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SUMMARY 

The question addressed by this investigation is whether 

the superplastic state? is uniquely characterized by its own 

mechanism of deformation, or whether it results merely from 

a gradual transition between high-temperature creep and slip 

mechanisms. In order to determine the nature of the transition, 

the mechanical properties of Al-78 wt % Zn alloys were 

studied by tensile tests over a range of temperatures and 

strain-rates that included the maximum superplastic effects. 

Microstructural changes were also followed in deformed alloys 

by scanning electron microscopy and quantitative microscopy. 

The trend of the basic log stress-log strain rate 

curves indicated gradual changes in slope from the maximum 

superplastic region to the low and high stress regimes. 

Other parameters such as the strain rate sensitivity index m, 

and the total elongation showed that transition from the 

superplastic to the non-superplastic state is a gradual 

process. The dependence of stress upon a combined parameter 

of temperature and strain rate, o = f[T(C-logc)], also 

showed a gradual transition from the superplastic state, as 

did the microstructural. changes in the deformed alloys. 

These results lead us to the conclusion that super-

plasticity in Al-78 wt % Zn alloys is not identifiable as a 



sharp transition region. Rather there is a gradual change in 

relative contribution of slip and diffusion-controlled 

processes, resulting in a region of optimum interaction with 

the grain boundary siiding mechanism of deformation. In 

this region the maximum superplasticity is observed. 



INTRODUCTION 

Superplasticity is a metallurgical phenomenon which 

has been a major subject of research over the past ten 

years. It is identified as the state in which metals exhibit 

remarkably large deformation under extremely small forces 

with an unusual capacity to resist necking. A growing number 

of metal systems are being found that exhibit this type of 

behavior. 

It is now established that superplasticity in metal 

alloys requires a very fine grain size, moderate strain 

rates, and working temperatures of more than about half the 

absolute melting point, 

Numerous studies of high temperature tensile behavior 

have shown that distinct mechanisms of deformation are domi

nant at high or low strain rates. It is also generally 

agreed that the mechanism dominating superplastic deformation 

is grain boundary sliding (GBS). Experimental evidence has 

shown that at high strain rates (low temperatures), the 

primary mechanism contioiling the deformation is slip, while 

at low strain rates (high temperature), the dominant mechanism 

is diffusion creep. In between there is a transition region 

in which GBS becomes evident. 



In this investigation the objective is to define the 

properties and characteristics of this transition region. 

The Al-78 wt. % Zn eutectoid alloy has been selected for this 

study. Tensile tests are conducted at various strain rates 

and temperatures close to the superplastic region. Along 

with the transition region study, metallographic studies are 

made to determine the microstructural conditions that 

produce the superplastic state. 

Before further discussion of the results of these 

tests, a historical review on the subject of superplasticity 

is presented as well as the results of the latest investi

gations in the field. 



CHAPTER II 

BACKGROUND 

The deformation of high strength, high temperature 

materials under low loads has been a long sought goal, and 

research pursuing this objective has been underway on a 

broad front. 

A notable case is the early work of Sauveur [1] who 

demonstrated unusual softening and plasticity in torsion 

tests of iron bars in a longitudinal temperature gradient. 

The regions of easy twisting were found to be at the trans

formation temperatures. In 1934, Pearson [2] reported 

elongation of 1950% in eutectic bismuth-tin, tested at room 

temperature. Both these observations are believed to be 

manifestations of the superplasticity phenomenon. 

Along this line of research, Bochvar [3], in hot 

hardness studies of aluminum-zinc alleys, aroused interest 

in the phenomenon for which he coined the term "super-

plasticity." The subject was further investigated by 

Presnyakov and other Russian metallurgists [4,5,6] who 

studied many alloys, especially the binary alloys of aluminum. 

The Soviet investigators postulated that superplasticity was 

associated with a phase change process called the solution-

precipitation theory. Presnyakov [4] showed that the 
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eutectoid Al-Zn alloy, when solution treated and quenched, 

had a finely dispersed microstructure. He postulated that 

the metastable phase formed upon quenching would transform 

to the equilibrium structure with increasing temperature and 

an externally applied stress. This would give rise to the 

phenomenon of superplasticity. In another study Presnyakov 

and his associates [5] attempted to correlate superplasticity 

in eutectic alloys with the extent of metastability of the 

quenched structures. No systematic correlation was found. 

Their proposed mechanisms, however, have been shown to be 

inadequate [7]. 

During the eaily 1960's the phenomenological studies 

of superplasticity aroused American interest, which began 

with the paper of Underwood [8], who published a review 

primarily of the Soviet investigations. Other reviews of 

superplasticity have appeared as the number of research 

investigations have increased. Johnson [9], in 1970, reviewed 

the experimental and oractical results, as did Davies, et al. 

[10] the same year. In 1972, Nicholson [11] summarized the 

literature, and emphasized the metallographic contributions 

to the understanding of superplasticity. 

Some of the more recent works that summarize the 

phenomenological and experimental background status of 

superplastic research are discussed next. We then proceed 

to a discussion of mechanisms currently under consideration, 

as well as the unresolved problem of the accommodation 
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process (es) that control the rate of grain boundary sliding. 

Backofen, et al, [12], working with Al~80% Zn alloy, 

proposed that the stretching behavior of superplastic alloys 

is a consequence of Newtonian viscosity, in which there is 

a direct proportionality between flow stress and strain rate, 

independent of the strain. The necking resistance of super

plastic alloys was thus correlated with strain rate hardening 

For the correlation, the strain rate sensitivity index in 

was evaluated according to the equation: 

a = Ke m (1) 

where a is the true stress, e the true strain rate, and K 

is a constant. On a logarithmic plot m becomes the slope 

of the curve log a vs. log e, or m = d log a/d log e. For 

Newtonian viscous flow, m is unity; in Bcickofen1 s experiment 

m was found to be maximum (about 0.6) for test temperatures 

between 22 0 to 260°C, end strain rates of about 1 min. 

(Figure 1 ) . Their results are supported by the following 

mathematical argument: 

a = K I ™ = | (2 

where F is the applied tensile load transmitted through the 

cross-sectional area A. The strain rate at any point along 

the gage length is: 
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Figu re 1. Topographic Map of t he m-a-h Surface 
(Contour l i n 

m, i c = -

dc t a wai 

rs arc drawn for c o n s t a n t 
c r i t i c a 1 t einpe r a t ure <• The 

taker from Al~8C% Zn a l l o y . ) 
After hackofen [12] 



- _ 1 cU 1 dA n i 
c ~ £ dt A dt u ; 

By combining Equations (2) and (3) and rearranging, the 

following is obtained: 

1 nKL 

H = - [|]m[A] m (4) 

From Equation (4) it can be seen that for m = 1, 

dA/dt is independent of A and neck growth is minimized, i.e., 

the rate of reduction of all cross sections along the gage 

length is a constant value. However, for m values much 

smaller than unity, the cross section of a small area 

decreases more rapidly than a large area, which leads to local 

necking. Values of o<rr<l determine the rate at which necking 

occurs and accounts for the possibility that superplasticity 

is primarily a slow necking process. 

Holt [13], in compression tests on Al-Zn eutectoid 

alloys, attempted to show that m values arise from grain 

boundary shear. His prepolished specimens were inscribed 

with fine longitudinal scratches. Compression at 250°C 

caused the scratches to be offset at grain boundaries. The 

offsets were measured, and the relative grain boundary shear 

was calculated. The latter is plotted in Figure 2 versus 

strain rate, showing a maximum contribution of about 60% to 

the total strain. This maximum coincides with the maximum 



Figure 2. Dependence of the Contribution of Grain Boundary 
Shear to Total Strain c^/ef on Strain Rate, e, 
for Al-78 wt % Zn Alloy? (Temperature is 250°c, 
St res:;, a, and strain rate sensitivity index, m, 
are also plotted aqainst strain rate.) 
After Holt [13] 
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in m. Further microstructural study showed that grain boun

dary migration smoothed the boundaries and relieved stress 

concentrations at triple lines, and was accounted as an 

accommodation process, for GBS. 

Alden [14] also inscribed a set of straight grid lines 

on a polished surface of his Sn-Bi specimens before defor

mation. The sharp offsets at grain boundaries and lack of 

curvature of the scribed lines after deformation was good 

evidence for grain boundary sliding. 

The determination of the mechanisms involved in 

superplastic defo mati.on has been studied widely on a variety 

of metals. In an early study of Pb-Sn alloys, Backofen and 

Avery [15] propose that the mechanisms controlling the 

deformation consist of two competing processes: Nabarro-

Herring (N-H) creep ar d climb of disloc£itions. Later, however, 

their proposal was refuted by Backofen and Holt [16], as well 

as by Alden [14] et al., because the N-H creep mechanism 

changes the grain shape, while in superplastic deformation 

the grain size and shape remain unchanged. In their recon

sideration [16], a viscous boundary shear was preferred as 

the principal mechanism with grsiin boundary migration as the 

accommodation process to reduce mechanical obstructions, i.e., 

unfavorably oriented grains, ledges and sharp grain corners. 

Alden [14] found in his study of Sn-Bi alloys that 

distinct mechanisms of deformation are dominant at low and 

high strain rates. At low strain rates grain boundary sliding 
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is dominant, while the dominant high strain rate mechanism 

is slip. The region cf transition in which G.BS becomes an 

important deformation mode is associated with the maximum 

rate sensitivity m. He concluded that grain boundary 

migration was the accommodation mechanism for GBS. 

Hayden [17], agrees that the predominant process of 

deformation in superplasticity is GBS, but that the overall 

deformation is governed by transgranular dislocation climb. 

His results show that at any temperature and low stress 

levels, diffusion creep is the predominant and rate controlling 

mechanism. At higher stresses in fine grain materials, GBS 

would be rate controlling. This would be the superplastic 

state. At still higher stress, dislocation creep would 

dominate the process. 

Obstructions to GBS have been analyzed in detail by 

Ashby and Raj [18]. They proposed that the rate of sliding 

on a stressed grain boundary is determined by boundary 

shape. Their model assumes wavy and stepped grciin boun

daries, in two and three dimensions, and nonplanar grain 

boundaries that lock the two adjacent grains together against 

the applied shearing stress. 

At low temperatures, elastic deformation occurs, which 

would ultimately be stopped when the internal stress balances 

the applied stress. With the removal of the applied stress 

the displacement would be recovered., At higher temperatures 

diffusional flux of atoms and vacancies accommodates a 
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permanent boundary sliding, by means of mass transfer from 

the compressed points to those in tension. 

In a later paper, Ashby and Verrall [19] explain the 

details of a grain-sliding mechanism, based on a two-

dimensional model. With the aid of "an oil emulsion analog," 

they visualized a group movement of grains in which the 

neighbor-switching event is the main feature. In their model, 

the unit step of deformation involves the sliding of four 

grains from a position as shown in the left of Figure 3, to 

the final position as shown in the right of Figure 3. This 

has been called a pinch-pull boundary migration mechanism 

[21]. Idealization of the process is described by the 

sequence from initial state to the final in Figure 3. The 

initial state shows that grains; 2 and 4 are adjacent grains. 

A constant tensile stress applied in an isothermal process, 

causes all four grains to come in a common neighborhood, 

i.e. intermediate state. Further stretching from this 

temporary state leads to the final state. In this state 

grains 1 and 3 are adjacent. The net effect is that this 

movement of grains has resulted in a 55% permanent elongation 

in the direction of the tensile load, without changing grain 

shape. 

They propose [19] that the strains required when the 

grains switch from the initial to the intermediate positions 

are accommodated by bulk diffusion or boundary diffusion. 

Changes in shape are obtained predominantly through grain 
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boundary diffusion, as shown in Figure 4. 

The review up to this point reveals that GBS is the 

basic and principle mechanism in superplastieity. Each 

investigator also concludes that GBS is insufficient for 

superplastic deformation without accommodation processes. 

Backofen [16], Alden [14] and Holt [13] consider boundary 

migration to be the accommodation process that permits boun

dary sliding. Ashby and Raj [18] propose that grain boundary 

diffusion is rate controlling in the accommodation process. 

Hayden [17] proposes that dislocation creep is the rate 

controlling mechanism for GBS. 

Ashby and Verrall [19] have brought together the 

divergent views on an accommodation process, and presented 

a rationale of a general nature. They theorized that super-

plastic deformation is the res alt of nonuniform flow and 

that GBS is the principle flow mechanism with diffusional 

or interface reactions acting as the accommodation process. 

Their proposal recognizes that grain boundary sliding 

could produce only very small strains without the accommo

dation process. Thus for the elongation obtained by the 

neighbor-switching sequence, four irreversible processes 

would contribute. Figure 4 shows the description of the 

processes taking place? on one face of two grains, as follows: 

1. Diffusive process on the boundary as a high 
conductive path. 

2. The interface reaction for vacancy removed or 
added to the boundary. 
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Figure 4. Proposed Diffusion Accommodation of Strains in 
Grain Boundary Sliding. After Aahby [19] 
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3. Grain boundary sliding or translation of grains 
passing each other. 

4. Grain boundary migration or fluctuation of 
boundary area. 

Each of the processes dissipates power internally, 

which predict the amount of energy required for superplastic 

deformation. The energy rate consumption of all four 

processes are formulated, combined and. correlated with 

applied stress, strain rate and temperature [20]. The 

result is: 

^n A fi.„ = 1 0° -^-o {<? - ^ — }D (1 + ^ 6 - --?-) (5) D-A flow , _ ,2 d v d D kTd v 

where e = tensile strain rate, a = tensile stress, Q = atomic 

volume, d = grain size, T - grain boundary free energy, D = 

bulk diffusion coefficient, 6 = thickness of the boundary, 

T = absolute temperature, k = Boltzmann's constant, and 

D = boundary diffusion coefficient. Equation 5 is similar 

to the N-H and Coble creep equations, but the calculated 

rate from Equation 5 compares well with experiments, while 

the other two theories predict a creep rate an order of 

magnitude too low. Ir. superplastic deformation, or when GBS 

is the dominant mode, Equation 5 describes the mechanical 

behavior of the flow. But in an overall flow process, 

alternative mechanisms come into play. The most common and 

independent competing mechanism is dislocation creep. The 

equation describing flow by dislocation creep is given as 
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e = A ^ (^)neXp - ^- (6) 
dislocation creep 1 kT y ^ kT 

where k and T are the same as in Equation 5, y = shear 

modulus, b = Burgers vector, Q = activation energy. A 

and n are empirical constants. 

Since the two competitive processes of diffusion-

accommodated flow and dislocation creep can occur to some 

extent simultaneously, "he overall creep rate e, -. can 
c total 

represent the superposition of both; that is 

total £D-A flow dislocation creep' 

o r 

i n n ^ J ° ' ? 2 r i T ^ / i , 3 • 3 6 B ^ , * y k / 0 x n C ,_» 
e, , T = 100 ?r {a j — } D (1+—5— TT~'+ An T^T (—) exp-r-=- (7) 

t o t a l 1 m-,2 d v d D 1 kT y * kT kTd v 

where the terms are defined above. 

Ashby summarizes his argument by means of a calculation 

which is based on data for lead. The curve in Figure 5 is 

divided into three regimes, according to the relative 

contributions made by ecich mechanism to the flow stress. In 

the low stress regime diffusion accommodated flow is dominant. 

Deformation occurs withcut large elongations of the grains. 

Due to translation and rotation of the grains, any textures 

or obstructions on the loundary are destroyed. m rises from 

a low level and reaches a maximum value which occurs at. a 



17 

Figure 5. Plot of the Equation tor Plastic Flow of 
Polycrystaline Load (Equation 7). (The 
plot shows the super-position of two 
mechanism's: diffusion acooii-modated flow 
(Equation 5) and dislocation creep 
(.Equation G). The micros!'•: jeoural and 
other characteristics of each rnechani sm 
are lis te d.) A f ter A shby [ 19] 
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strain rate that depends heavily on microstructure and test 

temperature. The maximum m is due to a sudden rise from 

the low stress regime, or a sudden drop from the high stress 

regime. This is thought to be when the highest percentage 

of strain is accomplished by grain boundary sliding [12,14, 

21]. In the high stress regime dislocation creep dominates 

the flow. Dislocations move through the grains and accumu

late as cells or tangles, storing energy. Due to slip, 

grains elongate and change shape considerably. In the inter

mediate stress regime the two mechanisms contribute and 

control the flow rate. Grains elongate but not as much as 

the specimen itself. Ashby believes that for large strains 

in this regime the two mechanisms will not be linearly 

additive. "This is because the dislocation-creep component 

will interfere with the grain switching mechanism. The net 

result is simply to narrow this intermediate-stress regime" 

[19] (with regard to strain rate). 

The latter statement bears heavily on the central 

issue of this thesis. That is, whether the transition from 

GBS to the high stress regime takes place abruptly or 

gradually, in other words, we wish to determine whether the 

curve of log a versus log e gives a sharp transition or a 

smooth one. This question is also of concern to Nicholson 

[11], who concludes that there is a definite range of testing 

conditions under which superplasticity is found. In his 

opinion, it is not a transition phenomenon between two 



separate deformation mechanisms. Alden [14], on the other 

hand, describes superplasticity to a transition region 

between GBS and slip. Other authors [22] also show that the 

transition from GBS to slip as the dominant deformation mode 

occurs in a relatively narrow range of strain rates. 

Experimental evidence by Hayden, et al. [23] gives 

striking support to the sharp transition theory. Their curve 

is reproduced in Figure 6, showing only two linear portions 

of the curve of log stress versus log strain rate, over about 

five orders of magnitude. The experimental observations are 

summarized by Hayden and Brophy [24], and shown here in 

Figure 7. 

Thus, it can be seen, there is a wide body of disagree

ment as to the exact nature of the transition into the 

superplastic state. It is the purpose of this thesis to 

examine the region of maximum superplasticity in order to 

shed some light on the nature of the transition region. 

This can be determined by tensile tests at various strain 

rates and temperatures close to the transition region, as 

well as a study of the corresponding microstructural conditions 

before and after the transition. These two parallel studies 

are to be the basis of the following experimental research. 
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CHAPTER III 

EXPERIMENTAL PROCEDURES 

A. Material 

The Al-Zn eutectoid alloy used in this research program 

was prepared through the courtesy of the Ball Corporation of 

Muncie, Indiana, from high-purity Al and Zn. The material 

was received in the form of 1/4-inch thick hot rolled plates. 

Square rods of 1/4" x 1/4" were cut from the plate and 

homogenized at 375°C for 50 hours. The sharp edges of the 

rods were rounded off before swaging them to 0.14 7-inch 

diameter rounds to eliminate any possible porosity or flaws. 

The specimens made from the swaged wires had a compo

sition of 78.1 + 0.2% Zn and 21.5 + 0.3% Al .by weight as 

determined by wet chemical analysis. The dimensions of the 

specimen are shown in Figure 8. The initial gage length was 

taken to be 1 inch, the full distance between the specimen 

shoulders. 

Specimens were prepared in two batches for comparison 

of grain size effects. 

Batch A. Solution treated at 375°C then quenched to 
room temperature in brine bath. 

Batch B. Solution treated at 3 75°C, brine quenched 
to room temperature, then aged at 250°C for 
6 days, followed by another brine quench. 
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B. Mechanical Testing 

Tensile tests were performed on an Instron machine 

equipped with an Instron furnace (environmental chamber) 18 

inches long. Crosshead velocities of only 0.02 to 20 in/min. 

were available, which restricted the choice of grain sizes 

that could be used, since it was desired that the transition 

region should fall with:_n the available range of crosshead 

velocities. 

A total of 6 0 specimens from batch A were tested at 

six temperature levels ranging from 178 to 272°C, the latter 

just below the invariant temperature of 275°C. Ten specimens 

of batch B were tested at 250°C for comparison with batch A 

at that temperature. Te:sts were made at ten crosshead 

speeds between 0.02 to 2 0 in/min. The ratio of any two 

successive levels was either 2 or 2-1/2. Some specimens of 

batch A were tested using a procedure that involved sudden 

changes in rate, including three specimens that were pulled 

in the single phase region at 285°C. The selected test 

temperatures near the transition region were closer than 

those elsewhere. For every specimen the load P was measured 

for its maximum value. The time required for each specimen 

to reach a constant test temperature in the furnace was 

35 minutes. 

A special gripping system was designed and fabricated 

from stainless steel. Figure 10 shows essential elements of 

the system. Prior consideration in the design were the 
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prevention of slippage of the specimen from the grips, stress 

concentrations on the specimen and oxidation of the specimen 

surface between the grip and the specimen, as well as an easy 

way to insert and remove the specimen from the grips. 

Specimens could be placed between the grip jaws easily 

and smoothly without any bending or twisting force being 

exerted on the specimen, which might cause critical damage 

to the small size specimen. In order to roughen the inside 

wall, a tap was turned inside the grip hole to make a shallow 

thread, then the jaws could be locked firmly by means of a 

lock nut that tightened a ring around the jaws 

In order to hold the specimen straight and aligned 

between the grips, a steel collar was fitted around the two 

grips. This was an effective way to protect the specimen 

from damage during placement inside the hot furnace. The 

linkages to connect th3 gripped specimen to the load cell 

and crosshead of the Instron were made from 1/4" diameter 

stainless steel rods. They were turned to optimum diameters 

for the best heat conduction control. 

Some modification was done on the furnace and tube to 

provide for establishment of a uniform temperature gradient 

along the length of the tube. Figure 11-a shows the arrange

ment schematically. A 1.5" (D.) steel pipe was machined and 

fitted into the center of the furnace with ten thermocouple 

beads mounted about 1.5" apart along the pipe and suspended 

inward from small windows premachined along the pipe. 
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Three additional thermocouples were attached closely 

at the top shoulder, bottom shoulder and middle of the gage 

length of the specimen. All thermocouples were wired to a 

potentiometer across a rotating switch,, except the one at the 

middle of the gage length, which was connected to a tempera

ture recorder. 

Three independent heating elements, controlled through 

separate circuits and variacs, were coiled around the pipe 

at the top, middle, and bottom of the furnace. All these 

arrangements made it possible to establish a uniform tempera

ture for at least eight inches at the middle along the center 

of the furnace. Figure 11-b shows a plot of the temperature 

variation inside the heated pipe before each test was begun. 

The temperature was controlled at the shoulders of the 

specimen within +2°C, while the longitudinal temperature 

variation was 4-5°C along the fully stretched specimen. 

Ĉ . Metallography 

Photomicrographs of the tensile specimen microstructures 

were taken both by light and electron microscopy. Metallo-

graphic examination was done on selected portions of the gage 

length on longitudinal sections. Standard polishing techniques 

[26,27] were used, with samples being mounted on cold mounts 

for its low curing temperature. Etching was accomplished 

either by a 3-second immersion in a solution of 0.15%HF' 

0.35%HN0^+99.5%Ho0 [25] or a 20-second immersion in 



0.3%HF+99.7%H20 (all in volume percent). Electron micro

graphs were taken by scanning electron microscopy of 

selected fields of view after microscopical examination. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Tensile Testing 

A. Load-Elongation Curves 

Some typical curves of tests conducted under constant 

crosshead velocities or under sudden changes in velocity are 

shown in Figure 12. Generally for all tests, the load 

reached its peak value as soon as pulling was started. No 

well defined elastic strain was measurable, so purely plastic 

flow was assumed. Keeping the test temperature constant, 

for velocities V > 1 in/min the load would reach a sharp 

maximum point, then decay with a concave upward slope, 

(Figure 12-a). For velocities V < 1 in/min the load would 

rise to a broad rather than sharp maximum and then decay 

with a slower rate, (Figure 12-b). For fixed velocities, 

the curves obtained at higher temperatures showed less 

sharpness of the maximum point and lower rate of decay than 

those at low temperatures. The velocity at which the shape 

of the curves changed increased slightly with increasing 

temperature. 

The data from the method involving rapid changes in 

crosshead velocity were obtained at the high temperature 

levels, where enough elongation was displayed, (Figure 12-c). 
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Figure 12. Schematic of Load-Elongation Curves Obtained in 
Tensile T e s t i ng of S x i pe rp1a s i i c A1-Zn A11oy t 
(a) A sudden rise to a sharp maximum and tnen 
decay, pulled at velocities V > 1 in/min and 
temperatures lower than abour 2S0°C. (b) A 
sudden rise to a broader maximum and then decay 
with a slower rate, pulled at velocities 
V < 1 in/iuin and temperatuxas T - 25Q°C, (c) 
The effect: of sudden changes in pulling speed. 
The data were obtained at 'Aic,}.^- temperatures 
where enough elongation was displayed. 
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B. True Stress-True Strain Rate Data 

The true stress and true strain rate values were 

calculated at the point of ultimate load according to the 

relationships 

P — u — V , n, 
o = — ; £ = ] r (7) 

u u 

where P is the maximum load, A and £ are the corres-
u u u 

ponding cross-sectional area and the specimen length, respec

tively, and V is the constant crosshead velocity. According 

to the load-elongation data the true strain rate at the 

point of maximum load was found to be identical or close to 

the initial strain rate. Therefore engineering values were 

employed [28]. 

The ultimate stress versus initial strain rate is 

plotted on a log-log scale in Figure 13 at six temperature 

levels. A family of somewhat S-shaped curves are generated. 

The shapes of the curves are similar to those of Underwood 

[25] in tensile tests and Holt [13] in compression tests. 

For low strain rates the stress is small, then rises 

gradually with increasing strain rate up to a region where 

the slope is steepest and the strain rate sensitivity index 

m is a maximum. The stress then levels off at higher rates. 

Considering the variation with temperature, two 

effects are observed in Figure 13. First, for constant grain 

size the rate of leveling off is faster at low temperatures 
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Figure 13. Ultimate Stress Versus Initial Strain Rate for Eutectoid Al-Zn 
Alloy. Each curve represents different test temperature. 
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than higher temperatures. This indicates that a slip 

mechanism comes into play at lower strain rates as tempera

ture is decreased [13,17]. Second, the point of inflection 

or region of maximum m moves to higher strain rates as the 

temperature is increased. For example the point of inflec

tion at 178°C lies at about e = 1 min"1, while at 260°C it 

is shifted to about c = 7 min 

A comparison of the curves for two different grain 

sizes in Figure 14 shows that the fine grained material is 

weaker than the coarse grained material, at constant strain 

rate and temperature, as verified frequently in the litera

ture [15,14,13,25]. In addition the region of maximum m is 

moved to higher strain rates for fine grained material [14, 

13,21,25]. Referring to Figure 13 it can be seen that for 

each curve, the variation of stress as a function of strain 

rate from the high regime to the intermediate and finally to 

the low regime, takes place smoothly with no sharp 

transitions. 

C. Strain Rate Sensitivity-Strain Rate Relationship 

The slopes of the log stress versus log strain rate 

curves give the strain rate sensitivity (SRS) 

&n a9 - In a, 
m = ^ ^ (8) 

&n e~ - ftn en 

assuming a linear relationship between points 1 and 2. 



!9F 
2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 ) t 3 J 5 6 7 8 9 ) Z 3 4 5 6 7 8 9 1 2 3 4 5 6 7 H 9 1 

INITIAL STRAIN RAT£ WIN 

Figure 14. Ultimate Stress Versus Initial Strain Rate for Eutectoid Al-Zn 
Alloy at 250°C. Each curve represents different grain sizes. 

LO 
r̂  



The dependence of SRS upon strain rate and temperature 

is shown in Figure 15. The SRS passes through a maximum as 

a function of strain rate. This maximum in SRS is shifted 

to higher strain rates with increasing temperature. In 

addition the maximum m values at higher temperature levels 

is greater than at low temperatures. Recalling the prereq

uisite of m ^ 0.3 [15] for superplastic behavior, the curves 

reflect the fact that; for all test temperatures and strain 

rates m falls approximately between 0.3 and 0.7 except for 

one point obtained at. the lowest temperature and highest 

strain rate. The highest m value of 0.7 occurs at the 

highest temperature level and strain rate. 

The topographic map (m-e-T) of Backofen [12] in 

Figure 1 confirms the consistency of the findings in these 

experiments. His data cover strain rates up to 1 min 

The m curves in his topographic map indicate an extension of 

the loop for m = 0.6 at strain rates higher than 1 min 

near the invariant temperature, which was confirmed by the 

experiments in this thesis. 

The effect of increasing the grain size on rate 

sensitivity m is similar to that of lowering the temperature. 

For example, Figure 16, which illustrates m versus strain 

rate at a constant temperature, for two different grain 

sizes, the region of maximum m is shifted toward a lower 

strain rate with larger grain size,, This result is in general 

agreement with the literature [13,14,15,25]. 
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Figure 15 Strain Rate Sensitivity Index m Versus Initial Strain Rate for 
Eutectoid Al-Zn Alloy. Each curve represents different test 
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Figure 16. Total Elongation and Strain Rate Sensitivity Index m 
Strain Rate at 250°C. Each curve represents differen 

Versus Initial 
t grain sizes. 
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D. Temperature Dependence of Ultimate Stress 

Figure 17 illustrates the variation of ultimate 

tensile stress as a function of temperature and initial 

strain rates for a constant grain size. The curves are 

similar to the results of tensile tests of the same material 

obtained by Underwood [25] and Presnyakov [4]. In this work, 

curves for ten different strain rates are shown. The vari

ation with temperature has the following effects: 

1. At low temperatures the stress is high- It drops 

drastically with increasing temperature up to the invariant 

temperature of 275°C. 

2. The rate that stress decreases is more rapid at. 

low temperatures than at higher. In other words, as tempera

ture increases, stress becomes less temperature dependent. 

3. The stress is less temperature dependent at low 

strain rates. The curves level off considerably above about 

25 0°C, up to the invariant temperature. 

4. The stress begins rising rapidly after the 

invariant temperature is exceeded. Some data taken at 2 72°C, 

which is only three degrees below the invariant, showed a 

tendency to increase as well. 

E. Elongation-Strain Rate Data 

In Figure 18 the variation of total elongation is 

plotted as a function of initial strain rate for different 

temperature levels. At strain rates equal to or greater 

than 1 min , almost all temperature levels exhibit their 
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maximum extensibility. For example, specimen No. 36, at 

-1 250°C and e = 1 min , displayed about 1240% elongation. At 

this temperature, elongation dropped rapidly at higher or 

lower strain rates. Fcr higher test temperatures, the region 

of maximum elongation moved toward higher strain rates. 

For strain rates less than 0.2 min the elongation data 

were less systematic. 

The degree of consistency of these data can be seen 

by comparison with the m versus strain rate curves of Figure 

15. Figure 19 gives a cross-plot of total elongation versus 

m, taken at corresponding strain rates. The trend of the 

data points shows that elongation increases with increasing 

m. This result is also found by Backofen, et al. [15]. 

Referring to Figure 16, the effect of grain size on 

the total elongation is illustrated. The maximum m for the 

coarse grain size curve corresponds to the region of highest 

elongation; however, the correspondence does not obtain for 

the fine grain size curves at the temperature. 

F. Elongation-Temperature Data 

The dependence of total elongation on test temperature 

for ten different initial strain rates is illustrated in 

-1 Figure 20. The curve representing e = 1 min is similar to 

the result of Backofen's tensile tests [12]. In general, 

for all strain rates the elongation increases with tempera

tures up to 250°C. In the region of temperatures higher 

than 250°C, total elongation increases as a function of both 
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strain rate and temperature (only up to the invariant tempera

ture) . Specimens tested in the single phase region at 287°C 

did not exhibit any considerable elongation under the 

available strain rates from our Instron. According to the 

previous literature [12], higher elongations might be 

achieved if sufficiently low speed is applied. 

G. Metallography 

Metallographic examination was made of the A&-78 wt% 2 n 

alloy. Upon quenching from the single phase region at 37 5°C 

the alloy decomposes into two phases, finely dispersed 

into light-colored aluminum-rich (a) and zinc-rich (3) 

regions, as shown in Figure 21-a. If heated again to some 

elevated temperature below the invariant and held there to 

be aged, the separate phases grow larger and a coarser 

structure is formed, Figure 21-b. Grain sizes were measured 

by the method of mean intercept length [29,30], giving a 

grain size of L = 0.656 \xm for the as-quenched material, 

and L = 1.76 ym for the quenched and aged alloys. 

Figures 22-a to 22-f show scanning electron micro

graphs of the specimens deformed about 400% at six different 

temperatures (178, 210, 233, 250, 250 and 272°C), and at a 

fixed strain rate of 1 min . On the other hand, Figures 23-a 

to 2 3-d show the microstructure of specimens deformed about 

4 00% at a constant temperature of 25 0°C, but at different 
-1 

strain rates (0.02, 1, 10 and 2 0 min ). From the general 

comparison of the grain sizes and grain shapes with respect 
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Figure 22. Microstructures of Al-78 wt. % Zn Alloy, Deformed 
at a Constant Rate of 1 min"-̂ - and Different 
Temperatures 
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(a) 
0. 02 min 
1.32 ym 
(X4800) 

-1 (c) 
10 min 
1.373 ym 
(X4800) 

2 0 min 
1.56 ym 
(X4750) 

1 

Figure 23. Microstructures of Al-78 wt. % Zn Alloy Deformed 
at a Constant Temperature T = 25 0°C and 
Different Initial Strain Rates. (For Figure 
23-b, see Figure 22-d.) 
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to the variables T and z, it is apparent that grain size 

depends strongly on. temperature, while the grain geometry 

changes with increased strain rate. The photomicrographs in 

Figures 23-c and 23-d indicate some elongation of the grains, 

which occurs to a great extent where e is increased 
3 o 

Table 1 summarizes the measured values of grain size 

versus T and e. A sample was taken from the grip section of 

a specimen deformed at 210°C and 1 min ~, and its micro-

structure is shown in Figure 24. I* for the grip section 

was found to be 1.02 ym. The original grain size in the 

quenched condition was La = 0.656 Hm. Thus there was about 

a 50 percent increase in grain size between the original 

grain size and the grain size in the grip section. This 

increase came about during the preliminary 35 minutes holding 

time in the furnace before the test started. From Table 1 

at 210°C and 1 min , we see that a sample from the specimen 

gage length had L - 1.20 ym. This represents about a 20 

percent increase in gre.in size between the grip and deformed 

section. Thus the grain size remained in the superplastic 

range, even though there was some slight, unavoidable 

increase during superplastic deformation. 
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T = 210°C 
L - 1.02 urn (X5400) 

Ci 

Figure 24. Microstructure of Al-78 wt. % Zn Alloy from a 
Specimen Grip Section, (Pulled at 210°C and 
a Strain Rate of 1 min--'-,. ) 



Table 1. Mean Intercept Lengths (a) of Selected Specimens 

Strain Rates (min ) 
Temperature •— 

(°C) 0.02 1.0 (b) 10.0 20.0 

272 (0.92) 

260 1.69 

250 (c) 1.32 1.36 1.27 1.56 

233 1.20 

210 1.20 

178 1.27 

(Vv)a 
(a) Mean intercept length, L = • > x—=-, ym. where a is 

L 
light colored phase. (See Figure 21-a and 21-b.) 

(b) Photomicrographs appear in Figures 22. 

(c) Photomicrographs appear in Figures 23. 
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CHAPTER V 

DISCUSS::ON AND CONCLUSIONS 

Experiments performed in this thesis have centered on 

the mechanical properties of superplastic Al-7 8 wt % Zn 

alloy at and around the transition region between the high 

stress and low stress re^gimes. This transition state has 

been identified with maximum superplastic properties [12,13, 

14,19], in which grain boundary sliding becomes dominant. 

Detailed studies have revealed that the occurrence of GBS 

can be linked to high m values, large elongations under low 

stress and only slight microstructural changes evident 

after deformation. 

Variation of test temperature and rate of deformation 

are the two main parameters with which to study super-

plasticity in an alloy (provided that the groin size is 

fixed). In these experiments a temperature range of about 

100°C and a strain rate range of about three orders of 

magnitude have been employed. The evidence we have obtained 

here bearing on the type of transition behavior that occurs 

during superplastic deformation, is as follows: 

1. The curves of m versus e in Figure 15 show that m 

exceeds 0,3 over almost all of the strain rate range. 

Between the maximum values of m and the fall-offs to either 



side, there are gradual changes without any indication of 

sharp breaks. This is seen to be so for all test tempera

tures . 

2. The variation of ultimate stress with strain rate 

is described by the curves in Figure 13. The regions within 

which the points of inflection lie (maximum m) are identi

fied as the GBS dominant regions [13,14,16,17,19]. Transition 

from those regions to the high stress levels where slip 

occurs [13,14,17,19] or to the lower stresses where N-H 

creep is the predominant mechanism [16,17], follows a smooth 

path rather than passing through a sharp point. The point 

of inflection moves toward the higher strain rates and the 

steepness of the curve at this point increases as the test 

temperature is increased. This indicates that the GBS 

region becomes wider with increasing temperature. 

3. An analysis of the temperature dependence of 

stress reflects much the same picture as with strain rates. 

That is, the transition from high to low stress levels with 

temperature is a gradual process, at least, at the lower 

strain rates. Figure 17 illustrates that at low temperature, 

where stress is high, there is little evidence of sharp 

transitions into the lev stress (high temperature) region. 

Moreover, as the temperature increases, stress becomes less 

temperature dependent. This effect is attributed to the 

contribution of fluctuations, enhanced by an increased 

temperature. Once the short range barriers in a stress field 
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are governed by thermal fluctuations, further increases in 

temperature would have less effect on lowering the stress 

[31]. For the two highest strain rates in Figure 17, the 

curves through the available data poinds go through a some

what sharper point. These could be considered a sharp 

transition. This effect agrees somewhat with Ashby's 

argument [19], that for large strains the intermediate regime 

(see Figure 5) becomes narrower, because of the dislocation-

creep component interfering with GBS. For our case, shown 

in Figure 17, the regime in question corresponds to a 

larger dislocation creep contribution, which would be expected 

as we get farther from nhe superplastic region. 

4. From Figures 18 and 20 the dependence of total 

elongation on the strain rate and temperature can be analyzed. 

From both types of curves we see that total elongations of 

more than 50 0% are achieved within an order of magnitude 

range of strain rates and a 30°C temperature range in the 

vicinity of 250°C. Cross plots of maximum elongations versus 

their temperatures and strain rates, reveal smoothly varying 

curves with again no apparent sharp breaks in the inter

mediate regions. Thus the maximum elongation data do not 

indicate a sharp transition. 

5. For the best correlation between the mechanical 

properties and the microstructure, many more micrographs of 

all the specimens tested are essential. Unfortunately the 

magnifications required for resolving the very fine grain 
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size require extensive use of the electron microscope. 

Scanning electron micrographs were taken from selected 

samples showing a gradual trend of micro-structural changes 

with both temperature and strain rates. Thus, here too the 

results showed no sharp transition from the microstructural 

point of view. 

6. In Figure 25 we plot log e (at a stress of 2000 psi) 

vs 1/T, obtaining six points that fall fairly close to a 

straight line, the slope of which is about 14,20 0 cal/mol. 

This value can be considered an activation energy for the 

superplastic deformation process, since the data points were 

obtained from the centra.1 region of the curves in Figure 13. 

This value is in accord with 14,500 cal/mol reported for the 

eutectoid Al-Zn alloy by Davies, et al. [22]. From the 

value of activation energy for grain boundary diffusion of 

zinc of 14,000 cal/mol [22] it may be possible to identify 

the deformation process studied hesre with grain boundary 

diffusion of zinc. Further research is needed to clarify 

this point, however. 

Again no discontinuities are observed, adding additional 

credence to the other data showing smooth, gradual curves in 

the superplastic range of variables. 

7. Another way of analyzing the data is presented in 

Figure 26. A combined temperature-strain rate parameter is 

used [32] to consolidate all the ultimate stress data into 

one curve. The constant C - 7 is obtained directly from the 
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original curves at a selected stress level by solution of 

the equation: 

T1(C-loge1) -T2(C-loge2) (9) 

Using this method of analysis, we see that for each stress 

there is only one parameter value, which is a constant for 

that stress. T and e can vary, however, provided the 

parameter value remains constant. Moreover, if T is held 

constant, we have, in effect, a stress versus negative log 

£ plot, which can be compared readily with the conventional 

plot of log stress versus log strain rate. 

The important feature of this plot of o versus the 

parameter is that no sharp discontinuities are apparent. 

There is only a smoothly varying curve between the high 

stress region and the low stress region 

The location of the points corresponding to the maxi

mum m. values (from Figure 15) are mark 2d in Figure 2 6 by 

arrows. It can be seen that they lie within the region 

where diffusion-accommodated flow is dominant, identified 

by Ashby as low stress regime [19] (see Figure 5). The locus 

of points from this regime to the intermediate and then to 

higher stress regimes follows a gradual rising path. By 

combining all data by means of a parameter plot we have 

additional confirmation of the original log a versus log e 

plots, i.e., that the transition region is essentially a 



smooth and not a sharp one. 

The fact that the maximum m-values conform to this 

combined plot implies that they can be obtained by suitable 

combinations of T and e. This may be taken as further 

confirmation that the transition from the region of optimum 

superplasticity occurs gradually over a range of variables. 

We conclude, therefore, under the conditions studied 

here, for the alloy selected, and initial microstructural 

state, that the superplastic region is not identifiable as 

a sharp transition region. Thus, it appears that a gradual 

merging of high and low stress regimes into the region of 

maximum superplasticity effect is the operative process in 

this case. 



Table 2-a. Experimental and Calculated Data f 
Fine Grain Size Material. 
Test Temperature = 178°C. 

£Q - 1.0 in. 
A = 9.1647x10 in o 

Initial Strain at True Strain SRS Total 
Spec Velocity Ultimate Load Point Pu •_ Rate True Stress Index Elongation 
No. V (in/mm) P (lbs) (in/in) e (min-1) a (psi) m % 

0.02 7.4 7.4 0.08 (.02 807.4 0.364 188 

0.05 9.4 9.4 0.03 0.05 1025 0.364 363 

0.1 14.3 14.3 0.05 0.1 1560 0.364 400 

0.2 16.8 16. 0.06 0.2 1833 0.425 469 

0.5 26.5 
18 22.2 0.08 0.5 2422 0.488 

125 
300 

26.3 26.3 0.03 2869 0.51 413 

7 2 31. 
48 = 

3 
2 

39. 75 0.04 2 4337 0.51 
506 
300 

8 5 72 72 0.04 5 7856 0.325 213 

9 10 92 92 0.03 10 10038 0.11 200 

10 20 98 98 0.04 20 10693 413 
SJ 



Table 2-b. Experimental and Calculated Data for 
Fine Grain Size Material. 
Test Temperature = 210°C. 

& 0 = 1.0 in. _o 2 
A = 9.1647x10 in 
o 

Initial Strain at True Strain SRS Total 
Spec. Velocity Ultimate Load Point P _•_ Rate True Stress Index Elongation 
No. V (in/min) P (lbs) (in/in) 7 (min-1) a" (psi) m % 

o u ' o u r 

11 0.02 4.1 
4. 9 

A . Q 0.06 0.02 534. 6 0.306 
325 
225 

n * not pulled 
12 0.05 O . <i 

6.8 6.8 0.04 0.05 741. 9 0.306 to fracture O . <i 

6.8 
300 

13 0.1 9 
9.6 9 0.03 0.01 981. 9 0.306 325 

375 

X 4 0.2 9.6 9.6 0. 02 0.2 1048 0.364 450 

15 0.5 14.8 14.8 0.05 0.5 10615 0.404 500 

16 J 19.5 19.5 0.04 1 2128 0.51 450 

17 2 24 24 0.03 2 2619 0.532 244 

18 5 42 42 0.04 5 4583 0.408 225 

19 10 60 60 0.01 10 6547 0.286 213 

20 20 69.5 69.5 0 = 02 20 7583 400 

en 
OJ 



'able 2-c. Experimental and Calculated Data for 
Fine Grain Size Material. 
Test Temperature = 233°C. 

I =1.0 in. „ 
A° = 9.1647x10 in o 

Initial St rain at True Strain SRS Total 
Spec. 
No. 

Velocity 
V (in/min) 
o 

Ultimate Load 
P (lbs) u 

Po 
( 
int Pu 
in/in) e o 

Rate 
(min-^) 

True Stress 
au (psi) 

Index 
m 

Elongation 
o 
o 

21 r\ A n 
U . U Z 

3.4 3.4 0.1 0.02 371 0.306 375 

22 0.05 4.2 4.2 0.07 0.05 458. 3 0.325 363 

23 0.1 6.35 6.35 0.06 0.1 629. 9 0.344 475 

24 0.2 7.2 7.2 0.04 0.2 785. 6 0.364 375 

25 0.5 8.9 
11 10 0.04 0.5 1091 0.446 625 

450 

26 1 15.4 
13.6 13.6 0.03 i 1484 0.532 463 

575 

27 2 15.7 
18.5 18.5 0.02 " i z 2019 0.578 400 

430 

28 5 29.8 
30 29.9 0.05 5 3262 0.601 710 

525 

29 10 43.5 
48 48 0.04 10 5237 0.446 700 

431 

30 20 63.8 
64.5 

64.15 0.03 20 6999 
387 
400 

Ci 
4^ 



Table 2-d. Experimental and Calculated Data for 
Fine Grain Size Material. 
Test Temperature = 250°C. 

iQ = 1.0 in. 
A = 9.1647x10 in o 

Initial Strain at True Strain SRS Total 
Spec. 
No. 

Velocity 
V (in/mm) 
o 

Ultimate Load 
P (lbs) u 

Point Pu 

(in/in) 
Rate 

e (min-1) o 

True Stress 
au (psi) 

Index 
m 

Elongation 
Q. 

"5 

31 0.02 3 3 0.1 0.02 327 0.306 335 

32 0.05 4.1 4.1 0.1 0.05 447 0.346 506 

33 0.1 5.8 
4 

4.9 0.08 0.1 535 0.364 463 
500 

34 0.2 5.6 
4.4 5.6 0.05 0.2 612 0.446 513 

375 

3 5 0.5 8.5 
8 8.25 0.06 0.5 900 0.488 375 

613 

26 1 13.25 
8 10.7 0.05 1 1168 0.578 566 

1238 

37 2 14 14 0.02 2 1528 0.65 1038 

38 b 32.5 
25.5 25.5 0.03 5 2782 0.65 488 

838 

39 10 38.8 38 0.04 10 4233 0.578 675 

40 20 56.5 56.5 0.02 20 6165 413 

Ln 



Table 2-e. Experimental and Calculated Data for 
Fine Grain Size Material. 
Test Temperature = 260°C. 

£ =1.0 in. ~ ~ 
A° = 9.1647x10 in o 

Initial Strain at True Strain SRS Total 
Spec. Velocity Ultimate Load Point P.. • Rate True Stress Index Elongation 
No. V (in/min) P (lbs) (in/in^ u £ (min •*-) o (psi) 

u 
m 

41 

42 

43 0 

44 C 

45 u 

46 1 

47 2 

48 5 

49 10 

50 20 

0.02 

n n^ 

0.2 

2.8 2.8 

3.8 -> o 

3.8 3.8 

4.8 4.8 

8 .1 
8 8.05 

9.8 
10 9.9 

12,5 
16 14.25 

17.8 18.1 18.5 18.1 

34.4 
32.2 33.3 

55 
54.7 54.9 

0,04 

0.05 

0.05 

0.03 

0.04 

0.07 

0.06 

0.03 

0.04 

0.02 

0. 05 

0.1 

0.2 

0.5 

1 

2 

5 

10 

20 

306 0.06 IOC? 
x u u 

415 0.306 350 

415 0.325 490 

524 0.325 419 

878 0.404 580 
475 

1080 0.488 550 
525 

1555 0.606 475 
613 

1975 0.7 
630 
538 

3633 0.675 825 
919 

5990 
838 

1088 



Table 2-f. Experimental and Calculated Data for 
Fine Grain Size Material. 
Test Temperature = 272°C. 

I = 1.0 in. ? 
A = 9.1647x10 in o 

Initial Strain at True Strain SRS Total 
Spec. "elocity Ultimate Load Point P 

(in/in) 
_̂  Rate True Stress Index Elongation 

No. V (in/min) 
o P u (lbs) 

Point P 
(in/in) e (min-1) o cu (psi) m 0. 

"5 

51 0.02 0.02 

52 0.05 3.1 3.1 0.06 0.05 338 0.286 285 

53 0.1 0.1 

54 0.2 4.1 4.1 0.05 0.2 447 0.306 225 

55 0.5 7.3 7,3 0.04 0.5 797 375 

56 1 

r 
-! 

57 2 14.5 14.5 0.07 2 1582 650 

58 5 16.8 16.8 0.05 5 1833 0.7 675 

59 10 31.5 31.5 0.05 10 3437 0.7 1050 

60 20 49.5 49.5 0.02 20 5400 710 



Table 2-g. Experimental and Calculated Data for 
Coarse Grain Size Material. 
Test Temperature = 250°C. 

£Q = 1.0 in. « 7 
A = 9.1647x10"" in o 

Initial Strain at True Strain SRS Total 
Spec. Velocity Ultimate Load Point P Kate True Stress Index Elongation 
No. V_ (in/min) P (lbs) (in/inf e (min-1) 

o u o 
^u (psi) m 

71 0.02 

72 0.05 

73 0.1 

74 0.2 

75 0.5 

76 1 

77 2 

78 5 

79 10 

80 20 

11 

15.7 

22.7 

35 

50.5 

73.5 

94 

118 

146 

150 

0.04 

0.05 

0.05 

0.04 

0.05 

0.07 

0. 05 

0.04 

0.04 

0.03 

0.02 

0.05 

0.01 

0, 2 

0.5 

] 

2 

5 

iU 

20 

1200 

1713 

2477 

3819 

5510 

8020 

10256 

12875 

15930 

16366 

0 . 3 2 5 

0 . 4 6 7 

0 . 5 7 8 

0 . 6 0 2 

0 . 4 6 7 

0 . 4 0 4 

0 . 3 2 5 

0 . 2 1 3 

0 . 1 0 5 

262 

350 

413 

600 

619 

238 

200 

150 

81 

38 
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Table 3-a. Experimental and Calculated Data 
on the Parameter 
U = T (C-log e ; o 

Test Temperature = 451°K C 

o (min ±) log e 
o 

(C-log eQ) T (C-log e ) 
au 

(psi) 

0. 02 -1.699 8.699 

0.05 -1.301 8.301 

0.1 -1 8 

0.2 -0.699 7.699 

0.5 -0.301 7.301 

1 0 7 

2 0.301 6.699 

5 0.699 6.301 

10 1 6 

20 1.301 5.699 

3923 807 

3744 1026 

3608 1560 

3472 1833 

3293 2422 

315 7 2870 

3021 4337 

2841 7856 

2706 10038 

2570 10693 



70 

Table 3-b. Experimental and Calculated Data 
on the Parameter 
If - T(C-log e ) 

3 o 

Test Temperature = 483°K C_ 

£o 
(min-1) log e (C-log e ) T (C-log e ) , au 

^ o ^ o J o (psi) 

0.02 -1.699 8.6 99 

0.05 -1.301 8.301 

0.1 -1 8 

0.2 -0.699 1 .699 

0.5 -0.301 1 .301 

1 0 1 

2 0.301 6.699 

5 0.699 6.301 

.0 1 6 

>Q 1.301 5.699 

4201 535 

4009 742 

3864 981 

3718 1048 

3526 1615 

3381 2128 

3 2 36 2619 

3042 4583 

2898 6547 

2753 7583 
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Table 3-c. Experimental and Calculated Data 
on the Parameter 
11 = T (C-log e ) ^ o 

Test Temperature = 5Q6°K C = 7 

(min-1) log e !C-log e ) T(c-log e ) , aVx ^ o 3 o J o (psi) 

0.02 -1.699 8.699 

0. 05 -1.301 8.301 

0.1 -1 8 

0.2 -0.699 7. 699 

0.5 -0.301 7.301 

1 0 7 

2 0.301 6.699 

5 0.699 6.301 

10 1 6 

20 1.301 5.699 

4401 371 

42 00 458 

4048 630 

3895 786 

3694 1091 

3542 1484 

3390 2019 

3188 3262 

3036 5237 

2883 6999 



72 

Table 3-d. Experimental and Calculated Data 
02: the Parameter 
fl = T (C-log e ) 

Test Temperature = 523°K _ C 

(min"1) log E (C-log e ) T (C-log E ) , °V 
^ o ^ o r o (psi 

0.02 -1.699 

0.05 -1.301 

0.1 -1 

0.2 -0.699 

0.5 -0.301 

1 0 

2 0.301 

5 0.699 

10 1 

20 1.301 

8.699 

8.301 

8 

7.699 

7.301 

7 

6.699 

6.301 

6 

5.699 

4550 327 

4341 447 

4184 535 

4027 612 

3818 900 

3661 1168 

3504 1528 

3295 2782 

3138 4233 

2981 6165 
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Table 3-e. Experimental and Calculated Data 
on the Parameter 
K = T (C-log e ) 

T = 533° K C = 7 

£ Q m t . °U 
(min"1) log e (C~log e ) T (C-log e ) (psi) 

0.02 -1.699 8.699 4636 306 

0.05 -1.301 8.301 4424 415 

0.1 -1 1 4264 415 

0.2 -0.699 7.699 4103 524 

0.5 -0.301 7.301 3891 878 

1 0 7 3731 1080 

2 0.301 6.699 3570 1555 

13 0.699 6.301 3358 19 75 

10 1 6 3198 36 3 3 

2 0 1.301 5.699 3037 5990 



Table 3-f. Experimental and Calculated Data 
on the Parameter 
H = T {C-log I ) 

Test Temperature = 545°K C = 7 

S i - • • Qu 
(min-1) log e (C-log e ) T(C-log e ) (psi) 

0.02 -1.699 8.699 4741 

0.05 -1.301 8.301 4520 

0.1 -1 8 4360 

0.2 -0.699 7.699 4195 

0.5 -0.301 7.301 39 7 9 

1 0 7 3815 

2 0.301 6.699 3651 

5 0.699 6.301 3434 

10 1 6 3270 

20 1.301 5.699 3106 

33 8 

447 

797 

1582 

1833 

3437 

5400 
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Table 4. Calculation of C from the Relationship 
T1 (C-log t±) = T2 (C-log l2) 

-1 • -] 
T(°C) T(°K) a (psi) e (min ) log e (min 

194 467 2000 0.5 -0.301 

210 483 2128 

233 506 2018 2 0.301 

260 533 1975 5 0.699 

r T 
2 2 

C = log j± / (=̂ . - 1) 
1 1 C = 7 Ul ' 

C2 = 6.61 

C 3 = 7.47 

C4 = 6.75 

C = 6.95 : 7 
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Table 5. Calculation of the Activation Energy 
from the Relationship 

n • • p n 2 n 1 

Q - R 1/T2 - 1/Tl 

R - 1.9874 cal/mole°K 

T(°K) e (min X) 1/T(°K -1) I e (min -1) 

xlO 

451 0.27 2.22 -1.3 

48 3 1 2.07 

506 2 1.97 0.693 

523 2.8 1.91 1.03 

533 4.2 1.87 1.44 

545 5.4 1.834 1.6 

Q = - 1 - 9 8 7 4 <i5OT> T 7 5 4 ^ W 3 x : 1 ° 3 " K 

= 14,200 cal/mole. 
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