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Pressure Effect on the Diffusion of Carbon in n-Iron
J. F. Cox and C. G. Homan
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Diffusion of carbon in 0.'-iron has been measured in the temperature range of 823 to 1000 K
and at pressures up to 6 kbar, using a radio-tracer diffusion couple technique. A large activa-
tion volume for the diffusion of carbon in n-iron was obtained as compared to the zero activation
volume found at room temperature by relaxation techniques. This volume is considerably larger
than the activation volume Hilliard and Tully found for carbon diffusion in austenite but is nearly
equal to the activation volume for austenite decomposition determined by Hilliard and Cahn and
by Nilan.

INTRODUCTION

Bosman et al. ' and Bass and Lazarus have
shown that the activation energy for diffusion of
carbon in u-iron, as determined by magnetic and
anelastic relaxation techniques, is independent of
pressure up to about 6 kbar. The most recent de-
termination of carbon diffusion in o.'-iron at tem-

peratures above 723 K shows quite clearly that
low- temperature diffusivities obtained through re-
laxation measurements cannot be extrapolated to
obtain high- temperature diffusivities.

The disagreement at high temperature between
experimental diffusivities and diffusivities pre-
dicted from low-temperature relaxation measure-
ments suggests that it may be impossible to pre-
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TABLE I. Analysis of Battelle-iron Specimen 33~E
lot 8 as received, from which all diffusion couples were
made. This analysis provided by Dr. G. Rengstorff of
Battelle Memorial Institute by direction of Dr. K. Blick-
wede, Chairman of the AISI subcommittee for pure-iron
rese p,rch.

Metallic impurities

A luminum
Antimony
Arsenic
Berylium
Boron
Cadmium
Calcium
Chromium
Cobalt
Copper
Lead

Carbon
Oxygen
Nitrogen
Hydrogen

15ppm
&5 nd~

&5 nd
&0.2
&5
&5 nd
&10 nd

5
5
7

&1 nd

&10 ppm
11

&2
&0.1

Magnesium
Manganese
Molydenum
Nickel
Phosphorus
Silicone
Tin
Titanium
Tungsten
Vanadium
Zinc
Zirconium

Inters titials

(combustion)
(vacuum fusion)
(vacuum fusion)
(photometric)

&5
&0.1
&5 nd

20
9
10

&5 nd
&1 nd
&5 nd
&1 nd
&10 nd
&1 nd

nd means not detected. Detection limits given.

dict the effect of pressure on the diffusivity of
carbon in a-iron at high temperatures from the
results obtained with relaxation techniques. In
this paper we present results of direct measure-
ments of carbon diffusion in &-iron at high tem-
perature and pressures.

EXPERIMENTAL PROCEDURE

Diffusion couples consisting of a segment of
high-purity Battelle iron welded to a segment of
Battelle iron doped with C~4 were prepared as pre-
viously described. The chemical analysis pro-
vided with the Battelle iron is given in Table I.
Decarburization and/or contamination of diffusion
couples by impurities present in argon- and helium-
pressure media were prevented by electroplating all
specimens with copper.

A schematic of the high-pressure-annealing
assembly is shown in Fig. 1. The pressure-bomb
closure was cooled by passing water through a
copper coil silver soldered to the closure. In ad-
dition to reducing the possibility of closure failure,
the cooling coil provided a region in the bomb
which was several hundred centigrade degrees be-
low the diffusion-anneal temperatures.

The heated end of the vessel was immersed in a
furnace with two independently controlled windings.
Two chromel-alumel thermocouples were mounted
approximately 5 cm apart on the outer low-pressure
surface of the pressure vessel. A temperature
difference between the two thermocouples of less

1 D

I
I
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L&N ~ v)
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t
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SUPPLY INTE ASSER

HARWOOO

FIG. 1. Schematic of high-pres sure-diffusion
apparatus.

than 1 'C was continuously maintained by manual
adjustment of the power input to the separate
winding s.

Temperature calibration runs at 1 atm showed
that, after a suitable warm-up period, the dif-
fusion-anneal zone was characterized by axial tem-
perature gradients no greater than 0.4 'C/cm and
radial temperature gradients no greater than 0. 1
'C/cm. Calibration runs also showed that the ex-
ternal thermocouples agreed to within normal ex-
perimental error with thermocouples placed in-
side the pressure vessel.

A more significant evaluation of the agreement
between the external-thermocouple readings and
the actual temperature inside the pressure vessel
was obtained by heating lead, aluminum, and sil-
ver at high pressure to their melting temperatures.
Melting-point samples were held in the cooled
closure end of the inverted pressure vessel. The
other end of the pressure vessel was heated to
within + 0. 5 'C of the desired experimental tem-
peratures. When temperature stability was
achieved, the pressure vessel was rotated 180'
to cause the sample to fall into the hot zone and
was then returned to the horizontal plane by a
90' reverse rotation. The specimen was held at
temperature and pressure for a short period after
which the power to the furnace was interrupted.
Evidence of melting was obtained by optical ex-
arnination of heated specimens.
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TABLE II. Pressure calibration of thermocouples.

Room-
pressure

melting point
Metal ( C) 'V

Pb 327. 4 2. 35
Al 659. 7 2. 1
Ag 960. 8 2. 2

Kigh- Melting
pressure point
theoret. empt.

c ( C) ( C)

1.41 328. 3 328. 6
1.28 663.3 662. 6
l. 27 966.6 962. 8

Pressure
(atm)

1530
2000
2000

error
(c)
+0. 3
—0. 7
—l. 8

Strong has shown that the Simon serniempirical
fusion-curve formula7 may be used in the Clausius-
Clapeyron equation to obtain a melting-point for-
mula:

dP L ca
To~v To

where P is the applied pressure in atm, To is the
melting temperature at zero pressure, T is the
melting point at pressure P, a was considered by
Simon to be related to the internal pressure
(Strong finds a tobe about 400000 atm), c was a con-
stant exponent cf the Simon theory, L is the latent
heat of fusion, and 4V is the volume change of
melting.

Salter and Gilvarry showed that Simon's ex-
ponent c is related to Gruneisen's constant y by

6y+1
6y-2

Theoretical values of the increase of the melting
points with pressure were calculated from this
theory and compared to the experimentally de-
termined values of the melting-point temperatures
for Pb, Al, and Ag. Assuming the above theory
to be exact, it was possible to estimate the tem-
perature error to be no more than 0. 5 'C at 327 C
to 2. 0 'C at 960 'C. The theoretical and measured
values of the melting-point temperature of the
above metals are shown in Table II.

All thermocouples were repeatedly calibrated
against a Pt-Pt 10-at.% Rh standard thermocouple.
All thermal emf's were measured against an ice-
bath reference junction using an Lk NK-3 potentiom-
eter.

Temperature measurements during the high-
pressure anneals were made every few minutes.
The reported anneal temperatures are time-
weighted mean values. Temperature deviations
during all runs were small enough so that a more
refined correction procedure was unnecessary.

Pressure measurements were obtained with a
transducer which utilized a four-unit strain-gauge
bridge. The transducer was repeatedly calibrated
to 6. 7 kbar against a free-piston high-pressure
calibration unit and a calibrated manganin coil.
Immediately before each anneal, the transducer
was recalibrated against a Heise gauge up to the
maximum precharge pressure of about 2 kbar.

Experimental conditions were such that concen-
tration profiles could be analyzed using the Grube-
Jedele solution to the diffusion equation. This so-
lution, which applies when the cementite solubility
limit is not exceeded in any part of the couple, is

2(c„-c,) x
(c, —c,) 2)Dt)" ' ) (3)

where c„is the carbon concentration at x cm from
the original interface, c, is the initial carbon con-
centration on the low-carbon-concentration side
of the couple, D is the diffusivity in cm /sec, and
t is the anneal time in seconds. If the assumption
is made that the carbon specific activity remains
constant (i.e. , no measurable isotope effect) during
a measurement, then the carbon concentration ratio
in Eq. (3) may be replaced by the ratio of count

Higher-pressure levels reported in this investiga-
tion were obtained by precharging at room temper-
ature and heating the sealed bomb to the desired
anneal temperature. A Tem Press Research,
State College, Pa. Model No. MRA-414B bomb
was used in this experiment.

As shown in Fig. 1, the high-pressure-annealing
apparatus was mounted on a rotatahle platform.
The pressure vessel was pressurized, sealed, and
heated to the desired annealing temperature. The
heat-up was performed with the bomb axis in the
horizontal plane and with the sample positioned in
the cool closure end. After the desired tempera-
ture was obtained in the bomb, a rotation to the
vertical plane dropped the sample into the hot zone.
Entry of the sample into the hot zone was indicated
by a measurable change in system pressure and
temperature. The pressure vessel was immediate-
ly returned to the horizontal plane with pressure
and temperature recovery indicating a total heat-
up time of several minutes. Upon completion of
the anneal, samples were removed from the hot
zone by appropriate rotation of the pressure bomb.

Penetration profiles were obtained by grinding
off known thicknesses of material and counting the
C~ P particles emitted from the exposed surface.
Counting was accomplished using an end-window
Geiger-Muller tube as previously described4 or a
gas-flow proportional counter designed to accom-
odate the diffusion specimens. The proportional
counter had a counting sensitivity of about 45%
which permitted measurements of low-activity
specimens.

Proper operation of the gas-flow proportional
counter was established by obtaining several pro-
files using both counting systems. Operation of
all counting equipment was checked at regular in-
tervals by subjecting counting data to p statistical
tests.

RESULTS
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rates.
Typical penetration profiles, as plotted on prob-

ability paper, are shown in Figs. 2-5. The
straight lines obtained from these plots indicated
that the diffusivity is independent of carbon con-
centration over the concentration range of these
samples. Diffusivities (and other pertinent data)
obtained from the penetration plots are summarized
in Table III.

DISCUSSION

Samples 16, 20A, and 20B were annealed at
essentially atmospheric pressure. Diffusivities
obtained from these samples are in good agree-
ment with the following relationship obtained from
measurements of diffusion of carbon in n-iron at
atmospheric pressure:

99—
19 800 cal mole ' 'K ~

D = 0. 008 exp RT

I I I I I I I I

—.050 —.040 —.030 —.020 —.010 0 .010 .020 .030 .040
X (in. )

FIG. 2. Plot of concentration ratio versus distance
from weld on probability paper.

29 300 cal mole ' 'K '
+2. 2exp RT

The pressure variation of carbon diffusion in @-
iron at 889 and 1000 K is shown in Figs. 6 and 7,
respectively. These data were analyzed using two
approaches.

The usual empirical approach of determining the
slope of lnD-versus-P plots and calculating "acti-

70~' 80 90 100 110 120 130 140
I I I I I I I

19
.1-
.2- T = 727, 5 +1.5oc

P =4420+50atm
to=3.6 x lo~sec

D =?.6 x 10 cm /sec

T = 7270+1.0o C

P = 5800+200 at m.

to=7.2 x 10 sec
0= 8.1 x 10 cm /sec
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FIG. 3. Plot of concentration ratio versus distance
from weld on probability paper.

I I I I I I I I

—.040 —.030 —,020 —.010 0 .010 .020 .030
X(in.)

FIG. 4. Plot of concentration ratio versus distance
from weld on probability paper.
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vation volume" from the relationship

bV= -RT

[where &V is the activation volume (cm'/mole),
D the diffusivity (cm~/sec), P the pressure (atm),
and R the gas constant (cmmatm/mole 'K)] yields
activation volumes of 5+ 1 cm'/mole and 8+ 1 cm'/
mole at 889 and 1000 'K, respectively. Com-
bining these results with results from low-temper-
ature measurements~'~ (i.e. , zero activation vol-
ume) indicates that the pressure dependence of
carbon diffusion in n-iron may be described by a
temperature-dependent activation volume.

Alternatively, we may assume, as previously
suggested, 4 that the pressure and temperature de-
pendence of diffusion of carbon in n-iron may be
described by the equation

DIP, T 1= 0. 008 exp (—
19800

29 300+Pn V~
(.2e~ —

RT

5-
0

10'

20

40
50

o~o 60
Io70o o

80

90

95—

98—
99—

23A
T = 550+1.0oC

P = 5500+300 atm.

to= 5.04 x 10 sec

D = 6.20 x 10 cm /sec

TABLE III. Summary of diffusion data.

I'~1, ('c) tz (sec) P(atm) D (cm /sec)

9
12
14
15
16
17A
17B
19
18A
18B
20A
20B
21A
21B
22A
22B
23A
23B

727. 5 +1.5
727.3 +1.0
727. 5 +3.0
721.0 +1.0
727.0 +1.0
727.0 +1.0
727.0+1.0
727.0 +1.0
727. 0 +1.0
727. 0 +1.0
616.0 +0.5
616.0 +0.5
616.0+0.5
616.0+0.5
616.0 61.0
616.0 +1.0
550.0+1.0
550.0+]..0

3.6 x103
5.4 x1pe
3.6 x103
7.2 x10'
3.6 x103
7.2 x10'
7.2 x103
7.2 x10'
7.2 x10'
7.2 x 103
9.Q x1Q3

9.0 x1,03

9.0 x 103
9.0 x 103
8.94 x10'
8.94 x103
5.04x1Q4
5.p4 x1p4

4420+ 50
5200 +400
2890 +100
4340+100

110 ~ 5
2000 + 50
2000 + 50
5800 ~200
2400 + 100
2400 + 100
133+ 5
133+ 5

4500 + 100
4500 +100
5400 +200
5400+200
5300 +300
5300 +300

7.6 x10'
9.5 x10

10.7 x10
6. 8 x10'

13.2 x10
10.4 x10'
13.2 x1p '
8. 1 x10
9.4 x10
9.2 x10'
2.32 x10
2.45 x10
1.95 x10
1.84x10
1.62x10 '
1.78 x10
6. 20 x10-8
6.20 x 10-8

where &V~ is the pressure dependence of the high-
temperature-mechanism' s activation energy.

The first term on the right-hand side of Eq. (6)
represents the temperature and zero-pressure
dependence of carbon migration in O.-iron at low
temperatures as determined by relaxation meas-
urements. ~'~ The second term on the right-hand
side of Eq. (6) is assumed to represent the tem-
perature and pressure dependence of carbon mi-
gration in a-iron via a second diffusive mechanism
which becomes operable at high temperatures and
was previously used to explain the non-Arrhenius
behavior of the diffusivity of this system. Re-

—.030 —.020 —.010 0 010 .020 .050
x (in. )

FIG. 5. Plot of concentration ratio versus distance
from weld on probability paper.

arranging Eq. (6) we obtain

Qp+PAV2= -RTlnF

D(P T) Q QQ8 ej9 800/sr
= -RTln

(7)
where Q2 is the activation energy for diffusion by
the second mechanism and F is defined by Eq. (7).
A plot of —RT lnF as a function of pressure is shown
in Fig. 8. The data plotted include two measure-
ments made at 823'K and 5. 3kbar as well as the
measurements made at 889 and 1000 'K previously
mentioned. A straight line drawn through these
data yields a temperature-independent activation
volume of 10+ 3 cm'/mole and an intercept value
for Qm of 29. 3 kcal/mole. This value of Q2 is in
excellent agreement with the previous measure-
ment.

The experimental limit of error reported for
hV and EVz were obtained from Eqs. (5) and (7),
respectively, and standard techniques of experi-
mental error analysis.

The pressure and temperature range of this ex-
periment does not permit us to determine which of
these two approaches is the most appropriate for
this system.

The activation volumes obtained in this experi-
ment are in disagreement with the theoretical vol-
umes calculated by Keyes~o (1.28 cm /mole) and
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FIG. 6. Pressure dependence of the diffusion of
carbon in 0.'-iron at 889 K.
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Temkin~~ (0. 24 cm~/mole). Nevertheless, it seems
clear that at high temperatures, diffusion of car-
bon in o-iron decreases with increasing pressure.

Of some interest are the results of investiga-
tions by Hilliard and Cahn, Nilan~s and Hilliard
and Tully. Hilliard and Cahn have reported
activation volumes for austenite decomposition of
0. 6 cm'/mole and 9. 5 cm'/mole for high-purity
iron-carbon alloys and commercial steel, re-

FIG. 8. Pressure dependence of the diffusion of
carbon in 0-iron using the two-mechanism model of Eq.
(7).

spectively, at 873 'K. Hilliard and Tully, ' using
hardness measurements to determine the concentra-
tion profiles, obtained an activation volume of
about 1 cm~/mole for carbon diffusion in austenite.
Nilan obtained an activation volume for austenite
decomposition of 7 cm /mole at 753 K. Two of
the three measurements of austenite decomposition
at high pressure give activation volumes which are
in reasonable agreement with the values reported
here for carbon diffusion in a-iron. The smaller
activation volume for austenite decomposition ob-
tained by Hilliard and Cahn from a high-purity
specimen was calculated using a pearlite growth
rate estimated from the data of Frye, Stansbury,
and McElroy for a similar steel. The larger
volume found in the commercial steels by Hilliard
and Cahn were derived from experimentally de-
termined growth rates at room pressure and 34
kbar.

The reported activation volumes for austenite
decomposition ' agree more closely with the
activation volume for diffusion of carbon in n-iron
than with the activation volume for diffusion of
carbon in austenite. ~ This result suggests that
carbon diffusion in n-iron may play an important
role in austenite decomposition kinetics as sug-
gested in the ferrite-gap model of Darken and
Fisher

SUMMARY

(i) A large pressure dependence for diffusion of
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carbon in O.-iron was measured for temperatures
above 823 'K. This result contrasts sharply with
the lack of pressure dependence obtained by re-
laxation measurements at low temperatures.

(ii) Analysis of the data in accordance with the
empirical approach of Eq. (5) suggests a temper-
ature-dependent activation volume varying from
5 cmm/mole at 889 'K to 8 cm /mole at 1000 'K.

(iii) Analysis of the data in accordance with the
two-mechanism m(riel proposed in Ref. 4 suggests
a temperature-independent activation volume of 10
cm'/mote for high-temperature-diffusion mechanism.
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Nearly-Free-Electron Susceptibility of Noble Metals*
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Theoretical calculations of the magnetic susceptibility of solid and liquid noble metals are
presented. The effective shape of the Fermi surface of solid metals is taken into account by
using the simple "eight-cone" model by Ziman. The interference function of liquid metals is
evaluated according to the procedure given by Ashcroft and Lekner. A model potential recent-
ly proposed by the authors allows completion of the calculations. We find that, when electron
correlations are taken into account, good agreement with the available experimental data gen-
erally results. The resulting estimates of the shift in susceptibility on melting are also con-
firmed by experiment.

I. INTRODUCTION

Recently tractable expressions for the magnetic
susceptibility of simple metals have been obtained
by many authors through the use of the pseudopoten-
tial formalism. ' ' We have shown in a preceding
payer the applicability of these expressions to
noble metals also, for which some reliable pseudo-
yotentials exist~ '; we have also carried out a sim-
ple calculation of the nonoscillatory diamagnetic
susceptibility of the noble metals Cu, Ag, and Au.

In this payer we present the results of a more
complete calculation of the nonoscillatory magnetic
susceptibility of solid and liquid metals Cu, Ag,
and Au. While for the liquid metals the calculation
does not offer any trouble once accurate pseudopo-
tentials and the liquid-structure factor are known,
for the solid metals some difficulties arise because
of the distorted Fermi surface. Actually, as is
well known, the Fermi surface of the solid noble
metals is so much distorted from a spherical shape
as to contact the (111)faces of the Brillouin zone. "


