattice are possible to increase
resistivity. Among these factors, the solute atoms scatter
conducting electrons, hence increase the resistivity.
During the aging process, solutes are depleted from the
matrix, so its contribution to the resistivity is reduced as

Table 1 Peak temperatures of phase transformation in NZ30K-
Mg alloy at different heating rates

Heating rate/ Peak temperature ~ Peak temperature
(K-min™") of B"/K of /K
0.10 440.6 506.5
0.17 473.4 510.1
0.55 480.9 520.7
1.08 508.2 531.3
2.30 515.0 551.5
5.90 528.4 567.3
7.25 534.7 568.7

precipitation progresses. Based on Matthiessen’s law, the
electrical resistivity of the solid solution, p, can be
described as

p=p(D)*paC, (@)
where p,and C,are the resistivity of the solid solution and
the concentration of solute in the matrix at time ¢,
respectively; p, is the solute coefficient; p(7) is the
resistivity of the pure Mg, which is assumed to be
constant at certain experimental temperature. Therefore,
the change of resistivity during aging is proportional to
the change in the solute concentration. In the aging
process of NZ30K-Mg alloy, the decrease of Nd solute
concentration is proportional to the precipitate fraction.
Thus, the reacted fraction at a given heating rate can be
expressed according to the resistivity of the alloy:

a=L0"P (3)
Po~ A
where pg, p and p; are the electrical resistivity of the alloy
before, during and after transformation, respectively.
Using the data shown in Fig. 3 and Eq. (3), the
conversional curves of the precipitation at different
heating rates are calculated and the results are shown in
Fig. 5. The curve of transformation fraction versus
temperature is sigmoidal in shape, and moves to higher
temperature with increasing of the heating rate,
suggesting that the metastable phase formation is
kinetically driven. The precipitation curves can be
divided into two parts, each corresponding to the
formation of " and f’, respectively. The sum of two
metastable phases fraction equals 1. With increasing of
the heating rate, the length of the first part decreases
while that of the second increases, indicating the fraction
of /" decreases and that of ' increases. At the beginning
of the heating, " is only the precipitation phase. As the
temperature increases, f' emerges due to the
transformation of " to f’ and the precipitation of £’ from
the matrix directly. After 4" is consumed, only S’
precipitates from the matrix and grows continuously.
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Fig. 5 Precipitation fraction at different heating rates
4 Analysis

There are several methods to study the precipitation
kinetics and determine the activation energies associated
with the precipitation and dissolution process
[19,20,29,30]. In this work, two models, Kissinger model
(KM) [29] and isoconversional model (IM) [30,31], were
applied.

The KM is based on the fact that the peak
temperature (7,) depends on the heating rate (). The
effective energy can be determined from the Kissinger

equation:
2

m[i}ziﬂn[i) @

@ ) RI, RK,
where T, is the peak temperature; @ is the heating rate; £
is the activation energy; R is the molar gas constant; and
K is the pre-exponential factor of Arrhenius.

Using the data summarized in Table 1, £ and K can
be obtained from the plot of ln(sz/ @) versus 1/RT,
(Fig. 6). The calculated activation energy, which is

assumed to be constant in KM, is 142.33 kJ/mol for f’
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Fig. 6 Kissinger plot of p” and B’ precipitation peak
temperatures for NZ30K-Mg alloy

and 85.13 kJ/mol for f", respectively. The effective
precipitation energy of £” is much smaller than that of 5.

Another model to determine the precipitation
kinetic parameters is the isoconversional model, in which
the reaction rate is assumed to be a function of only two
variables, 7 and o. The usual relationship can be
expressed as

‘L—‘f=k<T>f<a> )
kK(T)=4 exp(— 2 f(ﬂj (6)

where a is the conversional fraction. Isoconversional
model can determine the kinetic parameters without the
knowledge of detailed reaction and can describe the
processes of parallel or consecutive steps precisely. The
isoconversional methods obey the isoconversional
principle: the reaction rate at a certain level of
conversion is only a function of temperature. It can be
expressed by taking the logarithmic derivative of Eq. (5)
as follows:

dln(daj
dr

: _ dlnkl(T) ,|din fl(a) -
d— d— d—
T a T o T o

Because fla) is the constant for the fixed «, the
second term in the right hand side of Eq. (7) is zero.
Combining Eq. (7) and the logarithmic derivation of
Eq. (6) reduces to the expression as follows:

d ln(daj
dt E,

o ®)
at R
T

a

Then the activation energy E, can be evaluated.
Differential isoconversional method (DIM) is usually
more accurate than the integral method, and the most
commonly  used  Friedman [32] differential
isoconversional method is proposed as follows:

m[d_“j =In4, _E, 1 9)
dr ), R T,

a

A, =A4,f(a) (10)

where ¢, T,, E,and 4, are the time, temperature, apparent
activation energy and pre-exponential factor at
conversion a, respectively. —E,/R and In A4, are the
slope and the intercept with the vertical axis of the plot
of In(de/dt), versus 1/T,. For linear nonisothermal
program with heating rate @, Eq. (9) is usually used in
the following form:

da E
In[®| — =lnd ——% 11
nl (dT]a] 1 e RT (D

a
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The value of effective activation energy E, is
required as a necessary input for analyzing precipitation
kinetics, which could be fitted using the experimental
data. The energy value associated with a particular step
cannot be determined accurately due to the complexity of
the precipitation reactions, so the effective kinetic
parameters are the value composed of the intrinsic
kinetic parameters of many individual steps. Valid values
of the precipitation kinetic parameters can be obtained
through the DIM mentioned above, without dividing
particular steps in the transformation [30,31]. The value
of E,has been obtained as a function of the conversion

through Eq. (11). f{a) is a constant at any fixed value of a.

In each temperature program, the isoconversional rate
and the temperature are obtained for a fixed a.
Considering a=0.1, ¢=0.3 and a¢=0.6, at the point in each
experiment when a=0.1, 0=0.3 and =0.6, the
corresponding isoconversional rate and temperature are
measured. The Arrhenius plots of the instantaneous rate
are shown in Fig. 7, from which E,, Eo; and Ey¢ are
obtained from the slopes, respectively. One can establish
the temperature dependence of the isoconversional
reaction rate using a limited but sufficiently diverse set
of small scale experiments. This can be used to evaluate
the values of the activation energy E, and a modified
pre-exponential factor InA,  without explicitly
assuming a particular form of the reaction model fla).
The two parameters are determined within a wide range
of 0.05-0.95 for a, the variations of E, and In 4, with
the precipitation fraction of NZ30K-Mg alloys is shown
in Fig. 8. One could observe a significant variation of £,
and In 4], with respect to a, which indicates a kinetically
complex process.

In(da/ds)

|
—
—

T

20 21 22 23 24 25 26 27 28 29
(RT,)'/10™%(mol-J™")

Fig. 7 Arrhenius plots at different heating rates when a=0.1,

0=0.3 and 0=0.6

Activation energy variation is characterized with
two plateaus (Fig. 8). E, remains almost unchanged
when a is below 0.1 and above 0.6. However, the
activation energy increases greatly when a is in the range

of 0.1 to 0.4, until it reaches the second plateau. Based
on the precipitation sequence and the kinetics analysis by
Kissinger method, the two plateaus are interpreted as
stable precipitation of " and p', respectively. The
activation energies of f” (71.5 kJ/mol) and f’ (149.6
kJ/mol) are estimated from the two plateaus.
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Fig. 8 Activation energy and pre-exponential factor as function
of precipitation fraction

When f” starts to transform into f’, E, is the
activation energy of p” transforming to £’ and p'
precipitating from matrix. The activation energy
increases until it totally steps into the S’ precipitation
process.

In A}, shows a similar trend as the effective energy.
When the transformation faction is below 0.1, it remains
almost the same, at the value of 80, then increases
gradually with the increasing conversion and finally
reaches 25 when the conversion rate is above 0.5.

Compared with KM, DIM gives the similar
effective active energy for both precipitations, 5" and f’,
indicating that the DIM has the same efficiency as the
conversational KM. In addition, the DIM can display the
change of the parameters during the ageing process.
Therefore, the DIM is chosen to study the precipitation
kinetics.

5 Discussion
5.1 Continuous precipitation Kinetics

Using the kinetics parameters calculated from Eq.
(11), the precipitation fraction variations can be
o da J‘

calculated as follows:
= —-—a \dr (12)
O fla) [ j

For infinitesimal ranges of reaction progress Aa,
Eq. (12) is rewritten as

J.a Aa%:_j T e [__de (13)
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As Aa is very small, the activation energy E, can be
assumed constant. For Aa — 0, the integral
isoconversional method is an effective DIM method.
Therefore, integral isoconversional method yields the
calculated reaction fraction with the obtained parameters.

The  comparison between the calculated
transformation fraction curves and the experimental
results at different heating rates are shown in Fig. 9.
They agree particularly well in the higher temperature
ranges, which corresponds to the formation of f'. This
suggests that the precipitation of the metastable phases in
age-hardenable magnesium alloys is well described by
the Friedman differential isoconversional method in
continuous heating.

1.1
1.0+
0.9F
0.8F
0.7+
s oo o1k
04+
0.3 Losexp. ) %
0.2
0.1
0 =Nagr
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7.25 exp.
'7.25 cal.

~5.9 exp.
Z =59 cal.

Fig. 9 Phase transformation versus temperature at a set of
heating rates and calculated results with isoconversional
methods for NZ30K-Mg alloy

5.2 Isothermal precipitation kinetics

From the measured electrical resistivity during the
continuous heating, the time to reach a given extent of
conversion under isothermal conditions (7)) can be
readily determined using the expression:

-1
t, = I:O {Aaf(a)exp(— If; ﬂ da (14)

0

Equation (14) can be used to predict the isothermal
kinetics at any temperature, 7, directly from the values
of In4], andE,in Fig. 8.

In this prediction, six temperatures from 453 to 513
K were adopted. For a fixed fraction at each temperature,
the time to reach the given conversion was obtained.
Then the precipitation fraction dependences of the time
at different isothermal temperatures were established, as
shown in Fig. 10. The curves move to right side with
increasing temperature, suggesting that NZ30K-Mg alloy
takes longer time to finish the precipitation process at
lower temperature. This is consistent with the
precipitation kinetics in continuous heating. In addition,
at lower temperatures, there are two obvious inflections

in the transformation curves, corresponding to
precipitation of " and /', respectively. The reaction rate
is lower in " while it is higher in f'.
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Fig. 10 Calculated transformation fraction curves during

isothermal heating

The calculated isothermal aging curves can be
validated by experiments. The electrical resistivity
change in isothermal aging at 473 and 498 K are
measured to test the accuracy of the calculated result in
Fig. 10. The electrical resistivity and the conversion
curves during isothermal aging at 473 and 498 K are
shown in Fig. 11. Compared with the experimental
reduced curves, it could be found that the calculated
isothermal conversion curves are in good agreement with
experimental results.
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Fig. 11 Electrical resistivity and isothermal transformation
curve at 473 K (a) and 498 K (b)
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5.3 CHT diagram

CHT diagram of metastable phases was obtained
according to the predicted results in Fig. 9. In this
research, precipitation fractions of 10%, 20%, 50%, 70%,
90%, 99% were chosen for calculating the CHT diagram.
For a specified heating rate, the temperature to reach the
fraction a can be obtained. Then, the dependence of
temperatures and heating rates for a continuously
increasing precipitation fraction can be established. The
temperature versus heating rate is shown in Fig. 12. The
precipitation kinetics can be calculated in an arbitrary
heating history from CHT diagram. In other word, one
can get the information of the precipitation behavior at
any heating rate or arbitrary temperature routines.
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Fig. 12 CHT-diagram of NZ30K-Mg alloy

5.4 IHT diagram

IHT diagram can be obtained based on the
isothermal transformation results in Fig. 10. For fixed
transformation fraction «, the time to reach « at each
temperature can be obtained. The time and corresponding
temperature for a ranging from 10% to 99% are taken as
abscissa and ordinate respectively, IHT diagram can be
got (Fig. 13).

In Fig. 13, the curves move to the upper-right corner
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Fig. 13 THT diagram obtained from isothermal conversion

curves

with increasing transformation fraction, which suggests
that it takes for NZ30K-Mg alloys longer time to finish
transformation process at lower isothermal temperatures.
The precipitation kinetics at any isothermal temperature
can be obtained from IHT diagram.

6 Conclusions

1) The electrical resistivity results of NZ30K-Mg
alloy measured at different heating rates exhibit two
distinct precipitation behaviors: " precipitates at lower
temperatures while A’ forms at higher temperatures.
When temperature increases, " transforms into . The
precipitation fraction of £’ increases as temperature rises.
The reaction curves shift to higher temperatures with
increasing of the heating rates.

2) Isoconversional method was used to analyze the
precipitation kinetics of NZ30K-Mg alloys during
continuous heating based on the electrical resistivity
results, and the kinetic parameters E, and A, were
obtained, which can be further used to calculate the
precipitation fraction at any temperature and time. The
transformation active energy was determined as 71.5 and
149.6 kJ/mol for " and /', respectively.

3) The dependence of transformation fraction on
heating rates was calculated with the obtained kinetic
parameters, and the good agreement with the
experimental data indicated that the precipitation kinetics

of NZ30K-Mg alloys can be described using
isoconversional method.
4) The precipitation fraction curves during

isothermal aging were calculated from the results in
continuous heating, and two of them were validated by
electrical resistivity results, indicating that isothermal
aging precipitation kinetics can be calculated from
continuous heating precipitation kinetics.

5) CHT and IHT diagrams were established based
on electrical resistivity variation during continuous
heating. Therefore, the precipitation behaviors at any
temperature history can be predicted to guide the aging
process.
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