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" ABSTRACT
A length measurement system is described which can make abso-
lute iength change measurements of a meter long specimen within a
pressufe vessel (to pressures of 8 kbar) with a fractional error

8

of 3x10 ° even when changes in length of 4 cm occur. Possible uses

of such a system for measuring the volume thermal expansivity (at

"pressure) and the isothermal bulk modulus (at pressure) are des-

- cribed. Moreover it is noted that when this system is combined

with an ultrasonic velocity measurement system, the adiabatic

" bulk modulus (at pressure) and Gruneisen parameter as a function

of-pyessure can be directly determined and the absolute pressure

- itself can be measured. -
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Thus the isothermal bulk modulus

“tion

" * INTRODUCTION .

Blastlcally 1sotrop1c SOlldS and cublc crystals have a 11near
compressibility which is 1sotrop1c. Therefore ‘the change in leugth,

z,valong:one direction of such a solid specimen also yields the-

change in volume, V, since
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. can be measured by making length versus pressure, 2(P), measure-

ments. Similarly the volumetric thermal expansivity at pressure
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can be measured by making length versus temperature changes at

CODS tant pressure.

' 1
If the specific heat at atmospherlc pressure is Cp, then the

speoific heat at high pressures‘CP can be obtained from the rela-
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Here o is the: den51ty If the den51ty at atmospherlc pressure, pl,'

'.1s known, then p at pressure can be computed £from the: relatlon :

o pr® = pyay’e - )

. By combining'ultrasonic transit time measurement at pressure with

length measurzment at the same .-pressure, the adiabatic bulk modulus
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- Here T, is ‘the transit time for alongitudihal wave in a [111]di}ectionp\

- at‘pfessure can be obtained. Thus =~

"BS' = .02'2: "(. 1 '4-‘_-'_ .' 4‘2);. 3 S (e)

and

4

"f'fis'the transit time for a shear wave in the [100] direction.

The thermodynamic Gruneisen parameter is -
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Inasmuch as each of these quantities is measured at pressure as

pteviously described, Y(P) can be obtained. It is also possible to

use ‘the thermodynamic relation

T

8T - 85/(1a) = B/t (8)

to obtain y since BT, BS and 8 can be measured at a particular T

- and P. The accuracy of this method would not be good if BYT were

exceptlonally small, as for silicon at room temperature. However

for materials such as the alkali metals where BS and BT differ by

several percent (at room temperature) this method is applicable.
F1na11y, the absolute pressure is given by
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The quantity
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" can be evaluated as a function of g as previously des;ribed,‘ekcept

'for'CP where

 Cpl2) =-,c11, +f 3TB’ [(35/”)*5 ] de . (11)
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. Here we ‘note that 3T is contained in the integrand. While”BS,can
,be obtalned as.a- functlon of 2, as in Equatlon (6),_ ticannot
except by an iterative process.’ If the test spec1men is chosen
so that A is very small, then this iterative process works very
_ﬁell. The use-qf4this system to measure absolute preSsure‘ier~
described elsewhere.2 |
It is clear that a system capable of measuring length at high
pressures can be used in many ways. The measurement of length and
. of length change at pressure is not new. Brfdgman made macroscopic
length change type equation of state‘measurements for many solids
with the "reference iength" inside the pressure vessel.3 In this
case the reference length was a pure iron rod held parallel to the
length change spec1men and subJected to the same pressure and temp-
erature env1ronment as the specimen. The Telative length change
measurement was made within the pressure vessel by an electrlcal'
slidewire arrangment, with the relative length'changeimagnified by
_a-lever arrangement in seme cases. The equation of state of iron
. was used to calculate the reference length change, hence the ‘results
of these experlments are "relative to iron."

- . Brldgman s equation of state for iron was measured4 with the
pressure vessel wall as the "reference length." The dlsplacement
of an axially .located 1ron spec1men relative to the inner wall of
a. pressure: vessel was measured w1th an electrical slldew1re. Thls

erelative length change measurement was combined with the reference
:length change as observed by measuring the axial length change of

the pressure vessel wall near the out>Jde. The reglon of the

pressure vessel used for the reference length was restrlcted to




"the center of the vessel length te nininized"warping" effects
which would invalidate the assumed duplication of inner and outer
axial’displacements;"Rotter‘and-Smith5~have Shdwn‘qdite conclu- |

. sively that Brldgman s absolute iron data was in error.

The reference length can be made 1ndependent of specimen
'pressure by locating the reference length outside of the pressure
vessel. Hewever the relative lengthAchange measurement mnSt be
made between a specimen inside the pressure vessel andtthe refer-
ence length outside, requiring some form of displacement ceupiing

. . . Qa .I.
6 used glass windows in a

- through the pfeésure gradient. Ebert
pressure vessel and narks on the specimen to qptieally couple
displacements throngh the pressureAgradient.aASmith et a1.7_used

'beryllium windows and cast X-ray shadows of V-shaped grooves cut‘

8 used a nonmagnetic

near each end of a specimen. Reitzel et al.
stainless steel-pressure Vessel and observed the-displatement'of

a "magnetic marker" at the end of a specimen with a differential
transformer. Alllof these displacement coupling techniques allow
the reference length.tO'be independent of the piessufe acting

.on the specimen, and all ef them use_éome form of micrometer slide
-Er comparator te measnre the relative length change.‘

The present experimental technique is based on four criteria
designed to satisfy the requirements of hign pressure thermodynamic
measurements related to the previously mentioned applications. * The
design criteria are:. |

(1) The specimen41ength‘change measnrement should Be'abso]ute,

‘ ndt relative to some other material. Both ~ temperature

and pressure dependence cf the specimen length should be



measureable and absolute._
'2§f(21 The spec1men length,change measurement error should be ®
less'than or equal to 3x10 -8 215 and.the specimen initial
) lenéth measurement error should he less than or equal to
107° ¢ . . | |
',(3) The experimental envirenment.should be designed‘so that

| materials with linear thermal expansion coefficients as

larée as 2x107° cm/cm-° C can be used as specimens.

(4) The specimen environment'should be capable of a hydro-

static pressure of 8 kbar, and a temperature range of
at least 20°C. | | _

Two k1nds of macroscoplc reference lengths are available; solid
materlal lengths and opt1ca1 wavelengths. Both kinds are pressure
sensitive; the solid materials have elastic length changes, and
‘IOptical wavelengths change with index of refraction, which is a-
function of density, and so changes significantly with pressure
'for any optically transparent pressure media. Since neither an
~optical or solid reference length with the required length stability
has a function of pressure seems available, the present'design has
" the reference length out51de of the pressure vessel. Another ex-
perimental part of the A2 (T,P) measurement is measuring the relat1ve
length change between the specimen and reference length. ~ Assuming
-that the maximum length pressure vessel that one wishes to work’
with is about 1 meter, and that the maximum specimen length change

will be about .01 2, (calculated from P max S 8 kbar and B in >

300 kbars), the relatlve length change measurement must have 'a span
8

. of ‘at least 1-cm with an accuracy equal to or better than 3x10
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meters (=300 A). An optical interferometer has the required - - -

‘ .accuraEy'and can be made with a span greater than 1 cm.

" _DESCRIPTION OF APPAKATUS
- General -

The present sysfem,‘schematically shown in Figure 1, inciudes
‘a,stabilized laser vacuum wavelength exfernel to the pressure
vessel that is used both as aitemperature independent reference
length and as a standard wavelength for the relative length change
measurement interferometer. Displacement coupling through the
pressure gradient is accomplished by using magnetic cores'inside
nonmagnetic '“tails" of the pressure vessel (see Figure 2), endp
nulling on these markers with differential transformers.

A cylindrical specimen with a length between 103 and 109 cm
- is supperted on tne axis of a pressure vessel by longitudinal ball
bushings. Nonmagnetic extensions of the pressure vessel, made of
‘316 stainless steel tubing having a 12.7 mm O.D. and a 5.6 mm
I D., are ettached to the ends of the pressure vessel The neraging'
steel vessel has a 7.6 cm O D., a 1.75 cm I.D. and a length of
91 cm. The axially centered specimen extends beyond the ends of
the pressure vessel approx1mate1y seven centimeters 1nto each
nonmagnetic tail. | '

Linear variable differentiel transformers (LVDT's - Schaevijtz
: Englneerlng, Camden, New Jersey - Model 030X5-K) at atmospheric
: pressure surround the tails at each end of the specimen (see Figure

.2) and are used to 1nd1cate the axial p051t10n of the LVDT cores

- which are sprlng loaded agalnst each end of ‘the specimen.




" material with a maximum error of 1x10

- spring loading with an initial force of 1. 4x10

'”:'3;7-'

Dlsplacement coupllng 1nv01ves translat1ng the amb1ent pres-

'“h'sure LVDT's until ‘the LVDTs are nulled on the core centr01ds, and

repeating this process (for both specimen ends) each time a length .
change measurement is made. . | .

The core geometry used to minimize the speC1men end to core
centr01d dlstance is shown in Figure 3 and is called an H-shaped
core. These cores have been made with the web thickness as small

-4

as one-tenth millimeter (~10° 21). Assuming (design criterion 2)

that one wishes to measure length changes with an accuracy of

3x10° -8 L1s and that the '"composite specimen" length between core

(_centro1ds is 0. 9999 real specimen and 0.0001 cores, one should

either be able to predlct the absolute length change of the core
-4 of the initial core material
length and subtract both the initial core web length and its length

change, or one should know the relative length change between the

'specimen_material and the core material and subtract this relative

flength change from the length change measurement.

The H-shaped cores used are machined from Kovar rods and

annealed at 1090°C in a Hz‘atmosphere for one hour.9 . Since a

relatively 1naccurate equation of state for Kovar is needed the
ToOm pressure bulk modulus can be used to predlct the core length -

change Wlth suff1c1ent accuracy The approximation can be 1mproved.

by maklng the assumption that the pressure derivative of the bulk -

modulus is 5.5.

The core web is kept in contact with the spec1men end by

4 dynes (sprlng

compression of 1.3 cm at each specimer. end). This sprlng 1oad1ng
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'produces a total end to -end spec1men strain of 14x10 . 'cm/cm for an

"aluminum spec1men ‘Since. de51gn crlterlon 2 suggests length change
" accuracy of 3x10° -8 1, changes~in the !'spring loading strain'" should

be corrected for 1f the latter are of order 10 The force con-

rd

 stant k of the music wire spr1ng changes by 2% in the 8 kbar.

d2nk
oP

However the decreased length of the alumlnum spec1men combined with

pressure range ( ~ 2x10° /bar)10 and hence w111 be neglected
the increased length of the pressure vessel at 8 kbar will change
each spring compre351on by about 0 2 cm, whlch is about 2x10 -1 of
the initial ambient pressure compre551on.' The length change of
the pressure vessel and nonmagnetlc tails is measured w1th resis-
' tance sensors at each data point. Since the length change of the
specimen is measured during each data run, changes in specimen
strain caused by sprlng loading can be pred1cted within requlred
accurac1es. ' _ ' _

- Phase sensitire detection of the LVDT output (secondary differ-
:ence voltage) 1is prOV1ded by a h1gh1y modified version of a de51gn

11 s modified design uses a second "reference LVDT"

by Wobschall
'.w1th the same prlmary current as the‘"spec1men LVDT" and with a
fixed position core off null to provide a_phase reference used to
phase detect the specimen LVDT output. Output sensitivity with
H-shaped Kovar cores is shown in Figure 4.

Consider: ‘two planes perpendlcular to the specimen ax1s con-

talnlng the LVDT core centroids and the 1nterferometer m1rror Te-
-flecting surfaces. These coup11ng planes are in the center of 2.5

" em thick inver plates (see Figures 5 and 6). The specimen LVDTs

" are clamped near the bottom of these plates with their axial centers



in the coupling planes; The‘interferometer mlrrors‘must have two
'angular degrees" of freedom in- order to make the two 1nterferometer
mirrors approx1mately parallel and create a fringe pattern; The -
mechanlcal arrangement used to allow mirror adjustment while main-
taining coupling plane coincidence with‘the reflecting mirror sure
face is shown in Figure 6 and consists of a three point spring-
loaded support of the lnterferometer mirror holder. The coupling
plate, interferometer mirror holder, and the three support scTews
are made of Invar with a linear expansion coeff1c1ent of 1x10 -6
cm/cm-OC, Assuming a maximum temperature range of #10°C and that
the maximum coupling error should be‘10-8 215 the LVDT core centroid
and the interferometer mirror reflecting surface should be coincident
- with the coupling plane within a total error of 1 mm. |

The mechanical configuration used to.monnt the coupling plate
consiste of ball bushing.shafts and linear adjustable ball bushings.
| The 3.8 cm diameter ball bushing shafts are supported at three
. points by aluminum support brackets. All three -brackets are clamped
- ‘to the vessel however only the center bracket is clamped to the
ball bushlng shafts to eliminate bending of these rods when the
vessel lengthens due to internal pressure. The areas of the vessel

in contact with the clamps were ground after heat treatment to insure
that the three cylindrical surfaces were on a common support axis.
Three adjhstable ball bushings mounted in blocks translate on
' each shaft} Composite beams made up of an L member and stiffener
.mount on the ball bushing blocks. These two L member beams-snpport
the two coupling plates and can be 1ndependent1y axially translated

to produce LVDlrnulls at each end of the specimen. (For details, see




1x10

Reference 12)

Since the spec1men Length change can be as much as Z cm

Azwf tﬁe LVDT'nulI sensitivity'is.about 100 A, the coupling planes
*‘must.be-capable of translatrons at least as large as 1 cm with

- #m adjustment capability im the 100 A range This is prov1ded by

usimg three modes of translation adjustment in series. Large

0% em - v6-mm)/min]and intermediate [(.3 mm -'103 K)/sec]

translations are provided by'motor'drlven micrometers. -Small

. translations («,104 A with <100 A adJustment capab111ty) are pro-

- duced by ceramic piezcelectric wafers.

ﬁhese three translatron production devices are mounted in a

. translation stage wh1ChprQVLdesre1at1ve motion between ‘a ball

mounted on the L member strffener and the aluminum 011 bath frame.

Design criterion Z requires reference length stability of about

‘g'cm/cm. Therefore the helium-neon single mode laser (Spectra

Physics 119) used to generate the interferometer wavelength must
13

be referenced to the center of the Lamb dip™~, and the interfero-

ﬁeter‘path length index of refraction should be stabilized or

.known to better than leﬁ-g. The block diagram of the interferometer

| system is shown in Figure 7. Thevlaser output wavelength is manually

. - .- ° ° .
adjusted to better than 1x10 8 A/A of the Lamb dip minimum for each

data point by modulating the laser wavelength by il.leO-7 K/K_and

- displaying laser power (Vertlcal) versus modulatlon signal (horizon-

‘tal) on an X-Y oscilloscope. 14 This technique avoids uncertalnty

due to Lamb dlg distortion caused by optical feedback from the
interferometer to the laser. The 1nterferometer path is kept at

a pressure of the order of tens of microns. This pressure is




1
]
]

|

«t

.-11-A

- recorded for each data point, and corrections are applied for the

effect‘on the interferometer wavelength of the non-zero pressure.

In order to minimize thermal and v1brat10na1 coupling to the experi-

ment, the Vacuum system is pumped down to about 1 mlcron and then

is isolated before a data run is started. - - S

The interfercmeter beam diameter of 4 mm is defined by the

- laser output telescope and the beam divergence (0.2 milliradians).

The interferometer beams reflected from mirror B and mirror A (see

Figure 7) combine into a fringe pattern beam which is reflected

- from the beam splitter and passes through a divergent lens, resulting

in a fringe pattern image diameter near to 20 mm. The fringe spac-

ing f ranges from 0.0 mm (optics not aligned) to a maximum spacing

of about 3 mm. The adjustable beam‘splitter mount translates the
frlnge pattern relative  to two solid state photodiodes (Hewlett-
Packard Model 4205), mounted with a center to center distance of
2.5 mm. The small optically active d1ameter (0.6 mm 1nc1ud1ng lens

_effect) and small optical acceptance angle (near #20° from optic

~axis .of diode) eliminate the need for slit arrangments and shielding

from room lights when the thermal insulation is removed.

The two photodetector amplifier outputs act as inputs to both

-a rever51b1e counter and an X-Y - osc1lloscope equ1pped with a polar

coordinate graticule which allows measurement of the fringe motion
<«

to 1/40 of theTfringe spacing. The integral part of the fringe

count output, representing one-quarter fringes, is read from the

‘nixie-tube output of the reversible counter, and the decimal inter-

polation is read from the location of the fringe trace on the polar .

‘coordinates of the oscilloscope graticule.
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-flThe ceerse motion rate of the.remote tfanslation control

vf(0i6 mm/min) corresponds to aboﬁt 35 fringes/sec. prevef, the
frequency responee of'the photodeteetor amplifiers and reversible
counter system should be much higher tﬁén 35 hz to allow for vibra-
‘tion and shock induced motien. The photodetector amplifiers have

a high'frequency cutoff of 70 khz. The high frequency eutoff for
'the‘oscilloscope and counter inputs has been lowefed to 0.5 kthto.
avoid countlng electrlcal transients. ” This 0.5 khe freduency Te- .
sponse has been adequate to handle shock (from slammlng doors, jump-
' ing on floor, pounding fls; on table, etc.) and vibration (typically |

less than 100 hz) induced fringe motion.

" Measurement of initial specimen length -

The'initial‘specimen length (ll(Tl,Pl)) measurement technique
.usesan.inte;mediape reference length which is located parallel to.
the specimen axis. One end of the intermediate reference length is
magnetically clamped to an invar coupling plate. The second end
has'an attached LVDT core located on the axis of an LVDT mounted -
in the‘seeond invar coupling plate. This intermediate reference
length can be left in position all the time, while either a’ standard
length or a-specimen is placed on the specimen axis. An 21(T1,Pi)_
measurement proceeds as follows: | ‘

(1) P051t10n a standard length W1th a known dlstance between

- LVDT core centroids in place of the spec1men
- (2) Tranalate both coupling planes to produce LVDT nulls at
each end of thelstandard length.
(3) Tfanslate one coupling plane'to produce'an'LVDT null

on the intermediate reference’ length core, using the.




. =13-

C oA

A iﬁterferohetef to, measure this dispiacement. .
. (4)‘:Repiace the standard length with the specimen'and its
" .LVDT cores and produce the Tl; Pl,specimen'environment
'twithout worrying about disturbing the interferometer
:'fringe couﬁt--indged weeks cquld elapse between steps |
‘ 'l.to 3 and step 5). | | ’
(5) .Procegd backwards through steps 1 to 3, resulting in
| a measurement of the differenﬁe in length betweén the

specimen and the standard (known) length, and hence 21

The %] measurement error is principally limited by the length
stability of the standard length and the intermediate reference
length, and the error in measuring the core centroid to core

centroid distance of the standard length.

Temperature Control and Measurement

The 1 meter long specimen is located on the axis of the pressure

vessel, partiélly thermally isolated from an oil bath by the pressure.
- medium, the maraging steel pressure vessel, and the thermal inter-

faces of the vessel with the pressure medium and the vessel surround-

ings. The thermal time constant between the specimeﬁ and the oil

" bath is 28 minutes, resulting in a thefmal-filtering of rapid oil

bath temperature changes.' Although some "A.C." may be present in

‘the o0il bath temperature,‘the "D.C." Lefel must be maintained to .

accuracies or nearly 1 m°C for periods of about one week to maintain
the desired specimen temperature stability;

The design chosen to satisfy these requirements was a recir-.

‘culating oil bath where  the thermal inputs of heater power and

viscous heating are balanced by a cooling heat exchanger and
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ambiept leakége, reéditing in an adiabatie 0il flow. See Figure 8.
Temperature -control is achieved by sensing oil temperature as oil
enters the bathland proportionally cohtrolling the heater power

- to maintain constant oil temperature.

A;typieal thermal balance is:

Heater Power

“PH =+ i6 watts
Viscous Heating Power Pv - +.47 ﬁatts
‘Ambient Leakage Power PL = - ZS'watts
Cooler Power - PC.= - 38 watts

where PH + PV + PL + PC =0 watté, the total thermai wattage to
the oil. o |
The temperature control of the eii at the sensing peint can
only be as stable in time as the temperature sensor stability.
Since the design cr1ter1a call for long term (1 week) stability

of 1 m°C platlnum resistance temperature sensors were used. 15

A temperature sensitive bridge12 using two platinum Sensors
~(Rosemount-Mode1 134MA-16) and two low temperature coefficient:
switch selected resistors is used to control the oil heater power.
The swit;h selectable null temperatures ranges from 27°C to 55°C
in steps of about 0.25°C. Separate platinum sensors located in
the 011 bath near each end of the pressure vessel are used to
measure the spec1men temperature. The cooling water and amblent
air are temperature'controlled to accuracies of #0.05°C and #C.2°C

-respectively;
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DISCUSSION OF RESULTS

Two length measurements are used to define the relative length
. . . : ‘ ,
T one is the specimen length change a%(T,P), the other is the

initial sﬁecimén length measurement zl(Tl,Pl). The largest con-
~ tribution to an %, error is the uncertainty in absolute length
of the standard length rods and time stability of the reference -

length rod. These effects create an uncertainty of about

> 21 in the %; measurment, contributing a systematic error
to,21/1 of about tl,leO-sg However, since we are interested in

+1,.5x10

félative changes in 21/2, this systematic error is not serious.
The A% (T,P) measurement inclﬁdes both syétematic and random
'sources of error. Assuming that the random sources of error are
préssufe and temperature independent, random effects can be eval-
uated by replication of a number of measurements during a length
stability rﬁn at constant pressure and temperature. including as
" random error sources nulling both LVDTs, translating both coupiing
planes, random interferometer errors, and average specimen temper-

ature fluctuations, the standard deviation has been measured

o
A2
by monitorihg the specimen length every 20 minutes for a period of 24

hours using the LVDTs, the interferometer, the temperature control
system, and moving each coupling plane (at least 103 counts)_béfore

each measurement. The standard deviation of the 73 measurements

8

is 0,, = 1.9x10° 21 (pressure and temperature equivalents for.

‘this strain of an. aluminum specimen are 0.04‘bar or 0.8mC). A

8

~ systematic difference of 4x10° 2, was observed between data points

taken after the coupling planes were‘translated toward each otker
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and after.the:coupling plénes were_translated away from each other.
‘Because of this hysteresis, all data polnfs have been taken after
'tne coupling planés have been tranélated toward each,ofher by at k
least 103 counts. o

~ Now consider poss1b1e sources of systemat1c error in the
AE(T,P) measurement. Three of these have been discussed prev1ously
They'are the LVDT core length correction, the spring loading length
correction, and the vacuum leak correction to the laSer'wavelength.
These systematlc errors have predlctable effects on A¢(T,P), and
approprlate corrections have been applied. | .

'The least well evaluated possible systematic error in the
length chanée measurement is du¢ to a possible systematic tilting
of the coupling planes as'the coupling planes are translated along
the speéimen axis. This possible systemétic error can at least
bé bounded’by considering the effect of a rotation of a coupling
:plate (and.interférometer feflector) on the observed fringe pattern,

'ObServing that translating the coupling plates. 5 cm (which is
fuéreater than 15 times the maximum Al‘for Pnax < 8 kban and BT >

800 kbar) produces 1éss of an effect on the fringe circle than.O.lg
'of a turn of the mirror angular adJustment knob and that 0.1 of a

> radians of angular mirror mot1on,

~ the systematlc coupling plane rotatlon error is less than 2x10 6 21

turn corresponds to nearly 2x10

for A2 =5 cm. For a reasonable AL (0 cm for alumlnum) the
possible systematic error limit should be 1less than 2x10 -7 2y~ A
- design modification that would eliminate this p9551b1e systematic‘
error would be to use a "double interferometer configuration",

with laser beamns equally spéced above and below the specimen’axis.

N L
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In this'case.tiiting.of the'coupling planes would'lengthen one beam -
» and.shorten,the other. The spec1men length change would be calculated
from the average fringe count change of the two 1nterferometers.
Figure 9 shows the approach to equ111br1um after a pressure
change'from near 1.5 kbar to near 2.0 kbar. The dotted line shows
the (manganin gauge) measured pressure (relativeito equilibrium)
as a function of time. ‘The dashed lineirepresents a calculated
-.specimen length approach to eouilibrium assuming that the specimen
' temperature~is constant and the specimen length is only‘a function
of the measured pressure.' The soiid line represents the measured
specimen length as it approaches equilibrium. |
. The difference in strain between the solid line and the dashed
line represents the specimen strain due to the temperature tran51ent
associated with the partly adiabatic compression of the hexane.'

-7 cm/cm approximately 30 minutes after

- This strain is about 2.3x10
pthe pressure change, implying a 10 m°C thermal effect approximately
30 minutes after the pressure change. During a length versus :

pressure measurement at constant temperature the approach to
equilibrium ‘is monitored at about 15 minute intervals with the final
data usually taken over 2 hours after the. pressure change

A stabillty run at 5 kbars was designed to measure ‘the pres-

'.sure .loss rate due to leaks in the pressure system. No pressure

loss was notlceable in a 24 hour period, implying a pressure 1oss
rate less than 0.2 bar/day at 5 kbars. |

At the present time Al (polycrystalline, commercial alloy

6061-T6) and Si (single crystal, resistivity a1 Q-cm) have beer.

used as specimens. The aluminum specimen, chosen primarily for




|
|
|
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its high thermal expansion coefficient, demonstrated the-average

- specimen temperature stability achieved, but suffered from length

: hystere31s with pressure cycling. Length change data: was taken.

1n the pressure range of 0. 001 to 5 kbar, spec1men length hystere-

sis of about -4x10 -6 %, was observed (the negatlve sign 1nd1cates

that the specimen length was shorter after the pressure-cycle).

The specimen was exposed five times to 7.3 kbar and again length

change data was taken in the 0.001 to 5 kbar range. The specimen

length hysteresis decreased to -1)(10'6 21.

After con51der1ng a model of spherical v01ds in an infinite
sphere sub)ected to a pressure P, and notlng ‘that plastic yielding

3
(about 3 kbars for this aluminum -alloy), pressure runs were

occurs for P> Z S where o is the yield stress of the solid

limited to Pmax = 2 kbars. Length change data was taken in the

pressure range of 0.001 to 2 kbar, resulting in;a specimen lengtn
hysteresis of +1x1077 2 - |

It was felt that the 0-2 kbar aluminum hysteresis might be

due to dislocation generation near elastic inhomogenities (grairn

boundaries”or precipifated'second phase). A 106 cm long single

crystal of Si (purchased from Texas Instruments, Inc.) was

_spark cut and chemically etched to the appropriate specimen geo-

metery. ‘Length change data taken in the pressure range 0.001 to -
7.5 kbar and then curve fit to expected functional forms indicates

that the initial atmospher1c data point is typlcally in error by

-7

1x10 21, with the approx1mately 15 rema1n1ng data points hav1ng'

-8

‘a standard error of 3x10° 2, from the two or three adjustable

parameter functional form.
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 Further discussion of the Si results will be given in a subsequent

. paper.

Using the manganin géﬁge calibrated by Ruoff, Lincoln and

Chen,2 we obtained from the present length measurement an isothermal

" bulk modulus of polycrystalline 6061-T6 aluminum at ZzeTo pressure

. . - "
of Bz = 0.7248 + 0.001 Mbars and the pressure derivative of Bz =

4,77 *+ 0.08. This is to be cbmpared with the values of 0.7292 *
0,0010 Mbars and 5.15 # 0.14 obtained ﬁltrasonically-by.Ho'and
-Ruoff16 on single pure crystals aﬁd of 0.717 Mbars and 4.96 obtained

by Ho and Ruoff1® from the shock data of Munson and Barker®’ on

- polycrystalline 6061-T6 aluminum..
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 FIGURE LEGENDS

Schematic of length measurement system.

1) Laser path vacuunm bellows.
*2) Laser beams. :
3) Interferometer mirrors. S
4)  Coupling plates. Mirrors and LVDT's are mounted
on these plates which move longitudinally .on two
longitudinal shafts located behind and in front
of pressure vessel. :
. §5) LVDT's ' S
6) Pressure vessel (schematic). . Actually the magnetic
core is located within nonmagnetic ''tails" of reduced
diameter on the ends of the vessel.
7) Specimen (schematic).
8) LVDT cores.
Assembly view of nonmagnetic tail with LVDT and portion
of specimen. :
1) Specimen. ~
2) Ball bushing support for specimen.
3) Portion of specimen supported by ball bushing.
4) Bridgman seal-mushroomn. A :
5) Bridgman seal - Indium ring.
6) Bridgman seal - Miter ring (one of four)
7) Bridgman seal - Thrust collar.
8) Bridgman seal - Thrust nut.
9) Bridgman stem - (12.7 mm O.D. by 5.6 mm I D. - 316
stainless steel high préssure tubing).
10) Bridgman seal - Extractor clamp.
11) Linear variable differential transformer (LVDT)
12) LVDT positioning ball.
13) LVDT core ("H" shape core).
14) LVDT core retaining spring.
15) Gland nut for connector.
16) Tuning collar for connector.
17) Tubing connector.
18) End plug.
'H-shaped core. i o S

Displacement coupling sen51t1V1ty with H-shaped Kovar
core located on the axis of 12.7 mm O.D. by 5.6 mm I.D.
stainless steel tubing with LVDT outside the tubing.




: Figure.s:

Figure 6:

 Figure 7:

Figure 8:

Figure 9:
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 Partial side view of‘coupling plate (6ne of two.

_-shafts on which plate moves along axis of specimen
is shown as item 9 in Figure 6). - . ¥
Photograph of coupling piate.

i) "L" member. |

2) "L" member stiffener.

3) Nonmagnetic tail.

4) Specimen LVDT.

5) Coupling plate. .
6) Mirror angular adjustment knobs.
7) Mirror angular adjustment screws.
8) Ball bushing shaft support.

© 9) Ball bushing shaft.’

10) Ball bushing block. )
Interferometer system.

Temperature control system.
Approach to equilibrium after a pressure change.

The difference between the dashed line (calculated
specimen strain due only to the observed pressure
transient) and the solid line (observed specimen
strain) represents the specimen strain caused by
the temperature transient associated with the
sudden 1.5 kbar to 2.0 kbar pressure change.
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