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Measuring the solubility limit of copper in iron at temperature lower than 700°C
is problematic because copper diffusion is too slow in this temperature range.
To overcome this difficulty, fine precipitation of copper is studied. The solubility
limit of copper is measured after complete precipitation using two complementary
techniques: thermoelectric power and small angle X-ray scattering. Values
obtained are confirmed by tomographic atom probe and give results much
higher than what is usually extrapolated from high-temperature experiments.

1. Introduction

Binary iron—copper alloys have been extensively studied in the last fifty years
because copper is a very good candidate for structural hardening of many industrial
iron-based alloys like transformation-induced plasticity (TRIP) steels [1], high-
strength low alloy (HSLA) steels [2], reactor pressure vessel steels [3, 4] and many
other high-performance steels (see the review of Llewellyn on the adverse and the
beneficial effects of copper in a wide range of commercial steels [5]). This is due to the
fact that copper induces: (i) grain refinement by lowering the @ <> y transformation
temperature and (ii) precipitation hardening after rapid cooling and tempering.
See the paper by Charleux et al. [6] for the description of precipitation hardening
mechanism. In particular, the presence of 1.5% of copper in steel can lead to an
increase in yield strength of 230 MPa. In order to identify the precipitates responsible
for this hardening, the precipitation sequence of the binary iron—copper system
has been extensively characterized, mostly using transmission electron microscopy
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(TEM) [7] and extended X-ray absorption fine structure (EXAFS) [8]. It has been
shown that precipitation begins with the formation of spherical clusters having a
metastable bce structure coherent with the iron matrix. When these clusters reach a
critical size (characterized by a diameter of the order of 4 to 6 nm), they transform to
the equilibrium fcc structure and become incoherent. According to Othen et al. [7],
an intermediate 9R precipitate exists, leading to the overall precipitation sequence:

solid solution — bcc — 9R — fcc.

Despite this relative complexity of the precipitation sequence, the binary
iron—copper system is quite often used as a model alloy to validate precipitation
models [9—14], due to the spherical nature of precipitates, and to the fact that copper
precipitates are reported to be pure copper even in the earlier stages of formation.

In all cases, the knowledge of the thermodynamics of this system, namely the
solubility limit and diffusion coefficient, is essential. Such properties have been pre-
cisely measured by macroscopic techniques like diffusion couples [15]. These techni-
ques involve long-range diffusion and are therefore limited to temperatures higher
than 700°C. Unfortunately, copper precipitation in steels is technologically relevant
at temperatures ranging from 550 to 600°C. For this temperature range, the copper
solubility is generally extrapolated from high-temperature results, which may lead to
important discrepancies. Moreover such extrapolation has been proven wrong [16],
which is not surprising due to the complex nature of iron in this temperature range
(para-ferromagnetic transition).

In this paper, we employ an experimental approach combining different techni-
ques, namely thermoelectric power (TEP), tomographic atom probe (TAP) and
small angle X-ray scattering (SAXS) to determine the solubility limit of copper in
pure iron at temperatures ranging from 500 to 700°C. These techniques are used to
follow the precipitation kinetics of copper in iron from the supersaturated solid
solution. In the investigated temperature range, diffusion is limited to a very small
scale. At this scale, attention has to be focused on surface phenomena like the
Gibbs—Thomson effect [17]: the interfacial energy of the precipitates is no longer
negligible compared to their Gibbs energy, leading to an increase of the solute
solubility. Among all the techniques used in the present work, TEP and TAP give
access to the copper content in solid solution in iron (TEP giving a mean value and
TAP a local measurement), whereas SAXS is expected to evaluate precipitates radii
and to give therefore an estimation of the amplitude of the Gibbs—Thomson effect.

In the next section, TEP, TAP, SAXS and the model alloy used for the study will
be presented. Then, results from the three techniques will be compared leading to the
validation of the approach. Lastly, a discussion relative to the precipitation kinetics
and the solubility limit of copper in iron will be held.

2. Materials and experimental techniques

2.1. Materials

The model alloy used in this study is a pure binary iron—copper alloy with 1.4 wt%
copper, for which all other elements are present at a content lower than 5 ppm. It has
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Table 1. Chemical composition of the model alloys used in this work.

Alloy Cu (wt%) C (ppm) S (ppm) O (ppm) N (ppm)
Fe—1.4% Cu 1.40 4 1 6 1
Fe—0.8% Cu 0.79 100 50 - 180
Fe - 2 1 4 2

been processed by the PECM laboratory of the Ecole des Mines de Saint-Etienne
(lecoze@emse.fr). Copper and iron were melted together, rolled down to a 1 mm
thickness, homogenized in a vacuum furnace and quenched in cold water. The
chemical composition of the alloy was determined (see table 1). A full solid solution
of copper was obtained by a solution treatment of 30 min at 850°C followed by
a water quench, leading to a fully equiaxed ferritic structure with a grain size of
approximately 10 um. Ageing treatments were conducted from 450 to 700°C in salt
baths for all ex situ experiments. In order to calibrate the TEP measurements,
another binary (Fe—0.8wt% Cu) model alloy and a pure iron sample have also
been studied. Their compositions are given in table 1.

2.2. Thermoelectric power

Characterization of the evolution of the solute content during precipitation in
the Fe—1.4wt% Cu alloy was achieved using thermoelectric power measurements
(TEP). The principle of TEP measurements [18] is to establish a temperature gradient
(AT) at the junctions of the studied alloy with two blocks of pure metal (here, pure
iron) and to measure the voltage (AV) arising from the Seebeck effect between the
two junctions. For the apparatus used in this work, the temperature of the blocks is
Tand T+ AT with T=15°C and AT=10°C and the relative TEP (denoted S) of the
alloy with respect to the TEP of pure iron is given at room temperature in uV/K.
This relative TEP is defined as follows:

AV
S=S"—Si =27 1)

where S* is the TEP of the alloy and S is that of pure iron.

The value of S is affected by the defects present in the lattice of the iron
matrix and can be considered as being the sum of various contributions:
S=ASs+ ASq+ ASp., where ASss, ASq and ASp,. are due to the elements in
Solid Solution (SS), to the dislocations (d) and to the precipitates (pre).

The contribution of the elements in solid solution on the TEP of pure iron is
given by the Gorter—Nordheim law [19]. When copper is the only element in solution
with a copper content [Cu] expressed in wt%, this law can be written as follows:

_ aCuSCu[Cu]wt% _ aCuSCu[Cu]wt% (2)

ASSS - ’
pa]loy Lo + Ay [Cu]wt%
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or equivalently, as follows:

1 A . 1<) 1
—— =—+B with A=———— and B= . 3)
ASss  [Culy, acuScu Scu

In relation (2), ac, and Sc, are the specific resistivity and the specific thermoelectric
power of copper in solution in pure iron; p, is the resistivity of pure iron (i.e.
99uQcem) and puoy is that of the studied alloy (which is given by the
Matthiessen’s rule). Relation (3) shows that the experimental plot of 1/ASss as a
function of [Cu]~' is assumed to be linear if the Gorter—Nordheim law is satisfied
and can lead to the evaluation of the constants 4 and B of relation (3). As far as
the dislocations are concerned, they tend to decrease the TEP of pure iron and lead
to a TEP variation which is related to the dislocation density.

Lastly, the precipitates have an effect on the TEP if they are small and coherent.
This effect, though well established experimentally, is not completely understood.
Different studies [20, 21] have shown that this effect depends on the type,
size, morphology and volume fraction of the precipitates. According to [21], the
sign and amplitude of the effect can be reasonably well rationalized in terms of
Bragg scattering by coherent precipitates. In the case where the precipitates
are coarse and incoherent, it has always been observed that they have no effect on
the TEP. As a consequence, during the formation of such precipitates, the measured
TEP variations are essentially linked to the decrease in the solute content in solid
solution.

Referring to the preceding considerations, it seems possible to follow the
copper precipitation in the studied alloy during isothermal treatments through
TEP measurements. In the present work, in order to follow the copper precipita-
tion, the relative TEP of the alloy, noted S,, was measured after different treatment
times at the considered ageing temperature and the precipitation kinetics were
characterized by the change of S, as a function of time. The evolution of S, during
the precipitation is assumed to be the result of two main effects: one due to the
decrease in the copper content in solution (ASss) and one due to the precipitates
themselves if they are small and coherent (ASp,.). At the end of the precipitation,
the precipitates are coarse and incoherent and are thus such that AS,,.=0. As a
consequence, the TEP value of the alloy obtained at the end of the precipitation,
S, ~, depends only on the copper content in solution and is thus equal to ASss.
This value of S, (=ASss) obtained at each temperature can then be converted
into the solubility limit of copper in iron using relation (3). However, this deter-
mination necessitates a preliminary work aimed at determining the constants 4 and
B of relation (3).

2.3. Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) is a powerful technique for the study of pre-
cipitation kinetics in metals. The characterization of the Fe—Cu system is somewhat
difficult because of the poor contrast between Fe and Cu atoms. However, this
problem can be overcome with synchrotron X-ray sources using the anomalous
effect [10]: the accurate selection of an energy close to the Fe edge maximizes
the contrast between precipitates and matrix while limiting the fluorescence of Fe.
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These experiments were performed on the D2AM beam line at European
Synchrotron Radiation Facility (ESRF) in Grenoble. A wavelength A of 1.7449 A
(E=7.106 KeV) was chosen, leading to a contrast eight times greater compared to
a non-anomalous scattering situation.

The optimal sample thickness was obtained after mechanical grinding down to
50 um and then electropolishing down to 20-30 pm with a 5% perchloric acid-95%
acetic acid solution at 15°C and a polishing voltage of 25V.

The scattering signal was recorded using a two-dimensional CCD camera located
at a controlled distance from the sample in order to access to a selected scattering
vector (¢) range. For a distribution of spherical precipitates, volume fraction (f,) can
be deduced from the relation between the invariant Q, (area under the curve in the
14> = f(g) plot), the scattered intensity / and the contrast Ap [22]:

0 = JO [(q)q2 dr = 211:2(A,0)2fv(1 =) “)

The absolute volume fraction could then be obtained using a calibrated polyethylene
(Lupolen [23]) sample, which would lead to uncertainties of about £15%. In order
to remove this discrepancy and for comparative purposes with TEP kinetics, volume
fractions obtained by SAXS have been changed to relative transformed fractions
[12]: all SAXS volume fractions have been divided by the final value obtained at the
studied temperature.

The precipitate radius can also be deduced from these experiments, using the
Guinier approximation:

2

R
I(g) o exp (— a 3 g), Q)

where R, is the Guinier radius. This radius can be converted into an absolute value
using a simulation of the scattering behaviour by a distribution of copper precipi-
tates in the matrix [24].

Most of the experiments were carried out in situ under the X-ray beam with a
resistance furnace (up to 10°C/s heating rate). Longer ageing times at 500°C have
been carried out ex situ in order to limit the length of experiments. Counting rates
enabled a measuring time below 10s.

2.4. Tomographic atom probe

Tomographic atom probe (TAP) characterization of the Fe-1.4wt% Cu alloy
annealed at 500°C was performed with the GPM TAP [25]. TAP is the only analyt-
ical technique that has sufficient spatial resolution to distinguish between copper
in solid solution and copper in clusters or precipitates [26]. TAP specimens were
electropolished using standard procedures [27] from blanks that were cut from aged
materials described in Section 2.1.

The experimental conditions required to obtain accurate TAP data are well
known for these ferritic steels. In particular, it is necessary to cool the specimen to
a temperature of 50 K to avoid a systematic error on the copper level measurement.
A pulse fraction of 19% and a pulse repetition rate of 1700 Hz were used. Most
of the analysed volumes contained contributions of copper-enriched clusters or
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precipitates. In order to have an accurate measurement of the copper level in solid
solution ([Cu]) and in order to avoid the possibility of solute tails or depleted
zone from biasing the data, the matrix region surrounding the precipitates has
been excluded from the data files. Concentration uncertainties (20) due to counting
statistics are given by the standard deviation 20 =2 ./([Culai. (1 — [Cula.e,)/N)
where [Cul, o, is the atomic copper concentration in the matrix.

3. Results and discussion

3.1. Precipitation kinetics followed by TEP

3.1.1. Validation of the Gorter—Nordheim law and -calibration of the TEP
measurements. Before using TEP to assess the solubility limit of copper in iron,
it was necessary to check the validity of the Gorter—Nordheim law in the case of the
iron—copper system and to determine the coefficients 4 and B of relation (3). To this
end, the relative TEP (S) of the Fe-0.8 wt% Cu alloy and that of the Fe—1.4 wt% Cu
alloy were measured after complete solubilization of copper at high temperature
and water-quench. Moreover, the resistivity of the alloys was assessed, knowing
that it can be calculated from the empirical relation of Meyzaud et al. [28] giving
the resistivity of a steel at room temperature as a function of the content of its
alloying elements in solution expressed in wt%. In the case of the studied alloys,
this relation can be written as follows:

U
Patoy(Ucm) = 9.9 + & [Culyw,  with mzw(“ Cm).

wt%

(6)

In this approach, the effects of other alloying elements such as C, S, O, N on the TEP
and on the resistivity were considered to be negligible. This is all the more reasonable
as the concentration of these elements is very low compared to that of copper.

The evolution of the product between the resistivity and the relative TEP
(Palioy S) could then be plotted as a function of the copper content in solution
(figure 1). As can be seen in figure 1, this evolution is linear. This result is in good
agreement with the Gorter—Nordheim law expressed in the form of relation (2) which
predicts that the slope of the evolution is equal to the product between ac, and Scy.
As a consequence, from the slope of the straight line of and from the knowledge
of the value of ac,, the specific TEP of copper in iron, Sc,, could be assessed:
Scu=-—(23.4£0.5) nV/K. This specific TEP is negative. This indicates that:
(1) copper atoms in solution in iron decrease the TEP of iron and (ii) a decrease in
the copper content in solution (due to a precipitation phenomenon) is expected to
lead to a TEP increase.

From the evaluation of S¢,, the constants 4 and B of relation (3) were calculated
and relation (3) was written in the following manner:

~0.1086
[Culyy

It has to be pointed out that this relation is in good agreement with the values of S
measured on the two Fe—Cu alloys after complete solubilization of copper and

! o
—— (WV/K) = — 0.04276. 7
A, (WV/K) ™
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palloy S (HQIII)(].,LV/K)
S
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Figure 1. Product of the TEP by the resistivity as a function of the copper content for
pure iron and two binary Fe—Cu alloys. These measurements are in good agreement with
the Gorter—Nordheim relation.

water-quench. Furthermore, relation (7) makes possible the evaluation of the
solubility limit of copper in iron, from the TEP values (S,_,,) obtained at the end
of the precipitation at each temperature, as explained in Section 2.2.

3.1.2. Analysis of the TEP Kkinetics obtained on the Fe-1.4wt% Cu alloy. In
figure 2, TEP evolution during ageing at 500°C is compared with Vickers hardness
measurements. After an initial increase of hardness (associated with the nucleation
and growth of the precipitates), the hardness passes through a maximum and then
decreases due to the growth and coarsening of the precipitates. At the same time,
the TEP gradually increases according to a sigmoidal evolution before stabilizing.
This TEP evolution can thus be attributed to precipitation of copper.

Figure 3 shows the evolution of the TEP for different ageing temperatures
ranging from 450 to 700°C. Experimental data exhibit very low scattering giving
confidence into the technique and its accuracy. For ageing temperatures higher than
500°C, kinetics have been followed until the end of precipitation characterized by a
stabilization of TEP at a final value which depends on the ageing temperature. For
lower ageing temperatures, the end of the precipitation kinetics has not been reached
because the corresponding ageing time was too long.

Three important points can be deduced from these evolutions: (i) the sigmoidal
evolution of the TEP curves tells us how fast precipitation occurs: it can be seen that
increasing the temperature accelerates the precipitation until 575°C (above this tem-
perature, the precipitation is slowed down by increasing the temperature (typical ‘C’
curve)); (i) the final TEP level is directly linked to the solubility limit of copper in
iron; (iil) precipitate volume fractions can be directly calculated using relation (7),
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Figure 2. Evolution of the TEP and of the Vickers hardness during an isothermal ageing
performed at 500°C. The sigmoidal evolution of the TEP kinetic can be attributed to the
copper precipitation.
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Figure 3. Evolution of the TEP as a function of time after solubilization, water-quench and
ageing of the Fe—1.4wt%Cu alloy at different temperatures. These measurements allow the
precipitation kinetics to be characterized and the solubility limit of copper in iron to be
assessed.

subtracting the amount of copper in solid solution at a given time, from its initial
value (1.4wt%), and introducing the density of copper precipitates.

3.2. Precipitate radii and transformed fraction (SAXS and TEP)

The evolution of precipitate mean radii versus time for three temperatures is pre-
sented in figure 4. This plot demonstrates the coarsening behaviour of this system
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Figure 4. [In situ evolution of radii during ageing at three different temperatures. The
coarsening stage (R o 1'/%) is well defined for long ageing times.

for long ageing times. Indeed, according to the LSW theory, coarsening (or Ostwald
ripening) takes place when precipitation reaction is complete and is characterized by
growth of precipitates bigger than the mean radius and dissolution of smaller ones,
the precipitated volume fraction being almost constant. The growth law of the
mean radius in the coarsening regime is of the form: Rocr'/? [29, 30]. We can see
that our results are in very good agreement with this theory, as reported before by
Monzen et al. [31]. They could therefore be reasonably extrapolated for longer
ageing times.

The relatively large radii (greater than 6 nm) measured or extrapolated from
SAXS measurements at longer ageing times (10°s), give us good confidence in the
measurement of the solubility limit that will be performed at these times. Indeed,
precipitates larger than 6 nm are considered to be in their equilibrium fcc and
incoherent structure. As a consequence, they will have no influence on TEP
measurements (see Section 2.2).

Transformed fraction is defined by the ratio of precipitate volume fraction at
a given time over precipitate volume fraction at infinite time: it ranges from 0
(no precipitation) to 1 (fully precipitated state). Transformed fraction deduced
from TEP is compared with normalized in situ and ex situ SAXS measurements
at 500 and 600°C in figure 5. This comparison shows that at both temperatures,
the agreement between the two techniques is remarkably good. Both techniques
give access to the kinetics of precipitation at any temperature. However, TEP
measurements, which are easier to implement, should be performed preferentially
to follow the evolution of transformed fraction as well as the copper content in the
solid solution during copper precipitation in ferrite.

TEP results, in terms of transformed volume fraction should be considered with
caution in the very first stages of precipitation. Indeed, when precipitates are small,
i.e. when they are coherent, and thus mechanically perturbing the surrounding
matrix, TEP is affected by the precipitates themselves, which is contradictory with
our assumption that only the copper content affect the TEP measurement.
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Figure 5. Transformed fraction evolution during ageing at 500°C (left) and 600°C (right).
TEP and SAXS measurements are in remarkably good agreement.
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Figure 6. Time-Temperature-Transformation (TTT) diagram deduced from TEP measure-
ments. The temperature where precipitation of copper in iron is fastest is around 650°C.

3.3. TTT diagram

The wide temperature range of TEP measurements presented in figure 3 and
validated in the previous paragraph allows us to estimate the Time-temperature-
transformation (TTT) diagram for the studied Fe—Cu model alloy. Figure 6 shows
the temperature dependence of the time needed to achieve 10%, 50% and 90% of the
precipitation reaction. This representation exhibits typical C-curves with a nose
situated between 600 and 650°C. At these temperatures, reaction is almost complete
in 10*s (3 h). This representation should be useful for optimization of precipitation
hardening heat treatments involving copper precipitation and the general approach
could be generalized to any kind of industrial alloy containing copper.
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3.4. Solubility limit: results and discussion

In this section, solubility limits measured using the TAP and TEP are
presented and compared. Apparent copper solubility limit can be deduced from
TEP measurements: it is given by the solute content for the longest ageing time
at each temperature using equation (7). Results are summarized in table 2 and
presented in figure 7. Furthermore, TAP measurement of the copper solubility in
the Fe—1.4wt% Cu alloy annealed at 500°C has been found to be 0.17 +0.06 wt%.

The temperature range (500-700°C) of the present investigation is too wide
to describe the solubility limit with the classical log,j[Cu] = —4/T + B, where T
is expressed in Kelvin. Thus, a third term in 7° has been added leading to
logo[Culyo, = —A4/ T? 4+ B/T + C. This expression has no simple physical meaning,
but can be fitted to experimental data and describe all experimental points,
including TAP measurements. It gives the following evolution of the apparent
copper solubility limit:

6111850 16478.2
>

log[Culyo, = +10.3242. 8)

Table 2. Solubility limits of copper in iron corrected by the Gibbs—Thomson factor.

Temperature (°C) 450 475 500 525 550 575 600 700

Longest ageing 4x10° 22x10° 74x10° 74x10° 5x10° 58x10°
time (s)

S, 00 (LV/K) —1.486 —1.616 —1.759 —2.109 —2.419 —5.046

[Cu] (Wt%) 0.172  0.188 0.206 0252 0293  0.698

R (nm) - - 15 - - - 55 70

[Cu] GT (Wt%) - - 0162 - - - 0.289  0.691

The Gibbs—Thomson effect decreases the solubility limit by 5%.

800
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Figure 7. Solubility limit of copper in iron deduced from TEP measurement and corrected
from the Gibbs—Thomson effect using the results of the SAXS measurements. The TAP gives
a value in good agreement with the two other techniques, but much higher than extrapolation
of the literature.
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The second part of table 2 quantifies the effect of precipitate radius on copper
solubility (i.e. the Gibbs—Thomson effect), for three temperatures. The precipitate
size has been extrapolated at longest TEP measurement times using the LSW behav-
iour presented in figure 4, and then used to correct solubility measurements using the
Gibbs—-Thomson equation:

2y
kT °

R
(CulSE, = [Culysexp| - 2] with R, = ©)
where y=0.4+0.1J/m” is the assumed interfacial energy of the precipitates [9]
and vy, =1.18 x 107* m? is their atomic volume . This corrected solubility can be
fitted by another set of parameters which gives the true equilibrium copper solubility
limit in iron in the range 500-700°C:

5771323 15763.84
1’ T

log,o[Cul$h, = +9.944961. (10)
This second expression takes into account the fact that TEP measurements are made
on a precipitate population with finite radius, and thus need to be corrected to give
the solubility in equilibrium with precipitates of infinite size.

Figure 7 shows the experimental solubility limit evaluated from TEP measure-
ments and compares it with the extrapolated solubility taken from literature [15]
and solubility given by Thermocalc® software (thermodynamics calculation soft-
ware: www.thermocalc.com) with two different databases. The TAP measurement
performed at 500°C is also reported on this figure. TEP and TAP results are in very
good agreement.

TEP measurements detect a higher solubility limit than the one expected by some
results of the literature. This discrepancy has already been observed [32] but, to our
knowledge, it has never been clearly explained. Actually, most of the solubility limits
found in the literature come from extrapolation to low temperature of the measure-
ments of Salje et al. [15] or Speich et al. [33] that were performed at temperatures
higher than 700°C. The complex behaviour of the iron matrix in the temperature
range (500-700°C) could certainly explain this discrepancy between extrapolated and
measured values of solubility limit.

Measurement by SAXS of precipitate sizes allows a correction in the solubility
limit (relative difference of 6% at 500°C and 1% at 700°C). Table 2 shows that the
Gibbs—Thomson effect has an influence on the measurement of copper solubility,
especially at low temperatures. This correction will be useful to make accurate model
calibration because solubility limit has a very strong effect on modelled precipitation
kinetics.

4. Conclusions

The solubility limit of copper has been investigated by studying copper precipitation
kinetics in a wide temperature range. Three experimental devices have been used:
(1) TEP to evaluate the copper content of the solid solution at the end of copper
precipitation; (2) SAXS to measure precipitate sizes and thus take into account
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the Gibbs—Thomson effect on copper solubility limit; (3) TAP to check locally the
copper content of the solid solution. These three experimental techniques are in very
good agreement, giving access to a precise and quantitative knowledge of copper
precipitation kinetics and copper solubility limit in the range 500-700°C.

To study precipitates particles, SAXS has to be preferred (it gives access directly
to the mean radius evolution), whereas copper solubility can be described more
directly by TEP and TAP measurements.

The measured solubility limit of copper is significantly higher than the usual
values found in the literature. However, the present measurements are the first direct
measurements in a pure Fe—Cu alloy in this temperature range. In addition, a TTT
diagram in the temperature range 475-700°C has been obtained.

These results can serve as the basis for modelling copper precipitation in iron at
any scale: from the atomic scale where solubility is needed to validate inter atomic
potentials, to classical thermodynamic modelling where the solubility limit is a key
parameter driving the kinetics of precipitation. This last point will be detailed in a
forthcoming paper.
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