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ABSTRACT

The déta collected in an attempt to evaluate the préssure depen—
dency of the mechanical properties of extruded AZ31B-F magnesiﬁm alloy
are presented herein. This information was compiled from thé résults
of compression tests run in hydraulic fluid environments pressurized
to 50,000 psi, and tension tests run in the atmosphere. Specimen axial
load and longitudinal strain were recorded and converted to effective

stress and effective strain parameters for presentation.

The term pressure is defined, in this report, as the negative
average of the principal stresses or, essentially, the negative of
the hydrostatic component of stress. The effective stress and strain,
at yield and fracture, which were achieved at various hydrostatic
stress levels are plotted against the.hydrostatic stress 1evéls at
which they occurred. It has been shown that the strength and ductility
of this extruded alloy, measured at fracture, are increased by an
increase in the hydrostatic stress component that exists at the time
of fracture. In addition, the effeqtive stress, at yield, is increased
and the effective strain is decreased by an increase in the current
pressure. An exception to the above seems to be the effective stress
achieved at yield in uniaxial tension which is substantially greater
than the highest effective yield stress obtained in compression at
ény fluid environment pressure. This anomaly is due to the fact that

the specimen material was cold formed.

The aforementioned graphs are combined to form a three dimensional
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yield and fracture model based on the parameters of effective stress,
effective strain and pressure. This model shows the préssure dependent
properties of the particular magnesium alloy under inyéstigation. It
is, however, incomplete since bi-axial tension tests run at various
fluid pressure environments are needed to better define the tensile
pressure regicn of the model, and compression tests conductéd in
higher fluid pressure environments are needed to determine the

pressures required to obtain infinite ductility.
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fulfillment of the requirements for the degree of Master of Science in
Engineering Mechanics. The work was done in the Department of Engi-
neering Mechanics at the University of Missouri at Rolla, under the

direction of Dr. Robert L. Davis.

The author would like to take this opportunity to thank the
individuals and organizations who made this work possible. Among
these are the Carpenter Steel Company which provided the alloy steels
used to machine the hardware; Messrs. Warren Krumke, Chief Machinist
at’ the United States Naval Air Test Center Flight Test Division, and
Marvin Vogler, of the Department of Engineering Mechanics, who
constructed much of the hardware; the United States Department of
the Interior Bureau of Mines which provided heat treatment facilities;
and the Dow Chemical Corpany which supplied the magnesium alloy
specimen material. Without the strong support of these people, this

project would never have been completed.

Finally, I would like to extend my greatest appreciation to

Dr. Davis for his guidance and encouragement.



TABLE OF CONTENTS

Page

ABSHRABT & s b winie v 5 st § § P00 7 § SERET | § HONE B S6E § § VO § 5 BN it
123330103 iv
LIST OF TTLUSTHATTONS s« s ¢ s wae s s o oo § 6 o0ie » o004 § 5 5 vi
SEOPE: wivw s weene ¢ smeira & W s @ 6 RS & 8 Fracmea & § 8 SOEUE § WO B W0 § 8 S vii
T. INTRODUCTION ottt venmnnneeennnnnnnnnnss o & o v 1

TEs BEVEEW OF LITERATURE & « cwwie ¢ 5 & 6iuis « 6 ows & & mece § 3 mao 3
ITI. INSTRUMENTATION & vvvveennnnnenennennnnnnnnneens 5
IV. DESCRIPTION OF APPARATUS .t :vcescsosncessssesonse 8

V. DISCUSSTION &ttt vt tnnnnneensnsnsseneeeeeeeeennnns 19
APPENDIX. ;s s snas i & R BB § § R § B BE ReE § R § R 34
BIBLIOGRAPHY &ttt e v vt enenneeeennnssoennnnnnnsnsoeeennns 41



LIST OF ILLUSTRATIONS

vi

Figures : Page
1. Specimen with ALIghiIng WaBHer . cvvisss oveivssawaisssss 9
2. Simulated Hardware Set—UpP «.vieitrerrtoneonnoencesens 10
3. Exploded View of Internal Vessel Parts ...... S R 11
4., End-plug Electrical Lead ......cieeenneenns e e 12
5¢ Upper BNnG@~plug and Ram 8881 svsismswsss oiiessssiaassss 14
6. Upper End-plug and Ram Seal Schematic .......oueve... 15
Ts IoWweY Bnd-plug Se8L .isesseisiasspvEsinaeeissannivs §s 1T
8. Upper EnG-plug Se€8L . .ueinreertecesensnesnnaacannnnens 18
9. Poisson's Ratic versus Longitudinal Strain ......... 21
10. Effective Stress at Yield versus Pressure ....c.cecee 23
11, Effective Strain at Yield versus Pressure .......... 24
12. Effective Stress at Fracture véfsus Pregsure ..covess 26
13. Effective Strain at Fracture versus Pressure ....... 27
14. Three Dimensional Yield and Fracture Model for

MagnesIil ;i s i s iiiiasvidssnisisdinaass s aviasds 30
15. Three Dimensional Yield and Fracture Model for

BPESSES snisasfibransitoninsisdnisms siprisissnmnsuss a4
165 FPraothpred SPECIMBTE . wwes ¢ & § coyame v & & Samne § § Dew e s “ 33



vii

SCOPE

It is the purpose of this thesis to:

(1)

(2)

Investigate the effects of pressure cn the mechanical

properties of extruded AZ31B-F magnesium alloy.

Illustrate the results in a yield and fracture model
utilizing the parameters of effective stress (o),

effective strain ( €), and pressure (P).



I. INTRODUCTION

Most yield and fracture theories which enjoy widespread use in
the engineering disciplines completely neglect ﬁbe effect of the
hydrostatic component of stress in specifying yield and fracture
conditions. Besides the intuitive deduction that a material cannot
sustain infinite hydrostatic tension, data is becoming available in
quantities surficient to point out possible inadequaciles in these
existing yield and fracture models. Essentially, what has been
shown so far is that some materials yield at effectiﬁe stress and
effective strain levels that vary as some function of the spherical
or hydrostaticvcomponent of stress that exists at yield. Similar
observations have been made at fracture. In some materials, the
effective stress and effective strain at fracture have been shown
tb increase with the hydrostatic stress component, thus indicating an
increase in strength and ductility under such conditions. Pressure,
a term which will be used herein to mean the negative hydrostatic
compdnenm of stress, can also cause changes in the fracture mode in
many materials. The general trend is that ductile failure occurs in
compressive pressure environments énd brittle failure in tensile

pressure environments.

Not all materials show such a pressure dependency and, as a
consequence, the task of formulating a yield and fracture criterion
that will account for pressure effects and apply to large groups of
materials will be exceedingly complex. Such a yield and fracture

criterion will, no doubt, involve the use of parameters that are



commonly associated with the microscopic aspects of materials science.
However, as an expedient, it should be possible to formulate a yield
and fracture model for groups of materials that behave similarly under
pressure without recourse to such aforementioned parameters. These
models are vital to the design of structural elements that must adhere
to certain weight and size optimization guidelines. In these cases,
large factors of safety are not appr*opr;‘.ate, and the result may be the

failure of the element if variation in material properties with pressure

is neglected.

Essential to the existence of accurate yield and fracture
theories is the availability of data accumulated from various
combined loading experiments. This thesis embodies the results of
an attempt to evaluate the pressure dependency of the mechanical
‘properties of a particular magnesium alloy. To partially accomplish
this objective, compression tests were run on 3 inch long, one inch
diameter, cylindrical test specimens made from extruded AZ31B-F
magnesium alloy while the specimens were submerged in a pressurized
fluid environmment. The resulting data, in addition to data from
tenslion tests run in the atmosphere, were used to generate a pressure

dependent yield and fracture model.



IT. REVIEW OF LITERATURE

An extensive literature survey conducted in the Library of
Congress by the author has shown that few people have investigated
the effects of pressure on the mechanical properties of any material.
Such work, as limited as it 1s, was largely initiated by Dr. P. W.
Bridgman over forty years ago, and it was Bridgman who carried this
field into the 1950's.

Farly work by Cookl, although crude, served to show that springs

made of mild steel and electrolytic copper became more ductile in a
high pressure fluld environment. Bridgman2 reported on all tensile
and compressive tests run in pressurized fluid environments by anyone
prior to 1950 and commented that almost no work had been done in the
area to that date. In this collection of data, no work on poly-
crystalline aggregates of magnesium or its alloys was described.
Bridgman3 investigated the compressibility of a single crystal of
pure magnesium and reported that no discontinuities were observed in
the compressibility curve. Beyond this, nothing has been done with
magnesium or its alloys in the area that this thesis treats. This is

u, Bundy et als,

born out by the recent bibliographical works of Zeltlin
BradleyG: Giardini and Lloyd7, and the International Conference on the

Physics of Solids at High PressuresS.

Although interest in high pressure phencmena is increasing, a

- great deal of the recent work deals with microscopic effects rather
than effects on a continuum. The only recent, noteworthy work
dealing with the effects of pressure on a continuum was accomplished’

by Hug. In this paper, Hu documents the results of experiments,



similar to those described herein, which were performed on a particular
type of brass. It is this report by Hu that gives substantial impetus
to what has been suspected for some time concerning the dependence

of ductility and other mechanical properties on pressure.’

In short, there is no detailed information available on the
effects of pressure on the mechanical properties of magnesium alloys.
However, the works of Bridgman and Hu provide frjagnentéry data for
soﬁe materials that show pressure to be factor in determining
material properties. This alone, demands the investigation of these

effects on all engineering materials.



ITT. INSTRUMENTATION

The most "difficult instrumentation problem encountered in this
research program was that of measuring relatively large strains in a
specimen surrounded by high fluid pressure. Although the magnesium
alioy from which the specimens were made was very brittle, longitudinal
strains at fracture of 15 per—cent were anticipated. Under these
circumstances, 1t was necessary to use post yield strain gauges with
an.appropriate high elongation cement. No data is available from the
gauge manufacturers on the use of high elongation strain gauges in
pressurized hydraulic fluid environments; but, the recommendations of
Tien and Gordonlo led to the selection of a constantan foll, epoxy
backed, encapsulated, gauge with a one-fourth inch grid length
(Budd EHE-141). These gauges are reported to have gauge factors
which are unaffected b& fluid enviromments up to approximately

60,000 psi.

A two component epoxy bonding agent was used to mount the
strain gauges on the specimens. This cement (Eudd GA-2) can sustain
strains of over 15 per-cent and had been tested by the manufacturersll
in fluid environments pressurized to levels beyond those encountered
in these tests. The gauge installations were coated with 12 layers
of nitrile rubber oil—proofing compound (Budd GW-2). Removal of this

cil-proofing from the gauges on selected fractured specimens showed

the compound to have excellent oll protection qualities.

A Budd P-350 strain indicator was used to read strains. ‘Althougﬁm
a dunmy specimen was used for temperature compensation, this was

largely unnecessary since all equipment was soaked at room temperatufe



for an extended period of time before each test, and variations in
room temperature were less than 5 degrees Fahrenheit during each
test. Also, the energy input into the hydraulic fluid during
pressurization could result in a fluid temperature rise of only one
degree Fahrenheit. Prior to each test, the fluid environment was
pressure cycled éeveral times to check for large zero shifts in
indicated strain on return to ambient pressure. In the worst case,
a 10 microinch/inch shift was experienced on the first cycling and,
on successive cycles, the zero shifts were substantially less than

this value.

The measurement of the axial stress superposed on the specimen
by the ram was facilitated by the fact that the specimen did not
undergo any large local changes in cross-—sectional area or geometry
during the test. Consequently, the axial stress due to the ram load
was taken to be the load on the specimen divided by the current area.
The load on the specimen is the total ram locad minus the seal-friction
drag and the pressure force due to the pressurized fluid. The com—
bined drag force and pressure force was determined for each test run
by adjusting the loading head speed to match the nominal speed used
during the test, and then noting the force required to move the ram
into the vessel. This force was monitored prior to each test at a

time when the loading head was not yet in contact with the specimen.

The fluid pressure in the test vessel was measured with a
helical Bourdon tube pressure gauge (Astraguage W-100-F). This gauge

' was calibrated by the manufacturers before shipment and was reported to



be within 0.25 per—cent of the indicated pressure. No further calibration

was attenpted.



IV. DESCRIPTION OF APPARATUS

As mentioned previously, the specimens used for the compression
Tests were 3 inches long and one inch in diameter. This length/
diameter ratio was selected in accordance with the ASTM specifications
for compression tests of metals. The compression specimens were
pesitioned within a thicknwalled cylindrical pressure vessel, and an
axial load was applied to the specimen via a ram which protruded
from one of the vesssl end-plugs. Since the ram diameter was smaller
than that of the specimen, an adapter was fitted to the end of the
ram to distribute the ram load evenly over the top surface of the
specimen. Positioning of the specimen within the vessel was accomplish-
ed by using a one-eighth inch thick nylon washer with flexible intermnal
splines as shown in Figure (1). This washer insured concentricity of
the specimen and loading ram, while not generating any appreciable
radial restraining forces. The vessel was placed vertically in a
Tinius-Olsen Universal 200,000 pound testing machine. Fluid pressure
was developed by a hand-operated pump (AMINCO 46-12180). A picture

of a simulated hardware set-up is shown in Figure (2).

The vessel closures were threaded cylindrical plugs, and are
shown with the internal vessel hardware in Figure (3). The lower
end-plug was drilled and counterbored to accomodate two electrical
leads for the strain gauges used on the specimen. The details of
this installation are shown in Figure (4). Only rigid resin materials
“are suitable for the cone shaped insulator for the copper comnectors.

Soft insulators tend to extrude out of the annular space between the



FIGURE (1) - SPECIMEN WITH ALIGNING WASHER



FIGURE (2) - SIMULATED HARDWARE SET-UP
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cormector and the bored hole. In addition the lower end-plug contained
a concentric hole and adapter to accomodate the one-fourth inch stand-

ard high pressure tubing from the hydraulic pump.

The upper end-plug containing the ram and seal subassembly is
shown in Figure (5). fIhe seal wafer with integral O-ring seats 1is
illustrated in Figure (6). The seal wafer is made o_f' DELRIN AF which
is an acetate-filled flourocarbon resin. Use of this material
resulted in extremely low seal friction drag forces on the moving ram
and excellent anti-extrusion qualities. The clearance between the
ram and the end-plug body was held to 0.0015-inch on the radius to
minimize the tendency for the seal to extrude out through the anmular
region betw_eeﬁ the ram and the end-plug. This shallow clearance
allowed a ram load of not more than 95,000 pounds.: Beyond this , tl'_l;ere '
would occur interference because. of the Poisson effect. In order to
obtain the greatest elastic stréngth possiblé in the ram, a maraging
steel (Carpenter Ni MARK 300) with a yield strength in excess of
300,000 psi was selected. The ram was polished to a surface finish
of 64 microinches root-mmean-square to-achieve a satisfactory sealing

surface.

At’ low pressures, the O-rings seal the fluid and the DELRIN AF
wafer acts as an anti-extrusion carrier; and, at higher pressures,
the DELRIN AF wafer itself deforms into a seal. The fit between the
wafer and the ram 1sl 0.002-inch on the radius; and, as a consequence,
“no extrusion problems were encountered with the use of O-rings. Nitrile

rubber O-rings were selected since they are inert when exposed to the
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the pressurizing medium (MIL-6083B hydraulic fluid).

Two different types of seals were used to seal the end-plug
against the mating vessel surface. The lower end-plug was séaléd
with an ordinary nitrile rubber O-ring supported by a brass anti-
extrusion back-up ring. This seal arrangement is illustrated in
Figure (7). The top end-plug was sealed with a silver plated
Inconel-X C-ring (Pressure Science Inc. 10111-32) as shown in
Figure (8). The seal seat surfaces for these C-rings must have at
least .a 64 microinch root-mean-square surface finish. All seals

used performed flawlessly to pressures of 50,000 psi.
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V. DISCUSSION

The ram load and longitudinal strain values for the six compréssion
tests, and the axial specimen load and the longitudinal strain values’
for the tension test are tabulated in Appendix A. Although it was not
possible to maintain a constant strain rate throughout each test; the
strain rate varied within the range from 3 to 20 microinchés/inch—
second which is sufficiently slow to é‘linﬁ.n.ate strain rate effects.

The resulting data are presented in terms of Ieff‘ective stxfess versus
pressure plots, effective strain versus pressure plots, and a three
dimensional yield and fracture model m\alfolving effective stress, effect-

ive strain, and pressure.

Effective stress and effective strain, which represent stress
and strain vectors in a deviatoric plane, have been chosen as display
parameters because all principal stresses and strains are manifest,
respectively, in these quantities. The effective stress is defined as

2 - 2w
o = {(01-02) +(92-03) +(93-01) } /Y2 (1)
where 015925 and g3 are the three pr:‘gncipallstr*esses. Similarly,

effective strain is defined as

) 2 2 .5
€ = {(51—-5:2)2+(52-E3) +(e3z-e1) } x V2/3 (2)

15 € and €3 are the principal strains. For the case considered

here, the effective stress is simply equal to the longitudinal stress

where €

generated by the ram, since the superposed fluld pressure does not

affect the principal stress differences. Also, the effective strain
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definition reduces to

e = 2(l+v)e;/3 _ (3)

where £, is the longitudinal strain and v is Poisson's ratio. As
long as the specimen remains elastic, €= .9¢e; ;3 since, Poisson's
ratio is 0.35 in the elastic region for this material. When Poisson's
ratio begins the transition to 0.50, its plastic value, expression (2)

must be used in incremental form.

As the Specimen was strained into the plastic region, an increment
of effective strain was computed using the current average value for
Poisson's ratio, and this increment was then added to the total
effective strain up to that point. The assumed Poisson's ratio
versus longitudinal strain curve apﬁears in Figure (9). This curve
was abstracted from Nadail®. The current average Poisson's ratio
value was computed by approximating this curve in a piecewise linear
fashion over fhe longitudinal strain increment under consideration.
Beyond 15,000 microinches/inch of longitudinal strain, the value at
which the effective strain becomes equivalent to the longitudinal

strain, the Poisson's ratio value was taken to be 0.50.

Finally, the term pressure represents, essentially, the negative

of the hydrostatic component of stress, or

P = "‘(0'1+0'2+0'3)/3 ) (4)
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Figure (105, a plot of effective stress versus pressure, measured
at yield, shows a slight enhancement of yield strength in compression
as the pressuré increases. However, the effective stress at yield in
uniaxial tension (28,400 psi.) is considerably greater than the yield
strengths achieved in compression, yet the pressure has been reduced
to a negative Vaiue. This phenomenon is most unusual in a material -
and, in this case, results from the anisotropic properties generated
by fhe extrusion process_used,to form the specimen bar stock.

This 1s not é.property of cast magnesium. For the above mentioned
data points, yield was determined from a converitional plot of
longitudinal stress versus longitudinal strain by using the 0.2

per-cent off-set method.

| Figure (11), a plot of effective strain versus pressure at yield,
shows a decrease in_effective strain as the pressure increases. Once
again, the effective strain at yleld in uniaxial tension (6300
microinches/inch) is substantially greater than those experienced
during the compression tests. This is not as iIncongrucus as the
previously mentioned observations concerning effective stress at
yield, since the efféctive strain shows a tendency to decrease,
‘rather than increase, as the pressure increases. However, the entire
effect’ of decreasing effective strain with increasing pressure is,
in itself, peculiar. Few, if any materials exhibit such tendencies.
Since the slope of this curve is shallow; the pdssibility is strong
that the increase in effective strain at yield achlieved in the uniaxial
ltension test is not really a function of decreasing pressure at all;

but is, instead, due to the fact that the specimen stock was extruded.
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Figures (12) and (13) dgscrihe, respectiﬂély, effective stress
versus pressure and effectiye strain versus préssure at fracture.
These plots are conventional in that this material appears to béhave
in a manner similar to a large group of engineering matérials (for
example, carbon steels). They show an increase in ductility and
effective stress at fracture as the pressure is increased. The
segments of these curves which appear in the compressivé pressure
region represent a line of work hardening shear fracture. It is
common to discontinue this line at the effective stress or éfféctive
strain axis, and then continue into the tensile pressure region at a
steeper slope. This steepér line is a line which represents work
hardening tensile fracture points. The rationale for this is that
the fracture mode should change from work hardening shear to work
hardening tensile as the pressure is decreased into the tensile
region. While one cammot deny that some materials behave in this
mannmer, the author feels that the data available is not sufficient
to warrant the extension of this hypothesis to all materials. As a
result, the work hardening shear fracture lines have been extended
linearly, into the region of tensile pressure to show another

possibility.

More work is needed to define this transition point. A series
of uniaxial tension tests in varying fluid pressure would suffice.
Such tests would represent a loading path of slope -3 emanating from

the point on the pressure axis corresponding to the fluid pressure.

A much more difficult problem arises when one considers the
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task of achieving data points on the work hardening tensile fracture
line lower than that given by a uniaxial tension test run in thé
atmosphere. The shallowest negative slope on an effective stress
versus pressure plot that can readily be obtained is -3/2. This can
be accomplished in a bi-axial tension test. For bi-axial tensi_on when

both tensile stresses are of equal magnitude, o,

— . 2 2 2w ’
o = {(o-0) +(0-0) +(0-0) } /V3 (5)

g =0 ' (6)
and the pressure 1s given by

P = —(cr+crj'/3 (7)

This glves a loading path slope, E;/b, of -3/2. By running such tests
in varying fluid pressure environments, one can detennjne‘dafa points
lying between lines emanating from the origin and having slopes of -
—.3 and -3/2. This, however, does not complete the picture. For
data points lying between the negafive pressure axis and a line of
-3/2 slope.which intersects the pressure axis at the origin, some
sort of a tri-axial tension test must be used. The existing tests,
which generate a stress staﬁe in which all principal stresses are
tensile, are of little wvalue because the exact nature of the stress
distributions is not accurately known. Such is the case In a tensile
test of a circumferentially notched specimen. Since a good tri-axial
' tension test is not' available, the behavior of a material at high

tensile pressures is left almost totally to conjecture.
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Finally, the results of the previous plots have been embodied
in Figure (14) which is a three dimensional yield and fracture model
based on the parameters of effective stress, effective strain; and
pressui’e. Figure (15), a yield and fracture model for brass

developed from Hu's data13

by Davislu, is included to illustrate

a model constructed for a typiéally ductile, isotropic material. The '
purpose of these models is to show, for a virgin material, what

vield and fracture phenomena will be experienéed as any particular
loading path is traﬁsversed. A loading path is essentially traced’

- out by a point moving on the model surfaces. When the loading path
hits a yield line, the material yields, and wher_1 the loading path hits

a fracture line, fracture occurs.

In Figure (14), the line running from the origin to point (A)
on the work hardening shear fracture line represents the intersection
of the zero pressure plane and the elastic and plastic surfaces.
This line delineates the portions of the elastic and plastic surfaces
which lie in the tensile and compressive pressure regions; beyond
this, it is of no physical significance. The portion of the model
that exists in the region of tensile pressure is purely speculative
since only one loading path was investigated in this_ area. As in
the previous two plots, the yield and work hardening shear fracture
lines have been extended, linearly, into the tensile pressure area.
Point (B) marks the point on the fracture édge below which intrinsic
brittle fracture can occur without previous ylelding. Observation
of the effective stress versus effective strain plots made for the

conmpression test runs indicates that the contour of the elasto-
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plastic surface does not significantly change in the compressive

pressure region.

In addition to the tests described previously which are needed
to define the tensile pressure section of the model, compression

- Tests must be run at higher fluid pressure envirorments to determine
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what trends, if any, are shown in the direction of infinite ductility.

For the test runs conducted in compression, no changes were noted

in the fracture mode. The broken specimens are shown in Figure (16).
They are oriented in the figure from left to right in order of
increasing fluid environment pressure. Although the picture does
not so indicate, the fracture surfaces were similar in gppearance

on all specimens.

In conclusion, one can say that the postulated model pmvidés

a good illustration of the properties which extruded AZ31B-F magnesium

alloy exhibits under compressive pressures. The model describing
material properties under tensile pressures, although crude, may

well give a reasonably accurate description under such stress states.
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TENSION TEST DATA

LOAD LONGITUDINAL STRAIN
(EXTENSO - (STRAIN
METER ) GAUGE)

(POUNDS ) , (MICROINCHES /INCH)

0 0 o)
1,000 ‘125 ° 333
2,000 300 531
3,000 450 e
4,000 625 - 900
5,000 800 , 1080
6,000 950 : 1260
7,000 1150 1449
8,000 1275 1647
9,000 1500 1859

10,000 1725 2079
11,000 1950 2340
12,000 - 2250 2682
13,000 2700 3164
14,000 ; 3225 3663
15,000 ' 3650 - - Liko
16,000 L0ooOo 4306
17,000 4250 A L4590
18,000 4650 , 4860
19,000 5000 5161
20,000 5300 5715
21,000 5750 : 5895
22,000 6500 6534
23,000 7400 7380
24 , 000 8700 8550
25,000 10750 10332
26,000 13400 12667
27,000 16750 15660
28,000 24500 22473
28,500 28000 25560
29,000 32750 29745

29,500 - 38000 31896



COMPRESSION TEST DATA
(ATMOSPHERIC ENVIRONMENT)

LOAD IONGITUDINAL STRAIN
(EXTENSO- - (STRAIN
METER) GAUGE)
(POUNDS ) (MICROINCHES /INCH)
, 0 0 o)
~ 1,000 1170 779
3,000 2000~ 1116
4,000 2170 1310
5,000 2500 1500
6,000 2730 1679
7,000 3200 1881
8,000 3430 2095
9,000 3830 2317
10,000 Loe6 2430
11,000 _ L66T 2700
12,000 6000 L4325
13,000 8830 8100
14,000 15300 16110
15,000 22300 23814
16,000 . 28670 290871
17,000 35000 . 35640
18,000 40000 L0010
19,000 44330 43686
21,000 52000 50616
22,000 55300 53550
23,000 58300 56219
24,000 60670 : 58815
25,000 63670 61484
26,000 66000 63716
27,000 68300 66029
28,000 70300 68220
29,000 72500 70438
30,000 TL46T70 72612
31,000 T66T0 T4511
32,000 78330 76289
33,000 80670 78026
34,000 82670 80042
35,000 84300 82310
26,000 86670 84344
3@,000 88670 86432
38,000 91000 88691
39,500 93670 92399
L1,000 98300 96350
42,000 101000 09865
43,000 105300 104306
44 , 000 109300 109725
L4 800 - 120033



COMPRESSION TEST DATA

(10,000 PSI. FLUID ENVIRONMENT)

T.OAD LONGITUDINAIL, STRAIN
(POUNDS ) (MICROINCHES /INCH) -
L ,600 0
5,000 279
6,000 504
7,000 TT4
8,000 968
9, 000 1134
10,000 1350
11,000 1521
12,000 1692
13,000 1881
14,000 2088
15,000 2354
16,000 2560
17,000 3100 -
18,000 5600
19,000 11025
20,000 18054
21,000 - 23598
22,000 28652
23,000 : o 31367
24,000 38664
25,000 ' Lo786
26,000 L5954
27,000 49050
28,000 52020
29,000 ‘ © 53995
30,000 57105
31,000 59454
32,000 62010
33,000 ) 63630
34,000 65493
35,000 67401
36,000 : 69L62
37,000 71577
38,000 73440
39,000 75375
Lo,000 77202
41,000 79245
42,000 ~ 81450
43,000 ' 83781
44,000 ‘ 86153
L5 . 000 88506
L6, 000 91026
47,000 93510
48,000 97110
419,000 101070
50,000 105390

49,600

107879
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COMPRESSION TEST DATA

(20,000 PSI. FLUID ENVIRONMENT)

55,400

140625

TOAD LONGITUDINAL STRAIN
(POUNDS) (MICROINCHES /INCH)
8,500 0
9,600 207
10,000 270
11,000 468
12,000 621
13,000 765
14,000 918
15,000 1089
16,000 1269
17,000 1470
18,000 1690
19,000 1990
20,000 2450
21,000 3890
22,000 8300
23,000 15800
24,000 23697
25, Q00 30015
27,000 39114
28,500 UU 775
29,000 L6260
30,000 49500
31,000 52425
32,000 54954
33,000 57618
34,000 59976
35,000 62055
36,000 64229
37,000 66300
38, 000: 68293
39,000 TOOT7T4
40,000 72081
L2,000 75870
43,000 77877
44,000 79965
L5 ,000 81990
46,000 84150
47,000 86805
48,500 90495
419,000. 91800
50, 000 94690
52,000 102285
53,000 107001
54,000 114570
55,000 123525
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COMPRESSION TEST DATA

(30,000 PSI. FLUID ENVIRONMENT)

LOAD LONGITUDINAIL STRAIN
(POUNDS) (MICROINCHES /INCH)
12,000 o)
16,000 324
18,000 630
20,000 990
21,000 1229
22,000 1400
23,000 1600
24,000 1860
25,000 2400
26,000 4150
27,000 T767
28,000 : 14180
29,000 20182
30,000 26289
31,000 31365
32,000 35550
33,000 39645
34,000 43038
35,000 46283
36,000 - 49500
37,000 _ 51975
38,000 | 54730
39,000 56939
40,000 59018
41,000 61200
42,000 63113
43,000 65205
44,000 67050
45,000 68904
L6,000 70704
47,000 T2531
48,000 T427T
49,000 76500
50,000 77904
51,000 79866
52,000 81518
53,000 : 83520
54,000 85770
55,000 87975
56, C00 90378
57,000 93150
58,000 96165
59,000 99203

€0 ,000 102285
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COMPRESSION TEST DATA
(40,000 PSI. FLUID ENVIRONMENT)

TLOAD LONGITUDINATL, STRAIN
(POUNDS) (MICROINCHES /INCH)
17,000 0
19, 000 135
20, 000 315
21,000 491
22,000 666
24,000 1035
25,000 1242
26,000 1427
27 , 000 1638
28, 000 1917
29, 000. 2360
30,000 3470
31,000 7858
32,000 13815
33,000 19665
34,000 25461
35, 000 30416
36,000 35208
37,000 39150
38,000 42615
Lo, 000 48600
41,000 50020
42,000 54900
43,000 56610
L4, 000 59063
45,000 61695
46,000 63765
47,000 65700
48,000 67590
50,000 71280
51,000 73080
52,000 74970
53,000 76835
54,000 TBT23
55,000 80703
56,000 82773
58,000 87300
59, 000 89910
60, 000 92394
61,000 95166
62,000 98262
63,000 101817
64,000 106335
65,000 110700

63,200

117540



COMPRESSION TEST DATA
(50,000 PSI. FLUID ENVIRONMENT)

LOAD LONGITUDINAL STRAIN
(POUNDS) (MICROINCHES /INCH)
22,200 0
24,000 320
25,000 Los
26,000 720
27,000 918
28, 000 1125
30,000 1512
31,000 1730
32,000 1980
33,000 2250
34,000 2490
35,000 3550
36,000 6791
37,000 12630
38,000 18400 -
39, 000 24030
Lo, 000 28728
41,000 33318
42,000 38763
43,000 42030
4L 000 45153
45,000 48285
L6,000 52668
L7, 000 56403

- 48,000 59553
49,000 61938
50, 000 63513
51,000 65178
52,000 66960
54,000 70830
55,000 72531
56,000 . 4547
57 , 000 76460
58,000 78390
59, 000 80388
60, 000 82296
61,000 84600
62,000 86850
64,000 91728
65,000 94608
66,000 97893
67 , 000 101898
68,000 106803
69, 000 114228
70,000 126000
70,900 148653
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