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Cold-Rolling Effect on Low-Frequency Damping Properties of AZ31 Magnesium Alloy Plate  
at Moderately High Temperature

This study investigated the influence of cold-rolling on the damping capacity of the hot-extruded AZ31 alloy plate. The 
damping capacity of the hot-extruded and the cold-rolled AZ31 alloy plates were measured by a dynamic mechanical analysis with 
a single cantilever from 0°C to 250°C at a constant heating rate. Experimental results demonstrated increased damping capacity, 
which is evident in both the P2 peak and the high-temperature damping background (HTDB). The activation energy of the HTDB 
decreased from 2.01 eV to 0.91 eV after cold-rolling. This reduction suggests that the cold-rolling process accelerates grain boundary 
diffusion, promoting creep deformation at elevated temperatures. While cold-rolling enhances the HTDB damping capacity of the 
AZ31 alloy plate, it concurrently compromises its creep resistance at moderately high temperatures (100°C to 250°C). Therefore, 
for engineering applications of AZ31 alloy plates within this temperature range, careful consideration of this trade-off between 
improved damping and diminished creep resistance is crucial.
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1. Introduction

Magnesium, with a density of 1.74 g/cm3, is the lightest 
structural metal, and this property is regarded as the most impor-
tant factor in the selection and use of many engineering designs. 
Numerous studies reported that magnesium and magnesium 
alloys could absorb energy during damping and are candidates 
for high-damping applications [1-8]. The damping capacities 
of magnesium and magnesium alloys at room temperature 
depend on the strain amplitude and relate to the movement of 
the dislocations in which the dislocations are weakly pinned by 
impurity atoms on the basal planes [9]. Despite their potential, 
the damping applications of magnesium alloys remain limited. 
This is because most alloying elements that increase strength 
tend to reduce their damping capacity [10,11]. Consequently, 
enhancing the damping capacity of magnesium alloys while 
maintaining their strength is crucial and a subject of extensive 
research. Several studies have demonstrated that incorporating 
reinforcements into magnesium alloys to create composites can 
substantially enhance their damping capacity [12-16]. Addition-
ally, the literature suggests that magnesium and its alloys can 
exhibit enhanced damping properties when fabricated into porous 
structures or subjected to specific thermomechanical treatments 
or microstructural control [17-19]. 

Recently, Su et al. stated that pure magnesium’s damping 
and mechanical properties can be balanced by grain refinement 
to sub-micron and nanometer scales [20]. Wang et al. [21] 
provided a novel method for preparing high-strength and high-
damping capacity Mg alloys by ultra-high pressure technology 
[22,23]. Bian et al. [24] reported that Mg–0.03Cu–0.05Ca alloy 
exhibited superior damping performance than AZ31 alloy but 
lower than pure Mg as the solute segregation at grain bounda-
ries. Huang et al. [25] reported that the mechanical properties 
and internal friction of Mg-Li alloys could be enhanced under 
high-temperature and high-pressure conditions because of the 
formation of a supersaturated solid solution, notable grain size 
refinement, the introduction of large amounts of nanoscale twins, 
and the precipitation of spherical secondary phases.

Most of the literature only focused on the damping char-
acteristics of magnesium alloys at room temperature. However, 
it is necessary to understand the information on the damping 
properties of magnesium alloys at room temperature and mod-
erately high temperatures because the strength of magnesium 
alloys rapidly drops at those temperatures [10,11]. According 
to our previous studies [25-28], the microstructures and ther-
momechanical treatments influence magnesium alloys’ damping 
properties at moderately high temperatures. The damping proper-
ties of magnesium alloys at moderately high temperatures are as-
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sociated with grain boundary sliding [5], which also corresponds 
to the creep behavior of magnesium alloys. Given the critical 
importance of mechanical properties at moderately elevated 
temperatures for practical applications of magnesium alloys, this 
study investigates the damping capacity of hot-extruded and/or 
cold-rolled AZ31 alloy plate over a temperature range of 0°C to 
250°C using dynamic mechanical analysis (DMA). The primary 
objective is to understand cold-rolling’s influence on the damp-
ing characteristics and creep resistance of the AZ31 alloy plate.

2. Experimental 

AZ31 alloy with an 8”-diameter billet was purchased 
from MEL Chemicals, a division of Magnesium Elektron Ltd, 
England. The billet was then hot-extruded at 300°C to become 
1.38 mm thickness plates at 2 m min–1 extrusion speed. Four 
hot-extruded AZ31 alloy plates were cut and cold-rolled at room 
temperature to 1.05 mm thick with 24% thickness reduction, 
followed by annealing at 100°C for 10 min. The specimens of 
the AZ31 alloy plates for the microstructural examination were 
prepared by the standard metallographic procedure with the 
etching solution of 7 ml alcohol + 1 ml picric acid + 1 ml acetic 
acid + 1 ml deionized water. Microstructural observations of 
the AZ31 alloy plates were performed with a Nikon FX-35DX 
optical microscope (OM). The tan δ, which is defined as the 
ratio of the loss modulus to the storage modulus, of the hot-
extruded and the cold-rolled AZ31 alloy plates were measured 
by TA 2980 DMA equipment with a single cantilever from 0°C 
to 250°C at a constant heating rate of 3°C min–1. The size of 
the DMA specimen was 30 mm in length and 12 mm in width, 
and its longitudinal direction was along the extrusion and cold-
rolling direction. The testing frequencies were set at 0.1, 0.5, 1, 
and 5 Hz. The strain amplitude was set at 20 μm. 

3. Results and discussion

3.1. Cold-rolling effect on the microstructures 
and damping capacities of AZ31 alloy plates

Figs. 1(a) and 1(b) show the microstructures, observed by 
optical microscopy, of the hot-extruded and the cold-rolled AZ31 
alloy plate, respectively. According to Fig. 1, the grain size of 
the hot-extruded AZ31 alloy plate is calculated as approximately 
10 μm. The grain size of the AZ31 alloy plate was slightly re-
duced to approximately 7.6 μm after the cold-rolling process.

Fig. 2 shows the heating curve of tan δ versus temperature 
for hot-extruded and cold-rolled AZ31 alloy plate measured at 1 
Hz frequency and 20 μm amplitude (strain = 2.5×10–4) from 0°C 
to 250°C. As shown in Fig. 2, the heating tan δ curve exhibits 
two internal friction peaks, P1 and P2, at approximately 60°C and 
170°C, respectively. Similar results have also been observed in 
pure Mg (99.96 wt.%) and Mg-Ni alloys (6.2 ~ 22.6 wt.% Ni) [6]. 
In these materials, the P1 peak is attributed to dislocation move-

ment on the basal planes, while the P2 peak is attributed to grain 
boundary sliding. Apart from P1 and P2 peaks shown in Fig. 2, 
the heating tan δ curve can be divided into an athermal internal 
friction background (for temperature below 100°C) and an ex-
ponential internal friction background (for temperature above 
100°C). The exponential internal friction background is also 
termed as high-temperature damping background (HTDB) and 
has been observed in many alloys and intermetallics [29-31]. 
However, the detailed damping mechanism of HTDB for AZ31 
alloy plate has not been systematically studied. Fig. 2 also shows 
the heating curve of tan δ versus temperature for cold-rolled 
AZ31 alloy plate measured at 1 Hz frequency and 20 μm ampli-
tude (strain = 2.5×10–4) from 0°C to 250°C. Fig. 2 shows that 
the variation of the P1 peak is inconspicuous after cold-rolling, 
while the tan δ values of both the P2 peak and HTDB increase. 
This feature implies that the high-temperature damping capacity 
of AZ31 alloy plate can be improved by cold-rolling. 

(a)

(b)
Fig. 1. Optical microscope images of (a) as hot-extruded and (b) after 
cold-rolled and annealed (100°C for 10 min) AZ31 alloy plates observed 
by optical microscopy
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Fig. 2. The tan δ values vs. temperature for hot-extruded and cold-rolled 
AZ31 alloy plates measured by DMA at a frequency of 1 Hz

Figs. 3(a) and 3(b) show the heating tan δ curves of the 
hot-extruded and the cold-rolled AZ31 alloy plate, respectively, 
measured at 20 μm amplitude with various frequencies (from 
0.1 Hz to 5 Hz). As shown in Figs. 3(a) and 3(b), the P1 peak 
of the cold-rolled AZ31 alloy plate is located around the room 
temperature, and its tan δ value is slightly lower than that of 
the hot-extruded one. This is because the strain amplitude for 
as hot-extruded AZ31 alloy plate (strain = 2.5×10–4) is slightly 
larger than that for the cold-rolled one (strain = 1.9×10–4) since 
the former thickness is thicker than the latter one. However, at 
temperatures above 100°C, the tan δ value of the cold-rolled 
AZ31 alloy plate becomes much larger than that of the as 
hot-extruded one in each testing frequency. This indicates that 
the cold-rolling effect becomes dominant around P2 peak and 
HTDB, which are located at temperatures above 100°C. In ad-
dition, also from Figs. 3(a) and 3(b), the P2 peak temperatures 
of hot-extruded and cold-rolled AZ31 alloy plates both shift 

to higher temperatures with increasing frequency. This feature 
implies that the P2 peak exhibits a relaxation characteristic and 
is thermally activated. However, it is not easy to separate the 
ill-defined P2 peak precisely from the HTDB. Further study on 
the damping property of P2 peak with more appropriate analysis 
is still conducting in our future research.

3.2. Cold-rolling effect on the HTDB  
of AZ31 alloy plates

Fig. 3(a) demonstrates that the tan δ value of the hot-
extruded AZ31 alloy plate increases with decreasing frequency 
at a constant temperature. This frequency dependence of tan δ 
indicates viscoelastic behavior in the as-hot-extruded AZ31 alloy 
plate. The ideal viscoelastic relaxation behavior can be modeled 
using a Maxwell rheological model. In dynamic experiments, 
the internal friction can be described as [30]:

 Q–1 = tanδ = 1/ωτ	 (1)

where ω is the circular frequency and τ is the relaxation time. 
However, Eq. (1) is inadequate for accurately describing the 
behavior of real viscoelastic materials. This is because real 
materials exhibit a distribution of relaxation times. To account 
for this, the empirical spectrum parameter ‘n’ is introduced into 
Eq. (1) [32].

 Q–1 = 1/(ωτ)n 	 (2)

where 0 ≤ n ≤ 1 (n = 1 for “ideal” viscoelasticity). Since vis-
coelastic behavior at high temperatures can be determined by 
the thermally activated process, an Arrhenius equation holds for 
the relaxation time τ [33]:

 τ = τ0 exp (H/kT)	 (3)

where τ0 is the limit relaxation time, Η is the activation energy, 
k is the Boltzmann’s constant and Τ is the temperature. For the 

(a) (b)
Fig. 3. (a) Tan δ curves for as hot-extruded AZ31 alloy plate measured with different frequencies from 0.1 Hz to 5 Hz. (b) Tan δ curves for as 
cold-rolled AZ31 alloy plate measured with different frequencies from 0.1 Hz to 5 Hz
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analysis of the HTDB, it is convenient to use the logarithmic 
representation of Eq. (2):

 lnQ–1(T, ω) = –n lnω – n lnτ(T)	 (4)

Fig. 4(a) shows the logarithmic plot (lnQ–1 versus lnω for 
various temperatures) of the HTDB data which are determined 
from Fig. 3(a) at different temperatures above 190°C. As seen in 
Fig. 4(a), the measured lnQ– and lnω shows a linear dependence, 
which is in accordance with the expectation of the viscoelastic 
relaxation behavior. From the slope and intercept of the fitting 
lines shown in Fig. 4(a), the n value and the relaxation time τ 
measured at each temperature can be determined. Fig. 4(b) plots 
the relaxation time τ as a function of temperature in which τ was 
measured from various temperatures in Fig. 4(a). From Fig. 4(b), 
the activation energy of the HTDB for as hot-extruded AZ31 
alloy plate can be determined from the slope of the fitting line 

as the value of H = 2.01 eV. Fig. 5(a) plots the logarithmic plot 
(lnQ– versus lnω for various temperatures) of the HTDB data, 
which are determined at different temperatures above 190°C in 
Fig. 3(b) for the cold-rolled AZ31 alloy plate. Fig. 5(b) shows 
the relaxation time τ measured from Fig. 5(a) as a function of 
temperature. From Fig. 5(b), the calculated activation energy 
of the HTDB for cold-rolled AZ31 alloy plate is H = 0.91 eV. 

Many studies reveal that the HTDB possesses viscoelastic 
nature and is only present in polycrystalline materials [34,35]. 
Therefore, it is reasonable to suggest that the HTDB is associ-
ated with creep behavior, which also possesses viscoelastic 
characteristic at high temperature [34]. This study observed 
a significant decrease in the activation energy of the HTDB for 
AZ31 alloy plate from 2.01 eV to 0.91 eV following cold-rolling. 
This reduction indicates that the cold-rolling process accelerates 
grain boundary diffusion, thereby promoting creep development 

(a) (b)
Fig. 4. (a) The plot of lnQ–1 versus lnω for various temperatures measured from Fig. 3(a). (b) Arrhenius plot (lnτ  versus 1/T) determined from 
(a) for as hot-extruded AZ31 alloy plate

(a) (b)
Fig. 5. (a) The plot of lnQ–1 versus lnω for various temperatures measured from Fig. 3(b). (b) Arrhenius plot (lnτ  versus 1/T) determined from 
(a) for cold-rolled AZ31 alloy plate
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at elevated temperatures. In essence, while cold-rolling effec-
tively enhances the HTDB damping capacity of the AZ31 alloy 
plate, it concurrently compromises its creep resistance at high 
temperatures. Therefore, a careful consideration of this trade-off 
between enhanced damping and diminished creep resistance is 
crucial for optimizing the mechanical and damping performance 
of AZ31 alloy plate in moderately high-temperature applications.

3.3. Annealing effect on damping characteristics  
of cold-rolled AZ31 alloy plates

Fig. 6 presents heating tan δ curves as a function of tem-
perature for AZ31 alloy plates subjected to cold-rolling followed 
by annealing at 100°C for varying durations (1 to 6 hours). The 
heating tan δ curve of the as-cold-rolled AZ31 alloy plate (from 
Fig. 2) is also included for comparison. All measurements in 
Fig. 6 were conducted at a frequency of 1 Hz, an amplitude of 
20 μm, and a heating rate of 3°C min–1 from 0°C to 250°C. As 
evident in Fig. 6, the tan δ values of the specimens after cold-
rolling, regardless of annealing time, remaining essentially 
unchanged. This observation suggests that annealing at 100°C 
has a negligible effect on the damping capacity of the cold-rolled 
AZ31 alloy plate.

Fig. 6. The tan δ values vs. temperature for as cold-rolled and annealed 
AZ31 alloys measured by DMA at a frequency of 1 Hz

4. Conclusions

In this study, we investigated the effect of cold rolling on 
the damping capacity and the HTDB of the hot-extruded AZ31 
alloy plates. The following conclusions were drawn.
1.	 The grain size of the hot-extruded AZ31 alloy plate gradu-

ally decreased from approximately 10 μm to approximately 
7.6 μm after the cold-rolling process.

2.	 The P2 peak, which is attributed to grain boundary sliding, 
exhibited a relaxation characteristic and is thermally acti-

vated. The damping capacity of the P2 peak was increased 
after the cold-rolling process.

3.	 The damping capacity of the HTDB for the AZ31 alloy plate 
increased after cold-rolling, while the activation energy of 
the HTDB decreased significantly from 2.01 eV to 0.91 eV 
simultaneously.

4.	 The cold-rolling process improved the damping capacity of 
the AZ31 alloy plate but also accelerated the grain bound-
ary diffusion, thereby facilitating creep at moderately high 
temperatures.
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