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The hot deformation behaviors o f /3  brass in the temperature range of 550 ~ to 800 ~ and 
a-fl  brass in the temperature range of 450 ~ to 800 ~ have been characterized in the strain 
rate range of 0.001 to 100 s -~ using processing maps developed on the basis of  the Dynamic 
Materials Model. The map for/3 brass revealed a domain of superplasticity in the entire tem- 
perature range and at strain rates lower than 1 s -1, with a maximum efficiency of power dis- 
sipation of about 68 pct. The temperature variation of the efficiency of power dissipation in the 
domain is similar to that of  the diffusion coefficient for zinc in /3 brass, confirming that the 
diffusion-accommodated flow controls the superplasticity. The material undergoes micro- 
structural instability in the form of adiabatic shear bands and strain markings at temperatures 
lower than 700 ~ and at strain rates higher than 10 s -~. The map for a-/3 brass revealed a wide 
domain for processing in the temperature range of 550 ~ to 800 ~ and at strain rates lower 
than 1 s -~, with a maximum efficiency of 54 pct occurring at about 750 ~ and 0.001 s -1. In 
the domain, the a phase undergoes dynamic recrystallization and controls the hot deformation 
of the alloy, while the/3 phase deforms superplastically. At strain rates greater than 1 s -~, a-/3 
brass exhibits microstructural instabilities manifested as flow rotations at lower temperatures 
and localized shear bands at higher temperatures. 

I .  I N T R O D U C T I O N  

g study of the hot deformation behavior of  two-phase 
materials will be useful for processing commercial  alloys 
since many of them have two or more phases. Alpha- 
beta brass is one such material where the a and/3 phases 
have different constitutive flow behaviors. Alpha brass 
exhibits E~j a dynamic recrystallization domain in the tem- 
perature range of 750 ~ to 850 ~ and at strain rates of 
0.001 to 1 s -1, while/3 brass undergoes superplastic de- 
formation fz~ under similar conditions. The aim of the 
present investigation is to examine the deformation be- 
havior of  a-/3 brass from the point of  view of the influ- 
ence of the constitutive behavior of  the individual a and 
/3 phases. For this purpose, the approach of character- 
izing the hot deformation behavior using power dissi- 
pation maps will be adopted. 

The maps are developed on the basis of the Dynamic 
Materials M ode l ,  [31 which was reviewed recently by Gegel 
et  al .  [41 and Alexander. tSl In this model, the workpiece 
material under hot working condition is considered to be 
a dissipator of  power, and the instantaneous power dis- 
sipated at a given strain rate ( i ) ,  temperature, and strain 
may be considered to consist of  two parts: G content, 
representing the temperature rise, and J cocontent, rep- 
resenting the dissipation through metallurgical pro- 
cesses. The factor that partitions power between J and 
G is the strain rate sensitivity (m) of flow stress (tr), 
and the J cocontent is given by 

J = o ~ m / ( m  + 1) [1] 

For an ideal linear dissipator, J = Jma~ = o '~/2,  and the 
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J cocontent may be normalized with respect to Jmax to 
obtain a dimensionless parameter defined as efficiency 
of power dissipation, 7/, given by 

rl = 2 m / ( m  + 1) [2] 

The constitutive behavior of  the workpiece material in 
terms of dissipative microstructural mechanisms may be 
represented through the efficiency variations as a func- 
tion of temperature and strain rate to obtain a power dis- 
sipation map. 

The power dissipation map for hot deformation of a 
brass was given earlier, tn In this article, the processing 
map for /3  brass is given and the deformation behavior 
of a-/3 brass is discussed in terms of the constitutive be- 
haviors of  the individual phases. 

Hot deformation studies on/3  brass are very limited. 
Griffiths and Hammond [21 observed superplastic defor- 
mation in/3 brass in the temperature range of 500 ~ to 
800 ~ and at lower strain rates. Strain rate sensitivities 
reaching close to unity, typical of  Newtonian flow, were 
also reported in this study. The high-temperature diffu- 
sion rates [61 are fast in this material and are responsible 
for the abnormal grain growth in /3 brass. Anomalous 
ductility was observed and interpreted in terms of  the 
effect of phase transformations. [7] Deformation bands were 
reported at temperatures below 425 ~ and under impact 
conditions.{8] 

In ct-/3 brass, the mechanism of hot deformation has 
been studied, particularly with respect to super- 
plasticity, t9-13J Fine-grained microduplex a-/3 brass ex- 
hibited high elongations t91 at 625 ~ and at strain rates 
of  5 x 10 -4 s -1, while at higher strain rates, extensive 
cavitation at intergranular and interphase boundaries oc- 
curred. [l~ The effect of  grain size and shape on the 
flow stress of  60-40 brass under superplastic conditions 
was also considered tl2~ important. Further, small addi- 
tions of  Ce were reported u3,141 to improve the ductility 
of a-/3 brass, mainly through a decrease in the volume 
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fraction of harder ct phase. The constitutive flow behav- 
ior in a-/3 brass was studied, ~s~ taking into account the 
nature of  deformation of the two individual phases. It 
was concluded that the behavior of  the superplastic alloy 
resembles that of  the softer/3 phase, while the harder 
phase slides and rotates along interphase boundaries. 
Microstructural changes during hot deformation of ct-/3 
brass were investigated by Roberts and Otterberg. t~6~ At 
higher temperatures, the brass behaves as though it were 
wholely /3, while at lower temperatures, dynamic re- 
crystallization was observed. Hennaut e ta / .  tiT1 examined 
the evolution of microstructure using optical microscopy 
and X-ray diffraction and concluded that dynamic re- 
crystallization of a phase occurs at 680 ~ the degree 
of dynamic recrystallization being higher at lower strain 
rates. 

II. EXPERIMENTAL 

Beta brass having 43.8 pct Zn was used in the study. 
The starting material was in the form of hot-rolled rods 
(rolling temperature 750 ~ which had an average grain 
diameter of  about 1 mm. The temperature range em- 
ployed for deformation of fl brass was 550 ~ to 800 ~ 
and the strain rate range was 0.001 to 100 s -x. 

Commercial  a-fl brass with 39.5 pct Zn, 3 pct Pb, and 
the rest Cu was used in this investigation. The starting 
material was in the form of extruded rods, the micro- 
structure of which is shown in Figure 1. The micro- 
structure had a feathery appearance and directionality. 
The temperature range employed for deformation of a-/3 
brass was 450 ~ to 800 ~ and the strain rate range 
was 0.001 to 100 s -1. 

Cylindrical specimens of 10 m m  in diameter and 
15 m m  in height were machined for hot compression 
testing such that the compression axis was parallel to the 
rolling or extrusion direction. The specimens had con- 
centric grooves on their faces to facilitate the retention 
of the lubricant during compression, and the edges were 
given a 1-mm 45 deg chamfer to avoid foldover in the 

Fig. 1 - - In i t i a l  microstructure of a-/3 brass in the longitudinal direc- 
tion showing feathery a phase. 

initial stages of  compression. Molten glass lubricant at 
temperatures higher than 650 ~ and molybdenum di- 
sulfide with graphite at lower temperatures were used as 
lubricants. Hot compression tests were conducted on a 
microprocessor-controlled servohydraulic testing ma- 
chine (DARTEC, Stourbridge, West Midlands, United 
Kingdom) which has the facility for an exponential decay 
of actuator speed to give constant true strain rates during 
the test. The temperature of  the specimen, as well as the 
adiabatic temperature rise during compression, was mea- 
sured with the help of  a thermocouple embedded in the 
specimen. The deformed specimens were water quenched 
(/3 brass) or air cooled (ct-/3 brass), sectioned vertically, 
and prepared for metallographic examination using stan- 
dard techniques. 

The procedure for obtaining power dissipation maps 
was as follows. The load-stroke curves obtained in 
compression at a constant temperature and strain rate were 
converted into true stress-true plastic strain curves using 
standard equations. The flow stress data as a function of 
temperature, strain rate, and strain were obtained from 
the above curves and used for constructing the power 
dissipation maps. t31 The log flow stress vs log strain rate 
data were fitted using a cubic spline, and the strain rate 
sensitivity (m) was calculated as a function of strain rate. 
This was repeated at different temperatures. The effi- 
ciency of power dissipation through microstructural 
changes It/ = 2 m / ( m  + 1)] was then calculated as a 
function of temperature and strain rate and plotted as a 
three-dimensional (3-D) map and an isoefficiency con- 
tour map. 

In addition to the power dissipation maps,  maps pre- 
dicting microstructural instabilities during flow were also 
developed on the basis of  the flow stress data and using 
the continuum criterion developed by Kumar t~8~ on the 
basis of  Zeigler 's  t~9~ principle of  maximum rate of  en- 
tropy production. It was shown that instabilities in 
microstructure will occur if 

~(~) = (8 In [m/ (m + 1)]/(O In ~)) + m < 0 [3] 

The variation of  ~(~) with temperature and strain rate 
was plotted as an instability contour map showing re- 
gimes of unstable flow under conditions of  negative 
~(~) values. 

I I I .  R E S U L T S  AND D I S C U S S I O N  

A. Beta Brass 

Typical true stress-true plastic strain curves recorded 
on/3 brass at 750 ~ and at different strain rates are shown 
in Figure 2, which shows the following features: 

(a) At strain rates of 1 s -I and below, the stress-strain 
curves exhibited steady-state behavior. 
(b) At higher strain rates (10 and 100 s-l) ,  the stress- 
strain curves exhibited oscillations. 

The above trend is observed at all temperatures in the 
range studied (550 ~ to 800 ~ 

The flow stress data corrected for the adiabatic tem- 
perature rise are shown in Table I for/3 brass. The ma- 
terial exhibited low flow stresses at lower strain rates, 
particularly at high temperatures. The power dissipation 
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Fig. 2--True stress-true plastic strain curves for/3 brass at 750 ~ 
and at various strain rates. 

map for/3 brass is shown in Figure 3 for a strain of  0.3.  
Figure 3(a) is a 3-D view of  the processing map, while 
Figure 3(b) is the corresponding isoefficiency represen- 
tation. A comparison of  the maps at different strains re- 
vealed that the characteristics are not changed appreciably 
with strain. The map exhibits a single domain, with an 
efficiency maximum of  68 pct occurring at about 800 ~ 
and 0.001 s ~. The domain extends up to a strain rate 
of  1 s -~ over the whole  temperature range. The insta- 
bility map developed on the basis o f  the continuum cri- 
terion given by Eq. [3] at a strain of  0.5 is shown in 
Figure 4. Instability is indicated at temperatures lower 
than 700 ~ and at strain rates higher than l0  s -~. It is 
in this regime that the stress-strain curves exhibit 
oscillations. 

The basis for the interpretation of  power dissipation 
maps in terms of  microstructural processes is the Dynamic 
Materials Model. f3.4.5} According to Raj I2m maps, the high- 
temperature, low strain rate domain represents the pro- 
cess of  wedge cracking. Under these conditions, grain 
boundary sliding occurs and causes stress concentration 
at grain boundary triple junctions, leading to wedge 
cracks. However,  if the stress concentration is relieved 
by diffusion-accommodated f low,  the extent of  wedge 

Table I. Flow Stress Values (in MPa) of  fl Brass at Different Strain Rates and 
Temperatures for Various Strains (Corrected for Adiabatic Temperature Rise) 

Strain 
Rate 

Strain (s-1) 550 600 

Temperature (~ 

650 700 750 800 

0.1 0.001 4 .7  2.3 1.4 0.8 0.7 0.7 
0 .010 9.3 5.7 4.3 2.9 2.4 2.6 
0 .100 16.4 11.2 10.3 6.2 5.7 4.3 
1.000 34.9 24.3 19.1 14.5 11.4 9.0 

10.000 59.8 53.0  35.5 28.6 23.6 18.8 
100.000 80.2 61.8 48.4  40.5 32.8 27.5 

0.2 0.001 4 .4  2.6 1.6 0.9 0.8 0.7 
0 .010  9 .4  5.8 4 .4  3.0 2.3 2.6 
0 .100  16.4 11.6 10.4 6.8 5.9 4.7 
1.000 33.9 24.0 19.1 14.6 11.5 9.4 

10.000 60.0  52.3 35.4 29.4 23.5 18.6 
100.000 87.1 67.7 52.2 44.3 35.3 29.4 

0.3 0.001 4.5 2.6 1.6 1.1 0 .8  0.8 
0 .010 9.5 5.7 4.5 3.2 2.4 2.8 
0 .100 16.7 11.8 10.9 7.1 6 .0  4.9 
1.000 33.6 24.7 19.6 14.9 11.5 9.5 

10.000 60.0  52.7 35.7 28.3 23.5 18.5 
100.000 89.6 71.7 55.1 46.6  37.6 31.7 

0 .4  0.001 4.7 2.9 1.7 1.2 0 .9  0.8 
0 .010 9.7 5.8 4.5 3.3 2.5 2.8 
0 .100 16.7 12.2 11.1 7.5 6.1 4.9 
1.000 33.9 25.2 20.2 15.2 11.8 9.7 

10.000 60.4  52.2 36.8 29.8 23.9 19.1 
100.000 90.0  70.9 55.5 46.7 37.7 31.9 

0.5 0.001 4 .7  3.0 1.8 1.3 1.1 1.0 
0 .010  9.7 6 .0  4 .6  3.3 2.5 3.0 
0 .100  17.2 12.5 11.4 7.7 6.2 4.8 
1.000 34.2 25.7 20.6  15.3 12.0 9.8 

10.000 60.8 52.8 37.5 29.4 24.3 19.5 
100.000 86.9 68.6  53.8 45.8  36.8 31.3 
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Fig, 3 - - ( a )  3-D view of  the power dissipation map for/3 brass at a 
strain of  0.3. (b) Contour map showing isoefficiency contours in strain 
rate-temperature plane for /3 brass at a strain of  0.3. The numbers  
indicate the efficiency of  power dissipation in percent. 

cracking may become less, resulting in extensive duc- 
tility. This is referred to as superplasticity, pu which is 
characterized TM by high strain rate sensitivities (>0.3) ,  
low flow stresses independent of strain, and high duc- 
tilities. In view of the high strain rate sensitivity, the 
efficiency of power dissipation for superplasticity is gen- 
erally >50 pct and often reaches values close to 100 pct: 
For example, in fine-grained Ti-6A1-4V alloy, a domain 
with efficiency of 90 pct has been identified ~221 to rep- 
resent superplasticity which was characterized 123} exten- 
sively. Efficiency of 100 pct (strain rate sensitivity = 1) 
was reported pl in/3 brass and interpreted as to represent 
Newtonian viscous flow. The map for/3 brass (Figure 3) 
exhibits a domain with a high efficiency of  68 pct and 
hence may be identified to represent superplastic defor- 
mation. Since diffusional flow plays a critical role in in- 
ducing superplasticity, the temperature dependence of 
the efficiency of  power dissipation at low strain rates 
should be comparable to that of the diffusion coefficient. 
The variations of the efficiency of power dissipation at 
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Fig. 4 - - In s t ab i l i t y  map showing contours of  instability parameter 
~(@) in strain rate-temperature plane for /3 brass at a strain of  0.5. 
Instability is predicted when ~(#) is negative. 
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Fig. 5 - - V a r i a t i o n  of efficiency of  power dissipation at a strain rate 
of  0.001 s -~ and diffusion coefficient with temperature for /3 brass. 
The variation of the average grain diameter in the samples deformed 
at 0.001 s -~ is also shown.  
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Fig. 6 - - P o w e r  dissipation map of /3  brass developed on the basis of  
the data of  Griffiths and H a m m o n d Y  1 
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0.001 s -~ and that of  the diffusion coefficient 161 for dif- 
ferent temperatures are shown in Figure 5. The striking 
similarity confirms that the domain represents super- 
plasticity. The grain size variation of  the samples de- 
formed at 0.001 s -~ with temperature also follows a similar 
trend to that of  the diffusion coefficient. In addition, the 
steady-state stress-strain curves and the high diffusion 
coefficients lend further support to the interpretation of 
the domain to represent superplasticity. 

On the basis of  the flow stress data at different tem- 
peratures and strain rates given by Griffiths and 
Hammond, r21 a processing map is developed and is shown 
in Figure 6. The map shows a wide superplasticity do- 
main with efficiency reaching 100 pct. This also con- 
firms that/3 brass undergoes superplastic deformation at 
high temperatures and low strain rates. 

The continuum criterion given by Kumar t~8~ predicts 
Fig. 8 - - T r u e  stress-true plastic strain curves for a-fl brass at 700 ~ 
and at various strain rates. 

(a) 

(b) 

Fig. 7--Microstructure of the/3 brass specimen deformed at 650 ~ 
and 10 s-t (instability region) revealing (a) adiabatic shear bands and 
(b) strain markings. 

Fig. 9 - - T r u e  stress-true plastic strain curves for a-/3 brass at 
(a) 10 s -~ and (b) 100 s -~ and at various temperatures. 
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Table lI. Flow Stress Values (in MPa) for a-fl Brass at Different Strain Rates 
and Temperatures for Various Strains (Corrected for Adiabatic Temperature Rise) 

Strain 
Rate Temperature (~ 

Strain (s- l) 450 500 550 600 650 700 750 800 

0.1 0.001 43.7 23.3 13.8 7.6 4.3 2.7 1.9 1.5 
0.010 58.0 35.5 24.1 14.8 8.6 5.4 3.7 4.3 
0.100 106.7 58.3 38.6 24.8 15.7 10.2 8.8 7.0 
1.000 178.6 101.7 72.5 43.1 28.5 21.0 16.0 15.2 

10.000 251.6 170.2 111.4 79.4 50.1 31.3 28.6 26.0 
100.000 276.5 204.4 155.6 105.5 67.3 46.4 38.2 32.3 

0.2 0.001 39.6 21.7 12.4 6.8 3.9 2.5 1.9 1.5 
0.010 54.7 33.8 22.1 13.7 8.3 5.3 3.5 4.5 
0.100 99.2 55.6 36.8 23.8 15.6 10.4 9.0 6.4 
1.000 163.9 95.9 67.3 41.3 27.2 20.6 15.8 16.0 

10.000 245.7 166.1 109.7 75.9 48.0 31.8 28.7 24.9 
100.000 283.7 213.2 164.0 111.5 73.6 50.6 41.8 34.4 

0.3 0.001 36.7 20.8 11.3 5.9 3.6 2.4 1.8 1.6 
0.010 52.8 33.0 20.9 13.3 8.0 5.4 3.5 4.5 
0.100 93.0 53.1 36.1 22.7 15.1 10.7 9.4 6.3 
1.000 153.3 90.9 65.6 40.2 26.9 20.9 15.9 16.6 

10.000 236.6 157.8 103.8 73.0 47.7 32.0 28.7 25.6 
100.000 285.0 214.7 164.2 113.3 75.7 53.4 43.9 36.2 

0.4 0.001 34.3 20.1 10.9 5.2 3.4 2.5 1.9 1.6 
0.010 52.1 31.8 20.0 12.8 7.9 5.4 3.5 4.9 
0.100 88.9 52.7 35.3 22.2 15.2 11.3 9.6 6.4 
1.000 144.9 88.8 63.4 39.5 26.7 21.1 16.0 17.7 

10.000 221.8 153.6 101.5 72.1 48.1 32.2 28.8 25.3 
100.000 274.8 207.0 158.9 110.0 73.9 53.0 44.8 36.1 

0.5 0.001 32.7 19.4 10.7 4.8 3.2 2.6 2.0 1.6 
0.010 51.1 31.2 19.8 12.4 7.8 5.7 3.5 5. ! 
0.100 87.6 52.1 34.9 22.0 15.4 11.8 9.9 6.4 
1.000 140.0 86.8 62.9 39.1 26.5 21.4 16.1 19.1 

10.000 206.5 146.7 98.7 70.9 48.6 32.5 28.9 25.4 
100.000 257.9 193.3 148.1 103.4 70.1 50.8 44.5 35.4 

that microstructural instabilities occur  at lower  temper- 
atures and higher strain rates. The stress-strain behavior  
shows that oscillations appear in the flow curves. Micro-  
structural investigations o f  the specimens deformed in 
the instability regime (550 ~ to 700 ~ and 10 to 
100 s -~) have revealed that the manifestation o f  the in- 
stability is in the form of  adiabatic shear bands and strain 
markings (Figures 7(a) and (b)). They  disappear when 
the strain rate is reduced or  when the temperature is in- 
creased beyond 700 ~ 

B. a-~ Brass 

Typical  stress-strain curves o f  the specimens de- 
formed at 700 ~ at different strain rates are shown in 
Figure 8. The stress-strain curves at strain rates less than 
or equal to 0.1 s -  ~ exhibited steady-state behavior,  while 
those at higher strain rates showed peculiar shapes 
(Figures 9(a) and (b)). The flow stress values corrected 
for adiabatic temperature rise at different temperatures 
and strain rates are given in Table II. 

The processing map developed on the basis of  the above 
data is shown in Figure 10 at a strain o f  0.3.  Figure 10(a) 
is the 3-D view, and Figure 10(b) is the isoefficiency 
contour representation o f  it. A compar ison of  the maps 
obtained at different strains showed that the general fea- 

tures essentially remained unchanged with strain. Re- 
ferring to Figure 10, the processing map exhibits a wide 
domain in the temperature range of  550 ~ to 800 ~ 
and at strain rates lower  than 1 s -~, with a max imum 
efficiency of  54 pct  occurring at 750 ~ and 0.001 s -1. 

The instability map developed on the basis o f  the con- 
t inuum criterion given by Eq. [3] is shown in Figure 11 
for a strain o f  0.5.  The map reveals that the material 
undergoes microstructural instability when deformed at 
strain rates higher than 1 s -1. The instability is intense 
at the lower (450 ~ and at the higher (800 ~ tem- 
peratures and at 100 s -~. 

The two phases that constitute t~-/3 brass have entirely 
different constitutive flow behaviors under hot working 
conditions. At  high temperatures and low strain rates, 
undergoes dynamic  recrystallization with a max imum ef- 
ficiency of  54 pct, while fl undergoes superplastic de- 
formation with a max imum efficiency of  68 pct. Both 
the materials undergo microstructural instabilities at high 
strain rates and exhibit oscillations in the stress-strain 
curves. 

On the basis o f  the above results, the processing map 
of  a-fl  brass (Figure 10) may  be interpreted as follows. 
The domain observed between 550 ~ and 800 ~ and 
at strain rates lower  than 1 s -~ represents the dynamic  
recrystallization o f  the a phase, since the efficiency 
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matches with that observed in a brass (54 pct). The re- 
gime where solute drag effects are present in a brass 
(650 ~ and 0.001 s -1) is shifted to lower temperatures 
in a-fl brass (450 ~ This is expected, since the higher 
zinc content has a tendency to decrease the temperature 
for the onset of solute drag effects, t24~ The /3 phase in 
the domain (550 ~ to 800 ~ and strain rates lower than 
1 s -1) undergoes superplastic deformation which is con- 
trolled by the diffusion of  zinc in/3 phase. The activation 
energy t25] for the diffusion of zinc in/3 brass (70 kJ/mol)  
is much lower than that for the diffusion of zinc in a 
brass (168 kJ/mol) ,  which controls the dynamic recrys- 
tallization of ot brass. In view of this and the lower flow 
stresses for/3 at elevated temperatures, the deformation 
of/3 phase in a-/3 brass does not require any additional 
energy. Thus, the domain in a-/3 brass is interpreted to 
represent the dynamic recrystallization of a phase and 

Fig. 1 0 - - ( a )  3-D view of  the power dissipation map for a-fl brass 
at a strain of  0.3. (b) Contour map showing isoefficiency contours in 
strain rate-temperature plane for cr-fl brass at a strain of  0.3. The num-  
bers indicate the efficiency of  power dissipation in percent. 

(a) 

Fig. 11- - Ins tab i l i ty  map showing contours of  instability parameter 
r  in strain rate-temperature plane for a-fl brass at a strain of  0.5. 
Instability is predicted when sc(~) is negative. 

(b) 

Fig. 12 - -  Microstructure of  the a-/3 brass specimen deformed at 
(a) 650 ~ and 0.001 s -~ and (b) 650 ~ and 0.01 s -I,  showing glob- 
ularized a phase. 
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the superplastic deformation of/3 phase. The hot defor- 
mation behavior of the two-phase alloy is controlled by 
the dynamic recrystallization of at phase. The metallo- 
graphic and X-ray diffraction studies of Hennaut et al . tm 
are in support of this conclusion. 

The microstructure of the sample deformed in the do- 
main is shown in Figure 12(a). In comparison with the 
initial microstructure (Figure 1), a large-scale reconsti- 
tution of the at-phase morphology is seen. The at phase, 
which was feathery initially, is globularized after defor- 
mation. This confirms that the at phase has undergone 
dynamic recrystallization. At a higher strain rate in the 
domain (0.01 s-l), similar dynamic recrystallization of 
a phase occurred with a phase refinement 
(Figure 12(b)). Away from the domain, at lower tem- 
peratures and strain rates (500 ~ and 0.001 s-t), the 
microstructure of the sample has not undergone signif- 
icant change in the morphology of the at phase 
(Figure 13), which suggests dynamic recovery of a phase. 

At high strain rates, the material undergoes micro- 
structural instabilities predicted by the instability crite- 
rion tl81 (Figure 11). The manifestations of these instabilities 
are dependent on the temperature of deformation. For 
example, at lower temperatures (450 ~ and 100 s-t), 
the manifestation is in the form of rotations 
(Figure 14(a)) with respect to the axis of compression. 
On the other hand, at high temperatures (800 ~ and 
100 s-t), instability bands representing localized flow 
(Figure 14(b)) are seen, and these bands are oriented at 
an angle of about 35 deg with respect to the stress axis, 
From the instability map of the at phase given earlier Eu 
and that of/3 brass (Figure 4), it is seen that both the 
phases undergo instabilities at lower temperatures and 
high strain rates, while the/3 instability continues to higher 
temperatures. Thus, the low-temperature instability in 
at-/3 brass involves both the phases, while the higher 
temperature instability is due to the/3 phase only. These 
microstructural instabilities are responsible for the os- 
cillations and unusual shapes of the stress-strain curves 
(Figure 9). 

(a) 

(b) 

Fig. 1 4 - - ( a )  Microstructure of  the a-fl brass specimen deformed at 
450 ~ and 100 s -~ (instability region) revealing rotations and 
(b) 800 ~ and 100 s -~ (instability region) revealing localized shear 
bands. 

Fig. 13- -Micros t ruc ture  o f  the a-f l  brass specimen deformed at 
500 ~ and 0.001 s -l showing no significant change in the morphol- 
ogy of  the a phase. 

The behavior of microduplex at-fl brass was shown ItS1 
to be controlled by the /3-phase deformation. In this 
microduplex structure, the sliding of the at-/3 interfaces 
dominates the hot deformation. The at-phase deforma- 
tion is negligible under these conditions, since the power 
transfer does not occur across the at-fl interface. Thus, 
the at phase in this case does not undergo dynamic re- 
crystallization. The processing map for such a micro- 
duplex structure will show a domain of superplasticity 
with higher efficiencies. In contrast, the feathery micro- 
structure of the two-phase alloy does not permit exten- 
sive sliding of the a-fl interface and hence will transfer 
the power across the interface, leading to the dynamic 
recrystallization of at. 
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The studies on ct-/3 brass by  Roberts and Otterberg I16j 
showed flow softening at lower temperatures and higher 
strain rates and are interpreted in terms of dynamic re- 
crystallization of a phase. However,  the processing map 
and the instability map (Figures 10 and 11) indicate that 
under these conditions, the material is only marginally 
stable. Actual dynamic recrystallization of a phase oc- 
curs at lower strain rates. The microstructures presented 
in the study, even under these conditions of  marginal 
stability, clearly showed the reconstitution of the micro- 
structure, indicating a contribution from the dynamic re- 
crystallization of a phase. 

IV. C O N C L U S I O N S  

The following conclusions are drawn from the study 
of the hot deformation behavior of/3 brass and a-/3 brass 
using the approach of processing maps in the strain rate 
range of 0.001 to 100 s -~ and the temperature range of 
550 ~ to 800 ~ for/3 brass and 450 ~ to 800 ~ for 
a-/3 brass: 

1. Beta brass undergoes superplastic deformation in the 
entire temperature range and at strain rates lower than 
1 s - l ,  and the maximum efficiency of power dissi- 
pation observed in the domain is 68 pct. 

2. The superplastic deformation in fl brass is controlled 
by the diffusion of zinc in/3 brass. 

3. Beta brass undergoes microstructural instabilities in 
the temperature range of 550 ~ to 700 ~ and at 
strain rates higher than l0 s -l ,  the manifestation being 
in the form of adiabatic shear bands and strain 
markings. 

4. Alpha-beta brass exhibits a wide domain for pro- 
cessing in the temperature range of 550 ~ to 800 ~ 
and at strain rates lower than 1 s - i ,  with a maximum 
efficiency of 54 pct occurring at about 750 ~ and 
0.001 s -J. The hot workability is optimum under these 
conditions. 

5. In this domain, the a phase undergoes dynamic re- 
crystallization and controls the deformation of ct-/3 
brass, while the /3 phase undergoes superplastic 
deformation. 

6. At higher strain rates, the material undergoes micro- 
structural instabilities manifested as rotations at low 
temperatures and localized shear bands at high 
temperatures. 
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