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In the present work, the effect of non-isothermal aging (NIA) on the microstructural and mechanical
properties of WE43 alloy was investigated by microhardness measurements, transmission electron mi-
croscopy observations and tensile tests. The effects of initial and secondary aging temperature and the
heating/cooling rate of the NIA processes on the properties were systematically examined. While β″ pre-
cipitates formed during the continuous heating from 150 to 250 °C, secondary precipitation was observed in
the continuously cooled samples from 250 to 150 °C. Similar mechanical properties compared to the peak-
aged T6 sample (at 250 °C for 16 h) were obtained by NIA processes. However, continuous cooling, which
leads to high mechanical properties after about 6 h of aging, was more efficient in time. NIA processes
performed for the first time on Mg-Y-Nd-based alloys showed that high mechanical properties can be
obtained in shorter period by tuning the properties of the precipitates.

Keywords magnesium alloy, mechanical property, non-isother-
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1. Introduction

Magnesium alloys are used in many engineering applica-
tions where having a low weight is influential. Many compo-
nents in aerospace and automotive industry are produced from
magnesium alloys due to their low weight and high specific
strength (Ref 1-3). Mg-rare earth (Mg–RE) alloys have recently
attracted attentions as they have good mechanical properties
with the combination of solid solution and precipitation
hardening. Among these alloys, WE43 alloy stands out due
to their good tensile properties, creep and corrosion resistance
both at ambient and high temperatures (Ref 4-6). The strength
of this alloy is mainly increased by precipitation hardening and
the increase in the usage of this alloy depends on the
development of mechanical properties such as strength and
ductility (Ref 7).

The sequence of precipitation is observed as α-(Mg)SSS-β’’
(DO19)-β′ (cbco)-β1 (fcc)-βe (fcc) during the isothermal aging
of a WE43 alloy (Ref 8-10). While β’’ and β1 phases are in the

form of plate-like structures, β’ phase can be in globular or
plate shape. (Ref 9, 11-13). The type, morphology, size, volume
ratio, and distribution of the precipitates are significant
parameters that dictate the mechanical properties. Aging studies
showed that the presence of β’’ and β’ precipitates in optimal
proportions with a good distribution contribute greatly to the
mechanical properties (Ref 9, 14, 15). Hardness and strength of
WE43 alloy are increased industrially by heat treatment for 16
h at 250 °C, referred as T6. In addition, some studies have been
carried out by performing different aging procedures in the
literature.

Riontino et al. (Ref 14) studied microstructural changes after
aging at 150, 210, 250 and 280 °C with different durations by
performing DSC (differential scanning calorimetry) tests. DSC
scans proved the formation of β’’ precipitation at 150 °C, β’’
and β’ precipitates at 210 °C, β’ and β1 precipitates at 250 °C,
β1 and βe 280 °C. Likewise, Mengucci et al. (Ref 8) confirmed
those results using transmission electron microscopy (TEM)
analysis in their study. The previous studies showed that peak-
hardness value decreases with increasing the aging temperature
from 175 to 250 °C (Ref 6, 9, 16, 17). Unlike the formation of
large β1 precipitates at 250 °C, the good combination of the
small plate-shaped β’’ and β’ precipitates with a high density at
lower temperatures create this difference. However, much
longer aging durations are necessary to achieve the peak-
hardness value at lower temperatures which is an important
disadvantage for industrial applications.

Some researchers implemented different aging techniques to
further increase the mechanical properties of WE43 alloy.
Riontino et al. (Ref 15) adopted a two-step aging on WE 43
alloy and observed a further increment in the microhardness
values. They obtained this improvement via the initial aging at
210 °C for 8 h and further aging at 150 °C. Secondary
precipitations of β’’ observed with the aging at 150 °C lead to
an increase in microhardness by about 10%. However, they did
not investigate the effect of this novel heat treatment on the
mechanical properties. Kang et al. (Ref 9) also used two
different techniques; the first one was 480 h of aging at 175 °C
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+ different periods of aging at 250 °C and the second one was
aging at 250 °C for 8 h + 168, 360 and 600 h of aging at 175 °
C. In the first aging process, although β’’ precipitations were
expected to be transform directly to β’ phase, they directly
dissolved. Therefore, an increase in the mechanical properties
sourced from the coexistence of β’’ and β’ phases could not be
achieved. On the other hand, although the yield strength was
improved due to secondary β’’ and β’ precipitations, the
elongation at fracture decreased to 1.7% in 168 h and to 0.5%
in 600 h from 4% in the second two-step aging technique.

While above-mentioned aging techniques were performed in
the last decades, there is still need for an effective aging
procedure to obtain high mechanical properties at shorter times
which gives an opportunity to reduce the operational costs for
Mg–RE alloys. A novel and efficient continuous heating or
cooling heat treatment cycle can be designed to a produce Mg
alloys with superior mechanical properties. This heat treatment
process creates a condition of enhanced diffusion of solutes at
high aging temperature and provides a condition for triggering
precipitates at lower temperature. Properties of precipitates
such as size and morphology can be tuned with/without
secondary precipitate formation and thus, optimal parameters
which enhance the mechanical properties can be obtained due
to this non-isothermal aging (NIA) processes. Most studies on
NIA have focused on Al-Zn-Mg-Cu alloys (Ref 18-21) and
there is no decisive study of the effect of NIA on the
mechanical response in Mg-RE alloys.

The present study concerns with the effect of NIA on WE43
alloy in terms of change in microstructural and mechanical
properties. Transmission electron microscope was used to
characterize precipitates after conventional isothermal and
different type of NIA steps and the microstructural observations
were correlated with the mechanical test results. Specifically, it
was planned to investigate the effect of different NIA
procedures on the microhardness and obtain comparable
mechanical properties with T6 aging treatment in less time.

2. Experimental Procedures

The as-received alloy (Mg-4Y-2.5Nd-1.2Gd-0.5Zr wt%)
was obtained in the form of extruded billet. This alloy was
solution treated at a temperature of 525 °C for 8 h and then
quenched into water. While some part of the solutionized
samples were aged at 250 °C for various durations, remaining
parts were non-isothermally aged by using the procedure shown

in Table 1. After each aging treatment, the samples were
quenched in water. For simplification, the specimens were
named as follows: (1) initial aging temperature-(2) secondary
temperature/(3) heating or cooling rate. For example, the
sample was initially aged at 150 °C for 2 h and then heated to
250 °C with 10 °C/h was named as 150-250/10.

Microstructural characterization was performed using trans-
mission electron microscope. Samples were prepared on a twin
jet electro polisher using a solution consisting of 750 ml AR
grade methanol, 150 ml butoxyethanol, 16.74 g magnesium
perchlorate and 7.95 g lithium chloride. Analysis was executed
by means of FEI-Tecnai G2 F20 equipped with energy-
dispersive X-ray spectroscopy (EDS) and High Angle Annular
Dark Field (HAADF). Electron diffraction registered in trans-
mission electron microscope was analyzed using CSpot soft-
ware (CrystOrient, Zabierzów, Poland). Precipitation length
analysis was performed using ImageJ® software.

Vickers microhardness (HV) testing was performed by
applying 500 g load for 10 s and average of ten measurements
was taken from each sample. Tensile tests were performed at
room temperature with a strain rate of 5x10-4 s−1 using an
Instron 5869 device and the strain was measured directly on the
specimens with a Fiedler laser-extensometer. Dog-bone-shaped
tension samples with a gage length of 16.6 mm and with a
width of 2.25 mm were cut using a wire electrical discharge
machining and three specimens were used for each condition.

3. Results and Discussion

3.1 Microhardness

Microhardness values of aged samples for different dura-
tions at 250 °C are shown in Fig. 1. The trend of change of
hardness values according to the aging time is comparable with
the literature (Ref 6, 8, 9, 22). The highest hardness value (97.8
HV) was obtained with 16 h of aging (T6).

In this study, NIA treatments are divided into 2 parts:

1. In order to tune the β’’ or/and enable the transformation
of β’’ into different volume ratios of β’ and β1 precipi-
tates; the samples were initially aged at 150 °C for 2 h
and then they were heated to three different temperatures,
210, 230 and 250 °C, respectively, with different heating
rates.

2. The samples were initially aged for 2 h at 250 °C and

Table 1 NIA processes applied to as-quenched samples (heating rate to initial temperature: 10 °C/min, waiting period in
the initial temperature: 2 h)

Initial temperature, °C Secondary temperature, °C Heating or cooling rate, °C/h

150 210 10
20
30

230 10
20
30

250 10
20
30

250 150 10
20
30
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then cooled to 150 °C using different cooling rates, for
the formation of secondary precipitates.

Figure 2 shows the microhardness values obtained after NIA
treatments. The hardness value of T6 sample was also added for
comparison. The microhardness values of the samples heat
treated at 250 °C are higher than 210 and 230 °C, among the
initially 150 °C aged samples. Since heating to 210 and 230 °C
with defined heating rates did not give the time required for
precipitates to reach sufficient density, the hardness levels were
not too high. Moreover, a pronounced decrease in hardness
occurs as the heating rate increases. This is again in accordance
with the time required to achieve the sufficient precipitate
density. The increase in the heating rate caused a decrease in the
aging time, which resulted a decrease in the hardness value.

The hardness values of the samples, which were initially
aged at 250 °C for 2 h and then cooled to 150 °C, are
comparable with that of the T6 sample. Furthermore, unlike the
first part, no significant change in hardness values is observed
as the cooling rates changed.

3.2 Microstructural Analysis

Four samples which have high hardness values (T6; 150-
250/10; 250-150/30; 250-150/10) were examined by transmis-
sion electron microscope. These samples were selected to
compare the microstructural differences occuring with isother-
mal and NIA heat treatments with continuous heating and
cooling.

Figure 3 shows the various sizes of globular precipitates (β’)
located in the grain boundary of T6 sample. Moreover, bimodal
distribution of the β type precipitates is observed among the
microstructure. Smaller ones (Fig. 3c) are associated with the β’
phase considering the extra spots appear at 1/4 ½01�10�Mg, 1/2
½01�10�Mg and 3/4 ½01�10�Mg on the diffraction pattern along
½11�20�Mg (as shown in Fig. 3b) (Ref 9, 10, 23, 24). Larger
precipitates (Fig. 3e) are β1 phase with fcc crystal structure as
seen in the peak-aging studies of Mg alloys at 250 °C (Ref 8, 9,
11, 25, 26). Both type of precipitates is elongated along
〈0001〉Mg direction (Ref 22, 26). Length distribution his-
tograms located in Fig. 3(d, f) reveal that while average length
of the β’ is about 60 nm, average length of β1 precipitates is
around 280 nm.

Figure 4 shows the TEM images of the 150–250/10 sample.
Uniformly fine dispersed β’’ precipitates inside the grains and
large overlapped precipitates along the grain boundary which
are composed from Mg, Y and Nd elements are observed in the
BF and HAADF images (Fig. 4a, b) (Ref 13, 27). Moreover, a
few cuboid-shaped particles are detected near the grain
boundaries. The average length of the plate-like precipitates
oriented in\0001[ direction is about 30 nm. Barucca et al.
(Ref 28) observed small β’’ plate-like precipitates with size
ranging from 0.5 to 2 nm for WE43 alloy submitted to 150 °C
aging for 12 days. Thus, NIA with continuous heating starting
from 150 °C triggered the formation of larger β’’ precipitates in
much shorter times. This treatment can be an opportunity for
tuning the size of plate-like β’’ precipitates effectively and lead
to achieve optimal precipitate length and distribution in much
shorter times. On the other hand, TEM investigations showed
that β’’ did not transform into neither β’ nor β1 precipitates
during the continous heating.

Microhardness results obtained with the continuous heating
(Fig. 2) can be better evaluated based on this microstructural
investigation. Heating to 250 °C with 10 °C/h created the
condition for maximum diffusion among all the initially aged
samples at 150 °C. Precipitate length increases as the diffusion
rate increases, which leads to increase in microhardness value
until peak-aging condition is achieved. Therefore, increasing
the secondary temperature, or decreasing the heating rate
increases the hardness.

Figure 5(a, b) illustrates TEM BF images of the 250-150/30
sample and the corresponding histogram of the length of the
precipitates, respectively. The average length of the precipitates
was calculated to be approximately 60 nm in\0001[direction.
Moreover, globular-shaped precipitates are also observed in Fig. 5
(c). On the diffraction pattern along [0001]Mg axis zone (Fig. 5d),
extra spots that belong to the β’ phase are visible. The maximum
intensity in 1/2 ½01�10�Mg also proves the existence of β’’
precipitates in the sample (Ref 9, 28). Platelet precipitates are in
contact with globular phases as seen in Fig. 5(e) which are the
characteristics of β1 precipitates (Ref 6, 8, 11, 29). Kang et al. (Ref
6) also observed β1 precipitates after holding of WE43 sample at
250 °C for 2 h with the small β’ precipitates in their study.

Fig. 1 Microhardness chage of WE43 alloy as a function of aging
time at the temperature of 250 °C

Fig. 2 Microhardness values obtained as a result of NIA treatments
obtained with different heating/cooling rates
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TEM investigations show the existence of β’’, β’ and β1
precipitates in the 250-150/30 sample. Hence, a part of the
solute atoms still retains in the microstructure such that cooling
to lower temperature after 250 °C/ 2 h aging provides sufficient
driving force for the formation of secondary precipitates. Thus,
high microhardness values in the NIA condition with contin-
uous cooling (Fig. 2) could be attributed to positive effect of the
secondary precipitates.

BF image of 250-150/30 sample presented in Fig. 6(a)
shows the precipitates in\0001[ direction. Average length of
these precipitates was calculated as approximately 85 mm from
the corresponding histogram in Fig. 6(b). The precipitate size is
about 25 nm higher compared to that of 250-150/10. All the
average lengths with the standard deviations calculated from
the measured length of precipitates are compared in Table 2
Although it is not clear whether the precipitates shown in Fig. 6
(a) are β’’ or β’, a slight increase in the microhardness observed
with the decrease in cooling rate could be attributed to the
larger secondary (β’’) or β’ precipitates that nucleated with
more time.

3.3 Tensile Properties

Four differently aged pieces with high hardness values were
subjected to tensile tests in order to investigate the role of NIA
on tensile properties. The representative engineering stress-
strain curves of four conditions are represented in Fig. 7.

Table 3 shows the yield strengths, ultimate tensile strengths
and tensile elongations with their standard deviations calculated
from these tests. While the highest strength values are observed
after the 250-150/10 aging treamet, no significant difference in
all the mechanical properties between the samples was found.

Precipitate type and morphology are influential factors for
mechanical parameters. It is known that plate-shaped precip-
itates are considered to most effective shape for the strength-
ening of Mg-Y-Nd based alloys since they would capably
prevent basal slip (Ref 30-32). TEM BF images in this study
prove that the main precipitate morphology is plate-shaped in
all aging conditions. TEM investigations revealed that 150-250/
10 sample has only β’’ precipitates with approximately 30 nm
average length. Kang et al. (Ref 9) observed about 10-20 nm

Fig. 3 TEM BF images showing (a) two different grains with a grain boundary, (b) SAED pattern along ½11�20�Mg axis for T6 sample, (c)
small precipitates (β’) , (d) corresponding length distrubition histogram for β1 precipitates (e) large precipitates (β1) and (f) corresponding length
distrubition histogram for β’ precipitates
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plate-shaped precipitates which are mostly β’’ type precipitates
after the peak-aging condition at 175 °C for 480 h. The
microhardness value of this sample is higher than that of the
peak-aged sample at 250 °C. Therefore, high mechanical
properties of 150-250/10 sample could be attributed to the
significant distrubition of the plate-shaped β’’ precipitates that
have average length values close to the optimum. In addition,
mechanical properties similar to the peak-aged sample at 250 °
C were achieved in only around 12 h as an advantage by fast
tuning the size of the precipitates with NIA with continuous
heating.

The mechanical test results of 250-150/30 sample are also
very close to the those of the reference T6 sample. As a result
of the TEM analysis made on 250-150/30 sample, it was found
that β’’ precipitates exist in addition to β’ and β1 precipitates
due to the occurence of secondary precipitation. It is believed
that the combination of these three type precipitates mostly
having plate shape lead to obtain good mechanical properties in
such a short time (less than 6 h).

Tensile tests on the 250-150/10 samples were perfomed to
evaluate the influence of cooling rate on the mechanical
properties, for the continuous cooling aging treatment.

Decrease in cooling rate from 30 to 10 °C/h caused no other
effect other than a slight increase in the yield strength. Since the
cooling rate is lower, larger secondary precipitate or β’
formation is more likely to occur in this sample as seen in
the length calculations increasing from 60 to 85 nm. This small
enhancement is also seen in the microhardness values as the
cooling rate was decreased. Although the cooling rate param-
eter appears to have an effect on the mechanical properties, this
effect is relatively minor compared to the heating rate, as seen
in the continuously heated samples.

Considering that 250-150/10 and 250-150/30 samples have
similar microstructures, three different types of microstructure
showed similar mechanical behavior as a result of the tensile
tests. Thus, it implies that the samples exposed to NIA heat
treatment have a near-optimum precipitation size and distribu-
tion as in T6 peak-aging condition. While β’’ precipitates with
an average length of 30 nm in the 150-250/10 sample could
provide this condition, the good combination of β’’, β’ and β1
precipitates is thought to lead a high yield strength for 250-150/
10 and 250-150/30 samples. Moreover, coherency of the
precipitates with Mg matrix is an important aspect for
evaluating the mechanical properties such as microhardness

Fig. 4 (a) TEM BF image and (b) corresponding HAADF image with (c) EDS line scan across the grain, (d) BF image and (e) corresponding
precipitation length distrubition histogram of 150-250/10 sample
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values. While β″ phase was found to be fully coherent with Mg
matrix, β′ phase was found to be coherent/semicoherent in the
literature (Ref 7, 9, 27, 28, 33). These precipitates are the
dominant precipitate types in the mechanically tested NIA-aged
alloys (150-250/10, 250-150/10, 250-150/30). Hence, stress
fields around these phases lead to significant strength enhance-
ment as they act as effective barriers for dislocation slip.

Moreover, contrary to large amount of drop in the elonga-
tion in the study of Kang et al. (Ref 9) after two-step aging
(initially at 250 °C and then at 175 °C), similar elongation

values were obtained for 250-150/10 and 250-150/30 samples
with the isothermally aged sample. However, the reason
beyond that is not clear yet. It is known that besides the
precipitate type and morphology, many parameters like thick-
ness, aspect ratio, density of the precipitates have an important
role on the mechanical properties (Ref 22, 32). Therefore, a
more comprehensive study is needed to be done in order to
better evaluate the effect of different NIA procedures on the
microstructural and mechanical properties. However, this study
definitely shows the success of NIA on tuning the microstruc-

Table 2 Average lengths of precipitates with the standart deviations

T6

150-250/10 250-150/30 250-150/10β1 β’

Average length (nm) 278 ± 71 56 ± 16 28 ± 11 57 ± 17 84 ± 32

Fig. 6 (a) TEM BF image and (b) corresponding precipitation length distrubition histogram of 250-150/10 samples

Fig. 5 (a) TEM BF image and (b) corresponding length distrubition histogram of precipitates (c) TEM BF image and (d) corresponding SAED
pattern along [0001]Mg axis zone (e) magnified view of several precipitates 250-150/30 sample
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ture of WE43 magnesium alloy. More generally, this research
has revealed that there are other opportunities to obtain high
mechanical properties in a shorter period than the conventional
single-step aging for Mg-Y-Nd-based alloys.

4. Conclusions

The main findings and conclusions were summarized as
follows:

1. Examination of the WE43 samples, which were aged 150
°C for 2 h and then heated to 210, 230 and 250 °C with
the rates of 10, 20 and 30 °C, showed that the micro-
hardness values increases when the secondary heating
temperature is increased and the heating rate is decreased.
This is attributed to increase in the amount of β’’ and its
positive effect on microhardness.

2. Comparable hardness values with isothermal aging were
obtained in shorter times by using NIA. The highest
hardness values were achieved in NIA samples that were
aged at 250 °C for 2 h and then cooled to 150 °C. De-
crease in the cooling rate caused a slight increase in the
microhardness and yield strength. Difference in the
amount and the size of secondary precipitates are be-
lieved to dictate this change.

3. 250-150/30 sample which was subjected to less than 6 h
aging showed comparable mechanical properties with
conventionally 16 h aged sample at 250 °C.

4. It has been observed that precipitate properties such as
size and morphology can be changed, and new secondary
precipitates can be formed with NIA processes. This situ-
ation shows that the microstructure of WE43 alloy can
be easily tuned and the high mechanical properties can
be achieved with the NIA processes performed in shorter
times.
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