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Abstract 

In this study, we demonstrate the feasibility of in-situ combinatorial studies of the effect of 

alloy composition on precipitation kinetics. We apply the approach to the Cu-Co system 

which is a classical model system for precipitation kinetics studies. We then use the acquired 

database as a tool for assessing the capability of a simple precipitation model in a wide range 

of compositions and temperatures.  

1 Introduction 

The process of designing engineering alloys requires finding an optimal point in a chemistry 

space, subject to relevant constraints of processing. In all major alloy families, the number of 

alloying elements typically ranges from 5 to 10 and optimizing a composition in such 

multicomponent space is an extremely challenging task. The traditional approach is to try to 

decouple the interactions between different solutes and study alloys of discrete compositions. 



In recent years, considerable efforts have been launched (e.g. the Materials Genome Initiative 

(MGI)[1] and the Accelerated Metallurgy Project[2]) to develop new alloy design strategies 

using combinatorial methods in both computational material science and related experimental 

approaches that accelerate this alloy design process. Materials containing compositional 

gradients have long been used to map the composition space of alloys. Specifically, diffusion 

couples or multiples have been used for determining the effect of composition on the material 

structure (phase diagram identification[3–7], on the diffusion of solute species[8], and on 

various properties related to materials chemistry (e.g. modulus[9], thermal 

conductivity[10,11]) and sometimes more complex properties such as shape memory alloy 

identification [12] or metallic glass formability [13].  

However, a key characteristic of engineering metallic alloys is that their main properties 

depend not only on chemistry, but also on microstructure. Therefore, their optimization with 

respect to a given property requires an understanding of the effect of chemistry on the kinetic 

path of microstructure development during thermal or thermo-mechanical treatments. Few 

studies have actually tried to determine the microstructure development in compositionally 

graded materials from the point of view of combinatorial experimentation. The community 

interested in phase transformations in steels have used this approach to study the 

compositional limits for certain types of phase transformations[14,15]: the limits for the 

massive transformation[16,17], acicular ferrite formation[18] and allotriomorphic ferrite 

formation[19,20] have all been examined using specially designed samples containing a 

macroscopic gradient in either carbon or substitutional solute such as Ni or Mn. Sinclair et al. 

[21] have even used a sample containing a gradient in Nb content in one direction and a 

gradient in temperature in an orthogonal direction to simultaneously probe the effect of 

temperature and Nb content on the recrystallization of Fe. Similar approaches have been used 

by to study the compositional limits for coherent versus incoherent precipitation [22], 



order/disorder transformations[22,23], competition between spinodal decomposition and 

nucleation and growth[22], nucleation in the vicinity of phase boundaries [22,24]and the 

effect of Cu and Mg content on the rapid hardening phenomenon in Al-Mg-Cu alloys [25].  

In all of these studies, the alloys were observed ex-situ after a specific heat treatment, which 

provided a snapshot of the microstructure (and hence of the corresponding potential 

properties) as a function of chemical composition. However, composition interacts in a 

complex manner with microstructure development during heat treatments, and an alloy design 

strategy requires the characterization of the full kinetic path in composition space. If this is to 

be done, in a combinatorial manner, by exploiting samples containing a macroscopic 

composition gradient, the characterization strategy requires tools exhibiting the following 

characteristics: 

 Fast, quantitative characterization of the microstructural feature of interest. 

 Spatially resolved with a high resolution compared to the size of the composition 

gradient, yet probing a volume large enough to guaranteesufficiently good statistics on 

the measured microstructure features. 

 Time resolved with a time resolution sufficient so the kinetics can be monitored 

simultaneously in the desired number of locations within the composition gradient. 

For the particular case of strengthening precipitation, the microstructural features of interest 

are the size, volume fraction and number density of precipitates. In most metallic systems the 

precipitate radius for maximum strength occurs at the nanoscale (often 2-5nm). The only 

experimental technique that satisfies the three conditions above is Small-Angle X-ray 

Scattering (SAXS). Reviews discussing the manner in which it can be used to provide a fast, 

quantitative characterization of precipitates can be found in[26–30]. The spatial resolution of 

these measurements is equal to the X-ray beam size, which is typically greater than 1 mm for 



laboratory sources and 100 µm for synchrotron experiments. Several studies have 

demonstrated the capability of SAXS to map the distribution of nanoscale precipitates in 

heterogeneous microstructures such as in welds [31–33]. Furthermore, SAXS is particularly 

well suited to be performed in-situ during heat treatments, along isothermal or more complex 

thermal paths (e.g.[34,35]). Depending on the particular contrast of scattering factors between 

the precipitates and matrix, acquisition times on synchrotron beamlines can be as low as 1-

10s, which opens the possibility to couple spatially and time-resolved experiments. 

The aim of this contribution is to demonstrate the feasibility of in-situ, combinatorial studies 

of the effect of alloy composition on precipitation kinetics, and to use the acquired database as 

a tool for assessing the capability of a simple precipitation model in a wide range of 

compositions and temperatures. For the experimental proof-of-concept study, we have chosen 

a model system, Cu-Co. This system offers a number of advantages, including: 

 This system is relatively dilute (a maximum of 2wt%Co is used), and the precipitates 

formed are almost pure Co[36]. These two conditions will make it possible to apply 

relatively simple precipitation models. 

 At relatively low temperatures, the precipitates form as spherical particles[37–39], 

which simplifies the interpretation of the SAXS data; 

 Cu-Co has been used several times as a model system (ie. spherical precipitates of 

pure Co exhibiting negligible strain with the matrix) to assess the capability of 

classical nucleation theory and more generally to provide a comparison with 

precipitation models [40,41]. 

As will be detailed below, the experiments involved preparing diffusion couples between pure 

Cu and Cu-2wt%Co, performing a solution heat treatment on the composition gradient 

material, and subsequently performing heat treatments at three temperatures (450, 500 and 



550°C) in-situ at a synchrotron SAXS beamline (BM02 – D2AM at ESRF) while measuring 

the SAXS signal at different positions along the composition gradient (Fig. 1).Experimental 

difficulties were yet encountered. They included some loss of Co during diffusion couple 

preparation that must be accounted for. The grain structure within the sample was such that 

double Bragg scattering interfered with the measured SAXS signal, and it was necessary to 

develop a specific methodology to deconvolute the two signals. Finally, a challenge was to 

link the observed precipitation kinetics to the local alloy composition where the X-ray 

measurement was made. A specific procedure was used to obtain an in-situ composition 

measurement with the help of the X-ray beam. 

 

Figure 1 : Schematic representation of the experimental set-up showing the scanning of the incident x-ray 

beam across the composition gradient during elevated temperature aging treatment 

The precipitation kinetics, as a function of time, temperature and solute content has been 

modelled using the so-called numerical Kampmann-Wagner class model [42–44]. In 

relatively simple systems, such as that studied here, this model has been shown to provide a 



robust and efficient frameworkwhich compares satisfactorily with experimental results [44–

47]. One advantage of this modelling technique is its good computational efficiency, which 

makes it possible to apply to a large set of experimental conditions with varying temperature 

and alloy composition, so that theresults can be compared to the full dataset that is produced 

from the combinatorial experiment shown in Fig. 1. One of the interests here is to assess the 

limitations (and therefore the robustness) of this model when applied to situations where all 

parameters (e.g. diffusivity, driving force) vary widely. 

2 Materials and preparation of the diffusion couple 

The diffusion couples were prepared from pieces of Pure Cu and Cu-2.0Co (wt. %) produced 

by AMES Laboratory and contained impurity levels below 0.01%, as measured by ICP-AES. 

Pieces of pure Cu and Cu-2Co were first sectioned into cubes ~14mm x 14mm x 14mm. To 

help the bonding between the alloys, pieces of each alloy were held together for ~10min at 

~500ºC using a hot compression machine before being encapsulated in a quartz tube and 

transferred to a tube furnace for 15 days at 1000ºC (above the solvus boundary for Cu-2Co). 

Diffusion calculations suggest that the Co gradient would be 500-600 µm after such a heat 

treatment. To further spread the compositional gradient, each diffusion couple was 

subsequently hot compressed in a channel die that constrained the deformation to the direction 

of the diffusion zone. This channel die hot compression was performed at 700ºC with a strain 

rate of 2x10
-3

 s
-1

. The samples were reduced in height from ~15mm to 7mm which 

approximately doubled the length of the diffusion zone. 

Samples were then solution treated at 1000ºC for 1h, water quenched and sectioned into thin 

slices using a precision saw. The sample slices were subsequently thinned to ~30-50 µm using 

grinding paper ready for in-situ examination using small angle x-ray scattering. 

 



3 Characterization of the composition gradient 

Due to the small size of the diffusion zone in the samples (1-3mm), and the uncertainty 

regarding the alignment of the samples relative to the X-ray beam, it is challenging to 

ascertain precisely at which position in the composition gradient the X-ray beam is aiming. It 

is therefore desirable to use the beam itself to measure the local concentration of Co in the 

samples after they have been mounted in the furnace. This can be achieved by monitoring the 

change in transmitted beam intensity as a function of distance along the diffusion couple at 

two beam energies, above and below the Co K absorption edge (7.709 keV). The relationship 

between the local transmission and the properties of the sample can be expressed as: 
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where Tx is the local transmission, and µx and tx are the linear absorption coefficient and the 

thickness of the foil, respectively, at position x on the diffusion couple. On the BM02 - D2AM 

beamline, the transmission of the sample is measured by comparing the ratio of the upstream 

and downstream beam monitors with and without sample (at each position x).The local 

thickness of the sample can be expressed as: 
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The sample thickness is independent of the beam energy, while both µx and Txdepend on the 

energy. If the transmission measurement is performed at two energies, below and above the 

absorption edge (at 7.7 and 7.8 keV), the variation of the local transmission can be used to 

deduce how the local absorption coefficient µx varies at both energies. This variation can then 

be linked to the local Co concentration: 
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where cx is the local concentration (at.%) of Co, and µCu and µCo are the linear absorption 

coefficients for pure Cu and pure Co, respectively, calculated for the two different beam 

energies using the density of Cu (8.96 g/cm
3
). Once cx has been obtained, µx and tx can be 

calculated. The results of these calculations are shown in Fig. 2 for the three diffusion 

couples. Fig.2a confirms that the method is able to detect the local Co content (more detailed 

discussion on the actual profile follows further in the paper). Each diffusion couple is shown 

to have a constant (or slowly varying) thickness along the probed direction despite the varying 

Co content (Fig. 2b). This is an a posteriori confirmation that the local content has been 

properly taken into account by this approach. 



 

Figure 2 : a) Composition profiles and b) local sample thicknesses across the diffusion couples determined 

based on the intensity of the transmitted X-ray beam during the in situ SAXS experiment. 

In order to corroborate the measurements of the local alloy composition made during the in 

situ SAXS experiment, EPMA measurements were performed on the foils following the heat 

treatment. Backscattered electron (BSE) micrographs collected from a solution treated and 

quenched diffusion couple (i.e. the starting material for the in-situ SAXS experiments) are 

shown in Figure 3. While the two ends of the diffusion couples were found to be 

homogeneous, these images revealed the presence of Co oxide inclusions situated near the 

middle of the diffusion zone. It is thought that these inclusions were introduced at the 

interface between the two starting alloys during the joining process, and subsequently 



distributed through the diffusion zone during the heat treatment and channel die compression. 

Similar inclusions were found in all three of the samples aged in-situ. These inclusions have 

the effect of removing Co from solid solution and this must be taken into account during the 

modelling of the kinetics of the precipitation process. 

 

Figure 3 : BSE micrographs collected from a) the pure Cu end, b) diffusion zone and c) Co rich end of a 

solution treated and quenched diffusion couple. A number of dark spots (< 1 µm) are visible at the Co rich 

end of the sample (c), and are thought to be small voids. Spot analyses of the large (~5 µm) inclusions found 

in the diffusion zone (b) indicate that they are Co oxides.  

Quantitative measurements of the Co concentration profile were performed using EPMA and 

the results are shown in Figure 4. As expected, no Co was detected in the pure Cu end. An 

average of 1.82 at.% of Co was detected in the Co rich end, which is slightly lower than the 

expected 2.03 at.% measured by ICP chemical analysis of the Cu-2wt%Co alloy from which 

the couple was prepared. Over the diffusion zone, the Co concentration increased from 0 to 

1.82 at.% over the space of ~3 mm in this sample, and followed an approximately sigmoidal 

profile, also shown in Figure 4. 



 

Figure 4 : Co concentration profile measured by EPMA over the length of the solution treated diffusion 

couple. The average composition at the Co-rich end of the diffusion couple is 1.82 at.%. A model of the 

diffusion profile is also shown in red.  

Equivalent analyses were performed on the Cu-Co diffusion couples aged in-situ, and the 

results are compared with the SAXS measurements in Figure 5. It can be seen that the profile 

of the SAXS results are in reasonable agreement with the profiles measured by EPMA, 

however, the maximum concentrations determined by EPMA are typically lower than the 

SAXS results. This is consistent with the hypothesis that the oxides particles consume a 

significant amount of Co, lowering the Co available in solid solution. The SAXS beam size 

was ~200 µm in diameter, and passes through the whole foil (30-50 µm), so that the Co oxide 

particles are included in the analysis, whereas the spot size for the EPMA measurements was 

~2 µm and only occasionally intersects the oxides. The insets from Figure 5 show the linear 

relationship between the EPMA and the SAXS results. From this comparison, it is reasonable 

to assume that the EPMA results are more representative of the Co solid solution composition 

available for precipitation. Without the combination of the two techniques, it would have been 

very difficult to ascertain the position of the beam in the composition gradient. 



 

Figure 5 : Comparison of the Co concentration profiles measured using EPMA and SAXS for the samples 

aged in situ at a) 550°C, b) 500°C and c) 450°C. The insets show the linear relationship between EPMA and 

SAXS results. The dashed trend line used for SAXS is the linearly transformed EPMA trend line. 

4 SAXS data processing 

All of the SAXS images collected in this investigation contained streaks (e.g. Fig.6a) which 

varied in number and intensity with the sample position. Generally, the number of streaks 

appeared to increase towards the pure Cu end of the diffusion couples. This observation, 

combined with the high purity and large grain size of the Cu foils, suggests that the streaks are 



multiple-diffraction effects. As the samples were heated in-situ, the position and intensity of 

the streaks were observed to evolve as the result of the slight displacement of the sample due 

to thermal expansion. However, once the aging temperature was reached, the streaks at each 

sample position were found to be constant over time. 

The intensity of the streaks, particularly near the beam-stop (low q region), often obscured the 

underlying SAXS signal, and prevented straightforward azimuthal integration of the data. A 

total masking of the streaks in the images would remove too large an area from the 

integration, resulting in poor statistics and a possibly limited q range (especially in the low q 

region). Since it was observed that the streaks were stable after reaching the aging 

temperature, it was decided to subtract the initial image of each position on the diffusion 

couple from the subsequent images. While this does not completely remove the streaks (cf. 

Figure 6), it greatly improves the isotropy of the small angle scattering expected from the 

spherical precipitates. Since the initial image is used as a “background” for subsequent 

images, only variation from this initial stage is thus recorded. The obtained “streak-corrected” 

images are then azimuthally averaged. This procedure leads to zero scattering for the first 

image. While the amount of precipitates is expected to be small initially (the initial image is 

always recorded within 10 min after the sample reached aging temperature), it is likely to be 

non-zero. To account for this, we added to all the spectra an initial azimuthal integration of 

the first image, obtained with manually placed masks on the streaks. Overall, the manual 

masking resulting in a relatively lower signal over noise ratio applies only on the initial 

scattering, which is expected to be very small since the precipitation reaction has just 

commenced. 



 

Figure 6 : SAXS image collected from the middle of the diffusion zone of the 550°C sample. a) initial image 

(t=0.06h) and b) image collected after 1h of ageing. Note the multiple intense streaks passing through or near 

the beamstop. c) Image after 1h minus initial image. While some streak features still appear, the signal is now 

mostly isotropic, as expected from spherical precipitates. The same colour scale is used for all the images.  

 

5 Precipitation kinetics: in situ SAXS measurements 

The SAXS patterns were fitted to the theoretical scattering of an assembly of spherical 

precipitates of concentration 90% Co, which is close to experimental reports[36]. To account 

for the Laue scattering of the solid solution as well as for the contribution of the remaining 

streak features on the scattering pattern, we considered a background contribution of the 

form[48,49]: 

𝐼𝐵𝑔 =
𝐴

𝑞𝑛
+ 𝐵 

with the Porod exponent n being typically between 3.5 and 4. The total intensity for a given 

SAXS pattern is then written[50]: 

𝐼 = ∆𝜌2  𝑓 𝑟 𝐼𝑠𝑝𝑕 𝑞, 𝑟 𝑑𝑟 + 𝐼𝐵𝑔
∞

0
  (4) 

a) t = 0.06h b) t = 1.0h c) a- b 



∆𝜌2  is the scattering contrast between matrix and precipitates. It varies slightly with the 

position since it depends on the matrix Co content. 𝐼𝑠𝑝𝑕 𝑞, 𝑟 is the intensity scattered by a 

single sphere of radius r. 𝑓 𝑟  is the size distribution function. We chose to use a Schulz 

distribution[51]. As is the case for other commonly used distributions (e.g. Gaussian, 

Lorentzian, log-normal…), it can be characterized by only two parameters, an average radius 

Rm and a polydispersity factor.  For realistic polydispersities observed in engineering alloys, 

e.g.[52,53], the Schulz distribution is close to a log-normal distribution. Its main advantage, 

however, is that with a Schulz distribution, Eq.(4)yields an analytical solution [54], so that 

numerical integration is not required and parameter fitting is much faster. This is particularly 

useful for time and space resolved experiments where the number of SAXS patterns to fit can 

be large. 

A subset of the SAXS pattern is shown in Figure 7 for a single time (~10h) at the 3 studied 

temperatures 550°C (Fig. 7a), 500°C (Fig. 7b) and 450°C (Fig. 7c). The fitted intensities are 

also shown on the figure. The colour code used for the plot is related to the local Co content 

(lighter: less Co; darker: more Co). The samples generally show a higher intensity (i.e. a 

higher volume fraction) for higher local Co contents (darker colours). This intensity is mostly 

originated from a q-range which is lower for higher temperature, and higher for lower 

temperature. This agrees with the expected trend of forming smaller precipitates at lower 

temperature. 



 

Figure 7 : experimental SAXS patterns obtained after 10h at a) 550°C, b) 500°C and c) 450°C. The color 

shade isrelated to the local Co content (darker = more Co). The lines are the best fits according to Eq. (4). 

Figure 8 shows the SAXS results for the complete kinetics along the whole Co gradient for 

the 3 temperatures (450°C, 500°C, 550°C). It represents the evolution of the average size, the 

volume fraction and the number density of precipitates. Again, a qualitative general 

consistency can be observed. For a given temperature, the higher Co content gives rise to a 

higher volume fraction. Together with slower kinetics, a lower temperature induces smaller 

precipitates. The experimental data also indicates that a pure nucleation regime (i.e. constant 

size with increasing number density), if present, is out of reach of this experimental setup 

given the temporal resolution. 



 

Figure 8: Time and concentration resolved precipitation kinetics of the Cu-(CuCo) diffusion couples obtained 

for 3 temperatures, 550°C (blue) , 500°C (red) and 450°C (green). The circles are the SAXS experimental 

results, the lines are the results of the precipitation model. The color shades are related to the local Co content 

(darker=more Co). For easier reference to the precise local composition kinetics, each individual precipitation 

kinetics has been plotted separately in the supplementary materials. 

 

6 Precipitation kinetics: modelling  

This large experimental data set can now be compared to a precipitation model. It represents a 

challenge for the robustness of such a model, since it covers the complete precipitation 

kinetics (nucleation, growth and coarsening) at 3 different temperatures over a whole 

concentration range.A classical numerical Kampmann-Wagner class model approach was 

used, the details of which can be found in [44]. We simply recall here that the model uses 



theclassical equations for homogeneous nucleation, growth and coarsening of precipitates to 

simulate the evolution of an assembly of precipitates and monitors the full precipitate size 

distribution rather than a single mean precipitate size. The general principle is that each time 

step where nucleation occurs populates a size class. This size class subsequently evolves 

following the classical spherical growth equation, assuming local equilibrium at the interface. 

Because of interfacial energy, the equilibrium concentration at the interface is size dependent 

following the Gibbs-Thomson equation.  

For a binary alloy giving rise to homogeneous precipitation of 100% Co spherical 

precipitates, the model only needs 3 parameters: the Co solubility Ceq (i.e. used to calculate 

the driving force for nucleation), the interfacial energy  and the diffusivity D. All 3 

parameters are temperature dependent, although the variation of  is expected to be small. To 

assess the robustness of the model, we used an in-house Matlab®-based implementation and 

performed a nonlinear least square optimization of the model computed precipitate size and 

volume fraction to the experimental dataset.The function that was minimized was the 

following: 

𝜒2 =   
𝑅𝑆𝐴𝑋𝑆 −𝑅model

Δ𝑅𝑆𝐴𝑋𝑆
 
2

𝑡,𝐶 +   
𝑓𝑣𝑆𝐴𝑋𝑆 −𝑓𝑣𝑚𝑜𝑑𝑒𝑙

𝛥𝑓𝑣𝑆𝐴𝑋𝑆
 
2

𝑡,𝐶     (5) 

where both sums run over all times and all local compositions. Δ𝑅𝑆𝐴𝑋𝑆  and 𝛥𝑓𝑣𝑆𝐴𝑋𝑆  are the 

estimated errors on the SAXS determined values of size and volume fraction respectively. 

The main sources of errors are different for size and volume fraction. Since the SAXS 

determined size depends only on the shape of the SAXS signal (not on its magnitude), the 

Δ𝑅𝑆𝐴𝑋𝑆  values depends on the geometrical uncertainties of the experimental setup 

(dimensions of the detector, sample to detector distance, etc…) which are mostly negligible. 

The only remaining source of error is the validity of the interpretation model (spherical 

precipitates, Schulz distribution). We estimate Δ𝑅𝑆𝐴𝑋𝑆  to be 5% (relative to the size). The 



main source of error for the volume fraction, on the other hand, comes from the intensity 

scaling and normalization uncertainties[55] which are significantly higher and which we 

estimated at 15%. 

To check for the uniqueness of the solution, several starting parameter sets (within a 

reasonable range) were tested, each giving similar best-fit parameters. It should be pointed 

out, however, that this gives no absolute guarantee for the uniqueness of the solution. Each 

temperature was optimized independently, but for a given temperature, all data points (i.e. the 

kinetics for each local Co concentration) were considered simultaneously. If the each local 

concentration would have been fitted independently, an even better agreement might have 

been achieved but with different parameters. A general optimisation guaranties the self-

consistency of the obtained set of parameters. 

The resulting sizes, volume fractions and number densities are plotted on Figure 8 along with 

the experimental data. The agreement is generally good, and particularly so for longer ageing 

times, ie. during the coarsening stages. The comparativediscrepancy between model and 

experiments at shorter ageing times can possibly be attributed to limitations ofthe classical 

nucleation theory itself together with assumptions which may not be fully met (such as purely 

homogeneous nucleation and identical interfacial energies used to describe the Gibbs dividing 

surface during nucleation and coarsening). Furthermore, while the agreement is excellent for 

the precipitates size evolution, it is slightly less satisfactory for the volume fractions. This can 

be at least partly attributed to uncertainties in the absolute scaling of the SAXS data which 

could be due to uncertainties on the energy of the beam (particularly sensitive close to the Co 

absorption edge) or other the normalization errors. The SAXS measured sizes on the other 

hand are insensitive to scaling errors so that the absolute uncertainties on the size values are 

lower, which may explain the better agreement with the model. Inaccuracies on the volume 



fractions can also be partly attributed to uncertainties on the local Co concentration, which is 

the most important input of the precipitation model. 

Table 1 : Parameters obtained by best fit optimization used for the precipitation model 

 Co solubility (%)  (Jm
-2

) D (m
2
s

-1
) 

550°C 0.194 0.250 4.30 x 10
-18

 

500°C 0.192 0.197 7.62 x 10
-19

 

450°C 0.199 0.184 1.66 x 10
-20

 

 

The parameters obtained from the best fit optimization of the precipitation model are 

summarized in Table 1. As expected, the Co diffusivity in the Cu matrix increases with 

temperature. The literature values[56] for the diffusivities of Co in Cu at 550°C, 500°C and 

450°C are 8x10
-19

, 9.5x10
-20

 and 8.4x10
-21

 m
2
/s, respectively. At 450°C, the value extracted 

from the precipitation modeling is within a factor of 2 of the literature value, within a factor 

of 8 at 500°C and within a factor of 5 at 550°C. Considering the uncertainties in diffusivity 

values this is very good agreement. The interfacial energies extracted from the precipitate 

modeling (note: the same values are used for modeling both nucleation and coarsening 

behavior) range between 0.18 and 0.25 Jm
-2

.These compare very well with the values 

obtained by Stowell (0.18-0.23 Jm
-2

)[41]from analysis of the comprehensive set of nucleation 

data obtained by Aaronson and LeGoues[40]in the Cu-Co system, and with the value of 0.2 

Jm
-2

 reported by Servi and Turnbull in 1966[57]. The Co solubility extracted from the 

precipitation modelling is found to be fairly constant in the considered temperature range with 

values around 0.2 at. %. It is to be noted, however, that the absolute value for solubility is 

very dependent on the accuracy of the local Co concentration (for which there exists some 

uncertainty) and on the chosen precipitate composition.Using a recent thermodynamic 

description of the Cu-Co system[58], the Co solubility at 550°C, 500°C and 450°C is 



calculated to be 0.224%, 0.134% and 0.075% at these respective temperatures.This is a 

reasonable agreement with the values extracted from the precipitation modeling given the 

discussed uncertainties on the solubilities. These comparisons illustrate the power of such 

combinatorial experimentation when combined with modeling.  In one set of combinatorial 

experiments, it has been possible to obtain a sufficiently large dataset as a function of time, 

temperature and Co alloy content, that application ofrelatively simple precipitation models 

make it possible to extract values of key precipitate parameters that previously would have 

taken many years of dedicated studies on separate alloys. 

While the concentration of the precipitates could have been allowed to vary during the 

optimization process, it is likely to lead to non-unique solutions. Additional experimental data 

on possible temperature dependent precipitate compositions is required to settle the issue. 

 

7 Summary 

This investigation has demonstrated that it is possible to study precipitation kinetics in-situ in 

a composition gradient. It has highlighted some of the technical challenges faced when 

dealing with such a project, particularly on the preparation of the diffusion couples (obtaining 

a smoothly varying concentration gradient along an adequate distance) and its proper 

positioning relative to the X-ray beam during the in-situ SAXS experiments. This latter issue 

could be easily handled through the design of a dedicated in situ furnace with a wider aperture 

(e.g. 25 mm) and the preparation of correspondingly wide concentration gradients. 

The temporal and spatial resolutions of the time and concentration resolved experiments are 

sufficient to build a large dataset covering a wide range of supersaturations and ageing times 

in a single experiment. We performed experiments at 3 temperatures, widening even more the 



range of precipitation conditions. This dataset was directly compared to the results of a 

classical class type precipitation model, which, despite its simplicity, was shown to be 

remarkably robust since it was able to yield realistic values of size and volume fraction for the 

complete data set with only 3 fitting parameters (solubility, interfacial energy and diffusivity) 

giving rise to estimated values of these parameters. 

This experiment opens a wide field of possible time and concentration experiments enabling a 

much more robust calibration of phase transformation kinetics models and allowing a much 

wider set of conditions to be studied simultaneously, hopefully giving rise to better 

understanding of phase transformations. Experiments similar to those reported here could be 

performed on similar beamlines containing both SAXS and WAXS detectors opening up the 

possibility for combinatorial experiments on the competition between precipitation of 

multiple precipitates which would have important industrial relevance to compositional 

optimization of existing commercial precipitate strengthened alloys. 
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