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ABSTRACT

The yield behavior of niobium (columbium) has been studied under conditions of
different states of stress, temperatures and strain rates, material compositions and

microstructures.

Using data gathered in the present investigation as well as that obtained from ten

other sources, it is shown that a relationship including the above variables is given by:

- I £ -
[AH A (’LG TiG):]
"G=Ae o

While details of the frequency factor A remain unclear, it appears that it may be treated

as a constant over a wide range of temperatures and strain rates.

The analysis included in this paper shows that a simple parameter representation

of yield behavior of niobium is feasible in terms of pertinent engineering variables.
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1.0 INTRODUCTION

1.1 Background

Earlier investigations have shown that an important factor of the ductile
to brittle transition behavior in body centered cubic metals is the rapid increase in the
yield stress within a relatively narrow range of temperatures. Briefly, it appears
that a critical value of tensile stress is necessary to propagate a microcrack formed
by the act of yielding. Any circumstance which raises the yiéld stress of the material
above this critical stress establishes the condition for rapid fracure, i.e., brittle be-
havior. This rapid increase in the yield stress and its significance to the ductile to
brittle transition phenomenon has been previously discussed and summarized in detail

sk
by Cottrell, Petch, Orowan, Bechtold and others (1) 5

Since the rapid rise in yield stress is an important factor in brittle
fracture behavior, a simultaneous analysis of the variables affecting the yield stress
is required so that the effects of each individual variable on the ductile to brittle tran-
sition phenomena can be properly evaluated. Among the more important variables
related to engineering design are state of stress, temperature and strain rate, chemi-

cal composition and microstructure.

The state of stress determines the relative magnitudes of the principle
stresses which in turn determine the value of the octahedral shear stress A% a quantity

used to predict macroscopic yielding in ductile materials (3)0

The effect of temperature and strain rate on the yield behavior of iron

and other body centered cubic metals seems to be characterized by a simple rate pro-

(4,5,6,7)

cess equation This relationship describes many physical phenomena

(8. 9)

which are temperature and rate sensitive The general form of the equation is

1
t—=Ae (1)

In terms of the variables of interest in yield behavior, % may be considered as the

strain rate (hereafter denoted by ¥ ). = Present evidence relating to yielding and flow

of BCC metals also suggests that AH is stress dependent A4 5 7, 10, 11, 12), that is

*
Numbers in parentheses refer to list of references,



(using the notation given in the appendix)
AH = AH* -V (T - ’L‘i) (2)
Thus, the modified form of the rate relation is

- [AH* - V(T - Ti-)]

RT (3)

v =Ae

1.2, Object and Scope
The primary purpose of this investigation was to study the yielding of
niobium, one of the BCC metals.  Specifically, it was desired to study the influence
of temperature and strain rate on the upper yield point of commercially pure niobium

which had been further purified by heat treatment.

In this investigation, the temperature was varied from g (the boiling
point of liquid nitrogen) to 580° K.  The three torsional strain rates utilized were
0,0001, 0,25, and 12,5/sec. These figures represent a temperature range of more

0 . . ' : .
than 500" K and a difference in strain rates of more than five orders of magnitude.

A secondary purpose of this study was to further explore the yield be -
havior of niobium by analyzing data from other investigations as well as that collected
in this investigation. By utilizing data obtained from other sources in conjunction with
the data collected in this investigation, a study of the effects of state of stress as well

as composition and microstructure also become possible.




2.0 MATERIAL, PREPARATION OF SPECIMENS, AND APPARATUS
2l Material

The material used in this investigation was obtained from the Fansteel
Metallurgical Corporation in the form of 9/16 in. diameter rod. = The maximum
amount of substitutional impurities in the as-received material is listed in Table I.
The amounts of hydrogen, oxygen, nitrogen and carbon reported in Table I for this
investigation were obtained by analysis after the metal had undergone heat treatment

and will be discussed later in this paper.
2.2, Preparation of Specimens

The nominal dimensions of the torsion specimens are shown in Fig. 1.
In addition to the specifications shown on the drawing, the outside surface of each speci-
men was polished and the inside surface was finished with a reamer. The critical

dimensions were held constant within + 0.003 in.

After the machining operations, the specimens were cleaned first in
benzene, then in acetone, to remove the machining oils. The specimens i;vere then
heat treated for 11 hours at 2000° C (2273O K) at a pressure of approximately 5 x 1Om5
mm Hg (abs) in a Brew Model 420 vacuum furnace. The temperature of the furnace
had been previously calibrated by correlating the electrical input with an optical pyro-

meter and a thermocouple.

This particular heat treatment produced a grain diameter of 0.685 mm
and altered the hydrogen, oxygen, nitrogen, and carbon content of the niobium to that
given in Table I. The analysis for these elements was performed by The National

Research Corporation.
2.3 Apparatus

Since the apparatus used in this investigation has previously been des -

(10, 13)

cribed in detail by other investigators, only a summary of it is given here.

The mechanical apparatus used was constructed so as to apply a pure
torque on one end of the specimen while holding the other end fixed.  Briefly, one end
of the specimen was attached to the stationary weighbar to which strain gages in the

form of a Wheatstone bridge had been mounted and the other end was attached to a loading
arm through which a pure torsional load was applied. = The desired strain rate was
produced by controlling the angular velocity of a flywheel mechanism used to contact

the loading arm. In the case of the highest strain rate (12.5/sec.) the flywheel was



first accelerated to a predetermined speed by means of a friction drive motor. The
motor was then disconnected. When the flywheel had slowed to the desired angular
velocity, the test was begun. To develop the two slower strain rates the flywheel was

driven directly by means of a motor through an appropriate number of gear reducers.

When investigating the yield behavior of niobium at the 12.5 and 0. 25/sec.
strain rates, the strain gages on the weighbar were connected through an amplifier to a
six channel recording oscillograph. In addition to recording torque, the oscillograph
also recorded the angle of twist undergone by the specimen as well as the time incre-

ments involved.

For the 0.0001/sec. strain rate, an autographic X-Y recorder was used
to record the torque and angle of twist. The strain gages on the weighbar were elec-
trically connected through an amplifier to the X-Y recorder. A potentiometer geared
to the loading arm and used to detect the angle of twist of the specimen was also con-
nected to the recorder. By driving the Y axis with the amplified strain gage signals
and the X axis with the potentiometer signal, a record of the torque vs angle of twist

was made.

The temperature of the specimens was controlled in one of two ways.
While investigating at the elevated temperatures a resistance furnace was mounted over
the specimen and while investigating at the subatmospheric temperatures a cold chamber
was used in conjunction with liquid nitrogen. = At the subatmospheric temperatures a
means was also available whereby nitrogen could be sprayed directly onto the specimen.
The temperature of the resistance furnace was controlled by an automatic temperature
controller, and the temperature of the cold chamber was controlled by regulating the
flow of liquid nitrogen from the storage tank to the cold chamber. In all cases a
thermocouple wired to the specimen by a one mil soft wire allowed the operator to
check the specimen's temperature just prior to testing. Before conducting each test,
the desired temperature was held for at least two minutes to insure that a true tempera-

ture equilibrium had been reached.



3.0 RESULTS

The behavior of the upper yield point of niobium at different temperatures
and strain rates as found in the present study is shown in Fig.2. In this figure the
upper yield stress is shown as a function of temperature for the three torsional strain
rates used. (In order to facilitate the comparison of data from different sources, the
yield stress and strain rates have been converted to octahedral terms as will be pre-
sently discussed).  The specimens tested at the two highest strain rates displayed a
definite upper and lower yield point. In the case of the specimens tested at the lowest
strain rate, the decrease in the stress that normally follows yielding in BCC metals
was not apparent.  Here the upper yield point was taken to correspond to the first

sharp break in the torque-angle of twist relationship.

It should be noted in Fig. 2 that at elevated temperatures the stress

necessary to cause yielding becomes less sensitive to temperature. This observation

(5, 10, 12) and can be made in

et al (11)

iz, 5. Bechtold (1) also shows in his Fig. 8, a graph of the 0.01 per cent offset yield

has already been made in an investigation of ingot iron

the case of molybdenum by examining Bechtold's 4 Fig. 7 and Weinstein,

stress as a function of temperature for niobium. This graph gives evidence that the
0.01 per cent offset yield stress also becomes less dependent on temperature in much

the same manner as does the upper yield stress with increased temperature.

No brittle behavior was observed in this investigation. The fracture

surface of each specimen had a dull 'mattelike’ appearance,

Mechanical twins were found in one specimen. While testing at the
lowest temperature (77O K) and slowest strain.rate (0.0001/sec.), audible clicks were

heard. Subsequent examination showed twins such as those in Fig. 3.



4.0 DISCUSSION AND ANALYSIS OF RESULTS

As previously stated, it was the primary purpose of this investigation to
study the influence of temperature and strain rate on the upper yield point of commer-
cially pure niobium which had been further purified by heat treatment. = Another pur-
pose was to explore the effects of other variables on the yield behavior of niobium by
analyzing other investigators'data as well as the data obtained in this investigation.

The following is a systematic discussion of these variables.
4.1. The Dependence of Yield Stress on State of Stress

Since the data for this investigation was collected while the metal was
subjected to a torsional state of stress and the data for the other investigations was in
terms of uniaxial tension or compression, it was necessary to convert the respective
yield stresses and strain rates of the individual investigations into terms having a
common basis before proceeding with the analysis.  To do this the von Mises theory

of yielding was used.

According to the von Mises (or maximum octahedral shear stress) theory

(2,3)

octahedral plane reaches a critical value.

of yielding, yielding will begin in a body when the maximum shear stress on an

The necessary relationships between the states of stress and strain rates
needed to convert the results of the individual investigations into octahedral terms are

found as follows:

(@) The maximum octahedral shearing stress in terms of the
principal stresses is (i)
TGr:‘sl"/(cy R ST P 4
L e e B e A
The maximum octahedral shearing strain in terms of the principle strains is L4
Y L 2, & )
G 3 (El = 62) + ( 62 2 63) =i (€1 63) (5)
(b) In a uniaxial test = o 0,=0,=0, and e, =€, = ~Ue
2 vl ameay s o) 3 . 28 =

With p (Poisson’s ratio) assumed to be 1/4 for niobium, it is found that

= =
= 0

e (6)



]
(c) In a torsional test on a cylindrical specimen, O BT GVC,
o
— - - — 1 = = - = __...—.E
g, = 0, T T 1+ ) £ € " 0, €3 € and G = TR ° (See, for

example, Ref. 3 and 15) (Where: UETE is the stress and strain at the distance c
from the axis of a cylindrical torsion specimen, respectively; G, the modulus of rigidity;
and E, Young's modulus. In this investigation, c was taken to be equal to the outside

radius of the specimen).

The octahedral shearing stress for a torsional test may now be expressed
in terms of the principal stresses, and the octahedral shearing strain may be expressed
in terms of the principal strains.  The procedure used in solving for the latter is as

follows: First, substitute the above expressions for strain, i.e., ¢ and €3 into

1) 62?
Eq. 5; this will give Yg = f(p, E, crl)° Next notice that s Gyc and E =2 G (1+ p).
Using these relations and simple algebra will now give the results that, in the case of

torsion

T

G (8)

]

<

yG c %)
; = d < d
(d) Further note that if Vg = Ke, then o ( YG) =K = (€), or
i’G = Ke, where K is a constant.

(e) The final expressions for the octahedral stresses and strains

in terms of those reported for the individual investigations are:

In the case of a tensile test

e . - ByE2 o
TG__'S'G’andyG—T€ (6')7")

and in the case of a torsional test
T =—3 T and tar=o U, (8(9")

With the above equations, it is possible to take the data reported by the

other investigators and thereby have a common basis for comparison.




4,2 The Dependence of the Yield Stress on Temperature and Strain Rate

The next relation considered in this analysis is the rate equation. If we

assume that the rate equation for the process at a given stress is 8, 1)
L4
j./G 5o S T = const. )
o,
Enj’/G=EnA~(—A-R~}—{-)~T1— (109
T = const.

the simultaneous dependence of the yield stress on temperature and strain rate may be

discussed.

Equation 10' shows, if the relationship exists between the given variables,
that on a graph of /n )"/G Vs (—%‘— ), curves representing constant yield stress should be
straight lines; furthermore Eq. 10’ provides a means of evaluating A for each stress
level in that the intersection of each curve with the ordinate, at —,}—. = (0, provides the
value of A.

Figure 4 presents a graph of /n i/G vs ( —%—) for the data obtained in this
investigation. The three lines shown are for different values of constant stress and
are straight within experimental accuracy. The constant, A, obtained from the different

lines appears to be independent of stress and has a value of approximately 104/sec.,

By rewriting Eq. 10 in terms of the stress dependent activation energy,

AH = RT fn () (10")
L
and by using the stress independent value of A, one has a parametric representation of
temperature and strain rate. Table I (which is subdivided into three parts: material
composition, metallurgical preparation and yield data) and the accompanying Figs. 5a-
Sk show the relationship between the yield stress and AH for the material used in the

present investigation as well as for the niobium used in ten other investigations( L) :

This temperature-strain rate parameter provides a means of obtaining a
point estimate of the effective heat of activation for the process under a given set of
conditions. It is analogous to the time-temperature parameter employed by Larson and

Miller (27) for stress rupture and creep studies.




4.3 The Dependence of the Yield Stress on Composition and Microstructure

The curves shown separately in Figs. 5a through 5k may be plotted on
one graph. Such a graph results in a family of curves which are parallel within experi-
mental accuracy and suggests that a common mechanism or mechanisms are operative
in the yield process. The further observation: that all such curves are displaced from
one another in the vertical or stress direction suggest that the yield stress may be
subdivided into components with composition and microstructure contributing one or

more of such components.

The Petch (% equation for the lower yield stress (reported to repre-
sent (19) upper yield stress as well) gives a relationship which separates the observed

yield stress into three components. The equation is

o=

> i K R
T -—TG(St)+’I." + kd

G G (11}

5N
This relationship postulates that T should be a linear function of d 2 and that a graph
0T
=
of Tg VS d"2 should result in a straight line relationship whose slope (i.e., -—-—_g ) is
k. InFig. 6, data from two of the investigations indicate that a straight line Jelation-
B

ship may exist between g andd ° . The different slopes, however, indicate that
the value of k for niobium may also be dependent upon the composition and substructure

of the material.

In view of this discrepency in results of the effect of grain size on yield
behavior a modification of Eq. 11 is required. Because the individual contributions
due to grain size, composition, and substructure may not be separable from present
data, their combined effects on the yield stress may as well be summarized in one
component. One component ( TiG) may be considered to be dependent upon the com-
position and microstructure of the material and assumed to be relatively insensitive
to temperature and strain rate.  Another component (’IG*) then may be assumed to be

a function of temperature and strain rate only. ‘That is

T, =T T

@ tigt o (12)
In present terms, the vertical displacement of all the curves on a graph of Tg Vs AH
is attributed to variations of composition and microstructure for the materials utilized

in the different investigations as well as to the diversity of ways of defining yield stress.




10.

The curves in Figs. 5a through Sk indicate that the yield stress in all
investigations becomes relatively insensitive to AH around the value of 10 k cal/gm
mol. By assuming for each particular curve that the value of yield stress which occurs
at 10 k cal/gm mol is due to TG and then subtracting this amount from the yield data in
the curve, only TG* remains. Furthermore, it should be mentioned that differences
used to define yield stress lead to small numerical differences in the value of yield
stress at any particular value of AH. The resulting curves, however, are parallel
and differ primarily by a small constant amount in the term TG Specifically, by ad-
justing the yield data from the individual curve in every investigation an amount equal
to the stress at AH equal to 10 k cal/gm mol to account for differences in composition
and microstructure as well as differences arising from the various definitions for yield
stress, a common respresentation of the effect of AH on TG‘*: is made possible as shown
in Fig. 7. This figure summarizes data obtained in the eleven investigations and shows,
within experimental accuracy, that the dependence of TG* on AH is non-linear and is

similar for all investigations. It should be noted that the activation volume may be

8%y 4

& S

In Fig. 7 it is apparent that the influence of AH on TG‘* suddenly changes

* appears to become

obtained from Fig. 7 by the relationship

around 10 k cal/gm mol. Also in Fig. 7 the mean value of Tq
negative for values of AH larger than about 10 k cal/gm mol when it may be expected
to remain at zero. This is a consequence of the temperature dependence of the com-
ponent TG which decreases directly with the temperature dependence of the elastic
modulus of the material. For purposes of the present paper it is not considered

necessary to include this small correction in presenting the data.

The data presented in this paper covers a temperature range of more
than 1000° K and a strain rate range of approximately six orders of magnitude. Also
three different states of stress are reported and over eleven different niobium materials
are represented. It appears feasible from Fig. 7 to assume that the yielding relation

in terms of the variables presented may be given by

-l - v o - 1)

= Ae ' (13)




il

5.0 SUMMARY AND CONCLUSIONS

The yield behavior of niobium has been examined in terms of pertinent
engineering variables. The particular variables considered in this paper are state of

stress, temperature, strain rate, and composition and microstructure of the material.

For ductile niobium, the von Mises criterion (maximum octahedral shear
stress) for yielding describes a variety of data obtained under conditions of uniaxial
tension, compression, and torsional loading. The data summarized herein includes
results from some 250 specimens subjected to a temperature range of more than

1000° K and a strain rate variation of approximately six orders of magnitude.

The frequency factor A in the modified form of the rate equation,
=AN

vy=Ae RT

, appears to be independent of stress and has a value for niobium of
approximately 104/sec (Fig. 4). By rewriting the rate equation in terms of AH, a
parameter for temperature and strain rate is formed which makes possible the simul -
taneous representation of the dependence of the yield stress on the two variables. This

dependence is found to be similar for all data reported (Figs. 5a through 5k).

The method of analysis which is used in this paper separates the ob-
served yield stress into two components: one component (TiG ) is considered dependent
on the composition and microstructure of the material and assumed to be relatively
insensitive to temperature and strain rate, the other component (TG"*) is assumed to be
a function of temperature and strain rate alone. In the region AH < 10 k cal/gm mol,

T

G
mechanism of yielding appears to change radically and the yield stress becomes re-

* is very sensitive to changes in AH (Fig.7). At values of AH greater than this the

latively independent of changes in temperature and strain rate.

By using data from eleven investigations, this analysis shows that the
dependence of stress on the above variables for relatively pure niobium may be given

by the following relationship:

A o T -
[AH Vg - T G)]
RT

=Ae (12)

e
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APPENDIX

AH

AH*

(]

s RIS

Definition of Terms
shear stress (applied)
maximum octahedral shear stress:
internal (frictional) stress
internal (frictional) stress in octahedral terms

internal (frictional) stress dependent upon composition and sub-
structure but independent of grain size

temperature and strain rate dependent component of the yield stress
temperature and strain rate dependent component of the yield stress
in octahedral terms

shear strain

maximum octahedral shear strain

qr
dt

maximum octahedral shear strain rate

shear strain rate, i.e.,

effective activation energy (stress dependent)

effective activation energy at zero stress

frequency factor
grain diameter in mm

base of natural logarithms

D=

slope of yield stress vs d_
universal gas constant

. O
temperature in K

activation volume



15,

Z0°0 LT 6 ¥00°0 0Z°0 €0'0> '8I00 IIDO 07070 1000 "0 9T
700 "0>BN
S00 "0>4dd
S00 "0 >ug
080 > 100 S0°0 £€0°0 £0> I0°0 %100 ¥%E€0°0 $100°0 v
19000  TO0> 100 10°0> 10> S0°0
-¥0°0 44
890 °0
-$20°0 7000 0£00°0 o¢T
L0°0 20°0 920°0 0T0°0 qeeg
S0°0 ZI0°0 ¥%20°0 L90°0 BCY
1000°0>9 SI0°0> SI0 0> S10°0> I°0= SI0°0> LZO'O OI0O'0 O%0°0 100 0> PZZ
1000708 €100 Si09> G110 "0> I°'0) SI0°0> 080°0 0Z0°0 0%0°0 100 0> 9ZZ
1000°0>8 Si0'0> Si0'0> S10°0> I°0)% GIO'0> LEO'O0O #%£O0°0 O%0'0 100 0> qze
100008 SI070> SI0'0> S10°0> I°0= GI0°0> 120°0 600°0 OI0'0 8000 °0 ®ZC
FI0O°0 S800°0 6£0°0 0£00°0 e 44
€I0°0 TZ0O'0 ZF0°0 6000 "0 qrg
600°0 S90°0 LISOO 1000 °0 BIC
aoe1], 80 ‘0> e 0> 10°0 £00°0 0z
SI0'0 S00°0 91 °0 20°0 S00°0 900°0 S000°0 61
€00 0ST 0 0€°0 0€°0 L0°0 S0°0 10°0 Z0°0 8T
8€¢°0 OT'0 ¢€PI0O'0 QI0°0 #%IO°O qL1
8€¢°0 G109 FIED0 T80 IZn'® BLT
Z0°0 I0°0 10°0 Z0°0 Z0°0 200 €600°0 8900°0 LOOO'0 £Z0000 0 UOTIESIISSAU]
jusasaxd
sI3410 IS 1L M IN 2q B S/ ) N 0 H  uomnednsaauy

(%1m) 190479 SIH.L NI QAANTONI SNOLLVOLLSHANI Y04 SNOLLISOdINOD TVINALVIN B JT19V.L



TABLE Ib.

Investigation

Present Investigation

17a
17b
18a
18b
19a
19b
19¢
20

21a
21b

21c

22a
22b
22c
22d
23a

23b
23¢
24a
24b
24c
25

26

Grain Diameter

0.

095 mm

.414mm

. 0476 mm

. 0635 mm

. 127 mm

.3175 mm

. 01414 mm

0.041 mm
0.041 mm

e e e O 9

<0.

.041 mm

. 045 mm
.022 mm
. 022 mm
.022 mm
. 180 mm

. 065 mm

250 mm

.41 mm
. 013 mm
. 017 mm

0138 mm

. 095 mm

116,

GRAIN SIZES AND HEAT TREATMENTS

Final Heat Treatment

31 e at 2, 000°C in a vacuum of
approx. 5 x 10°° mm Hg.

2 hr at 1, ZOOOC in a vacuum of
less than 1 x10°9 mm Hg.

2z at i 200°C in a vacuum of
less than 5 x 1076 mm Hg.

2 hrat-1, 4150C in a vacuum of
10-5 - 107 mm Hg.

1 hr at 1, 190°C in a vacuum of
1079 - 1076 mm Hg.

—é— hr at 1, 000°C in a dynamic
vacuum

1hratl, OOOOC in a dynamic
vacuum

I-hr at 1, 200°C in a dynamic
vacuum

2:-hriat 1, ZOOOC in a vacuum of
less than 10°4 mm Hg.

As received (arc-melted)

Hydrogen anneal 3 hr at 400°C
then Argon anneal 4 hr at 400°C

Hydrogen anneal 6 hr at 4OOOCO
then Argon anneal 6 hr at 400 C
(in all cases-Final H.T. was
prior to machining)

2 hr at 1,093° C
1 hr at 1,200° C
3 hr at 1,065° C
3 hr at 1,065° C

all material in completely
recrystallized condition

1]

"

1, 200-2, 000°C in a vacuum
1, 200-2, OOOOC in a vacuum
1, 200-2, OOOOC in a vacuum
1,100-2, 300°C in a vacuum

2:hrcat -1 200°C in a vacuum
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0.496

Note: All Dimensions in Inches.

FIG1 THE GEOMETRY OF THE TORSION SPECIMENS

40

f I

o X | 0 ¥ =8.16 x 10 ¥sec.

g N 8 %,0.204/sec.

! x % =10.2/sec.

x 30 f %

7, \ \A ¥ X

o L

3 \\A \

» 20 SN Ny

X

: ‘Q\ B

= I~ 0o 5

(7] o

- 10 ° N\ \I'\

: SoEl
o O (N

2 | O\O (AL

(=4

8 .

0 100 200 300 400 500 600

Temperature (°K)

FIG.2 EFFECT OF STRAIN RATE AND TEMPERATURE
ON UPPER YIELD POINT OF NIOBIUM
(PRESENT INVESTIGATION)
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FIG. 3 PHOTOMICROGRAPH OF SPECIMEN LOADED
AT 7= 0.0001 / sec., T=77° K
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FIG.5h 0.2% OFFSET YIELD STRESS AS A FUNCTION OF TEMPERATURE
AND STRAIN RATE FOR TENSILE DATA (BEGLEY AND FRANCE, 23)
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FIG.5i LOWER YIELD STRESS AS A FUNCTION OF TEMPERATURE
AND STRAIN RATE FOR TENSILE DATA (CHURCHMAN, 24)
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FIG.5] PROPORTIONAL LIMIT YIELD STRESS AS A FUNCTION

OF TEMPERATURE AND STRAIN RATE FOR TENSILE
DATA (A.A. JOHNSON, 25)
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FIG.5k 0.01% OFFSET AND 0.05% OFFSET YIELD STRESS
AS A FUNCTION OF TEMPERATURE AND STRAIN RATE
FOR TENSILE AND COMPRESSION DATA, RESPECTIVELY
(WESSEL, FRANCE AND BEGLEY, 26)
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