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Stirling cryogenerators with linear drive

F. Stolfi and A. K. de Jonge

In 1864 Alexander Carnegie Kirk, a Scotsman, built a cryogenerator based on the Stirling
cycle. Kirk’s machine worked day and night for a period of ten years [*1. The references do
not indicate whether worn parts were replaced during that period, but it is probably safe to
assume that this was the case. Most mechanical devices, regardiess of how ruggedly they are
designed, eventually wear out. The Stirling cryogenerator developed by Philips Laboratories
at Briarcliff Manor, U.S.A., however, is entirely free of mechanical wear. This special charac-
teristic was achieved with the use of magnetic bearings and a linear drive. There is absolutely
no contact between the internal moving parts and the walls of the working space. The minia-
ture cryogenerators developed by Philips USFA B.V. also have a linear drive. In these mach-
ines the piston and displacer do come in contact with the walls of the working space via seals
made of a special reinforced plastic with good sliding properties.

Introduction

Philips researchers investigated the usé of the Stir-
ling cycle for the generation of cold at cryogenic tem-
peratures as long ago as the fifties [11, This research
resulted in the well-known Philips cryogenerators,
which have been manufactured for many years and
are used for the laboratory and factory production of
liquid nitrogen, for example. In addition to the need
for these industrial machines, there is also a demand
for much smaller machines to cool detectors and elec-
tronic circuits.

In a Stirling cryogenerator, a piston and a displacer
reciprocatein a space filled with a working gas, usually
helium. To understand how the piston and displacer
have to move with respect to each other, we will first
describe the basic operating principles of the Stirling
refrigeration cycle. In this process, a quantity of
helium in the working space of the machine goes
through a thermodynamic cycle with four distinct

stages, see fig. la: compression at room temperature
(I), cooling to operating (cold) temperature (I7), ex-
pansion at operating temperature (/I7) and, finally,
reheating to room temperature (/). The desired refri-
geration occurs during the expansion of the working
gas in stage II1.

The working gas is forced to go through this cycle
by the reciprocating movements of the piston P and
the displacer D, as indicated in fig. 15. The piston first
compresses the gas and then allows it to expand. The
displacer transfers the gas from the compression space

*— i.e. the room-temperature volume between the pis-

ton and the displacer — to the expansion space — the
(cold) operating-temperature volume above the dis-
placer. Twice in a cycle the gas is forced through the
regenerator, which, in the cryogenerators described in
this article, is part of the displacer. The regenerator,
often referred to as the ‘heart’ of the Stirling cycle,
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[*I R. Thévenot, A history of refrigeration throughout the world,
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refrigerating machine, Philips Tech. Rev. 16, 69-78, 1954.
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consists of porous materials (copper chips or copper
gauze, for example) possessing a high heat capacity
and a large heat-transferring surface. When flowing
through the regenerator, the gas is alternately cooled
and reheated by giving off and absorbing the quantity
of heat Q.. The work performed on the gas in the
nearly isothermal compression is dissipated to the
environment as heat Q. in a cooler or heat exchanger.
The work performed by the gas during the nearly
isothermal expansion is drawn from the environment
as heat Q.. As a result, the temperature of the upper
wall of the working space — referred to as the ‘cold
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Fig. 1. @) Pressure and volume variations in the ideal Stirling cycle
(p-V diagram). In the isothérmal compression at temperature T¢
(phase I) a quantity of heat Q. is removed from the working gas;
the amount Q. is absorbed by the gas-during the isothermal expan-
sion at temperature T, in phase III. In the isochorous (equal-
volume) cooling phase /7 the heat Q; is stored in the regenerator; it
is reabsorbed by the gas in the isochorous phase IV. b) Position of
the piston P and the displacer D, with integrated regenerator, in the
working space at the points 1-4 in (@). The phases I-IV aré indi-
cated. The temperature distribution along the working-space wall is
shown schematically on the right; the temperature-gradient moves
up and down with the regenerator inside the displacer. ¢) The posi-
tions of piston and displacer plotted as a function of time. Their
movements can be approximated by simple harmonic motions
(dotted lines) that are about /2 out of phase. :
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head’ or the ‘cold finger’ — is lowered significantly.
The temperature curve over the longitudinal direction
of the working space is shown schematically on the
right-hand side of fig. 1b.

The idealized motion of the piston and displacer,
illustrated in fig. lc, is approximated by simple har-
monic motion in the cryogenerators discussed in this
article. As can be seen from the figure, the motion of
the displacer must be approximately a quarter period
ahead of the motion of the piston (corresponding to a
phase difference of approximately 7/2).

In conventional Stirling cryogenerators the piston
and displacer are mechanically driven. A crankshaft
mechanism is usually employed, but in special appli-
cations a rhombic drive is used [2]; this special form
of the crankshaft mechanism had earlier been used in
the Stirling engine. The advantage of such mechanical
approaches is that the motions of the piston and dis-
placer are accurately determined, so that there is no
possibility of collisions. The rhombic drive has the
added advantage that the moving-mass forces are
balanced. There are several disadvantages: the mech-
anism is even more complicated than that of a com-
bustion engine; it is difficult to seal the working space
hermetically; and, at least in the case of the con-
ventional crankshaft mechanism, side forces are
exerted on the walls of the working space. This last
effect causes significant wear unless the piston and the
displacer are lubricated. Such lubricants are undesir-
able because their outgassing products mix with the
working gas.

These problems can be avoided by driving both the
reciprocating piston and the displacer directly, i.e.
without having to convert rotary motion into recipro-
cating motion. To accomplish this, linear electric
motors can be used; these are to some extent com-
parable with the drive of a loudspeaker cone. 1t is also
possible to allow the displacer to move freely and
drive only the piston. In this case, the displacer is con-
nectedto the housing by a helical spring and the work-
ing gas, in passing through the regenerator, produces
a small force which drives the displacer. Since there is
only a small difference between the resonant frequency
of the displacer and the operating frequency of the
piston the displacer mass-spring system is driven to
large amplitude. The resonant displacer design with
one motor is much simpler, but is not as flexible as the
double linear-motor approach since it requires careful
attention to gas flow, to the displacer mass and to the
spring constant of the helical spring. The development
work for translating both concepts into practice was
carried out at two locations within Philips and has led
to two cryogenerator designs; both are discussed in
this article.
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A Stirling cryogenerator capable of producing 5 W
of refrigeration at a temperature of 65 K has been
developed at Philips Laboratories at Briarcliff Manor
in the United States. This machine, which will hence-
forth be referred to as the Briarcliff cryogenerator, was
designed for NASA (National Aeronautics and Space
Administration); its intended use is the cooling of
infrared detectors in satellites. To be ‘spaceworthy’,
the cryogenerator must be capable of operating con-
tinuously for a minimum of five years without mainte-
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The piston and the displacer are each driven by a
linear electric motor, so that only electrical power
needs to be supplied to the machine, which can there-
fore be sealed hermetically. The amplitude of both
movements, the associated phase difference and the
operating frequency are regulated by an electronic con-
trol system. The most important operating parameters
of the cryogenerator can therefore be varied within
a comparatively wide range. This also makes the
machine very suitable for experimentally optimizing
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Fig. 2. Prototype of the Stirling cryogenerator that has been developed by Philips Laboratories
at Briarcliff Manor, U.S.A. The machine produces 5 W of refrigeration at a temperature of 65 K.
It is intended for cooling infrared detectors in satellites. The coldest part of the machine is on the
left; the vibration absorber is on the right. The total length of the cryogenerator is about 100 cm.

nance. This requirement appears to have been satis-
fied by eliminating all mechanical contact between the
moving parts of the machine and the adjoining walls
of the working space. This contactless operation has
been achieved by ‘levitating’ the piston and the dis-
placer magnetically — to our knowledge the first time
magnetic bearings have been used for reciprocating
motions in a machine. The bearing system is fully
‘active’; i.e. for all degrees of freedom control loops
have been used. This configuration, which does not
have permanent magnets, is comparatively complex,
requiring position sensors, electromagnets, and an
electronic control system, but it yields a high stiffness.
In addition to providing support, the magnetic bear-
ings allow the annular slits around the displacer and
the piston to be extremely narrow. These annular slits
form a clearance seal so that no contact seals, i.e. no
wearing parts, are needed and lubrication is com-
pletely eliminated.

the parameters of motion for the Stirling refrigeration
cycle or for operating the cryogenerator at a different
cooling power or at different temperatures.

The use of magnetic bearings and the direct-drive
linear motors means that the life and reliability of this
cryogenerator depend solely on the reliability of elec-
tronic circuits. The prototype of this machine, shown
in fig. 2, has already worked continuously for more
than a year and a half without maintenance and with-
out any deterioration in its cooling power or opera-
ting temperature. As a result of this project and of as-
sociated tasks [3] Philips Laboratories in the United
States have acquired considerable experience with
reciprocating magnetic bearings. Wider application of

21 R. J. Meijer, The Philips hot-gas engine with rhombic drive
mechanism, Philips Tech. Rev. 20, 245-262, 1958/59;
A. Daniels and F. K. du Pré, Miniature refrigerators for elec-
tronic devices, Philips Tech. Rev. 32, 49-56, 1971.

181 R. L. Maresca, An integrated magnetic actuator and sensor
for use in linear or rotary magnetic bearings, I[EEE Trans.
MAG-19, 2094-2096, 1983.
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Fig. 3. One of the six different types of miniature Stirling cryo-
generators with cooling capacities of 0.25to 1 W at 80 K, which are
in production at Philips USFA B.V. in Eindhoven. The ‘cold finger’
diameter of the cryogenerator depicted here is about 7 mm; for the
smallest machine of the series the diameter is 5 mm, for the largest
it is 10 mm. The expansion section (left) and compression section
(right) are separated for easy integration in existing installations.
The height of the compression section is only 13 cm. The cryogene-
rators are intended for cooling components such as detectors, lasers
or electronic devices, and are hermetically sealed for life (at least
2500 hours). The compression section is provided with a vibration
absorber.

these bearings — possibly in projects for third par-
ties — is now practical (4],

The second subject of this article is a cryogenerator
for an entirely different field of application. This
machine has been developed by Philips USFA B.V. in
Eindhoven. A series of six different types is produced,
with cooling powers ranging from 0.25 to 1 W, at a
cold-finger temperature of 80 K, see fig. 3. The diam-
eter of the smallest displacer is slightly less than 5 mm,
that of the largest displacer is about 10 mm. The USFA
machine is intended for cooling detectors, lasers and
electronic components and for other terrestrial appli-
cations. A special feature is that the compression and
expansion take place in separate compartments. Both
spaces are interconnected by a thin tube, 300 mm long
and with a diameter of 2.4 mm. As a result, the cryo-
generator can easily be integrated into any existing
electronic or physical installation. The machine is her-
metically sealed by welding to completely contain the
working gas. The piston is driven by a linear electric
motor; as noted earlier, the free moving displacer is
connected by a helical spring to the wall of the working
space. Since the resonant frequency of the displacer
system is about 1.25 times the supply frequency, there
is a phase difference between the simple harmonic
motions of the piston and the displacer. At a phase
angle of ©/2, which gives the largest cold production in
crank-driven machines, the displacer amplitude would
be virtually zero. For this reason a phase difference of
approximately n/4 has been chosen as a compromise.
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The support and the sealing of both the piston and
displacer are provided by rings of reinforced PTFE
(polytetrafluorethene), which combines good sliding
properties with low wear and, in addition, requires no
lubrication. As a result of this the average life of the
machine is approximately 5000 hours, with a guaran-
teed minimum of 2500 hours. lts simpler design makes
it relatively inexpensive to manufacture.

In what follows we shall first deal with the theory of
Stirling cryogenerators with simple harmonic linear
motions, and then discuss the two cryogenerators in
more detail.

Theoretical background

We shall first derive an expression for the theoretical
cold production P, of a Stirling machine assuming
simple harmonic piston and displacer motions. This
cold production is equal to the work which is trans-
mitted by the gas to the displacer per second in the
expansion space and which must be drawn from the
environment. We find:

w
P, — -fpdVe, (1
2n

where w = 2nf, with fthe operating frequency of the
linear electric motor for the piston, p the pressure in
the expansion and compression spaces and V. the
volume of the expansion space. Disregarding the flow
losses, p is only a function of the displacements x of
the displacer and y of the piston, so that we have:

P =pPm+ CrXcoswt+ C,ycos(wt —¢), (2)

where pp, is the average pressure of the working gas,
C. and C, are approximately constant, £ and y the
amplitudes of the displacer and piston movements, ¢
time and ¢ is the phase angle between the simple har-
monic motions of the piston and the displacer. By
substituting (2) in (1) we find:

P.= - ;wGRPSysing, ?3)

where Sy is the surface area of the displacer perpendi-
cular to the direction of motion. If the parameters of
motion of the piston and the displacer can be selected
independently, as in the case of mechanically driven
machines and in the Briarcliff cryogenerator, then P
is at a maximum when ¢ = /2. This has already been
demonstrated with the aid of fig. 1.

In the case of the USFA cryogenerator the phase
angle ¢ and the displacer amplitude X are determined
by the dynamic properties of the mass-spring system
(the displacer with the helical spring), which is driven
by the working gas. Both the phase angle and the
amplitude depend on the difference between the reso-
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nant frequency of this mass-spring system and the
frequency f of the piston. In order to calculate the
optimuim phase angle for the USFA machine we must
first formulate the equation of motion for the dis-
placer [51:

MgX +ApSy+ Crsx =0, €]

where My is the mass of the displacer, Ap the differ-
ence in pressure across the displacer — with flow
losses now being taken into account — and Cys the
spring constant of the helical spring.

The pressure difference A p is a function of the velo-
cities ¥ and y of the displacer and the piston and can
be expressed as

Ap=Cyax+ Cpy, (%)

in which Cq4 and C, are approximately constant.
After substituting (5) into (4), with x=%cosw¢ and
y=Jcos(wt— ¢), we find
Ma(w? — wq?) R coswt + Cy Sq w Rsinwt =

— Cp Sqa w ysin(wt — ¢), (6)
where wg = (Chs/My)*® is equal to the angular reso-
nant frequency of the displacer mass-spring system.

From equation (6) the following expressions for the
phase angle and displacer amplitude are derived:

My(wd? — w?)

t =, 7
an¢ CaSaco (N
and
Cp
£=-"29cosg. 8
£ Cdyco¢ ®

From (7) it follows that ¢ = 0 if wgq = w, i.e. if the
resonant frequency of the displacer is equal to the
supply frequency. From (3) it follows that the cold
production is then equal to zero. Cold production is
also zero if ¢ = /2, since from (8) the amplitude of
the displacer is then equal to zero.

If we substitute (8) in (3) we obtain:

c .
P, = —-4—-wy sin2¢,

where C = C,C;,Sq/Ca. The theoretical cold produc-
tion of the USFA machine therefore has a maximum
at ¢ = n/4, and is thus equal to -

c .
Pc,max = - Twﬁz (9)

z

The USFA crybgenerator

A cross-section of the USFA cryogenerator is shown
in fig. 4. The division of the generator into a compres-
sion $section and an expansion section can be clearly

2
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seen. The piston is connected to a motor coil; the cur-
rent to this coil is supplied via flexible copper wires, as
in a loudspeaker. The coil is located in a narrow ‘air
gap’, in which a magnetic field is generated by an
annular permanent magnet. The piston and the ‘gas
spring’ of compression along with a mechanical spring
connected to the housing together form a mass-spring
system. (The mechanical spring also centers the piston
under gravity.) Calculations show that the highest effi-
ciency of the linear motor is obtained if this mgiés-
spring system is in resonance at the operating fre-
quency, i.e. if there is a phase difference of n/2 be-
tween the alternating current through the motor coil
and the simple harmonic motion of the piston. From
(3) it follows that the cold production is proportional
to the frequency of the supply voltage. The square of
the piston resonant frequency, for given parameters

PS
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Fig. 4. Longitudinal cross-section of the USFA cryogenerator with
compression section on the left and expansion section on the upper
right. (The vibration absorber is not shown.) P piston. D displacer
with regenerator. PS helical spring for piston. PM annular per-
manent magnet. MC motor coil. CS compression space. CT con-
nection tube. DS helical spring for displacer. ES expansion space.
CF cold finger. ‘ . ’

41 Both the integral design of the cryogenerator and the design of
the separate magnetic bearings won an ‘IR 100 Award’ from
the journal Industrial Research and Development; see their
issue for October 1983. S '

681 A.K. de Jonge, A small free-piston Stirling refrigerator, Proc.
14th Intersoc. Energy Conversion Eng. Conf., Boston 1979,
pp. 1136-1141; - . v '

A. K. de Jonge, Small split Stirling coolers for I.R. detectors,
Proc. Int. Conf. on Adyv. infrared detectors & systems, Lon-
don 1981, pp. 55-59.» ¢ T
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of the gas spring (swept volume, gas properties, leak-
age, etc.), is inversely proportional to the piston mass.
Since the amount by which the mass of the piston can
be reduced is limited, the frequency cannot be in-
creased to an extremely high value. A good com-
promise is an operating frequency of 50 or 60 Hz [5}.

Since the machine is hermetically sealed, the pres-
sure of the working gas behind the piston (i.e. around
the coil) is equal to the average pressure in the machine.
In the expansion section the helium gas flows through
the regenerator, which forms part of the displacer,
twice per cycle. The slight pressure drop across the
regenerator drives the displacer. For the smallest ver-
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Fig. 5. Results of calculations (lines) and measurements (points) for
the USFA cryogenerator. @) The displacer amplitude £ as a function
of the ratio of the resonant angular frequency wq of the displacer to
the operating frequency w. b) The phase angle ¢ as a function of
wa/w. ¢) The net cold production Peg as a function of wy/w. A
phase angle of ¢ = 45° is obviously a good compromise. d) The
ratio of input power N 10 net cold production Peo as a function of
the ratio of the internal tube diameter ¢ (of CT in fig. 4) to a con-
stant tube parameter do in mm.
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Fig. 6. The USFA cryogenerator integrated with an infrared detec-
tor in a vacuum vessel (Dewar) on the right. The complete Dewar
with detector has the Mullard type number R170.

sions of the machine the regenerator has a diameter of
only 4 mm. A temperature difference of approximately
200 K must be bridged over a distance of a few centi-
melers across the top part of the expansion section,
the cold finger. To reduce the ‘cold leakage’ as much
as possible, the cylinder wall of the expansion section
is made of stainless steel (with a comparatively low
thermal conductivity) with a thickness of only 0.1 mm.
Clearly, the fabrication of this component is a
challenging manufacturing task.

The results of a number of calculations and measure-
ments on the cryogenerator are presented in figs Sa-c.
The calculations were made with the aid of a special
computer program that has been developed for the
Stirling cycle. Fig. 5a shows the displacer amplitude X,
fig. 5b the phase angle ¢ between the piston and the
displacer motion and fig. 5¢ the net cold production
Pe, in each case as a function of theratio of the reso-
nant frequency of the displacer to the operating fre-
quency. These results clearly show that n/4 is a good
compromise for the phase angle. The net cold produc-
tion measured is smaller than that calculated, since
the calculated losses are about 90% of the theoretical
cold production P, defined by (3), and a small devia-
tion in the calculated losses affects the net cold pro-
duction considerably.

One design problem is the choice of the dimensions
of the connecting tube between the compression space
and the expansion space. If the tube is too long it
increases the heat-transfer surface between the two
spaces; it also increases the ‘dead space’ for compres-
sion. As already mentioned, a length of 300 mm has
been selected. In addition, for the same reasons, a
small tube diameter is desirable, but too small a diam-
eter increases the flow resistance. Fig. 54 shows the
result of calculations for the optimum diameter. The
ratio of the incident electrical power to the net cold
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production is plotted as a function of the (dimension-
less) tube diameter. It is clear that an optimum exists.

A version of the cryogenerator described is also
produced with an infrared detector, see fig. 6. In this
case the cold finger is mounted in a Dewar (vacuum
vessel) with detector. The Dewar with integrated
infrared detector is produced by Mullard Ltd (type
number R170). The Dewar has a polished gerrflanium
window which is transparent to infrared radiation
with a wavelength of 8 to 12 um. The only load on the
cryogenerator comes from the radiation reaching the

ey
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sion section, and the vibration absorber can be clearly
seen. Both the displacer and the piston are driven by
linear motors, entirely independent of each other. In
the motors of the Briarcliff cryogenerator the perma-
nent magnets move and the coils remain stationary,
whereas in the motor of the USFA machine it is the
coil that moves. The advantage of the first approach is
that there are no flexible power leads, which could
break. The disadvantage of the larger mass of the
moving parts is not a serious problem since these are
driven separately and the operating frequency (typic-

TS

Fig. 7. a) Longitudinal cross-section of the prototype of the Briar-
cliff cryogenerator. CH ‘cold head’. DT transducer of displacer
axial motion. PT transducer of piston axial motion. MB magnetic
bearing. CM counterbalance mass of vibration absorber. See also
the caption to fig. 4. b) Motor-control system. ¥;_4 reference direct
voltages proportional to £, §, w and ¢ respectively. CE frequency
and phase control electronics. ¥, alternating voltage proportional
to pcos(wt — ¢). Vy alternating voltage proportional to £cosw!.
x, y effective displacer and piston position. PCE, DCE piston and
displacer motor control electronics. PMD, DMD piston and dis-
placer motor drive. PD, DD system dynamics of piston and dis-
placer.

detector, from the heat conduction via the electrical
connections to the detector and from the radiation
and conduction in the Dewar itself. Until recently
such infrared detectors had to be cooled with liquid
nitrogen in Joule-Thomson cooling systems. Liquid
nitrogen in these systems is consumed in a few hours.
An infrared detector with USFA cryogenerator, how-
ever, can operate continuously for at least 2500 hours.

The Briarcliff cryogenerator

The Philips Stirling computer program has also
been used extensively to calculate the parameters of
the Briarcliff cryogenerator [81. Fig. 7a shows a longi-
tudinal cross-section of this cryogenerator in which,
from left to right, the expansion section, the compres-
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ally 25 Hz) is lower. The greater side forces that result
from the permanent magnets being attracted to the
iron stator are easily supported by the magnetic
bearings.

A schematic representation of the drive-motor con-
trol system is given in fig. 7b. The input direct voltages
provide a reference for the required values of the
amplitudes £ and 9 of the displacer and piston, the
angular frequency w and the phase angle ¢. The elec-
tronic unit then derives the motor-drive signals, which
are proportional to Xcos w? and jcos(w? — ¢). These
signals constitute the input references for the servo-
mechanisms (feedback control systems) that regulate

6] F. Stolfi, M. Goldowsky,, J. Ricciardelli and P. Shapiro; A
magnetically suspended linearly driven cryogenic refrigerator,

" Proc¢. 2nd Biennial Conf. on Refrigeration for cryogenic sen-
sors & electronic systems, Greenbelt, MD, 1982, pp. 263-304.
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Fig. 8. Magnetic bearing configuration. @) Displacer support con-
sisting of two magnetic bearings, each with four electromagnets M
with coils C, and four radial position sensors Se. F material of
high magnetic permeability. b) Two sensors Se in more detail.
CW ceramic window. The two sensors for detecting radial displacer
motion in one direction are connected into a differential bridge cir-
cuit to minimize temperature drift. OSC alternating voltage source.
Vo output voltage. The high sensitivity of the displacement meas-
urement system made it possible to reduce the gap width to 25 pm.
¢) Forces F1 (/1) and F3(/2) exerted on the displacer by two clectro-
magnets for one direction. F = Fy — Fy resulting force in equi-
librium with external forces. SCE sensor and control electronics. 1f
the equilibrium is perturbed radial movement is detected by the sen-
sors Se. The currents /; and /3 are then adjusted by SCE to find a
new equilibrium at the average gap width of 25 um. d) First test ar-
rangement for the displacer magnetic bearings.

the motions of the displacer and the piston. Signals
from transducers that measure the axial motion of the
displacer and the piston are fed back into these control
systems and compared to the references. The control
system then continuously adjusts the current in the
linear motors so that the motions of the piston and
displacer accurately follow the reference signals.

As already mentioned, the displacer and the piston
do not come into contact with the adjacent walls of
the working space. This is achieved by employing
magnetic bearings [7! for guiding the moving parts, as
shown in fig. 8a. Both the piston and the displacer are
provided with two bearings. Each magnetic bearing
consists of four electromagnets and four radial dis-
placement sensors. There are two sensors per bearing
for the vertical direction and two for the horizontal
direction. The two sensors per direction are connected
into a differential bridge circuit, which minimizes the
effects of temperature drift, see fig. 8. Each bridge is
sufficiently sensitive to detect displacements as small
as 0.25 um. The measured displacement signals are fed
back into control circuits that adjust the currents in
the electromagnets to center the piston and displacer
in the cylindrical bores, see fig. 8c. As a result of the

Philips Tech. Rev. 42, No. ?
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high sensitivity of the sensors and the high reaction
rate of the control circuits, the gaps around both parts
have been reduced to 25 pm. This puts tight require-
ments on the production accuracy of the various cylin-
drical surfaces that form these gaps. Fig. 8d shows the
first test arrangement of a magnetic bearing for the
displacer.

The small gaps around the displacer and the piston
also function as clearance seals. This means that the
cylindrical gaps are sufficiently narrow and long to
keep the leakage of the working gas within acceptable
limits. For these small gaps the leakage is proportional
to the third power of the gap width and inversely pro-
portional to the gap length. A 10% increase in the gap
width increases leakage by 33%.

Since absolutely no wear occurs in the cryogenera-
tor, its life is not limited by ‘blockage’ resulting from
wear products. Blockage could, however, occur as a
result of gases condensing and solidifying in the cold
sections of the machine. The machine is therefore
filled with very pure helium. In addition, all parts that
come into contact with the working gas are made of
metal or ceramic. For this reason, for example, the
motor coils are encapsulated in titanium envelopes
(the gases from the materials insulating the copper
wires cannot therefore reach the working space).
Ceramic is used at points where thermal or electrical
insulation is needed, as in the displacement sensors of
fig. 8. The parts are carefully cleaned and degreased
prior to assembly and are then heated in vacuum to a
temperature of 100 °C or more in order to remove any
gas that has been absorbed.

Fig. 9a shows a cut-away view and fig. 96 a radial
cross-section of the linear motor that drives the piston.
The coil volume is split into inner and outer sections
each surrounded by iron stators, to minimize the side
forces resulting from the attraction between the
moving magnet armature and the iron. The circular
permanent magnets are connected to the piston by
means of a titanium (non-magnetic) yoke. Fig. 95 also
shows the lines of force for a non-energized coil; the
magnetic field was analysed with the aid of a Philips
finite-element magnetic-field computer program. The
force on the permanent magnets has been estimated
with the computer program and can also be calculated
by considering the energy balance [8],

The displacer motor design is similar. The annular
permanent magnets here have an external diameter
equal to that of the displacer, see fig. 7¢. The displacer
has an iron core at the center of these magnets, which
moves with it.

The passive vibration absorber is also shown in
fig. 7a. In the prototype depicted here the vibration
absorber consists of a mass suspended on leaf springs
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and connected to the housing by a helical spring. This
mass-spring system is tuned to resonate at the operating
frequency and suppresses the vibrations transmitted
to the environment. Since it is a passive system it can
only remove vibrations at the operating frequency;
higher harmonic vibrations are not suppressed. It sup-
presses the amplitude of the fundamental operating
frequency vibrations in the axial direction by a factor
of 1/19.

1

Fig. 9. Piston linear motor. @) Cut-away view. PS piston shaft.
CJ water jacket for cooling. PM annular permanent magnets.
MC coil, in two sections. Y titanium yoke. /S iron stator. FT feed-
through for motor-current supply. b) Radial cross-section with
magnetic lines of force for a non-energized coil. The lines of force
were calculated with a finite-element field computer program.

71 The general principles of magnetic bearings are discussed in:
E. M. H. Kamerbeek, Magnetic bearings, Philips Tech. Rev.
41, 348-361, 1983/84.

8] L. Honds and K. H. Meyer, A linear d.c. motor with perma-
nent magnets, Philips Tech. Rev. 40, 329-337, 1982;
A. K. de Jonge and A. Sereny, Analysis and optimization of a
linear motor for the compressor of a cryogenic refrigerator, in:
R. W. Fast (ed.), Advances in cryogenic engineering, Vol. 27,
Plenum, New York 1982, pp. 631-640.
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At the points of attachment of the leaf springs and helical spring
of the vibration absorber in the prototype wear can occur. In the

final version of the machine — intended for launching into space —

the helical spring has been replaced by gas under pressure (gas
spring) and the mass is guided by magnetic bearings. In this version
the resonant frequency of the vibration absorber is tuned to the

- operating frequency by means of a control circuit and a third linear
motor. Even better suppression of the vibrations should be obtained
with this final version of the absorber, including the suppression of
higher harmonics.

As already mentioned, the prototype machine has
been in operation for more than a year and a half with
no decrease in cold production. The requirement that
the cryogenerator produces 5 W of cold at 65 K has
been met. Prior to this, extensive tests were made of
the variation in performance for changes in various
operating parameters such as piston and displacer
amplitudes, frequency and phase 1, The cryogenera-
tors in the final version will have to operate unattended
for five years or longer in space. Design efforts will

81 A. Daniels, F. Stolfi, A. Sherman and M. Gasser, Magnetically
suspended Stirling cryogenic space refrigerator: test results, in:
R. W. Fast (ed.), Advances in cryogenic engineering, Vol. 29,
Plenum, New York 1984, pp. 639-649.
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therefore also be aimed at improving the efficiency

and reliability of the electronic circuits so that they

can perform their task for the same period of time
without any maintenance.

Summary. Stirling cryogenerators that are driven by linear electric
motors do not require a complicated mechanism to convert a rotary
motion into a linear motion. In these cryogenerators simple har-
monic motion is required for the piston and the displacer (with inte-
grated regenerator), with a phase difference between n/4 and n/2.
The piston is always provided with a linear motor; the displacer can
either be driven by a separate linear motor or move freely close to
resonance in a mass-spring system. Both schemes have resulted in
practical designs. The design with two linear motors is a 5-W 65-K
cryogenerator for space applications. This cryogenerator was de-
veloped at Philips Laboratories, Briarcliff Manor. A long mainte-
nance-free life has been obtained by using magnetic bearings for the
piston and displacer. The magnetic bearings have narrow annular
slits that act as gap seals. There is absolutely no contact between the
moving parts and the working-space walls, so that mechanical wear
has been completely eliminated. A cryogenerator with one linear
motor and a free moving displacer was designed by Philips USFA
B.V., Eindhoven. The production range consists of a series of six
miniature cryogenerators with capacities from 0.25to 1 W at 80 K
for cooling electronic or other components, e.g. infrared detectors.
The compression and expansion sections are separated so that the
hermetically sealed cryogenerator can easily be included in existing
systems. The piston and displacer are supported by seals of rein-
forced PTFE for a guaranteed life of 2500 hours. Both types of
cryogenerator are provided with passive vibration absorbers.
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Determining the Von Mises stress from the neck
of a tensile-test specimen

H. Galenkamp and H. van Wijngaarden

The tensile test is one of the most widely used methods of testing materials. The interpretation .
of the result, i.e. the curve giving the relation between force and elongation, causes some dif-
Sficulties, esbecially when materials are investigated that have to be subjected to severe plastic
deformations. The problems of interpretation are due to the occurrence of a constriction,
called the ‘neck’, in the tensile-test specimen. From the shape of the neck various investigators
have derived a correction factor that can be used to correct the mean stress into a quantity
known as the Von Mises stress. The authors have used a mathematical model to verify the
correction factors given in the literature. They have also designed a method of measurement,
with an associated computer program, which will give the Von Mises stress simply and quickly

as a function of the strain.

Introduction

Materials testing can be either non-destructive or
destructive. In the destructive testing of materials the
tensile test is of particular importance. A test speci-
men, made in the form of a bar or strip of the material
to be investigated, is continuously elongated in a ten-
sile-testing machine until fracture occurs. During the
test the force on the specimen is recorded as a function
of the elongation. To make the result independent of
the dimensions of the specimen the tensile force is
divided by the original cross-section of the specimen
and the elongation is divided by the original length.
(The term ‘cross-section’ as used in this article means
the area of the cross-section of the bar perpendicular
to the axis of symmetry.) The resultant mean stress g,
as a function of the strain & gives the stress-strain
curve, as shown in fig. la.

Fig. 1b shows the test specimen just before the frac-
ture and just after. It can clearly be seen that a marked

- constriction (‘necking’) occurs in the specimen before
fracture. In the smallest cross-section of the bar the
ratio of the force to this cross-section is therefore

Ing. H. Galenkamp, formerly with Philips Research Laboratories,
is now with the Philips Plastics and Metalware Factories, Eind-
hoven; Ir H. van Wijngaarden is with Philips Research Labora-
tories, Eindhoven.

much greater than the ratio of the force to the original
cross-section. This is why the result of the tensile test
is often given as the ratio & of the force to the smallest
cross-section as a function of the strain ¢; see the
dashed curve in fig. la. This ratio is called the ‘true
mean stress’. For greater elongations the true strain &
is plotted along the horizontal axis. This is equal to
the integrated relative elongation d//I:

— =In—, 1)

where L, is the original length and L, is the length of
the specimen at the time ¢.

The components of metal structures such as mach-
ines and bridges have to keep their shape when under
load. This implies that the material of the components
must not be subjected to a heavier load (allowing for a
safety factor) than follows from the value of g, the
elastic limit; see fig. la. Up to the point where o is
reached the stress-strain curve is a straight line and the
material obeys Hooke’s law:

G=¢%E, )

where E is Young’s modulus.
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If the material is deformed beyond the elastic strain,
the strain associated with g, a permanent or plastic
deformation occurs: the material has passed the yield
point. If the tensile test is now interrupted by relieving
the strain temporarily, as indicated by the dotted lines
in fig. la, the material is then found to be plastically
deformed, with the plastic strain &;. When the load
is applied again the stress-strain curve follows ap-
proximately the original pattern, as if the test had
not been interrupted. The elastic limit is however
higher now (og’) than during the loading of the
‘virgin’, undeformed material. This effect is known as
strain hardening.

When material is shaped without cutting, the range
beyond the elastic limit in the stress-strain curve is
extremely important. Examples of operations with no
removal of material are deep-drawing and metal
spinning — operations in which a three-dimensional
product is produced from sheet material — and ex-
trusion and wire drawing — operations in which
material is pressed or drawn through a shaped aper-
ture. In such operations the plastic strain in the
material can be very high, often much higher than
200% , whereas the elastic strain in steel, say, is no
greater than about 2.5 x 1073,

A difficulty is encountered in the practical interpre-
tation of the tensile test, because in most deformation
processes the stress distribution is more complicated
than during this test. Various yield or plastic-flow
hypotheses have from time to time been put forward
for evaluating the admissibility of practical stress dis-
stributions [!). A common feature of these hypotheses
is the mathematical definition of a limiting stress state
just before the material yields, i.e. just before the
material has become plastically deformed. The oldest
yield hypothesis dates from 1773 and was postulated
by Charles Augustin Coulomb. In 1871 M. Levy pro-
posed a yield hypothesis that is still widely used today.
In 1913 this hypothesis was reformulated mathematic-
ally by R. von Mises, who did not know of the work
of Levy; since then it has become known as the Levy-
Von Mises yield hypothesis. In this hypothesis the
‘Von Mises stress’ is defined as a mathematical quan-
tity that is a function of the three principal stresses
that determine the state of stress.

The problem of interpreting a state of stress also
arises in the tensile test when the specimen is ‘necked’.
Because of the complex state of stress the true mean
stress ¢ cannot be directly used for evaluating the
suitability of the material for processes in which there
are substantial plastic deformations. Such an evalua-
tion can however be made, using the Von Mises stress
as a function of the true strain . But it is not easy to
see how the Von Mises stress can be determined during
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Fig. 1. @) The stress-strain curve, the mean stress over the specimen
cross-section as a function of the strain g, the ratio of the elongation
to the original length. The stress-strain curve is the result of a tensile
test in which a bar is stretched in a tensile-testing machine until
fracture occurs. The solid curve applies tor &,, the mean stress
related to the original cross-section of the specimen; the dashed
curve applies for &, the true mean stress related to the specimen
cross-section at the smallest diameter of the neck. If the test is inter-
rupted before fracture has occurred (the dotted lines) the material is
found to be permanently deformed, with a plastic strain &,. 1f the
specimen is put under load again the original curve continues. The
elastic limit og, the stress at the end of the linear part of the curve,
is then found however to have a higher value (og'). This eftect is
known as strain hardening. ») The ‘necking’ of an aluminium test
specimen, on the left just before fracture, on the right just after
fracture.

the tensile test, since it is virtually impossible to meas-
ure the principal stresses in the material of the speci-
men during the test.

Several investigators have recognized that a relation
must exist between the shape of the neck of the speci-
men and the Von Mises stress at the centre of the
smallest cross-section. Such a relation was formulated
as long ago as 1925 by E. Siebel [2]. A similar result
was arrived at later by P. W. Bridgman, who con-
sidered the radius of curvature over the longitudinal
cross-section of the specimen at the position of the



Philips Tech. Rev. 42, No. 1

smallest diameter [31. N. N. Davidenkov and N. I
Spiridonova derived much the same result from the
shape of the crystallites in the deformed material,
using the second derivative of the curve that describes
the neck [4]. We have used a mathematical derivation
and have found the same relation as Davidenkov and
Spiridonova, although our initial assumptions were
slightly different.

By making use of the relation between the shape of
the neck and the Von Mises stress (we shall call this
stress gyym from now on) we can recalculate the stress-
strain curve. The function gvm(€) obtained in this way
can be approximated by

avm = C(&p + &0)", )]

for example, where &y is the true plastic strain, &o a
dimensionless constant, C a constant often referred to
as the specific stress, and » is the ‘strain-hardening
exponent’. The quantities C and » can be used in cal-
culations of processes in which there are substantial
plastic deformations.

We have devised a method of measuring the cor-
rected stress-strain curve gym(€p), based on continu-
ous measurement of the diameter at different positions
along the test specimen. The smallest value from the
diameter measurements is selected as a function of
time, and hence as a function of the tensile force.
From each value of the smallest diameter and closely
adjacent diameters, the second derivative with respect
to the length of the neck curve is determined at the
position of the smallest cross-section. This second
derivative is converted into a correction factor for cal-
culating the Von Mises stress from the mean stress in
the smallest cross-section. The corrected stress-strain
curve aym(€p) and the parameters C, & and »n can
then be obtained as the result of the measurements.

In the rest of the article we shall first recapitulate
some concepts of stress theory and then go somewhat
deeper into the Levy-Von Mises yield hypothesis. We
shall also give the formula for the correction factor,
but without any detailed derivation. The method of
measurement will then be discussed. Finally we shall
show how the procedure for processing the results of
the measurements is verified by means of a computer
program based on the finite-element method.

Theoretical backgrbund

In our treatment we shall assume that the material
is homogeneous and isotropic. In a coordinate system
(x,»,z) the faces of a block of material of dimensions
dx, dy and dz are acted upon by vector stresses defined
as force per unit area, which can be resolved. into the
components indicated in fig. 2a. The stress compo-
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nents are referred to as g, where the Subscript / de-
notes the plane and the subscript j denotes the direc-
tion of the component. The stress component g, thus
acts in a plane perpendicular to the x-axis in the z-
direction. The stress components for which i # j act
in the plane considered and are called shear stresses.

Gyz

i
Gxy ny
A
Gxx
0 y
X
a
zZ
Gz
E; i
! Grz
Gr
G
g r
b

Fig. 2. The components of the stresses at the planes bounding an
elementary block of material. @) For a block in a rectangular coor-
dinate system (x,),z). Oxx, Oyy, 0z normal stresses, which are per-
pendicular to the planes perpendicular to the x-, y- and z-axes.

Oxy, Oxz shear stresses in the y- and z-directions in the plane perpen-

dicular to the x-axis. gyx, 0yz, Oz, 0, shear stresses in the planes per-
pendicular to the y- and z-axes. b) The stress components for a
block in a cylindrical coordinate system (¢,r,z) in the case where the
stress distribution is symmetrical in relation to the z-axis. oy, o, 02
normal stresses. (The second subscript has been omitted for sim-
plicity.) oz, oz shear stresses. In view of the necessary equilibrium
of forces, these shear stresses are equal in magnitude. Because of
symmetry the other shear stresses are equal to zero.

N1 R, Hill, The mathematical theory of plasticity, Clarendon,
Oxford 1950; ’
1. Szabé, Hohere technische Mechanik, 4th edition, Springer,
Berlin 1964;
W. T. Koiter, Stijtheid en sterkte 1, Scheltema & Holkema,
Haarlem 1972. )

[21 E. Siebel, Formdnderungsfestigkeit und Spannungsverteilung
im eingeschniirten Stabe, Bericht des Werkstoffausschusses des
Vereins deutscher Eisenhiittenleute No. 71, 1925.

81 P. W. Bridgman, Studies in large plastic ﬂow and fracture,
McGraw-Hill, New York 1952.

41 N. N. Davidenkov and N. I. Splrodonova, Mechanical
methods of testing — analysis of the state of stress in the neck
of a tension test specimen, Proc. ASTM 46, 1147-1158, 1946.
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The stress components with i =j act at right angles to
the plane and are called normal stresses, or tensile or
compressive stresses, depending on whether the stress
vector is directed away from the plane or towards it.
In view of the equilibrium of the moments acting on
the block, we have o = gj;. In the following we shall
always indicate the normal stress with one subscript,
thus as oy, oy and o..

It can be shown that at any given point of the mat-
erial there are always three mutually perpendicular
planes in which the shear stresses are equal to zero, so
that there will only be normal stresses acting at these
planes. These three planes are called the principal
planes and the corresponding normal stresses are
called the principal stresses. We denote the three prin-
cipal stresses by o, 02 and o3.

For a small pyramid-shaped piece of material,
bounded by three planes perpendicular to the x-, y-
and z-axes and one (oblique) principal plane with
principal stress o, we can write the equilibrium equa-
tions for the x-, y- and z-directions 11, The result can
be reduced to the following third-degree equationing:

a® — (ox + a0y + 62)0?
+ {(0x0y — 052 + (0y0: — Gy.2) + (0.0« — D))o

Ox Oyx Ozx
— |O» Oy Oz
Oxz Oyz O

= 0. )

The three principal stresses g1, o3 and g3 are the roots
of this equation in g. The coefficients of the terms in
o?, ¢! and ¢ must be independent of the choice of
the coordinate system (x,),z) and are therefore called
the invariants of the stress state. If the coordinate
system is chosen such that the axes are perpendicular
to the principal planes at the particular point being
considered in the material, then in equation (4) oy, gy
and g; are equal to the principal stresses g1, oz and g3
and the shear stresses are equal to zero. The three in-
variants can therefore also be written as

o1 + 02 + O3, (5a)
0102 + 0303 + 0304, (5b)
and 010303. (5¢)

If two of the principal stresses are equal to zero, a uni-
axial stress state exists. Both the second invariant (5b)
and the third invariant (5¢) are then equal to zero.
This situation is encountered in the tensile test before
the neck begins to form. If one of the principal stresses
is equal to zero, a planar stress state exists. Only the
third invariant (5c) is then equal to zero. This situation
is found for example in the flexure of loaded beams
and plates, for small deflections. The general case, in
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which none of the principal stresses is equal to zero, is
referred to as a three-dimensional stress state.

The limiting stress state as defined by Levy and Von
Mises ‘

The plastic flow or yield hypotheses mentioned
above define a stress state in which the material is just
about to undergo plastic deformation. This limiting
stress state thus indicates the transition from the elas-
tic range of the stress-strain curve to the plastic range.

An important experimental fact is that an omni-
directional positive or negative pressure superimposed
on an existing stress state has very little effect, if any,
on the plastic-flow behaviour of the material. (Ex-
tremely large hydrostatic pressures do however affect
the plastic-flow behaviour [31.) This means that the
first invariant (5a) of the stress state has no effect on
the plastic-flow behaviour of the material. The dif-
ferences between the principal stresses (o, — g32),
(02 — 03) and (g3 — o) therefore have a much greater
effect on the plastic-flow behaviour than the principal
stresses themselves.

With the experimental observation mentioned above
as a starting point, both Levy and Von Mises postu-
lated a limiting stress state in which the differences
between the principal stresses are all equivalent in
the expression (01 — g32)? + (02 — 03)? + (03 — 01)%
Using (4) and (5) we can convert the limiting stress
state thus established into the stress components that
appear in a given coordinate system (x,»,z):

(01 — 02)2 + (02 — 03)% + (03 — 01)? =

(Ox— G)% + (0y — 62)% + (02— G + 6(02 + G322 + G24%).

©)

The limiting stress state as defined by Levy and Von
Mises is usually expressed in a mathematical quantity
oym that may be considered as the stress that occurs in
a plane perpendicular to the axis of a tensile-test speci-
men at the moment when the material has just become
plastically deformed. Since in this case a uniaxial
stress state is present, equation (6) becomes

(01 — 02)* + (02 — 03)% + (03 — 01)2 = 20vm>. (7)

This is the most widely used formulation of the above
yield hypothesis. The quantity oyy is called the Von
Mises stress.

Equation (7) can thus on the one hand be used for
determining whether the limiting stress state has been
reached somewhere in the material. If it has not, it is
certain that the material has only been elastically de-
formed. On the other hand the relation between gvm
and the plastic strain in the tensile test can be used to
calculate the forces and maximum deformations in
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processes where there is plastic deformation, such as
deep-drawing, metal spinning and extrusion. We now
have to consider how the relation between the Von
Mises stress and the plastic strain can be derived from
the results of the tensile test.

The stress state in the neck of the tensile specimen

Depending on the material under investigation, the
test specimens used in the tensile test are bars of cir-
cular or rectangular cross-section. In this article we
shall only consider test pieces of circular cross-section.
The stress distribution is then symmetrical about the
centre-line of the specimen, so that we can use a cylin-
drical coordinate system (¢,7,z) where the z-axis coin-
cides with the centre-line, as shown in fig. 2b. The
stresses acting on a block of material of magnitude
rd¢drdz are thu§ the normal stresses g4, o, and oz,
where because of the symmetry gy is independent of
the angular coordinate ¢. Also because of the sym-
metry the shear stresses oy, and gy, are equal to zero,
so that o,; is the only shear stress remaining. At the
smallest cross-section of the neck g,. is equal to zero if
it is assumed that the shape of the neck is symmetrical
with respect to this cross-section. With the above sim-
plifications we can derive from (6) and (7) a relation
that gives the required Von Mises stress gym as a func-
tion of the actual stresses in the test specimen:

20vym? = (o — a'r)2 + (6r — Uz)2 + (o; — O'(D)z + 60;72.

®

If the specimen is not necked, we have, as stated ear-
lier, a uniaxial stress state so that g5 =6, = g,, = 0.
In this case gym would thus be equal to g., which is
equal to the mean stress & in the cross-section of the
specimen.

Since in most materials plastic flow is associated
with necking of the tensile specimen, the actual stress
distribution is more complex. We ought therefore to
calculate oym from the actual stresses ¢, g,, 0: and
o, occurring in the material at the location of the
neck. It is not however very easy to measure the
stresses inside the material. As noted earlier, theré is a
correlation between the shape of the neck and the Von
Mises stress. This correlation will be treated later on.

Another problem is the determination of the true
plastic strain & in the test specimen. Equation (1) for
€ is also valid for a small piece of the specimen at the
centre of the neck. During the plastic flow of the mat-
erial the volume remains constant. (This is not the
case during elastic deformation of the specimen; the
change of volume in that stage is accounted for by
Poisson’s ratio.) Hence for the material at the centre
of the neck:

AoA[o =AtA[ta ’ . (9)
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where A/, and A/; are the lengths of a small region be-
fore and after the plastic deformation, and 4, and A4,
are the cross-sections before and afterwards. From (9)
and (1) we have

(10

The true plastic strain can thus be calculated simply
from the change in diameter at the smallest cross-
section.

The correction factor for determining the Von Mises
stress

The Von Mises stress corresponding to the stress
state at the centre of the smallest cross-section can be
written as a function of the quantities measured during
the tensile test:

F

oywm =Cr—,

A, (1

where C; is the correction factor mentioned above, F;
is the tensile force exerted on the specimen and A; is
the smallest cross-section. We have derived the fol-
lowing relation for C:

4

Ci=——,
Y7 4+ RR”

(12)
where R, is the external radius and R,” = d?R/dz2,

both at the time ¢ for z = 0, i.e. at the location of the
smallest cross-section; see fig. 3.

In deriving (12) we have assumed that u, = rf(z) in the neck,
where u, is the velocity of plastic flow in the material in the r~direc-
tion. As a result of symmetry we have dffdz =0 for z=0. It is
therefore reasonable to assume that |dffdz]| < | f(z)| in the neigh-
bourhood of z = 0. Using equation (8), with o,(z = 0) =0, and
the equilibrium equations

dor o, — 0y 00,2
+ t—————— ——

=0
ar r dz
and

00,2 Orz do;

ar r 9z

=0

for the block of material in fig. 2b, and after some rearrangement,
we finally arrive at the expression (12). It also follows from the as-
sumptions that 6. = o at z = 0.

Davidenkov and Spiridonova obtained the same ex-
pression for the correction factor by way of an entirely
different method [4]. They measured the deformations
of the material by determining the dimensions of crys-
tallites before and after the plastic deformation. They
did this by microscopic observation of polished and
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R=R(z)]

Fig. 3. The shape of the neck as a curve in a planar coordinate sys-
tem (R,z). The z-axis coincides with the centre-line of the test speci-
nien and the origin is located at the centre of the smallest cross-sec-
tion. The correction factor for determining the Von Mises stress is a
function of the external radius R = R, and of its second derivative
R, = d®R/dz?, both at z = 0.

a

=T

sl

Fig. 4. Measuring the diameters of the test specimen. a) Diagram of

the experimental arrangement. F forces acting on the test bar 7B.
LS light from a source consisting of a uniformly illuminated {rosted
glass window. M mirror that is periodically rotated in steps about
an axis perpendicular to the plane of the figure. L positive lens.
DA row of 2048 photodiodes; the row is perpendicular to the plane
of the figure. The number of non-illuminated photodiodes is a
measure of the diameter 2R of the test specimen at the position
where the optical axis (dot-dashed line) cuts the test specimen.
b) Photograph of the arrangement. The test specimen, clearly
visible against the illuminated window, is located in the jaws of a
tensile-testing machine. On the right is a mirror, driven by a
stepping motor, and a camera. The camera includes the parts L and
DA shown in (a).
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etched cross-sections that were necked but had not yet
fractured. The same formula was also derived in a
theoretical approach by Siebel, who made different
assumptions [21. Bridgman assumed that the shape of
the neck in the vicinity of z = 0 was part of atoroid, so
that the intersection of the neck with a plane through
the centre-line was locally an arc of a circle [31. With
this assumption Bridgman arrived at the following
expression for the correction factor:

1

— . (13)
<1 £ 2 )1 <1 + R’R’”>

] T2 _

R.R," 3

The correction factors calculated from equations (12)
and (13) differ from each other by no more than 3% in
practice.

Ch =

The method of measurement

Fig. 4a is a diagram of the measuring arrangement
and fig. 4b is a photograph. The equipment consists
of a standard tensile-testing machine, which we have
provided with instruments for measuring the shape of
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the neck. The system works as follows. A light source,
consisting of a uniformly illuminated frosted glass
window, illuminates the tensile specimen. A lens and
a mirror that can be rotated produce a shadow image
of the test bar on a row of 2048 photodiodes, which
crosses the axis of the test specimen at right angles.
The number of photodiodes that receive no light is a
measure of the diameter 2R of the specimen at the
position of the optical axis. The mirror is rotated in
steps, and the total angular displacement of the mirror
is a measure of the position z of the diameter being
measured. Positioning the mirror takes about 30 ms
per step and measuring the bar diameter takes about
20 ms. One hundred diameters are measured over the
entire length of the specimen. During the tensile test
the entire specimen is measured about 50 to 100 times.
A complete test thus takes about 4 to 8 minutes. A
microcomputer is used to control the mirror and to
process the measurement data.

Processing the data

Measured values R; as a function of z;, where
z;1 — 2; 1s equal to a fixed value Az (see fig. 5), are
converted by the computer into approximations for R,
and R,"”. From these approximations the correction
factor C; is then determined from (12), and taking the
measured tensile force F; and A; = nR2, the Von
Mises stress gy is calculated from equation (11). The
true plastic strain &, is found from equation (10) so
that successive measurements of the specimen give
ovm as a function of &, — the required result of the

Z3

2

Zp

Zy - ———\F

i

Fig. 5. Determination of R, and R, from measurements R;, Rs
and Rg of the external radius near the smallest cross-section (see
figs 3 and 4). The measurements are performed in such a way that
zg —zg = z9 — 21 = Az. From the coefficients of the equation of the
parabola that contains the points (R1,21), (Rz,z2) and (Rgs,z3),
approximations can be derived for R, = R(zq) at the minimum of
the parabola and R,"” = d*R/dz2. - '
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Fig. 6. Results of a tensile test with an aluminium test specimen.
The circles relate to the Von Mises stress gvm, calculated by the
method described. The squares relate to the mean tensile stress &
(C1 = 1) over the smallest cross-section. Both quantities are plotted
as a function of the true plastic strain £,. At &, = 1.5 the stress de-
creases, because a conical fracture surface forms from inside the
specimen outwards.

tensile test. Finally the computer calculates the curve
of best fit from equation (3), so that values of C, &g
and n can be obtained.

The calculation of R; and R,” from the measured diameters of
the specimen proceeds as follows (see fig. 5). We assume that Rs
is the smallest value of the measurements of R;. A parabola
R(z) = a+ bz +cz? can be obtained that contains the points
(R1,21), (R2,z2) and (Rs,z3). The equation for this parabola is:

Rs — Ry Rs — 2R + Ry
Pl gy 2

R(z) = Ry +
@) = Re 24z 2472

(z — z2)%.

Differentiating R(z) with respect to z and then equating it to zero,
we find the quantity R,, which is the smallest external diameter of
the neck:

(Rs — Ry)?

Ri=Ry— ——— 1
8(R3 — 2Ry + R1)

The second derivative R,” = d?R/dz? of the parabola can be cal-
culated from the relation

Rg — 2R+ R,

Rt" A22

which follows from a Taylor series, neglecting the terms of higher
order. - : ‘

Fig. 6 shows the results of a tensile test on a test
specimen made from a cylindrical bar of an alumi-
nium alloy containing more than 99.5% of Al (the
remainder is mainly Fe and Cu). Both the calculated
Von Mises stress and the tensile stress 6. (C; = 1)
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- averaged over thé smallest cross-section are plotted as
a function of the true strain. It is clear that the differ-
ence between the two curves increases as the strain
increases, i.e. as the necking of the bar becomes more
pronounced. Beyond a true strain &, of about 1.5 (¢p
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tion). For some time it has also been possible to use
this program for large material deformations, by
redefining, during the deformation process, the net-
work that divides the material into elements [6]. The
input data for this program must include the various

0 032
a
200N/mm?
G
200N/mm? T
GyM I e 100t
t rCaa S
100 e
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)
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Fig. 7. Results of calculations by the finite-element method using the MARC computer program.
a) The MARC networks for different values of the true plastic strain £p. b) The Von Mises stress
oym as a function of £;,. The continuous line served as input for the computer program. The
points indicated apply to values of gyym that have been calculated from the shape of the neck
found by MARC (see a). The agreement between the line and the points confirms the correctness
of the procedure employed. ¢) Values, calculated with the computer program, for the normal
stresses gy, 0 and o; and the Von Mises stress ovym as a function of the radius r at the smallest
cross-section. The mean tensile stress d; is also indicated; this is normally used for giving the

result of a tensile test.

is then 450%) the stress shows a marked decrease be-
cause of the formation of a conical fracture surface
spreading from the inside outwards. In this case no
practical significance can therefore be attached to the
points measured in the range for e, > 1.5.

Verification by the finite-element method

We have used the finite-element method [58! to verify
the procedure for processing the measurement data.
We did this with the aid of the well-known MARC
computer program (Marc Analysis Research Corpora-

dimensional data for the workpiece under investiga-
tion and also the deformation properties of the mat-
erial. In our case we used an (gvm, €p) curve measured
by our method as input data.

Some results of a MARC calculation performed in
this way on a tensile-test specimen are given in fig. 7a.
The network for a quarter of the specimen at the start
of the test is shown on the far left; the other networks
relate to a true plastic strain &p increasing from left to
right. The necking of the bar is clearly visible. From
its shape the (ovm, €p) curve is again calculated. In
fig. 7b this curve is shown together with the curve that



Philips Tech. Rev. 42, No. 1

was used as input for the program. The two diagrams
are virtually identical, which shows that the method
used for determining the Von Mises stress is correct.

Fig. 7c gives the stresses o4, o, and g, calculated by
the program as a function of the radius at the smallest
cross-section of the test specimen in an advanced
stage of necking. It also shows the Von Mises stress
ovm calculated from these stresses — and not from the
shape of the neck. It is clear that the Von Mises stress
differs considerably from the mean stress &, perpen-
dicular to the cross-section, which is normally used
in tensile testing. It is also evident that the relation
gr = 0y is a good approximation to the actual situa-

51 D. R. J. Owen and E. Hinton, A simple guide to finite ele-
ments, Pineridge Press, Swansea 1980;
O. C. Zienkiewicz, The finite element method, 3rd edition,
McGraw-Hill, London 1977. 4

161 C.J. M. Gelten and J. E. de Jong, A method to redefine a
finite element mesh and its application to metal forming and
crack growth analysis, Proc. Int. FEM Congr., Baden-Baden
1981, pp. 65-85.
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tion. The relation oyy = 0, — &,, which can be
derived from equation (8) with g,; = 0 and g, = gy,
is also in agreement with the practical situation.

Summary. A consequence of the Levy-Von Mises plastic-flow hy-
pothesis is that the plastic-flow behaviour of a material is deter-
mined by the ‘Von Mises stress’. In the literature correction factors
have been given for calculating the Von Mises stress from the shape
of the neck of a specimen during tensile testing. A mathematical
model can be used to derive the same formula for the correction
factor as the one that Davidenkov and Spiridonova discovered ex-
perimentally. A standard tensile-testing machine was modified to
allow repeated measurements of the specimen diameter as a func-
tion of position along the axis during the tensile test. From these
results a computer program calculates the second derivative of the
curve describing the neck, at the smallest cross-section. This gives
the correction factor for determining the Von Mises stress. The
relation between this stress and the true strain is particularly impor-
tant for calculating metal-working processes in which there are
large plastic deformations. The correctness of the method of cal-
culation is demonstrated by means of the program MARC, which is
based on the finite-element method.

=
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Distortion due to spherical aberration

For experimental purposes a fine nickel mesh was
applied to the output aperture of one of the electron
guns of a colour TV picture tube. By connecting one
of the electrodes of this gun to a much lower voltage
than usual the focal point of the electron lens is dis-
placed from the screen of the tube towards the posi-
tion of the mesh. A shadow of the mesh is then pro-
jected on to the screen.

If the focal point lies in front of the mesh, the
shadow image is relatively faithful (figure a on the
adjacent page). The situation becomes more com-
plicated if the focal point is made to approach the
mesh. This is because the electron lens that focuses the
beam introduces spherical aberration, as a spherical

now appear in the other half of the image, opposite to
the original shadow; fig. 1 shows the principle of this
effect with the aid of a cross-section through the op-
tical axis. S is the screen; the image on the screen is
‘folded round’ through 90° and shown next to it. Ata
sufficient distance from the optical axis the two new
shadows do not appear; in the limiting case they
coalesce to form a single shadow. This explains the
occurrence of the rings that are so characteristic of the
patterns shown.

It is interesting to examine the images of the small
defect at the centre of the mesh (a) in the successive
figures. In g the double image of the defect appears in
the right-hand half of the picture (see the arrows).

Fig. 1. Ray paths in spherical aberration. Shadow images of two wires /, 2 in one half of the
object ptane. The ‘normal’ shadow images appear on the upper part of the screen S, and two rings

below.

glass lens does in focusing beams of light rays. The
effect arises because the peripheral rays are too
strongly refracted; the focal length is not the same for
all the rays, but smaller for the rays that pass through
the outer zones of the lens ( fig. ).

As the point of smallest cross-section of the beam is
gradually moved through the plane of the mesh in the
direction of the screen, the shadow images b-/i are
formed successively.

The rays that are focused behind the mesh produce
an inverted image of the mesh on the screen. This
happens first with the central rays, which only illu-
minate the wires at the centre of (he mesh.

Figure ¢ on the following page marks the transi-
tion; in e the central square of the mesh is shown
inverted.

The inversion of the central part of the image is
associated with the appearance of three shadows of
the central wires rather than one. Two new shadows

As a verification a corresponding optical arrange-
ment was set up with a laser and a simple convex lens.
The shadow images obtained are shown on the next
page, at a reduced scale. They are symmetrical, unlike
the electron-optical images, where the asymmetrical
location of the electron gun has caused an asymmet-
rical limiting of the image.

The shadow images shown are not just ‘pretty pic-
tures’; they also form a useful aid in the study of
spherical aberration in electron optics.

L. C. M. Beirens
A. A.van Gorkum

Ing. L.C. M. Beirens, with the Philips Elcoma Division, Eindhoven,
was formerty with Philips Research Laborarories, Eindhoven; Dr Ir
A. A. van Gorkum is with Philips Research Laboratories.
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Electrochemical micromachining

C. van Osenbruggen and C. de Regt

The anodic dissolution of metals was already known in the previous century, but it was not
until the nineteen-sixties that it came into use as a practical machining method. The motiva-
tion for the development of electrochemical machining (ECM) was mainly the growing use of
extremely hard alloys, which cannot be machined satisfactorily by conventional methods be-
cause removal rates are too low and tool wear is excessive. In recent years studies at the Philips
Centre for Manufacturing Technology (‘CFT’) have shown that the ECM method can also be
used for high-precision machining. This has considerably widened its field of applications.

Introduction

In electrochemical machining (ECM) the workpiece
and the tool are held close together; an electrolyte
flows through the machining gap between them [1].
The workpiece acts as the anode and the tool as the
cathode. When an electric current is passed through
the electrolyte the metal of the anode dissolves locally,
so that the shape of the workpiece becomes comple-
mentary to the shape of the tool. To remove the heat
generated and the dissolved material the electrolyte is
rapidly pumped through the machining gap.

In the ECM method the mechanical properties of
the workpiece material play no part. As compared
with other machining methods with no direct contact
between tool and workpiece, such as spark machining
(electro-discharge machining, EDM) as described ear-
lier in this journal {21, ECM has the :advantage that
metal can be removed very rapidly, irrespective of the
dimensions of the surface to be machined. A further
advantage is the absence of tool wear. No burrs are
formed during machining and complicated shapes can
be produced. Since the workpiece is not subjected to
large mechanical loads, there is no introduction of un-
desirable deformations or internal stresses.

- The method does have some limitations, however.
The equipiment required for ECM is rather compli-
cated. Since the method is still in continuous develop-

C. van Osenbruggen was formerly with Philips Research Labora-
tories and the Philips Centre for Manufacturing Technology (CFT),
Eindhoven; Ir C. de Regt is with CFT, Eindhoven.

ment, the choice of tool shape, current density, elec-
trolyte flow rate and gap width often has to be made
empirically. In disposal of the dissolved material pre-
cautions have to be taken to prevent environmental
pollution. In the aero-engine industry, however, and
to a somewhat lesser extent in the automobile industry,
the specific advantages of ECM are often more impor-
tant than the limitations, and this method is therefore
widely used for making complex components of hard
metal alloys and for deburring conventionally pro-
duced parts. In other applications ECM has gained
much less acceptance.

During the last few years the Philips Centre for
Manufacturing Technology (‘CFT’) have developed
the method for high-precision (micro)machining. Pos-
sible applications within Philips have also been studied
in cooperation with other groups. Such applications
could include the machining of very small workpiece
surfaces (down to about 0.2 mm?2), and also the gener-
ation of various kinds of profiles in components pro-
duced in quantity. This work has resulted in satisfac-
tory control of ECM process parameters to meet the
requirements of a micromachining method.

In this article we shall first give a general description
of the ECM method. The equipment and operating
procedure will then be described, and some problems
and proposed solutions will also be discussed. Finally,
we shall take a brief look at some of the possible
applications.. : '
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The ECM method

The principle of the ECM method for making a
cavity of rectangular cross-section is illustrated dia-
grammatically in fig. I. An electrolyte is pumped at
high pressure through the gap between the tool and
the workpiece. A voltage is applied between the work-
piece (anode) and the tool (cathode), causing an elec-
tric current to flow. This causes a local dissolution of
the metal M of the anode by the reaction:

M — M"* + ne,

where n* is the charge of the metal ion produced. At
the cathode there is an electrolytic reduction of water,
resulting in the formation of hydrogen gas and
hydroxyl ions:

2H,0 + 2e— H2 (g) + 20H".

Depending on the metal to be machined and the pH
of the solution, metal and hydroxyl ions may combine
to form an insoluble hydroxide:

M™ + nOH~ — M(OH), (s).

The precipitated hydroxide is removed together with
the hydrogen gas by the forced flow of the electrolyte.
The flow also removes the heat generated in the gap.

In electrochemical terms the process conditions for
ECM are rather extreme. At an operating voltage of
2t0 40 V the current densities in the narrow gap (20 to
200 pum) are very high, ranging from 10to 1000 A/cm?,
and the flow rate of the electrolyte is also very high
(10 to 50 m/s). Depending on the process conditions,
the metal-removal rate generally lies between 0.5 and
10 mm/min.

The current efficiency — the ratio of the amount of
dissolved metal to the amount that should be dissolved
according to Faraday’s Law, for the known current
and time — is often lower than 100%. This is because,
apart from the dissolution of the metal, other anode
reactions can occur such as the oxidation of water,
with the release of oxygen gas:

2H2;0 — 4H* 4+ O3 (g) + 4e.

The extent to which this reaction lowers the current
efficiency depends greatly on the material of the work-
piece, the electrolyte and the current density. With
some electrolytes, such as a solution of sodium nitrate
(NaNOs), a passivating oxide or hydroxide film is
formed on a steel workpiece. The result is that at low
current densities only a fraction of the current is used
for dissolving the metal. At high current densities the
efficiency is much higher; see fig. 2. A passivating film
has a beneficial effect on the dimensional accuracy of
the workpiece: at places where the metal should not
be affected but nevertheless there is a small current
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density, no material will dissolve, whereas at places
where the current density is high the passivation will
have relatively much less effect on the dissolution rate.

Besides the oxidation of water, further oxidation of
metal ions can occur at the anode [4]. During the
machining of chrome-steel workpieces, for example,

Fig. 1. Diagram illustrating the ECM method for producing a cavity
of rectangular cross-section. A tool T, the cathode, is positioned a
short distance away from the workpiece W, the anode. An electro-
Iyte E is pumped at high pressure through the space between them
(the gap, width A). During the ECM process the workpiece dis-
solves locally, while the tool is fed towards the workpiece.

00%
100% NaCl
n
T NaNO;
50}
0 ' ,
0 50 | 100 Alcm

Fig. 2. Current efficiency # as a function of the current density Jin
the electrochemical machining of a particular type of steel in a solu-
tion of NaCl or NaNOg [3], With NaCl the efficiency is independent
of the current density and is practically 100%. With NaNOg the
efficiency is lower; at low current densities there is hardly any metal -
dissolution.

11 Some books on the ECM method are:

A. E. DeBarr and D. A. Oliver, Electrochemical machining,
Elsevier, New York 1968;

J. F. Wilson, Practice and theory of electrochemical machin-
ing, Wiley, New York 1971;

J. A. McGeough, Principles of electrochemical machining,
Chapman & Hall, London 1974.

J. P. Hoare and M. A. Laboda, Electrochemical machining,
in: J. O’M. Bockris, B. E. Conway, E. Yeager and R. E. White
(eds), Comprehensive treatise of electrochemistry, Vol. 2,
Plenum, New York 1981, chapter 8.

[21 C. van Osenbruggen, High-precision spark machining, Philips
Tech. Rev. 30, 195-208, 1969.

" J. L. C. Wijers, Three special applications of the Philips high-
speed spark-machining equipment, Philips Tech. Rev. 40,
199-203, 1982. .

31 The curves in fig. 2 are from D. Pahl, Uber die Abbildungs-
genauigkeit beim elektrochemischen Senken, Thesis, Aachen -
1969. : .

141 H. Simon, Werkstatt & Betr. 112, 19-23, 1979.
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the Cr®* ions generated oxidize to form chromate ions
(CrO4%7):

Cr3* 4+ 4H,0 — CrO4% + 8H*' + 3e.

At the cathode a reduction of anions can take place,
for example from nitrate to nitrite ions:

NO;~ + 2e + 2H* - NO;~ + H,O.

The current density J in the solution is determined
by the potential difference V; across the electrolyte,
the electrical conductivity » of the electrolyte and the
gap width A:

P 20 1

5 (1
To obtain the required high current density at given
values of x and A, an operating voltage substantially
higher than V; is required. This is due to the activa-
tion overvoltage for the transfer of charge at the elec-
trodes, the overvoltage across the passivating film and
the concentration overvoltage, required for the trans-
fer of ions; see fig. 3. The activation overvoltage at an
electrode depends on the current density and the elec-
trochemical potential of the metal with respect to the
electrolyte [’1. The concentration overvoltage, the
additional voltage that enables the ions to penetrate
through the concentration zones near the electrodes,
is determined by the movement of the ions in the elec-
tric field, the convection in the forced fluid flow and
the diffusion under the influence of concentration
gradients. The application ol a turbulent fluid flow
can keep the concentration overvoltage low. The total
overvoltage in the ECM process is generally between
2and 5 V.

The electrolyte in the gap must be a good electrical
conductor and should produce a slight passivation of
the workpiece surface. A good choice is an NaNOj
solution (about 4 mol/1) with a conductivity of about
15 S/m. The pH of the electrolyte is important too,
since it also determines the dissolution behaviour of
the metal. The relation between the electrochemical
potential E, the pH and the solubility of the metal
in thermodynamic equilibrium is often presented in a
graph called a Pourbaix diagram [6]. This indicates
combinations of E and pH at which the metal dis-
solves, is immune (does not dissolve) or is covered
with a passivating film. Fig. 4 shows some diagrams
for metals of widely differing dissolution behaviour.
Although there is certainly no question of thermo-
dynamic equilibrium in ECM, such diagrams can
nevertheless be useful for predicting the behaviour of
a particular metal.

When a stationary tool is used, the gap during
machining will gradually increase as a result of the
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anodic dissolution. The current density will then
steadily decrease, so that the profile produced be-
comes irregular and the machining finally stops. To
avoid a decrease in current density the gap must be
kept constant. This implies that the tool has to move

(=) ®—
N O E— (+) -
0 @—
LI o 2
P&

Fig. 3. Voliage profile between the electrodes during the ECM pro-
cess. It is assumed that a passivating filim P has scttied on the
anode. Owing to the migration of ions in the clectrolyte a concen-
tration region C forms in the neighbourhood of the anode and
cathode with an excess ol negative and posilive ions, respectively.
The potential difference V; across the electrolyte is equal to the
operating voltage V less the overvoltages at the two electrodes, i.e.
the activation overvoltage Vi, the passivation overvoltage V;, and
the concentration overvoltage Ve.

A
Py ’ { _ Fe
£
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207 W 0 7 W
— pH — pH
P Cu ; ) Mo
: |
T 07 i . :—\
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Fig. 4. Pourbaix diagrams for aluminium, iron, copper and molyb-
denum (6], These equilibrium diagrams indicate the combinations
of electrochemical potential £ and pH at which the metals dissolve
(corr.), are immune (inm.) or are covered with a passivating film
(pass.).
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towards the workpiece during the machining at a rate
equal to the dissolution rate. From Faraday’s law the
dissolution rate vq4 is given by the expression

va = Jn Vs, @

where 7 is the current efficiency and ¥, is the specific
soluble volume A/(nFg), where A is the atomic weight,
F Faraday’s constant (9.65x10* C/mol) and o the
density of the anode metal. Substituting eq. (1) in eq.
(2) gives:

_ Vinn Ve

P ©))

Vg

In the situation shown in fig. 1 the feed rate v¢ of the

tool during uniform machining is equal to v4. The gap

width 4 is then equal to

_ Vixn Vsp
Vg )

h @
As v; increases, the ECM process will operate with a
smaller gap; this improves the machining accuracy.
The gap must of course be large enough for effective
electrolyte flow.

An important condition for successful machining is
the availability of a suitable tool. In general this
should consist of a chemically inert material that is a
good electrical conductor and can be given the re-

7
M
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Fig. 5. Diagram showing the effect of passivation and insulation on
the accuracy of form of the ECM process in producing a cavity of
rectangular cross-section. With a non-passivating electrolyte and an
uninsulated tool the workpiece is excessively dissolved opposite the
sides of the tool, so that a rectangular profile is not obtained (a).
When a passivating film has formed on the workpiece, the deviation
is significantly smaller (b). An even better result is obtained if in
addition the sides of the tool are coated with an insulating film (c).

quired shape by other machining methods. The parts
of the tool that should not pass current but are in con-
tact with the electrolyte are very important. In fig. 1
these are the sides of the tool. It has been found that
when a passivating electrolyte is used good dimen-
sional accuracy can be achieved if in addition thin
insulating layers are applied at these places; see fig. 5.
These layers must be good electrical insulators and
must not pass the electrolyte or the ions dissolved in
it. They must be uniform, adhere well to the tool and
be chemically resistant. They must also be capable of
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withstanding the strong fluid flow and the forces that
arise if the tool touches the workpiece. The material
of the layers must also be readily machinable, of
course.

Equipment and working procedure

Fig. 6 shows a diagrammatic representation of an
ECM equipment as used in our investigations. The
workpiece and the tool are connected as anode and
cathode to a d.c. generator. A stepping motor or a
linear hydraulic motor is used to feed the tool towards
the workpiece at a rate corresponding to a constant
gap; see eq. (4). If the feed rate is too high, the tool
will come into contact with the workpiece and cause a

short-circuit. Foreign metal particles in the electrolyte

may also cause short-circuiting due to spark dis-
charges. Since short-circuiting can seriously damage
both the tool and the workpiece, a safety system is
built into the ECM machine; this switches off the
voltage within 5 ps if a short-circuit is detected.
Electrolyte and pH of the solution are chosen so as
to ensure good dissolution of the workpiece material
during the ECM process without the tool being at-
tacked. It is usual to work with a neutral NaNOj solu-
tion (pH = 7). The fluid is pumped from a storage
tank via a pressure controller (0.2 to 2 MPa) and a
filter to the machining gap, e.g. through a duct in the
tool. After passing through the gap the fluid goes to a
settling tank, where the sludge is removed. The con-
centration of dissolved impurities can be reduced by
the addition of chemicals, e.g. in a parallel system.
This is necessary for example during the machining of
chrome-steel workpieces, because the chromate ions
produced (CrO42-) have an adverse effect on the ECM
process and are also toxic. The addition of sodium
bisulphite (NaHSO3), for example, reduces CrO42~ to
Cr®*, which can be removed as insoluble Cr(OH);
together with Fe(OH)s. Up to a concentration of
about 1 mol/] the addition of NaHSOj3 does not affect

the ECM. process adversely.

Fig. 7 shows a photograph of an ECM equipment
designed at CFT. It contains an elaborate system for
circulation and purification of the electrolyte. The
combination of tool and workpiece constitutes only a
small part of the total system. The equipment also
includes extensive measuring and control instrumen-
tation for setting the machining voltage, controlling
the tool feed, short-circuit protection and fluid-flow
control.

6} See K. J. Vetter, Electrochemical kinetics, theoretical and
experimental aspects, Academic Press, New York 1967. -

[61 M. Pourbaix, Atlas of electrochemical equilibria in aqueous
solutions, 2nd edition, Natl. Assoc. Corrosion Eng., Houston
1974. - - .
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Tool

The tool must be matched to the required shape of
the workpiece. It is necessary to ensure good electro-
lyte flow through the gap and firm fixture of the tool.
Depending on the material and the profile to be pro-
duced, conventional machining methods can be used

C. VAN OSENBRUGGEN and C. DE REGT
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because H* ions can penetrate them. A type of
insulation that does meet the requirements consists of
two layers of the semiconductor silicon carbide (SiC),
one p-type and the other n-type ["]. A good method
for applying SiC layers is chemical vapour deposition
(CVD) 18], In this method a gaseous compound,

process control

filter

pressure

EN

control

motor control ‘ \
|

l

process I

|
lTﬁ*

T monitoring l
purified i
electrolyte generator
i
electrolyte
purification
1] :
\ contaminated
sludge electrolyte

Fig. 6. Diagram of an ECM equipment used at the Philips Centre for Manufacturing Technology.
A tool (blue), the cathode, is fed towards the workpiece (red) by a stepping motor or linear
hydraulic motor. The tool is positioned by means of a measurement and control system. The
system ensures that the correct machining voltage is supplied by the generator, and provides
short-circuit protection. The equipment also includes an elaborate system for circulation and puri-
fication of the electrolyte (yellow - brown - yellow).

for ECM tools, such as turning, milling and grinding,
but special methods like laser cutting and EDM can
also be applied [2]. The choice of tool material is de-
termined by the electrochemical and mechanical prop-
erties required. Suitable metals for the tools include
copper, steel, molybdenum and tungsten. For some
types of work the tools have to be locally insulated,
for example when deep holes or grooves with flat walls
are to be formed at high current densities.

With micro-ECM in mind, we have made a special
study of materials and coating techniques for the in-
sulating layers on the tools. It was found that some
coatings (e.g. epoxy resins) are not suitable, mainly

e.g. (CHj3)2SiClz, decomposes at high temperature
(> 1000 °C) at the substrate surface to form a thin
compact film of polycrystalline SiC. Another suitable
insulation consists of two undoped SiC layers with a
highly insulating amorphous layer of silicon nitride
(SisN4) sandwiched between them [°!. This inter-
mediate layer can also be applied by CVD, e.g. via the
reaction

3SiH4 (g) + 4NH3; (g) — SigN4 (s) + 12H3 (g).

With the combinations p-SiC/n-SiC and SiC/SigNy4/
SiC the total insulation can be very thin (<15 pm),
so that the electrolyte flow is not impeded and good
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Fig. 7. Experimental ECM equipment. The actual machining takes place in the centre section. The
largest part of the equipment is taken up by the electrolyte-circulation system (/efi-hrand photo-
grap/t) and the measurement and control system (rig/i).

dimensional accuracy can be achieved. Other advan-
tages are uniform thickness (even with complex pro-
files), no tool wear and high resistance to chemical
corrosion. The use of these types of insulation is
limited, however, to metals with a coefficient of ex-
pansion fairly close to that of SiC and which an SiC
layer will adhere to properly. The tool metal must also
be able to -withstand the high temperatures of the
CVD process. It follows therefore that only metals
like molybdenum and tungsten can be insulated in this
way. Deposition on these metals has been extensively

Mo

Fig. 8. SEM micrograph of a molybdenum strip coated with two
6.5-um SiC layers and a 0.4-um SigNy intermediate layer. A reac-
tion zone can be seen between the molybdenum and the lower SiC
layer.

investigated 1191, It is found that SiC adheres parti-
cularly well to molybdenum, probably because of the
formation of molybdenum carbides and silicides at
the interface. Fig. 8 shows an SEM (scanning electron
microscope) micrograph of a molybdenum strip on
which insulating layers of SiC, SigN, and SiC have
been deposited. The SiC layers are about 6.5 um thick,
while the intermediate SigNy4 layer is much thinner,
0.4 um. The reaction zone between molybdenum and
SiC is clearly visible.

Because SiC is brittle there is a danger that the in-
sulation will crumble away during finishing operations
on the tool. Experiments with different machining
methods have been performed. It was found that no
undesirable crumbling occurs during careful grinding
of tools insulated with layers of SiC and SigNy.

Correct tool design for ECM is fairly simple when
prismatic profiles have to be generated. For die-sink-
ing operations, however, other tool geometries are

7] S, H. Hagen, C. van Osenbruggen, H. A. J. Reemers and
G. Verspui, U.S. Patent No. 3972797 (filed August 1971).

18] The CVD process has been dealt with in some detail in this
journal:
For the application of wear-resistant TiC and TiN coatings on
tool steel, see P. J. M. van der Straten and G. Verspui, Philips
Tech. Rev. 40, 204-210, 1982;
for the application of silicon films in IC technology, see
J. Bloem and W. A. P. Claassen, Philips Tech. Rev. 41, 60-69,
1983/84;
for the manufacture of SiC masks tfor X-ray lithography, see
H. Liithje, Philips Tech. Rev. 41, 150-163, 1983/84.

9] G. Verspui, Proc. Electrochem. Soc. 79-3, 463-475, 1979.

[10] Research on CVD for application in ECM was started mainly
by S. H. Hagen, W. F. Knippenberg and G. Verspui, and was
taken up at a later stage by the CVD project group of CFT.
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necessary, with faces that are not perpendicular to the
direction of tool movement. In such cases local in-
sulation of the tool is difficult and some other way
of achieving the required accuracy of form has to be
found.

The use of a pulsed voltage

The high current density (=100 A/cm?) required
for proper operation of the ECM process may give
very high concentrations of reaction products, which
can only be partly removed by the electrolyte, espe-
cially if the gap is narrow. The increasing contamina-
tion can cause a deposit to form on the tool, so that
the workpiece material no longer dissolves uniformly.
Furthermore, changes in the electrolyte composition
and the temperature rise and hence in the electrical
resistivity can also make the accuracy worse. These
problems can be largely avoided by applying a pulsed
voltage instead of a continuous one ('], When the
pulse duration and the intervals between the pulses are
properly matched to the current density, the gap can
be almost completely swept clean during the current
intervals, giving a regular ECM process.

An important difference as compared with the use
of continuous voltage is that the current efficiency is
much more dependent on the current density. As an
example fig. 9 shows the efficiency for the machining
of steel plotted against the current density for con-
tinuous voltage and for a pulsed voltage with a pulse
duration of 1 ms and an interval of 10 ms. With the
continuous voltage the efficiency decreases gradually
when the current density is reduced, whereas with the
pulsed voltage the decrease is much more rapid.

As noted earlier, a steep fall in efficiency with de-
creasing current density improves the accuracy of
form of the workpiece. This improvement depends on
the pulse duration and to a somewhat lesser extent on

60% g
n
T 40 cont. puls
20t
0 1 L 1
0 20 40 60 80 g 100 Alcm?

Fig. 9. Current efliciency  of an ECM process as a function of the
current density J for continuous voltage and for a pulsed voltage,
using pulses of 1 ms duration with an interval of 10 ms between
them, under otherwise identical conditions. If the current density is
decreased from 100 A/em? a much steeper decrease in efficiency
occurs with a pulsed voltage than with a continuous voltage.
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the interval. The improved accuracy of form can
clearly be seen when cavities are made with a tool of
rectangular cross-section. Fig. 10 shows micrographs
of such cavities. Because of the increased side gap the
cavity obtained with continuous voltage has walls that
slope at an angle of about 17°. The walls generated
with pulsed voltage are almost vertical, the deviation

Fig. 10. Micrographs of cavities formed by ECM in a steel work-
piece. The tool has a rectangular cross-section. The cavity produced
with continuous voltage (above) has walls that slope at an angle of
about 17°. The deviation from vertical in the cavity made with a
pulsed voltage (below) is only about 3°.

Fig. 11. Micrograph of a steel workpiece in which a cavity has been
formed by ECM with a pulsed voliage, and the tool used. Because a
pulsed voltage was used, the sloping side walls of the tool are copied
accurately in the workpiece.
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from the vertical being only about 3°. Another illus-
tration of the accuracy of form attainable is given by
the micrograph in fig. 11. It can be seen that the
sloping side walls of the tool are copied exactly in the
workpiece.

The use of a pulsed voltage also improves the sur-
face finish. As a result of the fluid flow there are
grooves with a maximum depth of about 1 pm in the
surface of a cavity produced with continuous voltage.
These probably arise from disturbances of the diffu-
sion boundary layer at the metal surface caused by
turbulence in the fluid. When a pulsed voltage is used
no such grooves are observed. During the intervals
between the voltage pulses the composition of the
boundary layer is repeatedly renewed, so that tur-
bulence has far less effect.

Potential applications

The ECM method has many potential applications,
especially for the quantity production of precision
components for electronic and electromechanical
equipment. In recent years CFT have investigated a
number of possible applications. The widely different
operations studied have ranged from the making of
holes with a diameter of 50 um to the generation of
profiles in a surface of area 0.15 m2. The operations
were performed on a wide range of materials, in-
cluding aluminium, copper, molybdenum, tungsten,
steel, ‘hard metal’ and conducting ceramics. In many
cases, at least for small production runs, the machin-
ing requirements could be met. Some of the results
will be discussed here in more detail.

Profiling with an insulated tool

Fig. 12 shows a cross-section of a tooth profile pro-
duced by ECM in a 1.5-mm.steel strip. The tool used
has the complementary shape to the required profile
and is completely insulated except for the ground
front face. The insulation is about 15 um thick and
consists of two SiC layers and an intermediate layer
of Si3N4.

The operation begins with the tool 50 um above the
surface of the strip. The tool is fed towards the work-
piece at a rate of 2.5 mm/min, with the gap width kept
at 50 um. As soon as the tool reaches a preset depth
(e.g. 0.72 mm) the operation is stopped. The tooth
height is then 0.77 mm. Because of the low gap width
during the operation the tooth profile can be gener-
ated accurately: the variation in tooth width is less
than 20 pm.

Since the operation is performed at a high current
density (180 A/cm?) and a narrow gap, a relatively
high fluid pressure (about 0.8 MPa) is necessary for
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pumping sufficient electrolyte through the gap. The
direction of fluid flow corresponds to the longitudinal
direction of the teeth. Because of the high pressure of
the fluid good sealing is required.

Production of calibrated holes

In special cases the ECM method can be used for
the accurate production of holes. An example is the
making of a diaphragm for an electron-optical sys-
tem. Metal is removed from the top of a hollow cone,
producing a truncated cone whose flat top is the dia-
phragm. Fig. 13 shows a diaphragm produced by
ECM. The aperture has a diameter of 50 + 1 um, well
within the required tolerance.

The production of such a diaphragm requires care-
ful control of the hole diameter. The operation is per-
formed with a stationary flat tool about 0.1 mm above
the top of the cone. From the other side a pin of diam-
eter 48 um is placed against the inside of the top of the
cone. This pin, made of an insoluble material (e.g.
platinum-rhodium or tantalum) is connected to the
generator by a microswitch. During the ECM process
the top dissolves first, and then the opening becomes
steadily larger. As soon as the required diameter has
been reached, the pin gauge starts to move through
the hole and the voltage is switched off. Any burrs
formed as a result of the movement of the pin can be
removed by applying extra pulses. The truncated cone
shown in fig. 13 has a rounded top. The top can be
made flat to within 10 um by fitting a platinum guard
ring over the cone.

Fig. 12. Micrograph of a cross-section of a tooth profile formed by
ECM. The teeth have a width of 0.37 mm and a height of 0.77 mm.

{111 See M. Datta and D. Landholt, Electrochim. Acta 27, 385-390,
1982.
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Deburring

The ECM method is widely used for removing burrs
left by previous operations. For Philips the method is
mainly of interest for parts that are cut or pressed
from thin sheet metal. ECM is a useful method for
deburring such products, since it can meet the in-
creasing requirements for accuracy of dimensions and
form.

The geometry and dimensions of a burr may vary
considerably. Usually, however, it is possible to set up
the workpiece and tool in such a way that the current
density at the burr is an order of magnitude higher
than for the rest of the workpiece. This means that the
workpiece itself is hardly affected during the deburring
process. The exact dimensions of the burrs are not
very important: only the maximum dimensions have
to be known, so that the deburring operation can be
adjusted to suit. If necessary the current required can
be limited by using a tool adapted to the contours of
the workpiece.

Electrochemical deburring is very vapid, with vir-
tually no damage to the workpiece. This was found,
for example, from the removal of a burr that pro-
truded about 25 um above a punched hole of 0.4 mm
diameter. When the process was correctly set up, the
burr was completely removed in about 0.5 s with a flat
tool about 0.1 mm above the workpiece. No more
than 2 um of the sheet material was removed and the

Fig. 13. Micrograph of a cross-section of a truncated cone with dia-
phragm for an electron-optical system. The calibrated diaphragm
aperture, with a diameter of 50 um, was produced by ECM after
dissolving away the top ot a hollow cone (above).

s
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diameter of the hole was not made any larger. Be-
cause of the short duration of the process the method
can easily be integrated in a production line for metal
components.

Fig. 14. Diagram of tool and workpiece for deburring by ECM. The
workpiece is situated between the cathode (b/ue) and the anode
(red), so that the electrolyte (yel//low) flows on both sides.

[

i,

Fig. 15. SEM micrographs of a component before and after de-
burring by ECM.
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Depending on the thickness of the material and the
current density required, there are various ways of
supplying the electric current. With thick material the
current can be supplied directly to the workpiece by
means of pressure contacts or sliding contacts. With
thin material the current can be conducted through a
conductor beneath it, e.g. of platinum. This is only
possible, however, for low current densities, since
otherwise the conductor may ‘burn’ at the contact
points. If a higher current density is required for de-
burring, a system can be used in which the workpiece
‘floats’ with respect to the electrodes, and the current
is supplied through the electrolyte. Fig. 14 gives a dia-
gram of a system of this type that was used in our
investigation for deburring punched components.
With this system the current supply can be made suffi-
ciently uniform for there to be no local overheating of
the workpiece. Fig. 15 shows a component before and
after deburring by this method. The deburred compo-
nent is smoothly rounded at the edges.

Edge profiling

The edges of a workpiece can be profiled by setting
the tool at a particular angle to the workpiece. As an
example we shall consider the generation of a razor-
sharp edge with a stationary tool at a particular angle
¢. As can be seen in fig. /6 the thickness d(x) of the
material is determined by the initial thickness dy, the

Fig. 16. Above: Parameters for calculating an edge profile 10 be
made by ECM, using equation (7). The thickness ¢ (x) at position x
is determined by the initial thickness dg, the initial gap width A at
x = 0, the angle o between workpiece and tool, and the local gap
width #A(x). The profile shown was calculated for do = 30 pm,
ho = 30 pm and @ = 24°. Below. Micrograph of the profile ob-
tained experimentally with these values.
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initial gap width A at the edge (x = 0), the angle «
and the gap width A(x):

d(x) = do + ho + xtana — h(x). (5)

For the derivation of #(x) we write eq. (3) as a differ-
ential equation:

M) VxnVs

ar  hx ©)

where it is assumed that the dissolution of material
takes place only in the vertical direction and that the
current efficiency is constant. With the boundary con-
dition that the operation is stopped as soon as the
material has dissolved completely at x = 0, we can
derive an expression for 4(x) from eq. (6). Substitu-
tion in eq. (5) gives

d(x) = do+ho+xtana — [/do? + 2doho + (ho+xtan a)?.
U

The profile shown in fig. 16 has been calculated for
do = 30 um, Ay = 30 um and a = 24°. At the bottom
of the figure the result is shown for an experimentally
obtained profile using the same parameter values.
Apart from the surface roughness, the profile ob-
tained agrees well with the calculated one.

The above model is no longer valid when the material dissolves in
more than one direction and the tool is fed towards the workpiece.
In such cases it is possible to use computer programs based on the
finite-element method 121, Calculations carried out using this
method may give a good indication of the possibility of generating
a particular profile. Fewer experiments are then necessary for deter-
mining the optimum process conditions. Some experiments are still
necessary, however, because the computer programs do not take
account of eflects such as local variations in overvoltage, tempera-
ture gradients and effects connected with the fluid flow.

Operations on metal foils

Holes and groove patterns in thin metal foils, which
are usually made by punching or photochemical etch-
ing, can also be made by ECM. The application of
ECM is particularly useful when punching produces
excessive burring and internal stresses and when large
quantities of components (more than a million) have
to be produced. Photochemical etching may then be
too expensive owing to the recurring costs of applying
and removing photoresist masks.

Various methods can be used for clamping the foils,
for the current supply, and for the fluid flow. A pro-
filed tool can be used, which is copied in the work-
piece. Another possibility is to use an insulating mask

izl Calculations with the finite-clement method have been per-
formed by F. J. du Chatenier and H. J. Eggink.
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Fig. 17. Diagram of ECM configuration for machining thin metal
foils with a profiled stationary tool. Between the conductor plates
(blue), acting as cathode, the tool contains insulating plates that
press the foil on to the surface below (red). The electrolyte (yellow)
flows between the sides of the insulation plates.

that is placed on the foil. The current then flows
through the openings in the mask, and the gap with
the electrolyte is situated above the mask. The choice
of method is primarily determined by the desired
rounding of the edges.

An arrangement for generating rectangular patterns
is shown in the diagram of fig. 17. A profiled tool is
used, consisting of alternate conducting and insulating
plates. At the surface of the foil the conducting plates
are recessed about 0.3 mm with respect to the front
face of the insulating plates. The foil is pressed on to
the lower face by the insulating plates. The electrolyte

Summary. In electrochemical machining (ECM) metal removal
takes place with an electrolyte between workpiece and tool, which
arc connected as anode and cathode. When an electric current is
passed through the clectrolyte the workpicce is selectively dissolved
and becomes a replica of the shape of the tool. Reaction products
and heat are carried away by rapid electrolyte flow through the gap.
An elaborate system is necessary for the circulation and purification
of the electrolyte and also for adjusting the machining voltage, for
tool feed and for protecting the system from short-circuiting. The
metal-removal rate and accuracy of form depend on tooling, elec-
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flows through the channel, which is bounded at the
top by the conducting plates, underneath by the foil
and at the sides by the insulating plates.

Fig. 18 shows a foil with a rectangular pattern that
was obtained in this way. With the process correctly
set up and with a pulsed voltage the dimensional
accuracy is good: 5 um for a groove width of 0.9 mm.
The etch factor is about 2, which means that the metal
is dissolved about twice as fast in the vertical direction
as in the horizontal direction.

Important contributions to the work described here
were made by J. H. de Jongh and W. H. A. Minten.

e e B o L,

Fig. 18. Rectangular pattern produced by ECM with a profiled sta-
tionary tool as in fig. 17. The grooves are 0.9 mm wide.

trolyte, gap width, current density and electrolyte flow rate. The
hardness of the workpiece is of no significance. The accuracy of
form can be improved by insulating parts of the tool, e.g. with two
SiC layers and an intermediate SigNy4 layer, applied by chemical
vapour deposition (CVD). The use of a pulsed voltage also gives
better results. Complex shapes are produced very rapidly without
tool wear, burring and mechanical stresses. The ECM method can
be used for high-precision (micro)machining operations such as the
formation of tooth profiles and calibrated holes, removal of small
burrs, edge profiling and making patterns in foils.
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4449 834
Aerostatic axial thrust bearing

A. Franken E
J. L. M. Hagen

An aerostatic axial thrust bearing comprising a movable part and
a stationary part, one of said parts being constructed as a cup-
shaped member having an upright wall, a closure member and a
bottom which faces the other bearing part and which is formed by a
diaphragm having a central opening. The side of the diaphragm
facing the other bearing part is shaped so that the bearing gap be-
tween the two parts becomes narrower from the central opening in
the diaphragm towards its outer edge, and the cup-shaped member
having an inlet for the admission of a gaseous pressure medium to
the space inside the cup-shaped member. The diaphragm is con-
nected to the upright wall of the cup-shaped member at a location
which is situated between the central opening and the outer edge of
the diaphragm.

4474650
Method of manufacturing a mother matrix
A. W. M. de Laat ' E

A method of manufacturing a metal mother matrix in which a
master disc, which is a supporting disc, carrying on one side a layer
of a positive photoresist in which an information track is provided,
is provided with a metal peel, first by electroless deposition and
then by electrodeposition, the metal peel is separated from the
master disc, the remainders of the photoresist present on the father
matrix thus obtained are dissolved and a metal copy, which is a
mother matrix, is manufactured by electrodeposition from the
father matrix, characterized in that the photoresist is made elec-
trically conductive by means of exposure to light.

4474 894

Dielectric on the basis of lead titanates, method of
manufacturing same, and a multilayer capacitor com-
prising the dielectric -

K. H. Hirdtl A

A dielectric having a sintering temperature in the range of from
800 to 1000°C on the basis of lead titanates, in which at least
50 mol % of the titanium are substituted by Mg and W, the sto-

L ™ 2 N b mox

ichiometric basic compound having the following composition:
Pb(Ti1-x-y MgxW,)O3 wherein 0.25 € x £ 0.35and 0.25 £ y £ 0.35
and comprising an addition of 0.001 to 0.006 (5SPbO + 1WQ3) on
an additive molar basis.

~

4475032

" Plasma spraying of conversion screens

T.J. A. Popma E
G. A. te Raa
A. T Vink

A conversion screen such as is used for X-ray image intensifier
screens, X-ray image intensifier tubes, cathode-ray tubes, image
pick-up tubes, X-ray electrography, fluorescent lamps and the like
is formed by the deposition of a layer of conversion material on a
carrier via a melting space which is preferably heated by means of a
plasma arc. This method of deposition offers very robust screens
with a high density and also allows the filling of recesses in a carrier
with conversion material, so that structured conversion screens can
be formed.

4475120

Method of raising the breakdown voltage of an inte-
grated capacitor and capacitor manufactured by this
method

M. J. M. Binet - L

The invention relates to a method suitable for raising the break-
down voltage of a capacitor of the integrated circuit type formed on
a semiconductor substrate and characterized in that the lower plate
of the capacitor is under etched so that an air wedge is obtained. As
a result of the air wedge, the electric current passed through the
semiconductor material is lengthened and the breakdown pheno-
mena at the edges of the capacitor are reduced. The invention also
relates to capacitors obtained in this manner.

PHILIPS

&

PHILIPS




4475125 ‘

Television pick-up arrangement comprising a solid-
state picture pick-up device -
L. J. M. Esser - E

L. J. van de Polder -

A television pick-up arrangement comprising a solid-state. picture
pick-up device rows of picture pick-up elements of which are con-
nectable to parallel inputs of two output shift registers. When the
shift registers are read simultaneously they supply at their series
outputs picture signals which are associated with each time two
pairs of rows of picture pick-up elements. According to the inven-
tion, the two picture signals are applied on the one hand separately
to a vertical aperture correction circuit having only one delay device
with a time delay of one line period and on the other hand com-
bined to a horizontal aperture correction circuit, the corrected sig-
nals being combined behind said correction circuits. Advantageous
use can then be made of a device in which pick-up information is
obtained by both holes and electrons which are caused by photons.

4476 163

Method of making crucibles for flameless atomic ab-
sorption spectroscopy

B. Lersmacher
L. W. J. van Kollenburg

A method of making crucibles for flameless atomic spectroscopy
comprises the steps of coating carbon crucible preforms with pyro-
lytic graphite in a reaction vessel by deposition of the graphite from
a gas phase wherein the carbon crucible preforms are removed from
the reaction vessel after cooling to room temperature and are re-
introduced into the reaction vessel orientated in different positions
before application of a second or subsequent coating to give a total
thickness of the coatings of 20 to 80 pm.

A E

4476214

Optical information disc comprising tellurium, sele-
nium and antimony

P. Zalm E
B. A. J. Jacobs
A. W. de Poorter

An optical information disc in which information can be written and
read optically and which has a substrate plate which on at least one
side has a recording layer which satisfies the formula Te,Se,Sb;S,
wherein x = 55-85 at.%, y = 13-30 at.%, z = 1-12 at.%, q = 0-10
at.% and x+y+z+g=100. Suitable recording layers are
TegoSe25Sb10Ss and Teq5Se15SbsSs.

4476438

Multiplier circuit including amplifier with drift com-
pensation circuit ‘

C. Cantou L

An amplifier circuit comprising an amplifier having a first input
which receives an electric signal comprising an intermittent useful
signal component and an undesired spurious component and a
second input of opposite sign to that of the first input. The output
signal of a circuit for the compensation of the spurious component
is applied to the second amplifier input. The circuit comprises a
comparator for comparing the undesired component, taken from
the output of the amplifier, with a threshold value, a counter which
is incremented or decremented depending on the result of the com-
parisons and in the rhythm of a clock circuit, and a digital-to-
analog converter coupled to'the output of the counter to supply the
signal for the compensation of the unwanted component to the
second input of the amplifier. : ’

4 476 544

Current-controlled magnetic domain memory
N. J. Wiegman ‘ E

A current-controlled magnetic domain memory comprises a register
for propagating magnetic domains in a magnetizable layer. The
register comprises a meandering current-conductor pattern. The
pattern can be driven by a bipolar current. The current conductors
have a width of approximately one domain diameter and a meander
period of approximately four domain diameters. The conductor
pattern is provided with two control elements per period which
generate potential wells in the magnetizable layer of a size of ap-

proximately one domain cross-section and which are arranged to -

center the centers of the domains on the edges of the conductor pat-
tern when the current through the conductor pattern is zero.

4476 563

Semiconductor laser having at least two radiation
beams, and method of manufacturing same

L. J. van Ruyven E

A semiconductor laser device has a semiconductor body in which
two or more lasers are provided which can generate substantially
parallel radiation beams of preferably different frequencies which
are situated close together. According to the invention, the semi-
conductor body has at least one semiconductor laser of the double
hetero-junction type (DH-type) comprising a plurality of semi-
conductor layers with a radiating p-n junction parallel to the semi-
conductor layers and at least one semiconductor laser of the TJS
(“Transverse Junction Stripe”) type, the p-n junction surface of
which is transverse to that of the DH-laser. The device comprises a
layer structure having at least two active layers, each between two
passive layers. One laser is formed in a mesa-shaped part of the
body which comprises both active layers, the other in an adjacent
part in which the uppermost active layer is absent. The TJS-laser is
preferably provided in the last-mentioned part. More than two
lasers may also be provided.

4 477401
Method of manufacturing a dielectric

H. J. Hagemann
S. Hiinten

R. Wernicke

C. J. Klomp

W. Noorlander

A method of manufacturing a dielectric from ferroelectric ceramic
material having a perovskite structure with the basic formula ABOs.
In the method, the dielectric is sintered in a reducing atmosphere
and the sintered body is aftertreated at a temperature in the range
of from 500 to 900 °C in an Ng-Oy atmosphere. The atmosphere
contains a quantity of Oy corresponding to a partial Oz-pressure
between 10~° bar and 0.2 bar.

4477 696
Conference system for telephony

A. W. M. van den Enden E
J. F. P. van Mil
A. J. Nijman

A conference system comprises a conference circuit to which a
plurality of participants are connected via terminals respective con-
necting circuits having input and output circuits, the signal from
the output circuits being fed to the connecting circuit and signals
from the conference circuit being fed lines to the input circuits. The
conference circuit has summing amplifiers whose inputs are con-
nected to the outputs of the connecting circuits so that the output
signals from the connecting circuits are algebraically summed. The
signs of the signals to be summed are determined from the relation-
ship E — §*S = 0 where E is the unity matrix and S* is the trans-
posed complex conjugate matrix of S.




4477903

Error correction method for the transfer of blocks of
data bits, a device for performing such a method, a
decoder for use with such a method, and a device com-
prising such a decoder ’

K. A. Schouhamer Immink - ' E
L. B. Vries

For an error correction method for the transfer of word-wise ar-
ranged data, two word correction codes are successively used, each
code acting on a group of words while therebetween an interleaving
step is performed. The actual transfer takes place by means of chan-
nel words for which purpose there are provided a modulator and a
demodulator. Invalid channel words are provided with an invalidity
bit in the demodulator. During the (possibly correcting) reproduc-
tion of the data words, the invalidity bits can be used in one of the
two error corrections in various ways. When too many words of a

group of code words are invalid, all words of the relevant group are -

invalidated. If a word comprising an invalidity bit is not corrected
during correction by means of a syndrome variable, all words of the
relevant group are invalidated. If the number of invalidity bits lies
within given limits, they act as error locators so that the code is
capable of correcting a larger number of words.

4477915

Differential pulse code modulation transmission sys-
tem

J. H. Peters E

Differential pulse code modulation transmission system comprising
a transmitter and a receiver. In the transmitter there is subtracted
from an information signal to be transmitted, a prediction signal
for the purpose of generating a difference signal, which is quantized
and converted into a quantized difference signal in a quantizing ar-
rangement. This difference signal is applied to a prediction circuit
for generating the prediction signal. It is also transmitted to the
associated receiver. In that receiver a similar prediction signal is
generated by means of a similar prediction circuit, which prediction
signal is now added to the received quantized difference signal. In
order to limit the influence of transmission errors in this transmis-
sion system, without an excessive increase in equipment, the quan-
tized difference signal is applied in the transmitter and.in the
receiver to a cascade arrangement of a non-linear network and an
auxiliary prediction circuit, which produces an auxiliary prediction
signal. Before the quantized difference signal is applied to the pre-
diction circuit, the auxiliary prediction signal is first added thereto.

4477916
Transmitter for angle-modulated signals
K. S. Chung E

Transmitter for angle-modulated signals having an input for binary
signals, a premodulation filter and a frequency modulation arrange-
ment. In order to improve the error rate of the system of transmitter
and receiver a premodulation filter is used having a pulse response

N

h(t): A(?) = g(1) — Y a(m)[g(t — nT) + g(t + nT)], wherein g(t)
n=1

is the pulse response of a Gaussian lowpass filter and T the duration

of a binary signal element. The postdemodulation filter has a pulse

response of the same general form for optimum results.

4478 485

Connector for coupling at least one optical fiber to a
further optlcal ‘element

G. D. Khoe - E,
J. H F, M. van Leest

L. J. Meuleman

A connector, for coupling pairs of (monomode) optical fibers, com-
prising a central connection portion, with a V-groove, and two

holders. A cylindrical envelope of an optical fiber is arranged in
each holder to be resilient in the longitudinal direction. A pin is

secured parallel to each envelope. The envelope is retained in the V-
groove by a hold-down spring. When the envelope and the pin are
insertedinto the central connection portion, the envelope isclamped
by a clamping spring which is actuated by the pin after the envelope
has reached its ultimate position, e.g. against an abutment pin.

-

4478 690

Method of partially metallizing electrically conductive
non-metallic patterns

E. Scholtens _ - E

The partial metallization of electrically conductive non-metallic
patterns, for example transparent patterns of indium oxide and/or
tin oxide or resistance layers of cermet material, on insulating car-
riers by means of an electroless plating solution. The plating is
initiated by applying a potential difference for a short period of
time between the patterns and an auxiliary electrode.

4479260

Coupling and mixing circuit comprising a dual source
transistor

P. Harrop : L~

A dual-source FET connected in a common gate arrangement for
receiving respective input signals at the two-sources and for pro-
ducing at a drain terminal the sum of the input signals. A circuit is
disclosed which combines the dual-source FET with a single-source
FET for mixing the input signals.

4480 229

Amplifier arrangement with parallel-operated ampli-’
fier sections

T. J. van Kessel E-
N. V. Franssen ) »
By adding the difference between output and input of the one

amplifier section to the output signal by means of a subsequent
amplifier section a ring of amplifier sections can be formed which

compensate for each other’s distortion. L .
4480257

Optical printer comprising light switching elements
B. Hijl H

An optical printer includes magneto-optical light switching elements
formed on a substrate of comparatively small dimensions. The light
switching elements are combined so as to form groups which are
separated from one another by an equidistant space. Each group is
associated with a self-focusing lens so that the distances between all
image points of a plurality of groups on a record carrier are equal.

4480263

Three-dimensional television system and transmitter
suitable therefor .

P. C. A. van Merode ' : E

A three-dimensional television system comprising an adapted trans-
mitter, which in further respects does not differ from a colour tele-
vision system in accordance with the PAL, NTSC or SECAM-stan-
dard. A three-dimensional display in a standard receiver is based on
the use of two colours, an observer observing a colour picture dis-
play screen through dlﬂ'erently coloured glasses. 1n the transmitter,
a first picture plck-up device is coupled to an input of a matrix-
coding circuit via a low-pass filter. The filter has a bandwidth which
is not more than the bandwidth of the colour difference signal chan-
nels in the decoding-matrix circuit of the receiver. In order to im-
prove the picture quality, a second picture pick-up device may be
coupled via a low-pass filter having a wider bandwidth to a different
input of the matrix-coding circuit.




. 4480267
Line standard conversion circuit

P. M. van den Avoort : ' E
M. C. W. van Buul

The use of a field interpolation circuit which interpolates by means
of equal amplitudes of the information from two successive fields
results in a television line standard doubler capable of furnishing a
very good picture quality.

4480332
Apparatus for examination by scattered radiation
H. Strecker H

The invention relates to an apparatus for imaging a layer of a body
to be examined. The body is irradiated by primary-radiation, in
response to which the layer emits scattered radiation. The apparatus
comprises a diaphragm plate which is disposed outside the primary
radiation beam. The diaphragm is rotatable about an axis perpen-
dicular to its major surface, and it has at least one aperture which is
disposed off of the axis of rotation. A detector or a superposition
device is provided for measuring or superimposing the scattered
radiation which passes through the diaphragm plate at different
aperture settings. The primary radiation is stopped down to form a
flat fan-shaped beam. The diaphragm plate is oriented parallel to
the fan-shaped beam. Each aperture corresponds to an associated
detector, which follows the rotation of the diaphragm plate. The
input face of each detector extends parallel to the diaphragm plate.
The detector is arranged so as to be rotatable about a detector axis
which is perpendicular to an input face and which extends through
its center. The detector rotates in a direction opposite to the direc-
tion of rotation of the diaphragm plate and with the same angular
velocity as this plate.

4481 340

Photosensitive polyamic acid derivative, compound
used in manufacture of derivative, method of manu-
facturing substrate having polyimide layer, and semi-
conductor device made from said method

L. Minnema E
J. M. van der Zande

A photosensitive polyamic acid derivative obtained by treating
polyamic acid with a compound of a special formula, method of
manufacturing a substrate having a polyimide layer by providing
the substrate with a layer of the photosensitive polyamic acid deri-
vative and then exposing, developing and imidizing the layer, as
well as a semiconductor device comprising a polyimide layer ob-
tained by using the above-mentioned method.

4481385
Arrangement for cancelling echo signals
J. J. W. Kalfs E

Arrangement for cancelling echo signals in data transmission over a
two-wire transmission path. The data signals occurring in the send
path are applied to an adjustable signal processing arrangement.
From said data signals a synthetic echo signal is derived which is
subtracted in a difference producer from the data signal occurring
in the receive path. The residual signal is converted into a digital
residual signal in an analog-to-digital converter arrangement. An
interpolator which increases the sampling rate by a factor L results
in the production of a digital control signal from the digital residual
signal, for the setting arrangement. The sampling rate of the digital
residual signal is M/LT Hz, wherein T is the duration of a data sym-
bol in seconds and M and L represent integers which are relatively
prime, L being greater than one.

4481 447
Power supply for a magnetron

E. H. Stupp N
M. W. Fellows

A method of controlling the power output of a magnetron tube,
and an electric power supply for supplying power to the tube.
According to the method, power is continuously supplied to the
magnetron heater. At the same time, a voltage is continuously ap-
plied across the anode and the cathode of the tube. This voltage
across the anode and the cathode varies in cycles between a first
value, which is substantially at or below the threshold voltage of the
magnetron tube, and a second value, which is above the threshold
voltage. The average magnetron power output is determined by the
proportion of each cycle during which the voltage across the anode
and the cathode is above the threshold voltage.

4481477

Method and apparatus for the real-time measurement
of the small signal gain of an amplifier

K. R. Wittig : N

A method and apparatus for measuring the small signal gain of an
amplifier. Each amplifier responds, in operation, to a small signal
input. The small signal input varies substantially linearly over a
field time interval. A small bias signal is added to the bias level in-
put of the amplifier during a portion of the field time interval. The
output of the amplifier is measured at three or more different times
during the field time interval, at least one time when the small bias
signal has not been added to the bias level input and at least one
time being when the small bias signal has been added to the bias
level input. By processing the measured outputs, a signal which is
directly proportional to the product of the small bias signal with the
small signal gain of the amplifier is obtained. A method and appa-
ratus for actively compensating for differences in the small signal
gain among two or more amplifiers is obtained by dividing the small
signal output of each amplifier by the signal proportional to the
small signal gain of the amplifier.

4481 540
Television camera comprising a focusing arrangement
F. H. M. Bergen E

A television camera in which an electronic view-finder is further
used for adjusting an optimum focusing. The picture signal is then
applied to the view-finder via a switching device, and that during
the presence of an aperture correction signal. Qutside the occur-
rence of this aperture correction signal the supply of a picture signal
which has been made unsharp may be affected, or the supply thereof
may be interrupted. Adjusting the optimum focusing on the basis
of the picture on the viewer screen is then facilitated.

4481 552

Disc unit for information recordmg and/or reading
system

M. J. J. Dona E
A. J. J. Franken
P. van der Giessen

A system for recordingfreading information, comprising inter-
changeable disc units and a drive unit. Each disc unit comprises a
disc pack with at least one information disc which is contained in an
enclosure comprising two covers which can move relative to each
other and which are interconnected by connecting means. The drive
unit comprises means for supporting and driving the information-
disc pack and means for recording/reading the information on the
information discs, means for releasing the connection between the
covers, and means for moving the covers relative to each other.
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Erasable magneto-optical recording

M. Hartmann, B. A. J. Jacobs and J. J. M. Braat

Recent articles in this journal described a method of optical recording in which a laser makes
holes or pits in a thin layer of material. In magneto-optical recording use is made of a mag-
netic layer magnetized perpendicular to the surface. A laser is used to reverse the magnetiza-
tion locally, in the direction of an external magnetic field. Read-out is based on the rotation
of the plane of polarization of the laser light, which depends on the local direction of the
magnetization. The stored information can also be erased. The erasure is carried out in the
same way as the recording, but with the external magnetic field in the same direction as the
original magnetization. In a joint study, scientists and engineers at the Philips Research
Laboratories in Hamburg and in Eindhoven are looking for suitable magnetic materials,
making and evaluating discs and optimizing the magneto-optical recording system. Recent
progress suggests that practical applications could soon become a possibility. These could

include the storage of alphanumeric data, digital audio signals and even video signals.

Introduction

In magneto-optical recording on a disc, a modu-
lated linearly polarized AlGaAs laser beam is used for
storing information in a magnetic layer magnetized
perpendicular to the surface, e.g. in the upward direc-
tion [1), During the recording or ‘writing’ the focused
laser beam (with an effective diameter of about 1 um)
causes local heating. In the presence of a downward-
directed magnetic field the direction of magnetization,
of an irradiated zone is reversed. On cooling to room
temperature the new direction is ‘frozen in’. In this
way a pattern of downward-magnetized domains is
created in an upward magnetized matrix. A pattern of
this kind forms the basis for the recording of digital
signals, with an upward magnetization corresponding
to a ‘0’ and a downward magnetization to a ‘1°.

Read-out takes place with a laser beam of lower
intensity. When the linearly polarized light is reflected
by the magnetic layer there is a slight rotation of the
polarization plane (the Kerr effect). The domains are
differentiated from the matrix since the direction of

Dr M. Hartmann (formerly M. Urner-Wille) is with Philips GmbH
Forschungslaboratorium Hamburg, Hamburg; Ing. B. A. J. Jacobs
and Dr Ir J. J. M. Braat are with Philips Research Laboratories,
Eindhoven.

this rotation depends on the direction of magneti-
zation.

An important difference from digital optical re-
cording (DOR) with tellurium alloys [2] and optical
recording with organic dyes 8 is that the recorded
information can be erased. This is done by laser-
irradiation of the written domains, but now with an
external magnetic field in the same direction as the
original magnetization.

Besides possessing a number of specific magnetic
and optical properties, the recording layers must be
sufficiently stable, not only when the information is
being written, read out or erased but also durfng
ageing under various conditions. In the search for
suitable materials for recording layers considerable
attention was paid to single-crystal garnets[4] and
amorphous alloys of transition metals with heavy rare-

(11 W, K. Unger and R. Rath, IEEE Trans. MAG-7, 885-890,
1971.

(2] L. Vriens and B. A..J. Jacobs, Philips Tech. Rev. 41, 313-324,
1983/84.

81 D, J. Gravesteijn and J. van der Veen, Philips Tech. Rev. 41,
325-333, 1983/84.

41 J.-P. Krumme and H. J. Schmitt, IEEE Trans. MAG-11,
1097-1102, 1975.
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earth metals (from gadolinium onward). In this article
we shall only be concerned with these alloys. The ini-
tial results were obtained with alloys of gadolinium
with iron or cobalt, deposited by cathode sputtering [3.
Also investigated were alloys of cobalt with holmium
and of iron with gadolinium and other rare-earth
metals, obtained by vapour deposition in ultra-high
vacuum 61,

In the research described in this article alloys of this
type were examined to find out how useful they might
be for magneto-optical recording. The deposition of
the layers and the determination of the relevant mag-
netic and magneto-optical properties take place mainly
at the Philips Forschungslaboratorium in Hamburg.
Layers with appropriate properties are used for
making different types of discs for magneto-optical
recording. Work on evaluating these discs and im-
proving the recording is carried out mainly at Philips
Research Laboratories in Eindhoven.

It was found that good discs can be made with
an amorphous alloy of gadolinium, terbium and
iron [7118] on a glass substrate coated with a lacquer
layer, with a pregrooved structure for tracking by the
laser beam [°1. In addition an anti-reflection layer can
be sandwiched between the lacquer layer and the re-
cording layer and a protective coating is necessary.
With such discs information can be reliably written,
read out and erased at a rate of say 4 Mbit/s. No sign
of degradation is observed after writing and erasing
more than 10% times. The attainable signal-to-noise
ratio at a bandwidth of 30 kHz and a linear track
velocity of 5 m/s is about SO dB. The life of the discs
and the information stored in them is estimated to be
longer than five years. This provides good prospects
for storing large amounts of information in the form
of alphanumeric data and digital audio signals. With
a further improvement in the signal-to-noise ratio,
video signals could also be recorded.

In this article we shall first describe two magneto-op-
tical recording systems. We shall go into more detail
than in the article about the DOR system [2!| which
referred to the articles about the LaserVision [1%! and
Compact Disc [1!! systems. Besides the various com-
ponents of the disc and the recorder, some important
aspects of writing, read-out and erasure will be
covered. We shall then discuss the investigation of
materials for the recording layer, testing the discs,
especially during ageing, and possible applications.

Magneto-optical recording systems

The principle of magneto-optical recording is shown
in fig. 1. As in the Philips DOR system described ear-
lier (21191 the recording layer is applied on a pre-
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grooved substrate. The groove is made in a substrate
of a material such as polymethyl methacrylate
(PMMA) or in a photo-polymerizable lacquer layer
(2p layer 11911121 on a glass substrate. During writing,
read-out and erasure, the groove is accurately tracked
by the laser beam, incident from the substrate side.
The groove may contain pits with address information
and a profile for synchronization.

An example of a magneto-optical recording system
is shown schematically in fig. 2. A modulated AlGaAs
laser provides a beam of light at a wavelength of say
850 nm. About 40% of the light emitted is collected
by an objective with a numerical aperture (NA) of 0.3.
The astigmatism of the laser beam is corrected by
means of a cylindrical lens. The parallel beam is
focused on the disc by an objective with NA = 0.6. At
the recording layer the power of the beam is about
20% of the emitted power. Behind the disc there is a
coil for generating the magnetic field. A characteristic
value for the magnetic field-strength at the ‘write’
position is 4 x 10* A/m. Some of the light reflected by
the disc is used for positioning the laser beam and
focusing it on the disc.

For read-out the laser beam first passes through a
polarizing beam-splitter before being focused on the
disc. This splitter transmits the parallel component ot

Fig. 1. Schematic representation of magneto-optical recording. The
focused laser beam L, which passes through the substrate S to the
magnetic recording layer R, produces a local reversal of the mag-
netization in the direction of the external magnetic field H.

polarization, while the perpendicular component is
reflected. The linearly polarized light transmitted is
incident on a Faraday rotator, which slightly rotates
the plane of polarization. Because of the Kerr effect,
the reflection from the recording layer results in a
polarization rotation of + fx, which depends on the
local direction of magnetization. Thc light then passes
through the Faraday rotator again and re-enters the
beam-splitter. The parallel component is transmitted
and used for tracking and focusing, while the perpen-
dicular component is reflected on to an avalanche
photodiode. The amplitude fluctuation of this compo-
nent resulting from the polarization rotation through
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+ 0 (fig. 2), provides the read-out signal after
squaring.

Now that more powerful AlGaAs lasers are avail-
able, the use of a neutral (i.e. polarization-indepen-
dent) beam-splitter has also become a possibility; see
fig. 3. The light reflected for detection then goes
through a %/1 plate whose principal axis is at an angle
of 22.5° to the original direction of polarization. This
causes a rotation of the plane of polarization by 45°,
with amodulation of + fk. A polarizing beam-splitter
splits the light into parallel and perpendicular compo-
nents of almost equal intensity, which are detected by
the diodes D; and D;. In the detection process the
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Fig. 2. Schematic arrangement for magneto-optical recording and
the light paths during writing, read-out and erasure. The light
coming from the laser L is collimated to a parallel beam by an
objective (NA = 0.3) and a cylindrical lens. The beam is focused by
a different objective (NA = 0.6) on to the magnetic recording layer
of a disc Di, located in a magnelic field produced by a coil C. During
writing and erasure the direction of magnetization in the recording
layer is reversed locally. A polarizing beam-splitter PBS transmits
the parallel polarization component and reflects the perpendicular
component. The beam passes through the Faraday rotator F'twice,
giving a total rotation f of the plane of polarization of the laser
light. Read-out is based on the polarization rotation -+ g, which
depends on the direction of magnetization in the recording layer.
This polarization rotation gives an amplitude fluctuation A%, A~
of the perpendicular polarization component reflected on to detec-
tor D. Some of the light reflected by the recording layer is used for
tracking 7r and focusing Fo.

angular modulation =+ f is converted into amplitude
fluctuations at Dy and D (fig. 3). Since these are in
opposite phase, the signal difference between Dy and
D, forms a sensitive read-out signal. Variations in
laser intensity and disc reflectance, for example, are
compensated by dividing by the signal sum.

This differential detection method resultsin a signal-
to-noise ratio theoretically a little lower, but it does
have some important practical advantages. Because
of the high intensity of the read-out signal, simple
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PIN diodes can be used for detection, and the effect of
birefringence (e.g. in the substrate) is relatively weak.
Furthermore, a pattern of pits (e.g. address informa-
tion) can easily be read out by detecting the signal
sum. The experiments described in this article were
mainly carried out with the arrangement shown in
fig. 2. We shall now discuss some of the aspects of
writing, read-out and erasure in more detail.

Writing
The magneto-optical writing of information can be

performed with a pulse duration of 50 ns and a laser
power of about 15 mW at the disc. The laser energy

oum| DZ
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Fig. 3. A different arrangement for magneto-optical recording, and
the associated light paths. The arrangement does not contain a
Faraday rotator and instead of the polarizing becam-splitter in fig. 2
there is a neutral (i.e. polarization-independent) beam-splitter NBS.
On read-out the local reversal of magnetization and a %A plate
rotate the polarization by 45° + 8. The polarizing beam-splitter
PBS splits the light into parallel and perpendicular components,
which are detected by Dy and D3z. Here the modulation + 6k pro-
duces amplitude fluctuations A%, A;~ and Ag*, A2~. The rest of the
arrangement is the same as in fig. 2.

51 P. Chaudhari, J. J. Cuomo and R. J. Gambino, IBM J. Res. &
Dev. 17, 66-68, 1973;

Y. Mimura, N. Imamura and T. Kobayashi, Jap. J. Appl.

~ Phys. 15, 181-182, 1976.

] This work was done at the Philips Research Laboratories in
Eindhoven, by J. W. M. Biesterbos, M. R. de Bont, A. G.
Dirks, M. Farla and others. An account of the work on
vacuum-deposited amorphous layers of transition metals and
rare-earth metals can be found in J. W. M. Biesterbos, J.
Physique 40 (Colloque CS), C5/274-C5/279, 1979.

171 J. Braat, K. Schouhamer Immink and M. Urner-Wille, Proc.
SPIE 420, 206-214, 1983.

[81 M, Hartmann, J. Braat and B. Jacobs, IEEE Trans. MAG-20,
1013-1018, 1984.
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locally incident on the recording layer is partly ab-
sorbed. This causes an increase in temperature such
that the magnetization direction is reversed in the
direction of the external magnetic field. After the laser
pulse the temperature decreases again, and the energy
absorbed is dissipated to the substrate by thermal con-
duction.

For writing on the disc the data bits to be recorded
are first converted into ‘channel bits’. Various modul-
ation systems can be used [13]. An important criterion
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Fig. 4. «) Binary Compact Disc signal to be recorded. b) Pulse train
derived electronically from the Compact Disc signal. The pulse
train determines the position of the unit magnetic domains by the
laser being switched on and off. ¢) The domain pattern obtained. It
unit domains overlap there are variations in the domain length.
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Fig. 5. Magnetic domains written in a pregrooved structure (track
spacing = 1.7 um) and made visible by a polarization microscope.
The domains (dark) are about 2 um long.
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for the choice of the modulation system is the attain-
able information density on the disc. The density is in-
creased if adjacent domains are allowed to overlap.
This can be reliably achieved by means of a pulsed
laser beam. As an example, fig. 4 shows the recording
process for a binary Compact Disc signal. From the
input signal, which has a specific channel bit length, a
pulse train is derived electronically. This determines
the position of the unit domains in the recording layer
by switching the laser on and off. Different overlaps of
the unit domains give a pattern with a variable do-
main length.

The shape and dimensions of the written domains
also depend on the diameter of the laser beam and the
linear velocity of the disc. The domains are visible
under a polarization microscope. Fig. 5 shows a polar-
ization-microscope photograph of domains written in
a pregrooved structure with a track spacing (pitch) of
1.7 ym. Because of a rapid succession of laser pulses
the domains are elongated; the domain length in the
direction of the grooves is about 2 um.

Read-out

During read-out the laser power is so much lower
(e.g. by a factor of 10) than during writing that the
stored information is not affected. The lascr is pulsed
so fast that even the highest frequency in the data
stream can be reliably read out. The intensity modul-
ation of the signal resulting from the polarization
rotation through + f¢ corresponds to a transition
between a ‘0’ and a ‘1’ in the stored information.

One method of assessing the signal quality is by
means of an ‘eye pattern’. This can be obtained by
superimposing the signals from successive periods on
an oscilloscope. 1f a wide eye-opening is obtained it is
easy to decide whether a signal corresponds to a ‘1’ or
to a ‘0’. Fig. 6 shows an eye pattern of a digital signal
supplied by an avalanche photodiode during magneto-
optical recording. The eye-opening here is wide and
high, so that a reliable read-out is possible.

The carrier-to-noise ratio (CNR) increases as the
Kerr rotation 6k of the recording layer increases. An-
other important factor is the total polarization rota-
tion S (fig. 2) produced by the Faraday rotator. The
highest value is obtained when £ is between 2 and 3°.
At a smaller angle the read-out signal is too weak
since too little light is incident on the detector, where-
as at larger angles the effect of noise is increased. The
main sources of noise are photon noise and disc noise.
An example of the effect of these noise sources on
CNR is shown in fig. 7. When £ is small (= 3°), the
noise consists almost entirely of photon noise and
CNR may be fairly high (> 50 dB). At larger angles
the disc noise causes a considerable drop in CNR.
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Fig. 6. An oscillogram of the eye pattern of a digital signal from an
avalanche photodiode during read-out of information. The linear
track velocity is 3 m/s. The width of an eye-opening is about 230 ns.
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Fig. 7. The carrier-to-noise ratio CNR calculated for a bandwidth
of 30 kHz during read-out, as a function of the polarization rota-
tion # by the Faraday rotator (fig. 2). In the absence of disc noise (a)
a high CNR is obtained at low #-values. The noise is then made up
almost entirely of photon noise. The disc noise introduces a sharp
decrease in CNR (b); this is most noticeable at high values of 8. The
‘read-out power’ at the disc has been taken as 1 mW; the signal
period is about 3 wm.

This problem can be avoided by using differential
detection and signal normalization (fig. 3). The polar-
ization rotation § due to the é/l plate is 45°, so that
from curve « in fig. 7 the theoretically attainable CNR
is only 3 dB lower than for detection at low f.

During ageing the disc noise increases because of
changes in the structure and the magnetic and optical
properties of the recording layer. This is one of the
main problems now being studied.

Erasure

During the erasure of recorded information the ex-
ternal magnetic field has the same direction as the
original magnetization. Erasure has not been found to
have any adverse effect on a later recording: read-out
of rewritten information again gives the same signal-
to-noise ratio. However, the replacement of old infor-
mation by new in the two stages of erasure and re-
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writing has the disadvantage that it is difficult to carry
out in real time, so that high data bit rates cannot be
obtained.

In principle the new information can be written
over the old by modulating the direction of the mag-
netic field at a constant laser power. Unfortunately
this does not work well at high signal frequencies
(> 200 kHz), because the magnetic field cannot be
switched so quickly in this configuration. High bit
rates can be obtained for example by using an optical
system with two light spots, which are focused via a
single objective on to two adjacent tracks; see fig. 8.
One light spot, the erase spot, is permanently on, so
that the magnetization takes the same direction as the
external magnetic field along the entire track. The
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Fig. 8. Simultaneously erasing old information and writing new in-
formation with two light spots on adjacent tracks. The erase spot A
is permanently on so that the direction of magnetization becomes
the same as that of the external magnetic field H along the entire
track. The write spot B is modulated by the information to be re-
corded, so that the direction of magnetization is reversed /ocally.
After one revolution of the disc the direction of the magnetic field
is reversed. New information is now written into the track that has
just been erased, while the old information is erased from the next
track.

other one, the write spot, is modulated by the infor-
mation to be recorded, so that the direction of magne-
tization is reversed locally. After one revolution of the
disc the direction of the external magnetic field is
reversed. The write spot moves to the track that was
completely erased during the previous revolution so
that its direction of magnetization is now opposite to
that of the magnetic field. Meanwhile the erase spot is
focused on to the next track so that its magnetization
again takes the same direction as the magnetic field.
In this way the domains written in successive tracks
have a different direction of magnetization.

131 J. P. J. Heemskerk and K. A. Schouhamer Immink, Philips
Tech. Rev. 40, 157-164, 1982.
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Materials for the recording layer

In the recording layer magnetic domains should
form at places where there are local increases of tem-
perature. These domains must not affect the magneti-
zation in the rest of the layer. They must also be stable
at room temperature, which means that they should
not become larger or smaller during read-out or eras-
ure elsewhere in the layer. For good magneto-optical
contrast during read-out, a large Kerr rotation fx is
necessary.

(Gdg 26 Feg,74 }i-x SNk
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Fig. 9. Magnetic saturation polarization Js as a function of tem-
perature T, for layers of gadolinium, iron and tin of the composi-
tion (Gdg.2etF€0.74)1-xSny. A change in the tin content x strongly
affects J, as well as the compensation temperature and Curie point.
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Fig. 10. Effect of the composition on the compensation tempera-
ture 7eomp and the Curie point T¢, for layers of the composition
(Gdo.26F€0.74)1-xMy, where M = Sn, Pb, Bi. An increase in the M
content x causes a sharp decrease in Teomp and a slight linear de-
crease in T¢.
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An important parameter for writing and erasing is
the magnetic saturation polarization Js of the layer.
As Js increases, the writing can take place in a weaker
external magnetic field, because the demagnetizing
energy (proportional to J;?) is higher. Erasure, on the
other hand, requires a stronger magnetic field, because
the demagnetizing energy stabilizes the reversed direc-
tion of magnetization. An important factor for the
stability of written information is the coercivity H.,
i.e. the minimum external magnetic field-strength to
reverse an induced magnetization. A high coercivity
at room temperature improves the stability of small
domains. A parameter related to the coercivity is the
uniaxial magnetic anisotropy constant K, i.e. the
energy required to bring the direction of magnetiza-
tion perpendicular to the preferred axis. )

There are several methods for magneto-optical
writing, depending on the changes in these parameters
at higher temperatures [14]. In ‘Curie-point writing’
the recording material is heated locally to close to its
Curie point T¢c. Under the influence of the demag-
netizing field and an opposing external magnetic field
(if necessary), the direction of magnetization becomes
opposite to that of the non-irradiated environment.
When the material cools to room temperature the new
direction is ‘frozen in’. With some materials the mag-
netization direction can be reversed even far below T¢
by utilizing the decrease in H, at higher temperatures.
For a magnetic field of field-strength H, magnetization
reversal will then occur as soon as H. << H; on cooling
this reversal is ‘frozen in’ again. A special case is
‘compensation-point writing’ in some ferrimagnetic
materials 18], These have a compensation tempera-
ture Teomp (<< Tc) at which the magnetic moments of
the sublattices completely compensate one another. In
the neighbourhood of T¢omp, . has a very high value;
above it H. decreases rapidly with the temperature,

In our investigation we are studying the suitability
of different ferrimagnetic alloys for magneto-optical
recording. Amorphous layers of these alloys can be
applied by vacuum electron-beam deposition, in which
the separate elements are deposited simultaneously
from the vapour phase on rotating substrates 18}, To
produce homogeneous layers with the required com-
position the partial vaporization rate of each of the
elements is carefully controlled. The preparative con-
ditions are adjusted to give layers with a strong uni-
axial magnetic anisotropy, with the preferred direc-
tion perpendicular to the surface.

The magnetic properties of the layers can be strongly
influenced by means of the composition 811171, To
give an example, fig. 9 shows the magnetic saturation
magnetization Js plotted against temperature for some
alloys of gadolinium, iron and tin. At low tempera-
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tures an increase in tin content causes a drastic reduc-
tion in Js, whereas at higher temperatures consider-
ably higher values are obtained. The effect of the com-
position on Teomp and T¢ is shown in fig. 10. For a
higher content of tin, lead or bismuth Tcomp decreases
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relevant properties. The addition of a small amount
of terbium produces an increase in Ky and H,.. The
combination with cobalt produces an increase in 0x
and T¢, but K, and H, become significantly lower.
Alloys of terbium with cobalt have good properties,

Table 1. Material properties of some vacuum-deposited layers for magneto-optical recording. The
table shows the measured room-temperature values of the magnetic saturation polarization Js, the
magnetic uniaxial anisotropy constant Ky, the coercivity A, and the Kerr rotation 8x (at a wave-
length of 850 nm), as well as the compensation temperature Tcomp and the Curie point 7¢.

Composition Js Ku H, Ok Teomp Tec
’ (mT) | (x10* | (x10° )] X) x

Jjm®) Ajm)
Gdo.24Feo.76 6 2.5 0.4 0.38 300 480
(Gdo.e5Tbo.05)0.24Fe0.76 5.3 1.6 0.30 230 460
(Gdo.95 Tbo.05)0.24(Feq.05 Coo.05)0.76 3 1.2 0.2 0.36 230 580
Tbo.18C00.82 ' 25 16 1.4 0.45 — —

sharply, while T¢ shows only a slight linear decrease.
The decrease in Tcomp implies a reduction in H. at
room temperature.

Our investigations revealed that good layers for
magneto-optical recording can be obtained by com-
bining gadolinium and iron with a little terbium or
cobalt or both. Table I shows the effects on the
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Fig. 11. Uniaxial anisotropy energy K., demagnetizing eneigy Eq4
and coercivity H. as a function of the temperature T for a layer of
composition (Gdo.e5Tbo.os)o.24Feo.76. Between the compensation
temperature and the Curie point Ej has a maximum while X, and
H; decrease sharply with temperature. . .

but above 390 K irreversible changes take place. In
view of the various requirements for magneto-optical
recording, the compound (Gdg.g95Tbo.05)0.24F€0.76
appears to be a good compromise. '

The temperature dependence of the demagnetizing
energy Eq, and the uniaxial anisotropy constant K of
this alloy are given in fig. 11. The demagnetizing
energy E4 is at its maximum between Teomp and Tg,
whereas K, decreases monotonically with the tem-
perature. These temperature dependences, together
with that of the magnetic saturation polarization, de-
termine the marked decrease of the coercivity H, with
temperature, also shown in fig. 11. With an external
magnetic field of say 4x10* A/m the recording is
achieved not by compensation-point writing but by
Curie-point writing. Changes in Teomp and H., in a
slightly modified composition, do not therefore have
any marked effect on writing behaviour. The stability
of the domains depends on H.. Owing to the high
value of H, at room temperature, small domains (with
a diameter of about 1 um) can be very stable.

[14] See for example P. Dekker, IEEE Trans. MAG-12, 311-327,
1976.

181 ‘Compensation-point writing’ has been dealt with earlier in
this journal: see:
H. Heitmann, B. Hill, J.-P. Krumme and K. Witter, MOPS, a
magneto-optic storage wafer of the discrete-bit type, Philips
Tech. Rev. 37, 197-206, 1977;
P. Hansen, B. Hill and W. Tolksdorf, Optical switching with
bismuth-substituted iron garnets, Philips Tech. Rev. 41, 3345,
1983/84.

1161 More information on the preparation and properties of
amorphous alloys is given in: K. H. J. Buschow, this issue,
pp. 48-57.

1171 P, Hansen' and M. Urner-Wille, J. Appl. Phys. 50, 7471-7476,
1979; “
M. Urner-Wille, P. Hansen and K. Witter, IEEE Trans.
MAG-16, 1188-1193, 1980.
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Investigations of discs

Various discs with layers of (Gde.95 Tbo.05)0.24Fe0.76
were produced in order to study recording character-
istics and ageing behaviour. The layers were applied
to a glass substrate that had previously been coated
with a 2p layer about 10 um thick. This contained a
spiral groove with a pitch of about 1.7 um. The re-
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Fig. 12. The signal power /, measured at a bandwidth of 10 kHz,
plotied against the frequency f at a linear track velocity of 3 m/s
(curve «). The noise level is — 50 dB with respect to the signal at
500 kHz. For a stationary disc, the noise level has decreased to
54 dB because of the absence of disc noise (curve 5). The noise
level due to the dark current and the gain is — 60 dB (curve ¢).
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Fig. 13. Schemalic sectional view of three layer configurations for
a magneto-optical disc. The configurations contain a glass sub-
strate G, a 10-um 2p lacquer layer L, a recording layer R of
(Gdo.95Tbg.05)0.2sFeo.76 and a protective layer . Configuration A
(the standard design) has no other layers. Configuration B has a
diclectric anti-reflection layer D between the 2p layer and the re-
cording layer. Configuration C has a thinner recording layer (15 to
20 nm), two dielectric layers D and a highly reflective layer M.
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Table II. Some characteristic values for the reflectance R, the Kerr
rotation 8 and the carrier-to-noise ratio CNR at a bandwidth of
30 kHz and a linear track velocity of 10 m/s, for the three con-
figurations in fig. 13.

Configuration R (7% CNR
(%) ) (dB)

A 46 0.35 ‘ 47

B 16 1.0 50

C 4 2.8 53

cording layer was covered with a protective layer. For
writing and read-out, the experimental recorder
shown in fig. 2 is used. To determine the carrier-to-
noise ratio (C/NR) a carrier signal with a frequency of
500 kHz is recorded while the disc rotates at a con-
stant linear velocity. Writing and read-out take place
both before and after the discs have been aged.

In fig. 12, the measured signal power from a disc
is plotted against the frequency. At a bandwidth of
10 kHz and a linear track velocity of 3 m/s, a charac-
teristic value of 50 dB is obtained. Some of the noise
is due to the surface roughness of the disc. This con-
tribution can be determined by measuring a stationary
disc. The level of the remaining noise, primarily
photon noise, is —54 dB with respect to the carrier
signal. The noise level associated with the dark cur-
rent and the gain is even lower (— 60 dB).

To obtain a high CNR, the reflectance R and the
Kerr rotation 8k must be such that Rfx? is high ["1. To
obtain a good compromise between R and 0, discs
with various layer configurations were examined. The
three shown in fig. /3 contain a glass substrate, a 2p
facquer layer, a recording layer and a protective layer.
In the ‘standard’ configuration A4 there are no other
layers. In the configuration B there is a dielectric anti-
reflection layer between the 2p lacquer and the record-
ing layer. The configuration C has two dielectric layers
on either side of the recording layer and a highly
reflective layer of aluminium or gold. The recording
layer in C is considerably thinner than the one in 4
and B (< 20 nm as against about 80 nm). 7able Il
shows some characteristic results obtained with these
configurations. For B, the reduced reflectance is com-
pensated by an increase in 6k such that CNR becomes
higher. For C this effect is even more pronounced,
and results in a further increase in CNR. The poor
reflectance of C, however, poses problems in the
focusing and tracking.

Ageing behaviour

The optical and magnetic properties of unprotected
recording layers are highly sensitive to oxidation and
microscopic structural changes. Thin layers with a
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thickness of <50 nm are generally less stable than
thicker layers. To study the ageing behaviour, discs
are stored under differing conditions: in a standard
environment at room temperature, in a dry environ-
ment at higher temperatures and in a humid environ-
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Fig. 14. The oxygen content co, determined by SIMS, as a function
of the depth & in a 150-nm layer of (Gdg.g5Tbo.05)0.24Feo.76. The
measurements were made immediately after deposition (@) and after
heat treatment in a dry atmosphere at 370 K (), 430 K (¢), 475 K
(d), 500K (e) and 520 K (/). At higher temperatures, oxygen pene-
trates more deeply into the layer.
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Fig. 15. Hysteresis loops of the Kerr rotation.fx for the configura-
tion Cin fig. 13. a) Before ageing. b) After ageing for 30 days in a
standard environment and a one-day Z/AD test. The hysteresis loop
becomes considerably narrower with ageing. RN
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ment (relative humidity = 93 %) at temperatures fluc-
tuating between 25 and 65 °C as specified in the cyclic
Z/AD test [18] Properties determined before and after
ageing include Tcomp, Hc, 0x and CNR.

During ageing oxidation occurs in the recording
layers as a result of the diffusion of oxygen. This dif-
fusion increases at higher temperatures. This can be
determined by the SIMS analysis method (Secondary
Ion Mass Spectrometry) [1°1, in which the oxygen con-
tent of the recording layer is determined as a function
of the depth in the material. Fig. 14 shows the depth
profiles measured for a layer 150 nm thick immedi-
ately after deposition and after being kept for 15 hours
in a dry environment at various temperatures. In a
fresh layer oxidation is mainly confined to a surface
film. At a depth greater than about 50 nm the oxygen
content has a low and virtually constant level (0.2%
by wt.), which is determined by the residual gas pres-
sure during deposition of the layer. As the heating
temperature is increased the oxygen penetrates further
into the layer. At 520 K the oxygen content is about
4% by wt. In this case there is a strongly oxidized sur-
face film of about 20 nm.

When chemical or structural changes occur during
ageing the coercivity is found to decrease sharply,
particularly with thin recording layers [20], This is the
case with configuration C in fig. 13, in which the re-
cording layer is no thicker than 20 nm. Fig. 15 shows
the hysteresis loop of the Kerr rotation fx, before and
after ageing. The hysteresis loop before ageing is fairly
wide: H. = 3 x 10% A/m. After ageing for 30 daysina
standard environment and a one-day Z/AD test, the
hysteresis loop has become much narrower: H. has
decreased to < 8x10* A/m.

The effect on H. depends not only on the ageing
conditions but also to a large extent on the disc con-
figuration; see fig. 16. Configuration B still has a rela-
tively high H. after a 30-day Z/AD test. Configuration

“C, on the other hand, with its extremely thin recording

layer, gives a sharp decrease in H, even in a standard
environment. This performance could undoubtedly
be improved by using dielectric layers that are less
rapidly penetrated by oxygen.

For all configurations the Kerr rotation is found to
be fairly insensitive to ageing; see fig. 17. Since the
Kerr rotation is determined almost entirely by the Fe
atoms, we can assume that these are only slightly oxi-
dized during the ageing, and that the decrease in H. is
mainly the consequence of oxidation of the Gd atoms.

(18] JEC Publ. No. 68-2-38, Test Z/AD: Composite temperature/
humidity cyclic test, IEC, Geneva 1974.

(18] See for example H. H. Brongersma, F. Meijer and H. W.
Werner, Philips Tech. Rev. 34, 357-369, 1974.

i20] B, :Jacobs, J. Braat and M. Hartmann, App. Opt. 23,
3979-3982, 1984. . .
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The value of CNR is fairly sensitive to ageing. This
can be attributed not only to a decrease in A, but also
to the increase in disc noise. During ageing pin-holes
may form in the recording layer and some local crys-
tallization may occur. Configuration C soon gives a
sharp decrease in CNR, even in a standard environ-
ment, see fig. 18. With A, in a hermetically sealed Air
Sandwich [21[21] | and B virtually no decrease in CNR
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Fig. 16. Effect of ageing upon the coercivity H, (with initial value
H.9) for the three configurations in fig. 13. The ratio H¢/H.0 is
plotted against the ageing time ¢ in a standard environment (@) and
in a Z/AD test (). Even in a standard environment configuration C
gives a sharp decrease. Configuration B still has a reasonably high
H, even after a 30-day Z/AD test.
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Fig. 17. Comparison between the Kerr rotation after ageing (0x)
and before ageing (6x?), plotted against the ageing time ¢ in a stan-
dard environment (@) and in a Z/AD test (b), for the three confi-

gurations in fig. 13. The ageing process has little effect on the Kerr
rotation. :
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is found in a standard environment. In the Z/AD test
A and B do show a slight decrease as the result of in-
creasing disc noise, as illustrated for A4.

It can be concluded from the various experiments
that with a suitable configuration the discs and the in-
formation stored in them will have sufficient life. Discs
hermetically sealed as an Air Sandwich [21] should
have a life of more than ten years.
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Fig. 18. Carrier-to-noise ratio CNR plotted against the ageing
time ¢ for the three configurations in fig. 13. @) Configuration C, un-
like A (in a hermetically sealed Air Sandwich) and B, shows a sharp
decrease in CNR even in a standard environment. ) In the Z/AD
test, A and B show a slight decrease in CNR owing to increasing
disc noise. This is indicated for A by crosses.

Applications

Applications in various fields can be envisaged for
magneto-optical recording on discs. Table III men-
tions a few possibilities and also indicates the specifi-
cations for the data bit rate, the bit density, track
velocity and CNR. In data bit rate, magneto-optical
recording can match other optical recording systems.
A higher data bit rate can be obtained simply by rotat-
ing the disc faster; a linear track velocity of say 20 m/s
can be achieved. The bit density is primarily deter-

21} G. C. Kenney, D. Y. K. Lou, R. McFarlane, A.Y. Chan, J. S.
Nadan, T. R. Kohler, J. G. Wagner and F. Zernike, IEEE
Spectrum 16, No. 2 (February), 33-38, 1979.
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mined by the diameter of the laser beam and is at
present of the order of 50 Mbit/cm?. The main limita-
tion for the moment is that the signal-to-noise ratio is
not yet adequate for applications such as high-speed
data recording and video recording.

Table III. Possible applications for magneto-optical recording and
the specification for the data bit rate, data bit density, linear track
velocity and carrier-to-noise ratio CNR (at 30 kHz).

Application Data Data bit Track CNR
bit rate density velocity
(Mbit/s) (Mbit/cm?) (m/s) (dB)
20 50 20 S5
Digital optical 3 50 3 47
recording
0.2 S 04 35
Compact Disc 2 50 2.0 45
Video [a) — =10 > 55

[a] Analog: bandwidth 5 MHz.
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In the work described here the authors cooperated
with K. Witter (PFH) for the study of the materials,
J. Reck (PFH) for the manufacture of the discs and
J. Waelpoel (Philips Research Laboratories, Eind-
hoven) for the recording experiments.

Summary. In magneto-optical recording on discs the direction of
magnetization is reversed locally in the recording layer by means of
a laser and an external magnetic field. The magnetic domains thus
obtained are read out via the change in the rotation of the plane of
polarization on reflection of linearly polarized light (the Kerr effect).
The recorded information can also be erased, with a domain then
again acquiring the same direction of magnetization as its environ-
ment. A suitable material for the recording layer is an amorphous
alloy with the composition (Gdo.e5Tbo.05)0.24Feo.76. Small domains
with a diameter of about 1 um can be written in such a layer. The
domains can be read out faithfully and are very stable. The re-
cording layer is vacuum-deposited on a substrate with a pregrooved
structure for tracking. Good results have been obtained with discs
consisting of a glass substrate, a pregrooved lacquer layer, a re-
cording layer, a protective layer and possibly an anti-reflection
layer.
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Research on amorphous alloys

K. H. J. Buschow

Alloys usually exist in the crystalline state, but they also occur in a metastable amorphous
state in which there is no regular ordering of the atoms. In recent years there has been an
immense increase of interest in amorphous alloys, as a consequence of continuous improve-
ments in methods of preparation, and because of their special electrical, magnetic, mechanical
and chemical properties. With the wide choice of compositions and the correspondingly wide
variation in properties, amorphous alloys provide a rich field of fundamental and applied

research in the science of materials,

Introduction

Metal alloys in common use are usually polycrystal-
line. This means that they are composed of a large
number of crystallites that differ from each other in
shape, dimensions and orientation and are separated
by grain boundaries. Inside a crystallite the atoms are
regularly ordered in the same way as in a single crystal.
A metal alloy can also occur, however, in an amor-

little from those in the crystalline state, the absence of
long-range order can give rise to considerable differ-
ences in electrical, magnetic, mechanical and chemical
properties.

Since the sixties various methods have been devel-
oped for obtaining metals in the amorphous state
from the liquid or vapour phase. In general this has

a

Fig. 1. Schematic two-dimensional representation of atomic structures of amorphous binary
metal alloys. The atoms are shown as light and dark circles. @) Amorphous state with no atoniic
ordering. ) Amorphous state in which there is some ordering between the two types of atoms
extending over short distances (shor(-range order).

phous state, in which there is no regular ordering of
the atoms. The atoms of the different elements in the
alloy then have a completely random distribution or
some degree of short-range order in relation to one
another; see fig. /. Although in the amorphous state
the distances between neighbouring atoms differ very

Dr K. H. J. Buschow is with Philips Research Laboratories, Eind-
hoven.

proved to be much easier with metal alloys than with
metals in the pure form. It has also been found that
amorphous alloys can offer advantages in a number of
respects over crystalline alloys [!). For instance they
are generally more resistant to corrosion and mechan-
ical wear and they are tougher. Magnetic amorphous
alloys often have much lower magnetic losses. Many
of these advantageous properties stem from the ab-
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sence of grain boundaries. Another advantage of
amorphous alloys is that their composition can be
varied throughout a wide range, so that certain pro-
perties can be optimized more satisfactorily than in
crystalline alloys, where the choice is limited to com-
positions of a homogeneous range of miscibility or to
intermetallic compounds.

When amorphous alloys are used it is necessary to
take account of their metastable character. This is be-
cause the amorphous state of an alloy has a higher
free energy than the corresponding crystalline state.
This means that an amorphous phase may gradually
and irreversibly be transformed into one or more
stabler crystalline phases, generally resulting in un-
desirable changes in properties.

The potential applications of amorphous alloys are
many and various [11{2], Examples are soft-magnetic
alloys for transformer cores, mechanically strong
alloys as structural materials [3], corrosion-resistant
alloys for protective coatings, magnetic alloys for
magnetic and magneto-optical recording 4! and
readily combustible alloys for flashbulbs 51, The ab-
sence of separate crystallites and grain boundaries is
essential for the application in thin films for magneto-
optical recording. The reason is that, owing to the dif-
ferent orientation of the crystallites, polycrystalline
layers have too little magneto-optical homogeneity,
and the grain boundaries introduce additional noise,
which decreases the signal-to-noise ratio when the in-
formation is read out. During the writing of informa-
tion amorphous alloys have the additional advantage
of a low thermal conductivity, so that the required
local reversal of the direction of magnetization can
take place at a lower laser power. Elsewhere in this
issue a detailed description is given of erasable mag-
neto-optical recording in an amorphous alloy of gad-
olinium, terbium and iron [€].

In the research described in this article widely diverse
amorphous alloys are being made and their properties
investigated for a variety of applications. Rules and
models developed over the years for alloys [ are used
for interpreting the results. In view of the metastable
character of amorphous alloys particular attention is
paid to their thermal stability. The electron distribu-
tion in the alloys is also of importance in explaining
their properties and perhaps improving them. This
applies especially to the magnetic behaviour, which
has to be readily controlled in certain applications.
The research has provided a better understanding of
the thermal stability, electron distribution and mag-
netic properties of amorphous alloys. Before taking a
closer look at some results, we shall first briefly des-
cribe how amorphous alloys are made and how they
can be characterized.
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Preparation and characterization

Ambrphous alloys can be obtained by means of
very rapid cooling (quenching) from the liquid or
vapour phase. As a result the atomic disorder prevail-
ing in these phases becomes ‘frozen’ into the solid
alloy. The quenching methods that have been devel-
oped differ from each other in the choice of the initial
state and in the method of cooling 8!, Other prepara-
tive methods are also in use, such as electrochemical
deposition and ion implantation, but these will not be
dealt with here.

In a commonly used method starting from the liquid
phase a piece of alloyed metal is melted by radio-fre-
quency heating. This is done in a silica tube provided
with a small orifice. An excess pressure of argon forces
the liquid metal through the orifice on to a rotating
copper wheel; see fig. 2. In many alloys the rapid cool-
ing that then occurs freezes in the disordered liquid
state before crystallization can set in. Amorphous
alloys obtained by quenching from the melt are often
called ‘metallic glasses’.

Fig. 2. Producing an amorphous alloy from the liquid phase. A
piece of alloyed metalin asilica tube Q is melted by radio-frequency
heating (RF). An excess pressure of argon (Ar) then forces the melt
through a narrow orifice on to a rotating copper wheel (Cu). This
quenches the liquid so rapidly that the disordered state of the liquid
phase is ‘frozen in’ and a metallic strip M of an amorphous alloy
(‘metallic glass’) is formed.

m K.
2] K,
81 ],

H. J. Buschow, Ned. T. Natuurk. A 47, 86-90, 1981.

H. J. Buschow, J. Less-Common Met. 100, 29-48, 1984.

W. Drijver and S. Radelaar, Ned. T. Natuurk. A 44, 10-14,
1978.

[41 A, H. Bobeck andH E. D. Scovil, Sci. Am. 224, No. 6(June),
78-90, 1971;
P. Chaudhan J.J. Cuomo and R. J. Gambino, IBM J. Res. &
Dev. 17, 66-68, 1973;
R. Hasegawa andR C. Taylor J. Appl. Phys. 46, 3606 3608,
1975.

(51 H. C. M. van den Nieuwenhuizen and K. H. J. Buschow, High
Temp. Sci. 15, 301-309, 1982.

61 M. Hartmann, B. A. J. Jacobs andJ J. M. Braat this issue,
pp. 37-47.

71 Some of these rules and models have been discussed in a
number of articles by A. R. Miedema in this journal:
Philips Tech. Rev. 33, 149-160, 1973; 33, 196-202, .1973;.36,
217-231, 1976 and 38, 257-268, 1978/79.

18] See for example J. W. M. Biesterbos and A. G. Dirks,
Polytech. T. Werktuigbouw 31, 145-150, 1976.
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The faster the melt is cooled the greater the chance

that metallic glasses will form. Quenching rates of
10® K/s are nowadays feasible. The composition of
the melt is also important. The results of various stud-
ies have indicated that there are some general rules for
the composition [81[?1, Features favouring the forma-
tion of metallic glasses include:
¢ the presence of different atomic species,
 a large difference in atomic radius and electronega-
tivity,
¢ a composition corresponding to a ‘deep’ eutectic in
the phase diagram, and
« the presence of non-metallic elements such as B, C,
Si, Ge or P.
Known compositions that comply with these rules for
metallic glass formation are: Co¢.sPg¢.2, Pdo.sSio.2,
Nig.sPo.2 and FeosP0.14Co.06 [81(10]1 = Another interes-
ting observation is that the large and small atoms in
many metallic glasses occur in a ratio of about 80:20.
We shall return to this later on.

Fig. 3. Producing an amorphous alloy from the vapour phase. The
metals M, and My contained in the crucibles are separately heated
by electron-beam evaporators. The electron beams E, generated by
means of a heated filament and a strong electrostatic field, are de-
flected by magnetic fields into the crucibles containing the metal to
be evaporated. From the vapour produced, an amorphous alloy of
M, and M3 is deposited on the cold substrate S.

The preparation of amorphous alloys from the
vapour phase also takes place at high quenching rates.
A widely used method is the deposition of thin amor-
phous films on a substrate by means of electron-beam
evaporation in vacuum; see fig. 3. In this method dif-
ferent electron beams are simultaneously directed into
crucibles containing melts of the different pure ele-
ments. From the resultant vapour mixture a deposit is
formed on the substrate. When the temperature of the
substrate is low enough, the vapour mixture cools so
quickly that no crystalline ordering can occur, and an
amorphous alloy is formed. With careful and rapid
control of the partial evaporation rate of each of the
elements homogeneous alloys with widely diverse
compositions can be obtained.

Amorphous alloys cannot be distinguished from
crystalline alloys with the naked eye. They can, how-
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ever, when a scanning or transmission electron micro-
scope is used. The difference can also be demonstrated
by means of electron diffraction or X-ray diffraction.
In the diffraction of X-rays by crystalline materials
there is an intensification of the scattered X-ray beam
at certain angles because of the regular ordering of the
atoms. This produces sharp peaks in the diffraction
pattern. Peaks are also observed in the diffraction
patterns of amorphous alloys, but owing to the dis-
ordered structure they are much smaller and randomly
scattered over all the possible angles. This implies that
only broad bands appear in the pattern; see fig. 4.

Cr Zro66C00.34

—
Am Zros6Coq3,
I
;‘\
20 30 4a°
— H

Fig. 4. X-ray diffractogram of a crystalline alloy (Cr) and an amor-
phous (A1) alloy of the composition Zrg.eeC00.34. The intensity /
of the diffracted radiation is given in arbitrary units as a function of’
the diffraction angle 8. Because of the regular ordering of the atoms
in the crystalline state, very sharp diffraction peaks are produced;
the indices indicate the crystal planes from which the various peaks
originate. In the amorphous state the absence of long-range order
results in relatively broad diffraction peaks.

Stability

Because of their metastable character amorphous
alloys can be transformed into the more stable crystal-
line state. The transition is a function of time and tem-
perature. The heat released in this transition can be
measured with a calorimeter. When an amorphous
alloy is heated the atoms become so mobile at a par-
ticular temperature that crystallization occurs. The
temperature at which this takes place is called the
crystallization temperature T.. In a curve of the heat
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released against temperature a sharp peak is observed
at T.; see fig. 5. The crystallization temperature de-
creases if the alloy is heated more slowly. This implies
that there is some probability of crystallization even
without heating. A comparison of different amor-
phous alloys shows that this probability increases as
the crystallization temperature at a particular heating
rate decreases.

50K/s
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Fig. 5. Heat generated A (arbitrary units) as a function of the tem-
perature T of the amorphous alloy Gdoe4Coo.36 at two different
heating rates ». The transition to the more stable crystalline state
gives a sharp peak. The temperature at which this transition takes
place, the crystallization temperature 7, decreases when the alloy
is heated more slowly.

Various models to be found in the literature attempt
to explain the thermal stability of amorphous alloys.
In one of them large differences in atomic radius and a
highly asymmetrical composition are essential for sta-
bility (111, This model is based on the common occur-
rence of stable amorphous alloys with widely different
atomic radii and with the 80/20 ratio mentioned earlier
for the large and small atoms in metallic glasses. The
basic assumption is that in amorphous alloys A;_,B,
the large A atoms form a dense randomly packed con-
figuration in which the small B atoms occupy the
interstices. Since the number of interstices is small
only a limited proportion (about 20%) of B atoms
can be incorporated. The filling of interstices on an
atomic scale results in stronger cohesion and hence a
reduction of the free energy of the amorphous state.
As the atoms become more closely packed the energy
difference E,, — E.; between the amorphous and the
crystalline states is reduced, and the stability should
be greater. In recent years, however, a growing num-
ber of alloys have been made which do not answer to
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the predictions based on this model. It appears, for
example, that stable amorphous alloys exist in which
the proportion of small atoms is considerably larger
than 20%.

Another model takes account of the redistribution
of the electrons in the conduction band that arises
when an amorphous alloy is formed 121, As the
kinetic energy of the conduction electrons is lowered
during this redistribution the energy of the amorphous
alloy decreases, and the stability should be greater.
However, this model is also by no means always satis-
factory 11,

The main objection to the models mentioned above
is that the kinetics of the transition to the crystalline
state is not taken into account. While it is true that the
energy difference Eay, — E; is the driving force behind
this transition, a reduction in £, need not necessarily
result in a greater stability. A much more important
factor is the way in which the mobility of the atoms in
the amorphous state changes with temperature. Only
when that mobility is sufficiently high can a transition
to the crystalline state take place, and this requires an
activation energy AE.

The value of AE can be determined experimentally
from the crystallization temperature 7., measured at

Gdy_Co,
107°s" ‘
rlTer
70_4 - %5018
10 ‘ -~ ]
16 .7 1.8 19K
—— 1000/ T,

Fig. 6. Ratio of the logarithm of the heating rate r to the crystalliza-
tion temperature T¢; plotted against 1000/ T, for amorphous alloys
of the composition Gd;_xCox. The slope of the straight line pro-
duced can be used to calculate the activation energy for the transi-
tion to the crystalline state.

[®1  P. Duwez, Fizika 2 (Suppl. No. 2), 1.1-1.15, 1970.

001 F. J. A. den Broeder, Chem. Weekbl. June 1976, pp.
m324-m326.

(111 D, E. Polk, Scr. Metall. 4, 117-122, 1970;
D. E. Polk and H. S. Chen, J. Non-Cryst. Solids 15, 165-173,
1974.

(121 S R. Nagel and J. Tauc, Phys. Rev. Lett. 35, 380-383, 1975.
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different values of the heating rate r (131, As fig. 6
shows, a straight line is obtained for amorphous alloys
of gadolinium and cobalt when the logarithm of rT,,™*
is plotted against T.~!. The value of AE can be cal-
culated from the slope of this line. During crystalliza-
tion the energy difference E,m — E. is released as
heat. Its value can be derived from the area beneath
the peak at T, in graphs in which the heat released is
plotted as a function of temperature (fig. 5).

For the composition Gdg.g2C0¢.3s the determination
of AE and E,, — E results in the energy diagram
shown in fig. 7. The activation energy AE is seen to be
two orders of magnitude greater than the difference
between E.n and E... This means that a reduction in
E.m (even to Eam = E&) has only a very small effect
on AFE and therefore has a virtually negligible effect
on the stability of the amorphous alloy.

When the composition of certain alloys is varied the
crystallization temperature 7., determined at a fixed
heating rate is proportional to AE. The value of AE in
this case can be estimated from the heat of formation

Eyr 3.33eV
¥
AE
Eom~—a-—1 004
Eer 0

Fig. 7. The energy-level diagram, derived from experiments, for the
transition from the amorphous state to the crystalline state of
Gdo.62C00.38. The activation energy A E, the difference between the
energy of the transition state (E;;) and that of the amorphous state
(Eam), is almost two orders of magnitude greater than the energy
difference Eam — For between the amorphous and crystalline states.

AH,, of a ‘hole’ of the same size as the smaller type of
atom in the alloy. It is assumed here that the crystalli-
zation starts as soon as the smaller atoms are able to
diffuse. This leads to the semi-empirical relation

Te/AHy = 7.5 Kmol/kJ. (1)

In calculating the value of AH, the same kind of
approximation can be used as in calculating the mono-
vacancy energy in intermetallic compounds [14]:

AHy, = (1 — X) (Va/Va)*/® AHP, + XAHT,, (2)

where V4 and Vg are the molar volumes and AHf‘V and
AH?, are the monovacancy energies of pure metals
for the large atom A and the small atom B in the
amorphous alloy A;_,B,. The ‘effective’ concentra-

Philips Tech. Rev. 42, No. 2

tion X in an amorphous alloy with no short-range
order is given by:

F=xVEP 1 - )V + xV23 (3)

With the values of Va, Vs, AH1, and AH7, tabulated
in the literature the value of AH;, can thus be cal-
culated for a wide range of alloys.

Fig. 8a presents the calculated values of AH, and
T.: and the experimental values of 7¢, as a function of

1000 K
Nb .
Ter
100 kJJmol Jies 8%
0 L__/ ° o [
A?” 1600
50 Sn i 400
R Agx Nix
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_60 1 L 1
0 02 04 06 08 7
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Fig. 8. «) Concentration dependence of the required heat tor hole
formation (A /) and the crystallization temperature 7,, for alloys
of A,_xNi, with A = Ti, Nb, Sn [17), The measured points for 7
agree with the continuous curves, calculated from equations (1), (2)
and (3). The scales on the left-hand and right-hand vertical axes
correspond to Tyr = 7.5 AHy. b) Concentration dependence of the
heat of formation AH for the same alloys. It follows from the
difference from the concentration dependence of 7, that there is no
direct relationship between AH and T¢,.

composition for three kinds of amorphous nickel al-
loys. The calculated variation in 7, with the concen-
tration of the smaller atom (Ni) is also found experi-
mentally in all three cases. The concentration depen-
dence of the heat of formation AH of the alloys, on
the other hand, is quite different from that of AHy
and T, see fig. 8b. This clearly shows that no direct
relationship exists between the thermal stability of an
amorphous alloy and its heat of formation.

The linear relationship between AH, and T is
found to hold reasonably well for a large number of
different alloys; see fig. 9. Evidently the occurrence of
short-range order, which can differ substantiaily from
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one alloy to another, has relatively little effect on the
thermal stability. When such short-range order is pre-
sent an atom has on average a greater number of dis-
similar neighbours surrounding it than would be ex-
pected on the basis of a random distribution (fig. 15).
This implies that the degree of ordering can be derived
from the (negative) heat of formation AH. In an
amorphous alloy A;_,B, with no ordering of A and B
the concentration dependence of AH can be repre-
sented to a good approximation as [15]

AH=cx(l — X), (4)

where ¢ is a constant at a given A and B and ¥ is the
effective concentration of eq. (3). As the experimental
value of AH becomes more negative with respect to
the calculated value the short-range order in the amor-
phous alloy can be assumed to increase.

1000K

2 i,y M,

L:«?-' a0 oo...o'f » Th, L Fe
A/u‘ a Th,.,Co

Fat Y, M,

/‘ Ry Niy
] A Sny_xFe,
Nb1_Niy
+ Mg, . Zn,

500

150 kJfmol
— A Hh

0 50 100

Fig. 9. Crystallization temperature T, as a function of the heat
required for hole formation (A Hy), for a large number of binary
alloys. M = transition metal; R = rare-earth metal. The measured
points differ little from the straight line of eq. (1).

Fig. 10 gives the calculated and measured values
of AH as a function of x for amorphous Zr;_,Ni,.
With increasing nickel content a greater deviation is
found, which points to greater short-range order. The
ordering is evidently greatest at x = 0.6. This effect is
also found on comparing with the measured concen-
tration dependence of AH for the crystalline state.
Fig. 10 shows this as well, with an estimated value of
5 kJ/mol 18] for the enthalpy difference between the
amorphous and the crystalline state of the pure metals.
At x = 0.1 it can be seen that AH for the amorphous
state is about 30% above the curve for the crystalline
state, whereas at x = 0.6 the relative difference is only
about 10%.

A greater ordering in an amorphous alloy will have
the effect of reducing the energy difference Eum — Er.
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Since, however, the activation energy AE for the tran-
sition to the crystalline state is much greater than
Eam — E (fig. 7), the effect on the thermal stability is
negligible. An effect does become noticeable, however,

when the ordering influences the kinetics of the transi-
tion (210171,

AH

-25 kJ/mol

o exper. /
o
\ .
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Fig. 10. Heat of formation A/ of amorphous (A7) and crystalline
(Cr) Zry-xNiy as a function of x ['7], For the amorphous alloys the
experimental values are clearly lower than those given by the cal-
culated curve, which is attributed to the occurrence of short-range
order. This is evidently most pronounced at x = 0.6. The relative
difference in AH from the completely ordered crystalline state is
then only about 10%.

Electron distribution

Information on the electron distribution in amor-
phous alloys can be obtained by means of electron-
spin resonance (ESR). This technique can be used to
study the transitions taking place in a magnetic field
between different electron-spin states during the ab-
sorption of electromagnetic radiation. The energy of
an electron-spin state is affected by the immediate en-
vironment. The random arrangement of the atoms in
amorphous alloys causes a broadening of ESR sig-
nals, which is closely dependent on the composition
of the alloys. For instance, at a temperature of 4 K the
linewidth of the ESR signal of Gd is about 0.015 T
(150 gauss) for Pdg g2Si.18:Gd and about 0.1 T (1000
gauss) for Zrg.7gPto.g2:Gd (181,

(131 H. E. Kissinger, Anal. Chem. 29, 1702-1706, 1957;
P. G. Boswell, J. Therm. Anal. 18, 353-358, 1980.

(141 A R. Miedema, P. F. de Chatel and F. R. de Boer, Physica
100B, 1-28, 1980.

[15] A K. Niessen, F. R. de Boer, R. Boom, P. F. de Chatel,
W. C. M. Mattens and A. R. Miedema, CALPHAD 7, 51-70,
1983.

161 M. P. Henafl, C. Colinet, A. Pasturel and K. H. J. Buschow,
J. Appl. Phys. 56, 307-310, 1984.

(171 K. H. J. Buschow, Proc. Fifth Int. Conf. on Rapidly quenched

) metals, Wiirzburg 1984 (to be published).

(181 H.-J. Eifert, B. Elschner and K. H. J. Buschow, Phys. Rev.
B 29, 2905-2911, 1984;

K. H. J. Buschow, H.-J. Eifert and B. Elschner, Phys. Stat.
Sol. b 115, 455-462, 1983.
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The line broadening for a given temperature in-
crease is approximately proportional to the square of
the density of states of the d electrons at the Fermi
energy (i.e. the energy to which the d band is filled
with electrons) [18]. In amorphous alloys of Zr with
Cu, Ni, Pd, Pt, Co or Rh this density of states is
found to be 20 to 40% higher than in pure crystalline
Zr. This agrees well with measurements of specific
heat capacity ['®). Calculations of the energy-band
structures show that this increase is mainly due to a
shift of the d band of Zr to a higher energy, with the
Fermi energy effectively shifted to a level with a higher
density of states [20],

Useful information on the bonding in amorphous
alloys is often obtained by means of Mossbauer spec-
troscopy. In this method the absorption of gamma
radiation from a moving radioactive source (e.g. >’Co)
is determined for certain nuclei (e.g. 37Fe). Detection
is based on the Doppler effect, the velocity of the
source determining the incident energy. The differing
local surroundings of 5’Fe in an alloy as compared
with pure iron are characterized by a change in the
Maossbauer spectrum. The displacement of the centre
of the spectrum, known as the isomer shift J, is a
measure of the density of s electrons at the location of
the nucleus. In alloys of the composition A;_.Fe, the
quantity & depends closely on A and x. The depen-
dence on A is determined by the difference in electro-
negativity (A¢*) between A and Fe and the difference
Anws in electron density n%‘vs and /15&"3 at the interface
of the atomic (Wigner-Seitz) cells [2!). From an
analysis of the measured isomer shifts the following
relation can be derived [22):

3 =1 — ] Oy
Om = 0.75A0* — 1.65 Anws/n'ys, %)

where x is the effective concentration of eq. (3). This
relation proves to be valid for various kinds of iron
alloys. This is illustrated in fig. 1/, where Sm/Ag* is
plotted against Anws/(ns Ag*) for various alloys.
The experimental points correspond well with the
straight line of eq. (5).

It follows from these results that the isomer shift is
determined by two opposing contributions: the posi-
tive one corresponds to a charge transfer from A to
Fe, the negative one to a conversion of s into d elec-
trons within the iron atom. In fig. /2 these two contri-
butions are shown separately for Zr,_,Fe, as a func-
tion of x. If the isomer shift is translated into a change
in the number of s, p and d electrons per Fe atom,
then for x — 0 there is a charge transfer of 0.7 s,p elec-
trons that corresponds, owing to the intra-atomic elec-
tron redistribution, to an effective increase of 0.4 s,p
electrons and 0.3 d electrons.
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The occurrence of the intra-atomic electron redistri-
bution is connected with the combination of a larger
electronegativity and a larger electron density of Fe
with respect to Zr. The charge transfer caused by the
difference in electronegativity ensures that Fe acquires
additional electrons in spite of its higher electron den-
sity. This would give an even greater difference in elec-
tron density at the boundary of the atomic Fe and Zr
cells, which would be energetically unfavourable.
However, the electron density is prevented from in-
creasing by the Fe atom becoming larger and by some
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Fig. 11. Ratio of the maximum Mossbauer isomer shift dm and the
electronegativity difference Ag* for some alloys of the composition
A _Fe, plotted as a function of Anws/(n§&A¢*), where Anws is
the difference between the electron densities g and nis at the
boundary of the atomic A and Fe cells (2111221 The continuous line
was used to derive the empirical relation of eq. (5).
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Fig. 12. The experimental isomer shift & of amorphous Zr;_xFex
split into a contribution from the charge transfer (CT) and a con-
tribution from the intra-atomic conversion of s into d electrons
(EC). The two contributions are plotted against the effective con-
centration ¥ of eq. (3). Since the signs of CT and EC are opposile
the value of & is relatively small even for small X.
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of the 4s electrons becoming converted into 3d elec-
trons, which lie deeper. Similar effects are expected
for other alloys of 3d metals with more strongly elec-
tropositive metals, even though these cannot be in-
vestigated by Mdssbauer spectroscopy.

Magnetic properties

The crystal structure of crystalline alloys and inter-
metallic compounds has a pronounced effect on their
magnetic properties. It is therefore not so surprising
that there are also considerable differences in magnetic
properties between amorphous and crystalline alloys
of the same composition and between amorphous
alloys themselves. For instance, in amorphous alloys
of a 3d metal the magnetic moment u per 3d atom is

2pgfat
o Mgl-xcox
ﬁ el 1= . §
T a Mo,_,Co, e
1F
0 i | L
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Fig. 13. Concentration dependence of the magnetic moment i per
metal atom for amorphous A;_,Co,, where A = Mg, Zr, Mo. The
decrease of i with decreasing x depends on A.

highly sensitive to the presence of electropositive non-
magnetic atoms. By way of example fig. /3 shows the
mean magnetic moment g plotted as a function of x
for three cobalt alloys A;_,Coy. A reduction of x gives
a marked decrease in u#, which depends on the choice
of the non-magnetic metal A.

Such decreases in the magnetic moment are usually
attributed to the transfer of electrons to the more elec-
tronegative 3d atom. This charge transfer results in
more paired and fewer unpaired electrons in the 3d
band, giving a smaller magnetic moment. Measures
frequently used for the charge transfer are the differ-
ence in electronegativity and the difference in the
number of valence electrons [23]. In qualitative terms
this model holds reasonably well for certain classes of
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amorphous alloys. It no longer does so, however,
when widely different compositions are compared.
One of the main reasons for the deviations found is
that the effect of the charge transfer in these alloys is
not so pronounced as was originally thought. As des-
cribed in the previous section, it can be inferred from
Mossbauer and other experiments that the effective
charge transfer per atom amounts to no more than a
few tenths of an electron. This is too small to account
for the observed decreases in the magnetic moment.
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Fig. 14. Magnetic moments ¢ per nickel and iron atom plotied
against the heat of formation AH for A;_xNiy (X = 0.8) and
Aj-xFer (¥ = 0.5). Qualitatively there is a linear relation in both
cases between u and AH. Exceptions are the Fe alloys of Nb, V
and Mo.

191 J. E. Graebner, B. Golding, R. J. Schutz, F. S. L. Hsu and
H. S. Chen, Phys. Rev. Lett. 39, 1480-1483, 1977.

(201 J. Kiibler, K. H. Bennemann, R. Lapka, F. Rosel, P. Oelhafen
and H.-J. Giintherodt, Phys. Rev. B 23, 5176-5184, 1981.

(211 See the articles by A. R. Miedema given in [7].

[22] A systematic analysis of isomer shifts was first given for alloys
and compounds of gold; see A. R. Miedema and F. van der
Woude, Physica 100B, 145-156, 1980. The model has also been
extended to include iron alloys; see A. M. van der Kraan and
K. H. J. Buschow, Phys. Rev. B 25, 3311-3318, 1982.

(23] E. P. Wohifarth (ed.), Ferromagnetic materials: a handbook
on the properties of magnetically ordered substances, Vol. 2,
North-Holland, Amsterdam 1980, p. 491.
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A better explanation is to be found by considering
the immediate environment of a 3d atom [24], In an
A;-xB, alloy the magnetic moment per 3d atom of
B increases as it has more B atoms or fewer A atoms
as nearest neighbours. With the atoms distributed at
random the number of neighbouring B atoms is pro-
portional to the effective concentration X of eq. (3).
This number changes when short-range order occurs.
The degree of ordering can be deduced qualitatively
from the sign and the magnitude of the heat of forma-
tion AH of the alloy. A negative A H points to attrac-
tion between A and B, so that a B atom will have
fewer B atoms as nearest neighbours than would be
expected from a random distribution. The opposite
applies of course when the heat of formation is posi-
tive.

According to this model the magnetic moment for a
fixed X increases as the heat of formation becomes less
negative or more positive. This has been confirmed
experimentally for a large number of widely different
magnetic alloys. Examples are shown in fig. /4. The
magnetic moments per iron or nickel atom in different
alloys are seen to be roughly proportional to AH. The
model can be refined further from the knowledge that

3x 70 A/m:
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Fig. 15. Hyperfine field Hypr of 5TFe in amorphous Ry_xFe, (R =
rare-earth metal) plotted against the atomic radius rg tor x = 0.40
and 0.67. In both cases, Hys increases linearly with rg.

a smaller number of B neighbours implies a larger
number of A neighbours. According to J. Friedel [25]
the extent to which A atoms can reduce the moment
of B atoms is not the same for all A elements. The
effect of A increases as the columns in which A and B
appear occur closer together in the Periodic Table. In
alloys of Fe with Nb, V or Mo the effect of the
A atoms is very strong, so that a marked deviation

from the linear relationship is found and the magnetic
moment is practically zero.

The model described can also be used for explaining
other magnetic properties reported in the literature.
An example is the variation in the hyperfine field Hy
on the ®"Fe nucleus as found in Mdssbauer measure-
ments on iron alloys. It may be assumed that Hys is
proportional to u. Measurements on R;_.Fe, alloys,
where R is a rare-earth metal, have shown that Hys in-
creases with the radius rg of the rare-earth atom [26];
see fig. 15. This effect cannot be attributed to a de-
crease in the effective concentration X, which occurs
from eq. (3) at an increasing rg, because a smaller ¥
implies that an Fe atom has fewer Fe neighbouring
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Fig. 16. Concentration dependence of the magnetic moment u per
Co atom for amorphous Y;_,Co, (A1) and tor crystalline inter-
metallic compounds (Cr) with different compositions. The ordered
Y environment of Co in the crystalline state causes a greater reduc-
tion of ¢ than in the amorphous alloy of the same composition.

atoms, which would give a decrease in 4 and Hyr and
not an increase. A good explanation does present it-
self, however, if the variation in the heat of formation
AH is considered. For we know that an increase in rg
is accompanied by a rise in A H [141115} which points
to a decreasing attraction between the iron atom and
the rare-earth atoms. The resultant increase in u is
observed as an increase of H\y;.

The differences in magnetic properties between
amorphous an d crystalline alloys can also be explained
in terms of this model. It has long been known that
the magnetic moment in amor;Thous alloys decreases
less rapidly with decreasing 3d 'concentration than in
corresponding crystalline alloys [27}. As an example
fig. 16 shows the situation for amorphous alloys and
intermetallic compounds of the type Y;_,Co,. At first
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