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Abstract 

We have measured the stress/strain response of a 5182 aluminum alloy as a function of 
strain rate and temperature. As one expects, at room temperature and quasi-static strain rate this 
alloy exhibits dynamic strain aging with negative strain-rate sensitivity. At higher temperature, 
we have separated the response into two categories, when the material displays a yield drop and 
when it does not. 

The yield drop was only observed if the yield stress was below 70MPa. In this case the 
work-hardening curve was for practical purposes flat. Within this regime the deformation has 
been labeled “Class A” behavior. It occurs by continuous motion of dislocations accompanied by 
diffusion of solute. It is further shown that a constitutive relation such as 
i. = A(o / p)n  . pb3 / kT - exp(-QD / kT) is appropriate to describe deforrnation in this temperaturd 
strain-rate regime where the solute drag mechanism dominates. In this expression Q, is the 
activation enthalpy for self diffusion of Mg in aluminum, which is 13 1 kJ/mol. 

In the high-stress regime, where the yield stress is above 80MPa, there is positive work 
hardening associated with flow stress behavior of the 5182 alloy. The yield stress was nearly 
constant; however, the hardening and saturation flow stress increases with decreasing 
temperature and increasing strain rate. In this regime the deformation is dominated by dislocation 
accumulation and dynamic recovery. We have found that the Mechanical Threshold Strength 
(MTS) model accurately describes the constitutive response as a function of temperature and 
strain rate. 



Introduction 

The widespread utilization of modem high-speed computers makes it possible to develop more 
sophisticated material constitutive model descriptions capable of modeling complex problemsf1~21. 
An accurate description of a materials response over a wide range of loading environments, as 
well as having predictive capabilities outside the measured range, is in great demand. Hot rolling 
is a particularly challenging aspect of the rolling process to simulate because of the wide range of 
temperatures over which the process occurs. In addition, one expects that the ingot experiences 
several orders of magnitude difference in strain rates as well. These widely varying conditions 
represent a particular challenge for constitutive modeling. We will examine the applicability of a 
physically-based flow stress model, namely the Mechanical Threshold Strength modelf31, in 
representing the mechanical behavior of a 5 182 aluminum-magnesium-manganese alloy in the 
thermal recovery regime. We will also adopt a power-law constitutive relation, which is widely 
used in describing steady-state stress observed in many solid solution alloys during creepf4-61, in 
the high-temperature regime where solute drag is the dominant deformation mechanism. 

Experimental 

Materials 

A 5 182 aluminum-magnesium-manganese alloy was investigated in this study. The constitutive 
responses of transfer-gauge material were measured in compression at various temperatures and 
strain rates. The transfer gauge material was a plate of 25.4 mm in thickness. Right-cylindrical 
compression specimens with a 1: 1.33 aspect ratio, 12.7 mm in height and 9.5 mm diameter, were 
machined from the center of the transfer gauge. Specimens were cut in two orientations: 
compression axis parallel to the rolling direction, and compression axis aligned with the plate 
normal direction. A recess, to trap lubricant, was machined into both ends of the specimens in a 
manner originally used by RastegaevL71. The recess was 0.25 mm deep and the ring remaining 
around the edge of the specimen was 0.5 mm wide. A mixture of vacuum grease and colloidal 
graphite served as lubricant up to 400°C. For the higher-temperature tests, a lead borosilicate 
glass powder with a softening point around 440°C was used. These procedures assured uniform 
deformation to large strains. Two platens made of UDIMET 700, 25 mm in height, were heated 
using two 400-Watt cartridge heaters in each. The platens were assembled on top of larger 
stainless platens which were cooled by a constant flow of 18°C water. A stainless steel tube was 
used to form a chamber. This arrangement allowed the temperature to be maintained accurate to 
within floc, and the sample to be quenched into water within 2 seconds after each test. 
Compression tests were performed at temperatures between 22°C and 550°C in air and strain rates 
of The stress/strain response was calculated from load and crosshead 
displacement. A single-arm extensometer was used to control an MTS servohydraulic test frame 
with better resolution and accuracy in displacement measurement. 

s-' and 1 s-'. 

Description of Constitutive Models 

Regime of Thermal Recovery and the Mechanical Threshold Strength (MTS) Model 

Plastic deformation is known to be controlled by interactions of dislocations with obstacles. 
These interactions are in general thermally activated. In the MTS model, the current structure of a 
material is represented by an internal state variable, the mechanical threshold, which is defined as 
the flow stress at OK. The mechanical threshold is separated into athermal and thermal 
components: 

where the athermal component Su characterizes the rate independent interactions of dislocations 
with long-range barriers such as grain boundaries, dispersoids, or second phases. The thermal 
component 8, characterizes the rate dependent interactions, that can be overcome with the 
assistance of thermal activation, of dislocations with short-range obstacles (forest dislocations, 



inkrstitial, solutes, Peierls barrier, etc.). The flow stress of a constant structure at a given 
. deformation condition is expressed in terms of the mechanical threshold as: 

-=- CT Oa + z S ( € , T ) % ;  
P P  PO 

where the athermal component is a function of temperature only through the shear modulus, and 
the factor S specifies the ratio between the applied stress and the mechanical threshold stress. 
This factor is smaller than 1 for thermal-activation controlled glide because the contribution of the 
thermal activation energy reduces the stress required to force a dislocation past an obstacle. For 
single-phase cubic materials, we have found that the thermal component (8,) can be simplified by 
the linear summation of a term describing the yield stress ( ej)  and a second term describing the 
evolution of the dislocation structure (8,) as a function of temperature, strain rate and strain. 
Equation 2 can be rewritten as: 

0 0, 8. && = - + Si(€, T)- + S&(€, T)- . - 
P P  PO PO 

(3) 

In the thermally-activated glide regime, the interaction kinetics for short-range obstacles are 
described by an Arrhenius expression of the form: 

i. = go exp( F) -6G . 
(4) 

The free energy (AG) is a function of stress, and a phenomenological relation of the following 
form has been chosenW 

Upon rearrangement, we have the following relation between the applied stress and the 
mechanical threshold stress at a constant structure: 

The second term on the right-hand side of the equation 3 describes the rate dependence of the 
yield stress mainly due to intrinsic barriers, such as the strong Peierls stress in BCC materials at 
low temperature or high strain rate; it is further assumed that this term does not evolve after 
yielding. The structure term (6,) in equation 3 evolves with strain due to dislocation 
accumulation (work hardening) and annihilation (recovery). This structure evolution 
I3 = de& / dE is represented by a competition between the hardening (00 )  due to dislocation 
accumulation and softening (-er ) resulting from dynamic recovery (dislocation annihilation and 
rearrangement), and is written as: 

8 = 0, - O,(T,€,&). (7) 

The physical understanding of the work hardening behavior of polycrystals is still inadequate to 
unify this complex process and represent it entirely by physically-based parameters. For this 
project we have chosen the following form to fit the experimental hardening data: 



where *l represents a linear variation of strain hardening rate with stress (Voce law). The 
saturation threshold stress &a, defined as IC&,,, is a function of temperature and strain rate 
according t0:[9-111 

m 

7 (9) 

where m = kT/goapb 3 , kao, go,, and are constants. 

The shear modulus was calculated for face-centered cubic (FCC) materials using the formula: 

where Ci are the elastic constants[121. For simplicity, an empirical equation[131 was used to fit the 
data to incorporate the temperature dependence of "p7' in a form of: 

D 
P = P 0 -  

The temperature-dependent shear modulus of A1 was used here for 5 182 Al. 

Solute Drag Regime 

The deformation mechanisms of Al and Al-Mg alloys have been studied extensively in creep 
conditions[4-6]. Kocks and Chen[14] have discussed the appropriate kinetic laws to describe 
deformation in the temperature/strain-rate regime where the solute drag mechanism dominates, 
and have shown how the appropriate descriptions of dislocation interactions and diffusion lead to 
the following expression for strain rate, 

with n=3. In equation 12, Q, is the activation enthalpy for self diffusion of Mg in aluminum 
(which is 131 kJ/mol), A is a pre exponential diffusion constant, and the other terms have their 
conventional meanings. If we rearrange terms in equation 12 and take the logarithm, 

Thus, if we plot log(o/p) vs. log[ (k/s- ' ) (kT/1ub3)exp(Q~/kT)]  for our data, at different strain 
rates and temperatures, it will have a slope of 1/3 (or a stress exponent n=3), if solute drag is the 
operative deformation mechanism. 

Results and Discussions 

The results that will be discussed focused on two areas: measurement of the stresslstrain response 
of the 5182 Al as a function of strain rate and temperature; and the compression deformation 



textures displayed in the specimens from which the stress/strain behavior was derived. The 
I texture development is discussed elsewhere in this volume[l5]. 

Mechanical Responses 

The stress/strain responses of 5182 Al material are plotted in Figures 1 and 2. Figure 1 shows 
the stresshtrain curves of the 5182 Al at low temperature and high strain rate. Figure 2 shows 
the stress/strain response of the 5182 Al at high temperature and low strain rate. We have 
separated the mechanical behavior into two categories, when the materials display a yield point 
and when they do not. 
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Figure 1 : Compressive stredstrain response of the 5 182 A1 at low temperature and high strain 
rate. 

There is positive work hardening associated with flow behavior of the 5182 when the yield stress 
is above 80MPa, Figure 1. For these experiments the yield stress was nearly constant. However 
the hardening and saturation flow stress increases with decreasing temperature and increasing 
strain rate. The data plotted in Figure 1 are aLl for material that has a positive strain-rate 
sensitivity. 

One should note that if the yield point was observed, Figure 2, the yield stress was below 70MPa 
and the work-hardening curve was for practical purposes flat. The one exception to this was the 
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Figure 2: Compressive stress-strain response of 5182 A1 at high temperature and low strain 
rate. 



expriments run at 350°C and a strain rate of 1O"s-l. In this case the flow curve had a short 
. plateau, -10% strain, of no hardening and then the materials hardened continuously at a low rate. 

In addition to the hardening, the flow curve at this temperature and strain rate was very serrated. 
We believe that these particular effects are associated with fine Mg,Si precipitates going back into 
solution during the experiment. The yield point followed by no work hardening is associated 
with solute drag, by means of a diffusion process, occurring during deformation. 

We have investigated the influence of the initial anisotropy on the mechanical properties by 
compressing samples in the rolling direction and in the plate normal direction. The result is 
shown in Figure 3. It is noted that the flow stresses obtained in two directions are basically the 
same that is consistent with the weak initial texture. 
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Figure 3: Compressive stress-strain response of the 5182 AI. The samples are deformed in the 
rolling direction (lines) and in the plate normal direction (symbols). 

A set of selected curves, ranging from room temperature to 500°C, and strain rates of 1O"s-l to 
ls-', are plotted in Figure 4. At room temperature this material exhibits negative strain-rate 
sensitivity (top two curves in Figure 4). Dynamic strain aging, evidenced by the serrated flow 
curve, is the dominant deformation mechanism. Based on the stress/strain behavior we have 
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Figure 4: Compressive stress-strain response of the 5182 A1 as a function of temperature and 
strain rate. Regimes of different deformation mechanisms are shown. 



diirided the mechanical response of the 5182 Al into three regimes in terms of controlling 
. deformation mechanisms as labeled in Figure 4. The demarcation line for each mechanism to 

operate depends on temperature and strain rate. 

Constitutive Modeling 

We have measured the yield strengths of the 5 182 as a function of strain rate and temperature. In 
addition, saturation stress, as specified by the modified Voce hardening law (equation S), was 
determined for each of the stress/strain experiments. Both of these forms of the data were 
correlated to a function of the test temperature and strain rate, 

- (AG,,)2/3 

and plotted in Figure 5. ’ In this equation k is Boltzman’s constant, T absolute temperature, p 
shear modulus, and b the Burger’s vector. In our analysis, io = 10 s , p=1/2 and q=3/2 in 
equation 6 were chosen to unify the data obtained at various strain rates and temperatures into a 
single master curve. 

7 -1 

In Figure 5 one observes three regions, referenced to the value of equation 14, each associated 
with different physical phenomenon of material behavior. When the value of ( A G ~ , . , , J ~ / ~  is less 
than about 0.32 the 5 182 experiences dynamic strain aging and the associated negative strain-rate 
sensitivity. This is identified from the lower yield strength at room temperature than 200°C at a 
comparable strain rate of 2 = 1 s-’ . 
The 5182 experiences a solute drag, the continuous motions of dislocations is accompanied by 
solute diffusion, deformation mechanism at high temperatures and low strain rates. From our 
data, this begins when ( A . G ~ ~ ~ ) ~ ’ ~  is greater than 0.5. One can see that the yield and saturation 
stresses are equal for this regime (zero material work hardening), indicative of the operative 
solute drag mechanism. One exception to this observation is the datum point at 350°C and a 

Figure 5:  Yield and saturation stress measurements for the 5182 material. Regimes of 
different deformation mechanisms are shown. 



stfain rate of 10-3s-'. Again we believe that this anomaly is a result of Mg,Si precipitates 
. dissolving and the material going into solution. One also notes that this collection of data do not 

lie on a single line, as would be expected if the deformation mechanism would be purely thermal 
recovery. 

For conditions 0.34<(~~~~)~'~<0.5 we are in a strain-ratehemperatme regime that is dominated 
by thermal recovery. The material experiences both positive work hardening and strain-rate 
sensitivity. The yield stress data lie nearly on a single line with a slightly negative slope 
(indicated by the lower solid line in Fig. 5)-0ne should not take the datum point at 200°C at 1 s-' 
literally. The value of the negative slope is analogous to the Gibb's free energy for the recovery 
process. It is within this region that the Mechanical Threshold Strength (MTS) model is 
applicable. The detail of deriving parameters for this model have been published elsewhere for 
copper[3] and for tantalumW Figure 1 shows a regime with positive strain-hardening rate 
associated with flow behavior of the 5 182. The MTS model is suitable to describe the temperature 
and strain-rate sensitivity of the yield and flow stresses. The model fitting result is shown in 
Figure 6. At 300°C and O.OOls-', the calculated flow stress is higher than the experimental data. 
The flat strain-hardening behavior indicates that it falls into the solute drag regime where the 
constitutive equation described in next section is more suitable to use. Overall the MTS model 
captures the strain hardening behavior and the temperature and strain-rate sensitivity reasonably 
well. The calculated stress for a test at 200°C and O.OOl/s, however, deviates substantially from 
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Figure 6: The stressktrain responses and the Mechanical Threshold Strength (MTS) model fit 
(symbols) for a 5182 aluminum alloy. 

experimental data as indicated by arrows in Figure 6.  We believe the enhanced strain-hardening 
rate at this temperature and strain rate is due to dynamic strain aging. A strain-rate jump test at this 
condition should be performed to verify this hypothesis. The constants of the MTS model for the 
5182 Al are summarized in Table I. These constants have been used by Korzekwa and 
Beaudoinc21 in the calculation regarding hot rolling of this material. 

Solute Drag; Reizime 

In the high-temperature and low strain-rate regime, it has been shown that solute drag is the 
dominant deformation mechanism in many Al-Mg a l l o y ~ [ ~ - ~ ] .  Our data plotted according to 
equations 12 and 13, based on solute drag mechanism, are shown in Figure 7. We found that the 
data can be approximated by a linear relation for values of log[ ( &/s-1)(k~/pb3) exp( Q ~ / ~ T ) ] <  7.1 7. 



Al'so, from a least square fit the slope taken by the data is very close to 1/3. Based on these 
. results, the formalism of equation 12 is appropriate for the 5182 in the highest regime of 

temperatures. The demarcation between the regime of solute drag and thermal recovery, as 
illustrated by the data in Figure 7, is particularly dramatic. 

Table I Parameters for the MTS model 
I Equation I Parameter I Value I Unit 

4i I 312 I 

I I 

2/3 P, I - 

Equation I Parameter I Value I Unit I 

0.1058 

b 2 . 8 6 ~  lo-'' m 

(1 1) PO 28815 MPa 
P D 3440 MPa 

I To 215 K 

In the solute drag regime an appropriate constitutive relation, accounting for the exponent being 
slightly different than 3 and evaluating A, is: 

log[ E) = 0.274 log( $ s e x p g )  - 4.416. 

The average stress exponent n within this regime is 3.65. In Figure 7, we include a line (dashed) 
that indicates a stress exponent of 3 and an activation energy (Q,) of 131 kJ1mol would be. The 
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Figure 7: Yield stress data for the 5182 A1 plotted appropriately for the equations 
the deformation in the solute drag regime. 
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slope fitted to the experimental data is so close to 1/3 that at higher-temperature and low strain- 
rate regime the solute drag appears to be the dominant deformation mechanism. However, the 
practical approach will be the use of equation 15 (solid line in Figure 7). 

We have conducted a few interrupt tests at 400°C at 10-3s-' to study the possibility of 
microstructure change, namely recrystallization, which leads to the development of a cube texture 
component. Samples were deformed to E-0.5, then the test was interrupt to unload the sample. 
Each sample was held at test temperature for different amounts of time (3, 10, 60, or 300 sec). 
The sample was then deformed further, another 20% of strain. The original traces of load versus 
time are plotted in Figure 8(a) for three tests with holding time of 10,60, and 300 sec. The true- 
stresdplastic-strain responses are plotted in Figure 8(b). Excellent reproducibility among tests is 
seen in Figure 8. The flow stress shows an inverse transient in the early part of straining and 
keeps at a constant level for the remaining of the test. The flow stress immediately after 
reloading, with or without inverse transient, reaches the level just before the sample was 
unloaded. The lack of change in strength indicates that insignificantho microstructural change 
occurred during holding at temperature. This also supports the hypothesis that the majority of the 
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dislocations present in the material are mobile in the solute drag regime leading to the derivation 
of equation 12. 

When there is positive work hardening (Figure I), it is expected that static recrystallization may 
occur if given sufficient amount of time at high temperature. This is the situation observed during 
hot rolling process between each stand. The effect of the softening on the constitutive relations 
needs to be addressed. 

Summary 

The current study of the mechanical properties and constitutive relation for a 5 182 aluminum alloy 
under high-temperature deformation yields the following conclusions: 

(1). Three regimes, each having a different dominant deformation mechanism, have been 
identified during our study of the mechanical behavior of this material. At the lower 
normalized activation energy regime (room temperature, low strain rate), dynamic strain 
aging is observed. Increasing test temperature leads to a regime where deformation is 
governed by dislocation accumulation and dynamic recovery based on thermal activated 
processes. At even higher temperature and low strain-rate conditions, solute drag becomes 
the dominant deformation mechanism evidenced by practically no work hardening. 

(2). In the thermally activated regime, the constitutive response as a function of temperature and 
strain rate can be described accurately by the Mechanical Threshold Strength (MTS) model. 

(3). When the yield stress was below 70 MPa, the deformation achieved by continuous motion 
of dislocations accompanied by diffusion of solute. Within this regime a power-law 
constitutive relation with a stress exponent (n) of 3.65 and an activation energy (Q,) of 13 1 
kJ/mol, which is the activation enthalpy for self diffusion of Mg in aluminum, is found to be 
adequate in unifying the yieldsaturation stress. 
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