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Abstract A study of loss modulus values was conducted

for three different metal alloys, in both superplastic and

non-superplastic condition, using Dynamic Mechanical

Analysis (DMA). Results showed a direct relationship

between loss modulus values and the homologous super-

plastic temperature for each of the three different metal

alloys that were studied.
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Dynamic Mechanical Analysis was conducted with TA

Q800 DMA equipment, using a single cantilever clamp.

The three metal alloys used were Zn-21wt.% Al-2wt.% Cu

(Zn-21Al-2Cu), Cd-17wt.% Zn (Cd-17Zn) and Sn-38wt.%

Pb (Sn-38Pb). Specimens used were non-superplastic (as-

cast) plates and superplastic (rolled sheet) plates, measur-

ing 4 9 1 9 35 mm. Tests were carried out with an

oscillation amplitude of 15 lm, with temperature sweeps

between 25–300 �C for Zn-21Al-2Cu, 25–200 �C for Cd-

17Zn and 25–140 �C for Sn-38Pb. All tests were conducted

at a constant frequency of 1.0 Hz, with heating rates of

3 �C/min. Findings were analyzed using TA Universal

Analysis 2000 software.

The Zn-22wt.% Al and Zn-21wt.% Al-2wt.% Cu alloys

behaved superplastically in the range of 473–533 K (0.63–

0.70Tm) [1–5]. Pb-62wt.% Sn reached an exceptional

superplasticity level at 413 K (0.90Tm) [5–7]. For Cd-

17wt.% Zn, an extensive grain boundary activity was

reached at 377 K (0.69Tm) [8].

Dynamic Mechanical Analysis (DMA) has been widely

used in polymer characterization [9–15]. Recently, DMA

has begun to be used as an alternative technique for mea-

suring viscoelastic and damping properties of metal alloys

[16–21]. During testing, a metal plate is subjected to a

sinusoidal stress (r). The resulting strain (e) is also sinu-

soidal with the same frequency, but with a lag in the phase.

This phase lag is expressed as an angle, d; the tangent of

the phase angle d is a measure of the energy dissipation or

damping of the material. The modulus is the ratio between

the stress and the strain. For a viscoelastic material, the

modulus is a complex quantity, E* [10, 22]

E�ðxÞ ¼ E0ðxÞ þ iE00ðxÞ

E0 represents the storage modulus, while E00 represents the

loss modulus. The storage modulus, E0, reflects the elastic

response of the material. Loss modulus, E00, describes the

strain energy that is completely dissipated or lost as a result

of friction and internal motions. Such changes indicate the

occurrence of internal friction produced by microstructural

grain mobility, and the capability of microstructural

domain reorientation of the material. In the case of poly-

crystalline metal, neighboring grains may have different

amounts of misorientation when the specimen is deformed.
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e-mail: emartine@uaslp.mx

J. Negrete

Instituto de Metalurgia, UASLP, Sierra Leona 550, Lomas 2a.

Sección, 78210 San Luis Potosı́, S. L. P, México
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The capability of internal displacements between grain

boundaries are related to the superplastic behavior of the

material.

Results of loss modulus and tan d as a function of

temperature for alloys in this study, in both superplastic

and non-superplastic condition, are presented in Figs. 1, 2

and 3. Curves in the Figs. 1a, 2a and 3a show results of tan

d as a function of temperature. In all studied alloys,

damping increase monotonically when temperature

increases. These results were consistent with the behavior

observed in samples tested in a torsion pendulum [23–28].

High values of tan d were observed in both superplastic

and as-cast alloys.

Loss modulus curves 1(b), 2(b) and 3(b) show that all

superplastic alloys had a maximum value, at 108 �C for Sn-

38Pb alloy, 137 �C for Cd-17Zn and 250 �C for Zn-21Al-

2Cu, respectively. For comparison purposes, test results for

non-superplastic alloys are included in each figure. No loss

modulus peak was observed for any of the non-superplastic

alloys.

Figure 4 shows the loss modulus values as a function of

homologous temperature (T/Tm), in this ratio, T is the test

temperature and Tm is the melting temperature both in

absolute scale. For each alloy we can observe a maximum

in the curve at 0.83 for Sn-38Pb alloy, 0.69 for Zn-21Al-

2Cu alloy and 0.75 for Cd-17Zn alloy respectively. These

values of the ratio T/Tm coincide with the homologous

temperatures reported for superplastic behavior of these

alloys [1–8].

It has been well established that grain boundary sliding

strongly depends on the type and the boundary misorien-

tation angle. Watanabe [29] observed the influence of the

boundary misorientation angle on sliding. Sliding takes

place more significantly with increasing the misorientation

angle up to 40� and then becomes difficult showing little

sliding around 55�, due to the presence of the coincidence

orientation relationships. Thus sliding is difficult at low-

angle boundaries and coincidence boundaries, while it is

easy at high angle boundaries. The evolution of the grain

boundaries during superplastic deformation, have been

observed by others authors [30, 31]. The superplastic state

will be reached when a maximum of grain boundaries are

ready for slip with minimum stress (a maximum of high

angle boundaries), thus it is possible that the increase of the

loss modulus is related with the accommodation of grain

boundaries, in the elastic region, from non-sliding state to

Fig. 1 Results of dynamic mechanical analysis carried out in both superplastic and non-superplastic Sn-38wt.% Pb alloy. Curve (a) shows Tan d
and curve (b) Loss Modulus, both as function of temperature

Fig. 2 Results of dynamic mechanical analysis carried out in both superplastic and non-superplastic Cd-17wt.% Zn alloy. Curve (a) shows Tan d
and (b) Loss Modulus, both as function of temperature
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sliding state on plane where a maximum in shear stress

exists. The required changes of the grain boundaries to

achieve a superplastic state can be as follow: As result of

thermal fluctuation, atoms at each grain boundary occa-

sionally have sufficient energy for atomic diffusion at the

grain boundaries in the absence of external forces. If an

external force is applied however, the energy for diffusion

can be lower in the direction of the maximum shear stress;

consequently grains groups probably will shift as a whole

along grain boundary planes oriented close to the maxi-

mum shear stress direction. The effect of the diffusion flow

will be to dissipate part of the elastic energy stored in the

solid, which on the macroscopic scale will appear as an

increase of the loss modulus.

It is possible to observe from Figs. 1a, 2a, and 3a, that

damping in superplastic alloys is considerably higher than

in cast alloys, reaching values only observed in polymeric

materials.

This study revealed the existence of a relationship

between loss modulus maximum values and the tempera-

ture where a maximum superplastic deformation has been

reported for Cd–Zn, Pb–Sn and Zn–Al superplastic alloys.

The results suggest the existence of a mechanism that

accommodates the grain boundaries in the elastic region for

easy slide in the plastic region.
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