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A method of phase change detection in solids involving differential thermal conductivity analysis is described.
This method is applied to the a-y transformation of iron at various pressures up to 100 000 atm. This transformation
temperature was found to drop continuously with increasing pressure down to 605°C at 100 000 atm.

DIFFERENTIAL method of detecting phase

changes in solids, involving measurement of the
thermal conductivity changes accompanying the trans-
formation, has been worked out recently. The method is
entitled  differential ~ thermal  conductivity —analysis
(DTCA), in contrast to differential thermal analysis
(DTA), which involves changes in latent heat during a
transformation.' This DTCA method has been used under
super-pressure conditions, up to 100 000 atm, to determine
the effect of pressure on the temperature at which the a-y
transformation! in_iron occurs. The method was planned
especially for those systems where electrical conductivity
measurements could not be used for detection, as in
ceramic materials; this aspect is now being pursued with
initial success with silica, boron oxide, and selenium; a
report will be forthcoming in the future.

The DTCA method as first employed consisted in plac-
ing a temperature gradient across two parallel picces of
material: iron, whose transformation was to be investi-
gated, and nickel, used as a reference material. The appa-
ratus is illustrated schematically in Fig. 1. The tempera-
ture gradient in each of the pieces of metal would be linear
and identical provided that each piece was homogencous
in itself, as shown in curve 1. If the iron transformed partly
to a second phase of a different thermal conductivity than

the initial phase, the temperature gradient through the
iron would become nonlinear, as in curves 2 or 3. This de-
parture from lincarity was found to be easily detectable
by placing two thermocouples; one at the mid-point of cach
piece of metal, bucking one thermocouple against the
other, and thus measuring the difference in temperature
AT. The sign of the AT would be positive or negative de-
pending upon whether the new phase forming had a higher
or a lower thermal conductivity, respectively, than the
first phase.

The complete cell design, shown in Fig. 2, includes the
following : insulating alumina disks above and below the
iron and nickel strips; next, metal (nickel) disks above and
below, to equalize the end temperatures of the metal strips;
a lava insulator between the two metal strips; stacks of
alumina pills at the cool end and lava pills at the hot end,
these causing the temperature gradient in the metal strips
by virtue of their (lava and alumina) differences in thermal
conductivities; an alumina bushing surrounding the just-
described center core; a second alumina bushing surround-
ing the first, between which was inserted four nickel strip
heaters; an outer lava bushing enclosing the whole. This
cell was placed in a super-pressure belt apparatus along
with suitable gasketing material, described elsewhere.?

The A7 signal was obtained across two platinum wires,

IF16. 1. Core design of DTCA cell. Thermocouples:
P=platinum, PR=platinum =10, rhodium, AT
Read from the two P leads, with the two PR leads
tied together. 7, Read from “Fe” pair of P-PR

DISTANCE IN CELL
100 mils

TEMPERATURE

100 mils
DIAM.

T >Tp

leads. M= Metal pills for temperature equalization.

;)j. Reilly and W. N. Rae, Physico-Chemical Methods (. van Nostrand Company, Inc., Princeton, New Jersey, 1953), p. 221.

*H. Tracy Hall, Rev. Sci. Instr. 31, 125 (1960).
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one from each of the thermocouples, while the two com-
panion Pt-109% Rh wires from the thermocouples were tied
together outside the cell. The AT signal was amplified by
a Beckman model 14 dc amplifier, and recorded on an
L&N Speedomax recorder. Types of traces of the AT with
time are given in Fig. 3. The ideal trace (curve 1) would
be a straight vertical line when no transformation is taking
place, with a deflection to one side, out and back, during
a transformation. In practically all the cases, this ideal
curve was only approached but never fully attained, the
actual curves resembling 2, 3, or 4. In these actual cases,
a spurious temperature gradient existed between the two
metal strips, which gradient increased with the absolute
temperature, giving the curve a slope to one side. Super-
imposed upon this slow change of AT with temperature
was still another type of behavior, arising because of the
transformation, which gave to the curve a decided shift
instead of coming to a maximum and returning to the base
line (curve 4). The cause of this behavior is probably re-
lated to the lack of ideality in the heat flow pattern around
the'metal samples. An explanation may utilize the follow-
ing reasoning: The thermocouple junction for cach metal
strip was actually at the outer edge of cach strip, at the
boundary between the alumina bushing and the metal.
If a large heat flux existed across this boundary from the
heater to the metal strip, a change in the thermal conduc-
tivity accompanying a phase change would cause a decided
change in the temperature at this point ; this follows from
reasoning similar to that used in the basic principle of the

DTCA cell. The decided change in temperature would be

reflected directly in a shift of the recorded A7 A perfectly
insulated set of metal strips would not suffer from this
fault, but of course this is impossible when pressure trans-
mission requires intimately packed solids around the
sample. However, the condition of zero heat flux can be
approached by varying the amount of heat being produced
at different points along the heater. This is a rationalization
of the fact that more perfect maxima A7 curves were ob-
tained with cells containing nickel heaters than with
Nichrome heaters. Nickel would tend to produce a hot
spot, Nichrome would produce more even heat. What is
apparently required is a hot spot at the hottest part of the
celly which would be at the metal disk on the hot side,
along with a temperature gradient of equal magnitude in
the core and the alumina bushing. At points near the h ot
spot the heat generated must be sufficient only to co m-
pensate for the heat flow .ulun_u the bushine, More heat

TIME

— AT

I16. 3. Typical AT curves on recorder charts, s=Start of trans-
formation, c¢=cnd  of transformation, = transformation g half
completed,
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production would tend to flow into the core, producing this
undesirable heat flux. The even heat produced by the
Nichrome heater would seem to produce too much heat at
cooler portions of the cell and thus would cause the un-
desirable shift of AT at the transformation.

EXPERIMENTAL RESULTS—THE a-v
TRANSFORMATION OF IRON

The DTCA method was first tested on this transforma-
tion, and the results are shown in Fig. 4. The @ — ¥ trans-
formation was observed with rising temperature, while the
¥ — a transformation was observed at lower temperatures
and with falling temperature. The temperatures for the
forward and reverse transformations differed by as much
as 40°C, with a trend toward a minimum of 10-15°C at
around 40 000 atm. This subject will be pursued further
when better data are available. It is apparent that the
DTCA method is applicable to studies of this type, which
involve thermodynamic equilibria as well as kinetics of
transformation.

The transformation temperature drops regularly with
increasing pressure in contrast to that reported earlier by
Strong.? While this latter work indicated a drop of the
transformation temperature to about 700°C at 90 000 atm,
the present work indicates that the temperature is around
590°C. The reason for this discrepancy may lie in the
failure of Strong’s method of detection of phase change,

3 H. M. Strong, J. Geophys. Research 64, 653 (1959).

which was by electrical resistivity measurement, to give
as sharp an indication of the phase transition as does dif-
ferential thermal conductivity. Also, Strong’s interpreta~
tion of the break in the resistivity versus temperature
curve as being the start of the change might have caused
an error, the break actually corresponding to the end of
the transformation which was occurring at the cool ends
of the cell.

The transformation temperature is subject to a correc-
tion because of temperature gradients which occur along
the thermocouple wires while in the pressure field.* The
platinum 109, rhodium-platinum thermocouple may read
30° low at 600°C and 100 000 atm. Since one might expect
this correction to be linear with respect to both tempera-
ture and pressure, the entire curve of Fig. 4 would then be
shifted upward slightly. At 100 000 atm, the corrected
transformation temperature would then be 605°C.

This DTCA method affords an intimate view of tempera-
ture gradients within the cell. A typical A7 curve, as in
Fig. 3, would have recorded, at various points along it, the
absolute temperature. These temperatures, obtained by
means of a potentiometer using one of the two thermo-
couples, are for the mid-point of one of the metal strip
samples. The temperature at the maximum (or inflection)
corresponds to the transformation temperature (see arrow,
Fig. 3). The initial deflection from linearity s corresponds

4 F. P. Bundy, Sagamore High Pressure Conference, Lake George,
New York, June, 1960,
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to the point when the transformation is starting, at the
hottest point when the temperature is rising. The tempera-
ture at this hottest point must be the transformation
temperature, which is observed at the maximum a little
later in the curve. The observed temperature at s from the
centered thermocouple is lower than the transformation
temperature and from these two values we know precisely
the temperature gradient within the cell. Similar reasoning
can be employed to determine the gradient to point e at
the end of the transformation.

The temperature gradients from s to ¢ within the cells
for the runs 419 and 483 were calculated to be in the range
23-40°, and 37-70°C, respectively. The gradients varied
irregularly with pressure, probably because of the changes
in thermal conductivity of the various cell components and
changes in the heater characteristics with pressure.

Data on the absolute thermal conductivities of a and ¥
iron were lacking when this work was done. However, such
data are now about to be published by Cody, Abeles, and
Beers.’ This work indicates a 79 decrease in the thermal
conductivity from approximately 0.305 to 0.283 joules/
c¢m®C through the a — v transformation.

One may calculate from the DTCA method the relative
values of the thermal conductivities of a to v iron at the
transformation temperature. When the peak A7 is reached
on the Speedomax curve, half the length of the iron would

be transformed. On assuming ideal heat flow, the quantity

*G. C. Cody, B. Abeles, and D. S. Beers, to be published in Acta
Met. (Received February 8, 1960).

K (=thermal conductivity) multiplied by the temperature
gradient for each iron half-segment would be equal to cach
other. If 7'y is the temperature gradient (s-¢) across the
entire iron sample, the gradient across each part, @ and ¥,
becomes [(7'g/2)—AT] and [(Tg/2)+AT], respectively.

Hence,
Te Ty
K..(——AT) = K-,(——+AT).
2 2

K. 4AT

A O N ——

K, To—2AT

Then,

At 9000 atm, the ratio of the thermal conductivities were
calculated to be 1.21, 1.10, and 1.13, which corresponds to
about a 159%, decrease for @ — . This may indicate the
crude nature of the calculation, which may be refined by
further work.

ACKNOWLEDGMENTS

. The writer acknowledges the indispensable help from
two very capable and cooperative machinists, Mr. George
Dinsmore and Mr. Sherman Reed. The selection of the
iron transformation for this first DTCA study was made
after Dr. J. E. Hilliard and Dr. J. W. Cahn pointed out
certain thermodynamic inconsistencies in earlier data. The
work was assisted by consultation with Dr. E. P. Bundy
and Dr. H. M. Strong on super-pressure techniques, and
by the advice and encouragement of Dr. D. A. Vermilyca.




	(Claussen, W.F.) (Cleaver, B.) (Clendenen, G.L.)-2061_OCR
	(Claussen, W.F.) (Cleaver, B.) (Clendenen, G.L.)-2062_OCR
	(Claussen, W.F.) (Cleaver, B.) (Clendenen, G.L.)-2063_OCR
	(Claussen, W.F.) (Cleaver, B.) (Clendenen, G.L.)-2064_OCR

