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Introduction 

Generally a simple power law ~ = K E" (where K and n are empirical constants called the strength coefficient and the 
work hardening coefficient respectively) is used to describe plastic stress-strain dependence of deformable metals (1,2). This 
equation was employed by Low (3) to describe the uniaxial tensile behavior of an annealed 70/30 brass. The slope of the 
corresponding double logarithmic true stress-true strain plot gives a single value of n. However, this fit is not always adequate. 
Geil and Carwile (4) reported a deviation in the linearity of the double logarithmic plot for steel. Two sets of K and n values 
were used to describe the stress-strain relationship in a spheroidized hypo-eutectoid steel by Wilson and Konnan (5). Various 
reasons, such as grain size effects, cementite particle distribution, cell formation, stacking fault energy, etc. were proposed to 
rationalize the double-n behavior (6-9). Ollilainen reported a triple-n behavior for a decarburized steel (10). 

A study by Valkonen (11) of the mechanical behavior of a Clausing specimen was carried out for an AISI 1090 
spheroidized steel. A good dimensional description of the Clausing specimen is given elsewhere (12). Fig. 1 shows the 
geometry and dimensions of the specimen. The deformation field in the gage section of the specimen on applying a uniaxial 
tensile load is described as plane stress/plane strain. The extent of these states depends on the width to thickness ratio of the 
specimen (13). The results of Valkonen indicate that the above steel shows a multiple-n type behavior. Three slope 
discontinuities were presented in the double logarithmic true stress vs. true strain plot. Concurrently, five slope discontinuities 
were presented in a "unified" plot of the double logarithmic engineering stress vs. true strain plot. Various reasons, relating 
to both material and constitutive properties, were hypothesized as to the appearance of these discontinuities. Saturation back 
stress at second phase carbide particles soon after yielding, self-development of a lateral constraint, the nucleation and growth 
of incipient shear bands etc. were given as plausible reasons. 

Although the observation of multiple-n behavior has been previously reported in many cases (4-11), it has not found 
wide acceptance, probably because of a lack of concrete experimental evidence. This work was undertaken in order to 
investigate further the presence of these slope discontinuities and determine possible reasons for their appearance. 70/30 c~ 
brass was chosen as the test material, ct brass also shows a propensity for the formation of shear bands. The Clausing specimen 
was chosen because of its plane stress/plane strain deformation field, its familiarity with the current investigators and its 
amenability, because of geometry and size, to be tested in smaller capacity mechanical testing machines. 

Exoerimental Procedure 

The Clausing specimens were machined from a 50.8 mm by 50.8 mm cross-section hot rolled 70/30 cx brass bar. The specimens 
were machined in such a way that the direction of the tensile load was parallel to the rolling direction. The average grain size 
of the brass varied from 36 microns at the surface to 51 microns at the center of the hot rolled bars. The gage sections of the 
specimens were polished after machining using 240, 320,400,600 grit papers followed by 3 micron and 0.25 micron diamond 
paste to remove any surface notches or deep scratches to ensure that no surface effects affected the deformation of the specimen. 
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Indentation markers were made using a microhardness tester as a reference for measuring displacements (Fig. 1). A clip gage 
was attached to the specimen by means of knife edges as a means to control the amount of strain during each increment of 
testing. The specimen was loaded uniaxially in an Instron mechanical testing machine to just above its yield point. The 
specimen was thereafter unloaded and the following measurements were made. The width of the specimen gage section was 
measured and so also the thicknesses at various points across the section. The displacement in the tensile direction was obtained 
by measuring the distance between the indentation markers using a measurescope. A photograph of the gage section was taken 
at 6.6X magnification using a stereomicroscope. A micrograph of the center of the gage section was also obtained using a 
metallurgical microscope at 100X and 400X magnifications. The specimen was again loaded in the mechanical testing 
machine and subjected to another small increment (1-2%) in strain. All the above measurements were repeated after this strain 
increment. The above procedure was repeated for many increments until the specimen failed by fracture. The crosshead speed 
of the mechanical testing machine during tensile loading was 0.01 cm per minute. The low magnification photographs were 
taken with the aim of monitoring the surface deformation from a macroscopic viewpoint, whereas the micrographs were used 
to observe the micromechanical deformation processes and the possible evidence of shear band formation.Four different 
specimens were tested. The width and the thickness measurements were not made for specimen 3, nor were the macrographs 
and the micrographs obtained for all cases. Temperature effects were not considered because the tests were carried out at room 

temperature. Table 1 is a compendium of relevant information about the specimens that were tested. 

TABLE 1. Summary of Relevant Parameters for the Specimens Tested. 

Specimen No. Width W (mm) Thickness t (ram) W/t Avg. Grain Size (p.m) 
1 25.45 2.16 11.78 51 
2 24.41 1.96 12.45 36 
3 25.37 2.01 12.62 36 
4 25.45 2.04 12.48 51 

Results and Discussion 

The engineering stress-strain curves for the four specimens that were tested are depicted in Fig. 2. Each of the data points 
of the curve for a single specimen corresponds to one increment during testing. The engineering stress-strain curves for 
specimens 1 and 4 lie close to each other. The same is true for specimens 2 and 3. This is to be expected because of the similar 
grain sizes for each pair of specimens (Table 1 ). There is a clear "dip" in these curves at an engineering strain e -- 0.1 as indicated 
in Fig. 2. 

The double logarithmic true stress-strain values for all the specimens are plotted in Fig. 3. A linear fit with a single set 
of K and n values is not appropriate for this plot. For each specimen the plot is best described by three linear segments (three 
sets of K and n values) up to the value of strain corresponding to the load maximum. The third linear segment is not shown 
in the case of specimen 2 because of the lack of data points. No attempt is made at this time to describe the deformation behavior 
beyond the load maximum. The junctions of these linear segments will hereafter be mentioned as slope discontinuities (SD) 
and are denoted conveniently as SD I, SD II and SD Il l  (see Fig. 3) occurring at approximate true strain values of 0.05, 0.10 
and 0.18 respectively. The K and n values for the three linear segments of each specimen that was tested are shown in Table 
2. The n values of the first and second linear segments for specimen 1 and 4 are greater than those for 2 and 3. This is attributed 
to the larger grain size of the former. A similar phenomenon is observed in a plot of relative width versus engineering strain 
(Fig. 4). Such deformation behavior has been observed before by Dahl and Rees (8) and Ollilainen (10) who have also used 
a triple-n fit to their double logarithmic stress-strain data up to uniform strain for steels. 

Careful examination of the micrograph (Fig. 5a) shows the development of "longitudinal" bands at E --- 0.05 (SD I). 
These bands are elongated grains along the direction of the tensile loading axis. At this strain value, these bands are not 
distributed throughout the width of the specimen gage section but are found only at the center. Such a feature is believed to 
be a result of the lateral constraint beginning to take effect at SD I. During the initial stages of deformation of the Clausing 
specimen, a diffuse lateral necking is observed along the width of the gage section. Evidence of this is presented in Fig. 6. This 
is also proof that a plane stress state is encounmred in the initial stages of deformation. However, with increasing deformation 
a self-developing lateral constraint is seen because the lateral deformation in the gage section is now constrained by the rigid 
nature of the thicker grip sections of the Clausing specimen. After SD I there is a clear decrease in the amount of deformation 
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TABLE 2. K and n values for the various specimens. 

Specimen No. S e g m e n t l  Segment2.  Segment3 
K,(MPa) n, lq(MPa)  n 2 K,(MPa) n, 

1 358 0.11 395 0.14 493 0.24 
2 403 0.06 433 0.09 
3 399 0.05 446 0.09 626 0.23 
4 380 0.11 416 0.14 550 0.27 

along the width as can be seen in Fig. 4. This can also be observed in Fig. 6a where a hag-moon is formed in the gage section 
at 8 = 0.05. This feature is a result of the plane stress state which allows the unconstrained lateral necking and hence little 

deformation within the region of the hag-moon. 

After SD I, a combined plane stress/plane strain state is encountered with the lateral constraint exerting more and more 
of a significant influence with increasing strain. At SD II (g = 0.1), the lateral constraint is in full effect and the stress state 
at the specimen gage section is one of plane strain. As a result, the lateral geometrical constraint forces deformation 
predominantly along the tensile axis resulting in grain elongation in this direction which is seen in the formation of the above 
bands. The greater the degree of lateral constraint, the greater will be the extent of the plane strain field at the center of the 
specimen gage section and the more these longitudinal bands will spread across the width of the gage section. Evidence of 
this is seen in Fig. 5b where "longitudinal" band formation has spread more across the width of the specimen gage section. 

SD HI (8 = 0.18) corresponds to the "necking" instability at maximum load. This occurs when the lateral constraint 
allows minimal deformation along the width and hence forces major deformation in the thickness direction. As a result of the 
above, localized necking occurs in the thickness direction. At this point, the longitudinal bands at the center of the gage section 
seem to disintegrate mostly because of the formation of the neck resulting from the localized through-the-thickness 
deformation at the center (Fig. 5c). The final fracture begins at the neck and then propagates outward toward both sides of 
the gage section. A sequence of macrographs of the specimen surface were taken to show the evolution of topography with 
increasing deformation in the gage section (Fig. 6). A schematic diagram of similar behavior as observed by Valkonen(11) 
for an AISI 1090 spheroidized steel is also shown in Fig. 7. No attempt is made to characterize in detail the deformation 
behavior after maximum load. Another carefully planned set of experiments should be performed to document this 
post-necking behavior. 

Con¢lusiQns 

1. The deformation behavior up to the load maximum of 70/30 c~ brass is defined well by a triple-n logarithmic 
stress-strain plot. 

2. Three slope discontinuities were observed in the logarithmic stress-strain curve. SD I is related to the strain at which 
the lateral constraint becomes operative during deformation, SD II is explained to be the result of the full effect of the 
lateral constraint and SD III corresponds to the necking instability at maximum load. 

3. The existence of a combined plane stress/plane strain field in the Clausing specimen is verified. 
4. Post-necking behavior, which is not explained here must be carefully studied, as an extension of the current investiga- 

tion, 
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Dimensions (mm) 

L o = 75.0 
T = 6.3 
W o = 25.4 
t o = 2 . 0  
,t o = 63 
r = 2.0 

Fig. 1. Geometry and dimensions of the Clausing specimen. 
The tensile axis is vertical. 
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Fig. 2. Engineering stress-strain curves for the various 
specimens. 
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Fig. 3. Double logarithmic true stress-true strain plot for 
the various specimens. 
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Fig. 4. Relative width versus engineering s~rain plots for 
the various specimens. 

(a) (b) 

Fig. 5. 
(c) 

Evolution of "longitudinal" bands (a) central bands at E = 0.058, (b) adjacent to the central bancl at E = 0,1 and 
(c) disintegration of bands clue to localized necking. The tensile axis is horizontal. 
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(a) Co) 

(c) (d) 

Fig. 6. Evolution of surface topography in the gage section at various strains. (a) E = 0.058, (b) ~ = 0.113, 
(c) e = 0.162 and (d) e = 0.292. The tensile axis is vertical. 
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e = 0.04 e = 0.09 e = 0.16 (Pmax) g = 0.31 

Fig. 7. Schematic diagram of  surface topography evolution (11). The tensile axis is vertical. 


