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The constitutive behaviour of c~-nickel silver in the temperature range 700-950 ~ and strain rate 
range 0.001-100 s -1 was characterized with the help of a processing map generated on the basis 
of the principles of the "dynamic materials model" of Prasad et al. Using the f low stress data, 
processing maps showing the variation of the efficiency of power dissipation (given by 
2m/(m + 1 ) where m is the strain-rate sensitivity) with temperature and strain rate were obtained. 
c~-nickel silver exhibits a single domain at temperatures greater than 750~ and at strain rates 
lower t h a n l s  1, with a maximum efficiency of 38% occurring at about 950OC and at a strain rate 
of 0.1 s -1 , In the domain the material undergoes dynamic recrystallization (DRX). On the basis of 
a model, it is shown that the DRX is controlled by the rate of interface formation (nucleation) 
which depends on the diffusion-controlled process of thermal recovery by climb. At high strain 
rates (10 and 100s -1 ) the material undergoes microstructural instabilities, the manifestations of 
which are in the form of adiabatic shear bands and strain markings, 

1. I n t r o d u c t i o n  
The constitutive behaviour of materials under hot 
deformation is influenced significantly by the alloying 
additions. For example, the dynamic recrystallization 
(DRX) process in aluminium is promoted by the addi- 
tion of magnesium or zinc [1] whereas in steels DRX 
is related by increasing carbon content [2]. It was 
shown [3] that with increasing solute content, the 
onset of DRX of austenite is delayed and the rate of 
recrystallization decreased in plain carbon steels. The 
influence of alloying additions on the hot deformation 
characteristics was reviewed by McQueen and Jonas 
[4] and Sherby and Burke [5]. The evolution of DRX 
in Cu and Cu-Zn alloys has been studied [6, 7] as 
a function of zinc content. It was shown [7] that the 
DRX in these alloys is controlled by diffusion-depend- 
ent climb. The addition of 4-9% Mn to two-phase 
Cu-Ni Zn alloys was reported to improve the work- 
ability [8]. 

The aim of the present investigation is to study the 
processing response of ~-Cu-Zn alloy to the addition 
of nickel, which increases the activation energy for 
diffusion [9]. As the DRX in Cu Zn alloys is depend- 
ent on diffusion-controlled climb, a change in the 
DRX characteristics is expected with the addition of 
nickel. This study will also be helpful in understanding 
the hot deformation behaviour of r nickel silver 
since it is shown that in the hot deformation of two- 
phase Cu-Zn alloys, r is the controlling factor [10]. 
Therefore a change in the constitutive behaviour of 
the ~ phase is expected to cause a corresponding 
change in the constitutive behaviour of the ~-[~ alloy. 
In the present study, the approach of characterizing 
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the hot deformation behaviour using processing maps 
has been adopted. The basis for this approach is the 
"dynamic materials model" (DMM) developed by 
Prasad et al. [11] and reviewed recently by Geget et al. 
1-12] and Alexander [13]. This model was used re- 
cently to establish processing maps for the hot work- 
ing of zirconium [14], aluminium [15] and 70:30 
brass [16]. Although s-nickel silvers have good cold 
workability, their hot workability is poor. The hot 
workability is impaired by impurities like lead and 
bismuth [17]. The addition of Mischmetall was shown 
to improve the hot ductility of impure and deliberately 
leaded nickel silvers which were homogenized at 
670~ [17]. 

2. The dynamic materials model  
The model is applicable to high-temperature deforma- 
tion where the workpiece essentially acts as a dissip- 
ator of power. The constitutive equation describes the 
manner in which the power is converted at any instant 
into two forms: thermal and microstructural, which 
are not recoverable by the system. The dissipator 
element can be considered to be non-linear, dynamic 
and irreversible. At any instant, the total power dissip- 
ated consists of two complementary parts: G, the con- 
tent representing the temperature increase and J, the 
co-content representing the dissipation occurring 
through metallurgical processes. The factor that parti- 
tions power between G and J is the strain rate sensitiv- 
ity m of flow stress and the J co-content given by [11] 

J = cy~m/(m +1) (1) 
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where cr is flow stress and i is strain rate. For an ideal 
linear dissipator, m = 1 and J =Jmax = CY/;/2. The effi- 
ciency of power dissipation of a non-linear dissipator 
may be expressed as a dimensionless parameter: 

q = J / J m a x  = 2m/(m+ 1) (2) 

The variation of q with temperature and strain rate 
represents the characteristics of power dissipation 
through microstructural changes in the workpiece ma- 
terial. 

The power dissipation maps are continuum maps 
but the domains may be interpreted in terms of speci- 
fic atomistic processes. This can be done with the help 
of Raj maps [18]. In hot deformation there are "safe" 
and "damage" mechanisms that occur in different 
strain-rate-temperature regimes. For example, the 
safe mechanisms involve dynamic recovery and dy- 
namic recrystaltization while the damage mechanisms 
are wedge cracking (dominant at the lower strain rates 
and higher temperatures) and void formation at hard 
particles (dominant at higher strain rates and lower 
temperatures). The damage processes are generally 
highly efficient in dissipating energy through produc- 
tion of new surfaces, while the safe processes are rela- 
tively less efficient since power dissipation occurs by 
annihilation of dislocations or their groups. In the safe 
regime, dynamic recrystallization is more efficient 
than dynamic recovery. 

3. Experimental procedure 
Alpha-nickel silver with 25.6% Zn, 12.3% Ni and 
balance Cu was used in the study. The material was 
taken in the as-cast condition and was tested in the 
temperature range 700-950 ~ and strain-rate range 
0.001-100 s-  1. 

Cylindrical specimens of 10mm diameter and 
15 mm height were used for the compression testing of 
the alloys. Care was taken to obtain closely parallel 
load-bearing surfaces for the specimen. Grooves were 
provided on these surfaces so that effective lubrication 
was ensured during compression. Borosilicate glass 
was used as the lubricant. The temperature of the 
specimen was monitored with the help of 
a Chromel-Alumel thermocouple embedded in 
a 0.8 mm hole machined at half the height of the 
specimen. This thermocouple was also used for 
measurement of the adiabatic temperature rise in the 
specimen during deformation. A computer-controlled 
servohydraulic testing machine (Dartec, UK) was used 
for conducting the hot compression tests. This ma- 
chine was equipped with an exponential decay of the 
actuator speed so that constant true strain rates in the 
range 0.0003-100 s-a could be imposed on the speci- 
men. Isothermal tests were conducted by surrounding 
the specimen, platens and push-rods by a three-zone 
furnace. The temperature was controlled within 
_ 2 ~ The adiabatic temperature rise was recorded 

with the help of a Nicolet transient recorder. In each 
case, the specimens were compressed to about half 
their height. The deformed specimens were water- 
quenched and examined using standard metallo- 
graphic techniques. 
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Figure  1 (a) True stress-true plastic strain curves for a-nickel silver 
at (a) 700 ~ and (b) 950 ~ and at various strain rates. 

4. Results 
4.1. Stress-strain curves 
Typical true stress-true plastic strain curves recorded 
on s-nickel silver are shown in Fig. la and b for 
temperatures 700 and 950 ~ respectively, and differ- 
ent strain rates. The following features are observed: 

1. At 700~ at strain rates lower than 1 s -1 
steady-state stress-strain curves were observed where- 
as at higher strain rates hardening occurred at initial 
strains. 

2. At 950 ~ at strain rates lower than 1 s-1 slight 
flow softening followed by a steady state is observed. 
At higher strain rates oscillations are seen. 

The flow stress data corrected for the adiabatic tem- 
perature rise are shown in Table I for s-nickel silver. 

4.2. Processing maps 
The processing map of s-nickel silver is shown in 
Fig. 2 for a strain of 0.5. The maps obtained at lower 



TABLE I Flow stress values of a-nickel silver at different strain rates and temperatures for various strains (corrected for adiabatic 
temperature rise) 

Strain Strain rate Flow stress (MPa) 
(s -~) 

700 ~ 750 ~ 800 ~ 850 ~ 900 ~ 950 ~ 

0.l 0.001 47.1 37.7 25.5 18.4 16.1 11.1 
0.01 72.4 57.4 41.6 31.2 25.0 18.5 
0.1 118.5 86.2 66.5 46.6 32.3 29.9 
I 178.2 135.1 107.8 78.6 61.4 48.8 

10 167.2 168.0 157.3 121.6 95.I 76.0 
100 165.6 187.8 185.7 142.4 118.4 94.1 

0.2 0.001 49.5 40.5 27.1 19.7 15.3 10.0 
0.01 75.0 59.9 44.4 31.6 26.1 18.7 
0.1 121.9 89.0 70.4 46.7 32.9 29.9 
I 185.8 138.6 110.1 78.4 62.6 48.7 

10 259.5 195.3 159.9 121.4 94.9 74.8 
100 257.8 242.1 208.4 150.7 126.7 96.9 

0.3 0.001 52.9 42.9 26.1 19.2 14.9 9.6 
0.01 78.4 62.3 45.9 31.7 25.9 17.3 
0.1 126.1 91.5 73.2 46.8 33.4 30.6 
1 186.3 141.9 113.4 78.7 63.8 49.5 

10 271.8 201.9 163.0 121.9 96.5 76.4 
100 297.5 261.4 218.6 155.1 130.3 98.0 

0.4 0.001 55.2 44.6 26.0 19.6 14.2 9.5 
0.01 82.5 64.9 46.7 31.9 25.5 17.0 
0.1 130.5 95.0 76.4 48.0 33.9 30.5 
1 188.0 144.8 116.9 79.8 65.6 50.1 

10 273.0 203.6 165.4 125.7 98.0 77.1 
100 306.7 268.3 222.8 155.9 131.8 98.2 

0.5 0.001 5Z0 45.7 25.9 20.0 13.7 9.5 
0.01 85.6 67.0 46.8 31.9 24.9 16.6 
0.1 134.5 98.1 78.2 48.7 34.6 30.4 
1 189.1 146.7 118.5 80.8 66.4 50.3 

10 264.9 206.8 167.6 126.8 98.9 78.8 
100 306.6 265.2 220.6 152.9 129.4 93.6 
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Figure 2 Contour map showing iso-efficiency contours in strain 
rate-temperature plane for s-nickel silver at a strain of 0.5. The 
numbers indicate the percentage efficiency of power dissipation. 

s t ra ins  are  essent ia l ly  s imi la r  to  Fig.  2. T h e  m a p  

exhib i t s  a single d o m a i n  at  s t ra in  ra tes  l ower  t h a n  

1 s - 1  and  at t e m p e r a t u r e s  g rea te r  t h a n  750 ~ wi th  

a m a x i m u m  eff iciency of  p o w e r  d i s s ipa t ion  of  3 8 %  

o c c u r r i n g  at  a b o u t  950 ~ a n d  0.1 s -  1. In  c o m p a r i s o n  

wi th  the m a p  for cz-brass [16]  where in  a m a x i m u m  

efficiency of  5 3 %  was o b s e r v e d  at 850~  the  m a x -  

i m u m  efficiency in the p resen t  case  is on ly  38%.  Also,  

the  s t ra in  ra te  for the peak  efficiency has  g o n e  up by 

two  o rde r s  of  m a g n i t u d e  ( f rom 0.001 s - 1  in the  m a p  of  

s -b ra s s  to  0.1 s -  1 in the case  of  s -n i cke l  silver). 

4.3. I n s t a b i l i t y  maps  
T h e  reg imes  of  m i c r o s t r u c t u r a l  ins tabi l i t ies  a re  eva lu-  

a ted  us ing  the  c r i t e r ion  d e v e l o p e d  by K u m a r  [19]  a n d  

P r a s a d  [20].  T h e  c r i t e r ion  was  d e v e l o p e d  on  the  basis  

of  c o n t i n u u m  pr inc ip les  as app l i ed  to la rge  p las t ic  

flow, p r o p o s e d  by Zieg le r  [21],  a c c o r d i n g  to  wh ich  

ins tab i l i ty  occurs  w h e n  

dD D 
- -  < - ( 3 )  
dk 

where  D is the d i s s ipa t ion  func t i on  at a g iven  t e m p e r -  

a tu re  a n d  & is the  effect ive s t ra in  rate.  A c c o r d i n g  to  the  

d y n a m i c  ma te r i a l s  m o d e l  [11],  D is e q u i v a l e n t  to  

J c o - c o n t e n t  (J  = cy~m/(m + 1), c~ be ing  the f low 

stress) wh ich  represen t s  the  p o w e r  d i s s ipa t ion  t h r o u g h  

m i c r o s t r u c t u r a l  changes  a n d  hence  E q u a t i o n  3 be- 

c o m e s  

O[ln(m/(m + 1)] 
+ m < 0 (4) 

~(ln ~) 
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The left-hand side of Equation 4 is denoted by ~(k) 
which when negative, causes microstructural instab- 
ility in the material. 

The ~(g) variation as a function of strain rate and 
temperature is evaluated and represented as an in- 
stability map in Fig. 3, for a strain of 0.5. The instab- 
ility maps for other strains are also similar to this. 
Curve H is the lower limit for the occurrence of insta- 
bility which dominates at higher strain rates. The 
instability map may be superimposed on the power 
dissipation map (Fig. 2) to delineate the regime of 
unstable flow. 
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Figure 3 Instability map showing contours of instability parameter 
%(/:) in strain rate-temperature plane for s-nickel silver at a strain of 
0.5. Instability is predicted when %(~;) is negative. Values of %(~) are 
as follows: (A) - 0 . 8 8 ,  (B) - 0 . 7 5 ,  (C) - 0 . 6 3 ,  (D) - 0 . 5 0 ,  (E) 
- 0.38, (F) - 0.25, (G) - 0.13, (H) 0.00. 

5. Discussion 
5.1. Domain of dynamic recrystallization 
The processing maps are interpreted in terms of 
microstructural mechanisms using Raj maps [18]. On 
this basis, any domain at temperatures greater than 
0.75Tin and at intermediate strain rates may be inter- 
preted in general to represent the process of DRX. 
This interpretation was confirmed in a-brasses 
recently [7, 16, 22] on the basis of the matching 
forgeability-efficiency, tensile elongation-efficiency 
variations and the sigmoidal variation of the grain size 
with temperature across the domain (similar to  that 
observed in static recrystallization). In Fig. 4 the vari- 
ations of the efficiency and the average grain diameter 
with temperature are shown for a-nickel silver. The 
grain size variation with temperature is sigmoidal in 
nature. Also, there is similarity in the trends of the 
efficiency and grain size variations as a function of 
temperature. Therefore, the domain under considera- 
tion represents the process of DRX. The observed 
stress-strain behaviour, namely flow softening reach- 
ing a steady state with increasing strain, is typical of 
DRX in low-stacking fault energy materials [23] and 
is consistent with this interpretation. 

The initial microstructure is shown in Fig. 5a and 
a typical DRX structure in Fig. 5b, which corresponds 
to a specimen deformed at 950 ~ and 0.01 s-  1 (condi- 
tions within the domain corresponding to the effici- 
ency peak). The initial microstructure is typical of cast 
structure showing very large grains, while the DRX 
microstructure is characterized by waviness of grain 
boundaries. Similar features were also observed in 
a-brass [16, 22]. 

5.2. Mechanism of dynamic recrystallization 
The results are explained on the basis of a model by 
Ravichandran and Prasad [24]. According to the 
model, DRX may be considered to consist of two 
competing processes-formation of interfaces (nucle- 
ation) and migration of interfaces (growth). The nu- 
cleation consists of the formation of a grain boundary 
due to dislocation generation, simultaneous recovery 
and rearrangement. This interface will become a nu- 
cleus for DRX when it attains a critical configuration, 
that of a large-angle boundary. The nucleus will grow 
by the process of grain boundary migration. Under 
hot working conditions the material acts essentially as 
a dissipator of power (negligible energy storage). The 
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Figure 4 Variation with temperature of (O)  average grain diameter 
and (O) efficiency of power dissipation of e~-nickel silver. 

driving force for the migration of interfaces is therefore 
the reduction of total interface energy. When nucle- 
ation and growth occur simultaneously, the slower of 
these two will be controlling DRX. 

Earlier this model was used for a-brasses [7] and it 
was shown that the DRX in a-brass is controlled by 
the rate of nucleation of interfaces which depends on 
the process of thermal recovery by climb, and hence 
diffusion plays an important role. The equation for the 
rate of interface formation was given as 

RF = ~ P R / b l  (5) 

where ~ is the strain rate, PR the probability of recov- 
ery by climb given by PR = exp(--QD/RT), b the 
Burgers vector, l the dislocation link length, R the gas 
constant and T the DRX temperature. 

The equation for the rate of interface migration was 
given as 

R M = cDF/kTb (6) 

where c = constant (10 -6m-1) ,  D is the diffusion 
coefficient, F the interface energy, k the Boltzmann 
constant and T the DRX temperature. 
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Figure 5 (a)Initial microstructure of m-nickel silver and (b) 
microstructure of specimen deformed at 950~ and 0.01 s -x, 
showing wavy boundaries. 

Figure 6 Microstructure of r silver specimen deformed at 
700 ~ and 10 s-1 (instability region) revealing (a) adiabatic shear 
bands and (b) strain markings. 

Using the available data of the activation energy for 
diffusion [9], the rates of interface formation and 
migration are calculated: RF = 9.8 x 105 m - Z s  -1  

( Q =  190kJmo1-1, T =  1223K, g = 0 . 1 s  -1 and 
b = 2.6x 10-1~ m) and RM = 4.1 x 101~ -1 
(D = 9.2 x 10 -13 m 2s -1, F = 200 mJm -2 (assumed)). 

It is seen that the rate of interface formation is less 
than the rate of interface migration. Therefore DRX in 
s-nickel silver is controlled by the rate of interface 
formation which in turn is controlled by the diffusion- 
dependent climb. 

As the DRX efficiency is dependent on the probabil- 
ity of climb which is controlled by diffusion, an in- 
crease in QD with the addition of nickel to Cu-Zn 
alloy decreases the probability of recovery and results 
in a drop in the efficiency of power dissipation. Due to 
the increase in QD, PR in Equation 5 decreases. In 
order to compensate for the drop in the value of PR, 
the strain rate for DRX nucleation increases in the 
case of s-nickel silver. 

5.3. Instabilities at high strain rates 
The instability criterion given by Equation 4 predicts 
that instabilities occur at high strain rates (10 and 
100s-l).  The stress-strain curves for specimens de- 
formed under these conditions have peculiar shapes 
(Fig. 1). Microstructural investigations of specimens in 

the instability regime (Fig. 6) have shown that the 
manifestations are in the form of adiabatic shear 
bands (Fig. 6a) and strain markings (Fig. 6b). These 
disappear in the specimens deformed under the condi- 
tions below those of curve H in Fig. 3. 

6. C o n c l u s i o n s  
The hot deformation behaviour of s-nickel silver is 
studied in the temperature range 700-950~ and 
strain-rate range 0.001 100s -1. The following con- 
clusions are drawn from this investigation: 

1. s-nickel silver exhibits a domain of dynamic re- 
crystallization at temperature greater than 750 ~ and 
at strain rates lower than 1 s-  1. 

2. The maximum efficiency of power dissipation in 
the domain is 38% and occurs at about 950 ~ and at 

-1  a strain rate of 0.1 s 
3. On the basis of a simple model, it is shown that 

the DRX in s-nickel silver is controlled by the rate of 
nucleation of interfaces which depends on the process 
of thermal recovery by climb, and hence diffusion 
plays an important role. 

4. The material undergoes microstructural instabi- 
lities at high strain rates (10 and 100 s-1) as predicted 
by the instability criterion. The manifestations are in 
the form of adiabatic shear bands and strain markings. 
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