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Introduction

Most Pressurized Water Reactors (PWR) control rods are composed of the Ag-Cd-In neutron absorber alloy with composition 80 wt.% Ag, 15 wt.% In, 5 wt.% Cd, (SIC) cladded by an AISI 304 or 316 stainless steel tube, itself inserted in a Zircaloy-4 guide tube. In severe accident conditions, Petti et al. [START_REF] Petti | Silver-Indium-Cadmium Control Rod Behavior in Severe Reactor Accidents[END_REF] showed that the SIC control rods structures fail at 1427°C due to eutectic interaction between stainless steel and Zircaloy of the guide tube. The low melting point of the Ag-Cd-In alloy, the high volatility of Cd and the large quantities of this material in the core could potentially induce early fuel rod degradation by interaction of molten SIC with fuel rod cladding. The absorber elements also interact with fission products, affecting significantly their speciation and transport in the primary circuit as well as their behavior in containment. The quantification of the gases released and the nature of the species transported, which both depend on these interactions, are important for assessing the radiological consequence of the severe accidents.

In this framework, information on the phase equilibria involving the liquid phase of the Ag-Cd-In ternary system, especially in the Cd and In rich regions, is of high interest and the method of thermal analysis for this particular system is reviewed and benchmarked.

Bibliography

A brief literature review of the ternary system can be found in the recent experimental study of the Ag-Cd-In liquid mixing enthalpy [START_REF] Benigni | Enthalpy of mixing in the Ag-Cd-In ternary liquid phase[END_REF] where a tentative isothermal section at 450°C is proposed. The equilibria involving the liquid phase have not been extensively studied in this system and the available results are further analyzed below.

In the silver corner of the ternary triangle, the liquid (L) is expected to be in equilibrium with the (α) fcc solid solution based on silver. If the stability domain of this solid solution has been established by Snyder et al. [START_REF] Snyder | Primary Solid Solution Phase Boundary in Silver Corner of Silver-Cadmium-Indium Ternary System[END_REF] at room temperatures and at 315°C, the information on its liquidus surface is restricted to the SIC composition on which several studies have focused. The melting range of the SIC alloy is roughly estimated to be 800-850°C [START_REF] Krett | Thermophysical Properties of Materials for Water Cooled Reactors[END_REF], but more accurate experimental values can be found from other studies. Using an induction furnace which can go up to 1627°C, Bowsher et al. [START_REF] Bowsher | Silver-indium-cadmium control rod behaviour during a severe reactor accident[END_REF] heated control rod alloy in an open alumina crucible under argon. They determined the "melting point", probably referring to the liquidus temperature, of the alloy to be 827 ± 10°C.

Horrocks [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF] determined the melting range of the SIC alloy to be 725-830°C by DSC using open crucible under argon. The liquidus temperature measured on cooling was higher than the end of melting detected during the former heating run. This effect was the result of Cd vaporization according to the author. The experiment was repeated with a new sample and the liquidus value obtained by averaging the results of both experiments was reported to be 825.5°C. The melting range of the SIC alloy was very recently determined by Steinbrück and Stegmaier [START_REF] Steinbrück | Experiments On Silver-Indium-Cadmium Control Rod Failure During Severe Accident Sequences[END_REF] on heating at 15°C min -1 . The SIC sample was enclosed in a gas tight steel capsule to avoid Cd vaporization. The solidus temperature, identified as the onset of the DSC peak, and liquidus temperature, identified as the peak maximum, were reported at 743 and 831°C respectively. At 450°C, the liquid is in equilibrium with a hcp (ζ) solid solution [START_REF] Benigni | Enthalpy of mixing in the Ag-Cd-In ternary liquid phase[END_REF]. The solidus of this solution has been determined by EDS analysis on samples equilibrated in the (ζ + L) domain at 450°C before quenching in water. Three points on the liquidus curve at 450°C were also indirectly derived from the evolution of the partial mixing enthalpy of Ag vs. silver mole fraction xAg [START_REF] Benigni | Enthalpy of mixing in the Ag-Cd-In ternary liquid phase[END_REF]. In addition, two indium rich isopleth sections corresponding to the mole fraction conditions xIn = 0.6 and xIn/xCd = 3 have been investigated respectively by Robinson and Jones using the Smith Thermal Analysis technique. The results of these unpublished studies are reported in the Horrocks doctoral thesis [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF]. However, Horrocks has cast some doubts on the procedure adopted to determine the liquidus temperature in Robinson's work because, for the binary Ag40In60 (at.%) alloy, Robinson reports a liquidus of 479°C whereas Horrocks's own measurement with the same instrument is 455.9°C. Moreover, for the same binary composition, the liquidus temperatures measured by DSC on heating by Moser et al. [START_REF] Moser | Studies of the Ag-In phase diagram and surface tension measurements[END_REF] and Bahari et al. [START_REF] Bahari | Experimental study of the ternary Ag-Cu-In phase diagram[END_REF] [10] are 455°C and 446.5°C respectively, confirming that the liquidus temperature determined by Robinson is likely to be overestimated.

In the experimental setup used by Robinson and Jones, the sample thermocouple sheathing can be used as a stirring rod to enhance nucleation of solid phases on cooling from the liquid [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF]. So it can be concluded that the samples were not hermetically sealed and that Cd loss was possible during the experiments. With a coupled TG-DTA instrument, Ball et al. [START_REF] Ball | Reactor Safety Programme 1988-1991[END_REF] established Cd losses for a SIC composition to occur between 550 and 820°C under an inert atmosphere. The Cd contents of the ternary alloys studied by Jones were in the range 23-25 at.%. Robinson investigated ternary compositions containing 3 up to 12 at.% Cd. According to Horrocks [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF], the highest thermal arrests detected by Robinson and Jones were respectively 448°C and 244°C. A significant Cd loss is not expected at these temperatures. However, the protocol is not described in details and the maximum temperatures effectively reached during the Smith thermal analyses are not mentioned. It remains difficult to estimate if Cd was lost during their experiments. This literature review shows that, apart from the control rod alloy composition, the equilibria involving the liquid phase in the Ag-Cd-In ternary system are not firmly established. The derivation of liquidus points from isothermal calorimetric experiments in our previous study [START_REF] Benigni | Enthalpy of mixing in the Ag-Cd-In ternary liquid phase[END_REF] remains indirect and not very accurate. The Smith thermal analysis data need to be reconfirmed due to uncertainty in the protocol and discrepancy with other literature results on a binary composition.

Hence, it was decided to reinvestigate the 60 at.% In isopleth section of the ternary diagram already studied by Robinson [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF] in the same range of Cd content. Three compositions containing 0, 5 and 12 at.% Cd, and respectively denoted Ag40In60, Ag35Cd05In60 and Ag28Cd12In60, are examined in the present new thermal analysis study of the system. Emphasis is put on the accurate determination of the liquidus temperature of the alloys. The results obtained using a classical DTA protocol, at various heating and cooling rates, are compared with an Interrupted Heating DTA (IHDTA) method and existing literature data points.

Materials and methods

The purities of the elements used are listed in Table 1. Silver, cadmium and indium are first weighed in stoichiometric proportions. Cd has a high vapor pressure which reaches 1 atm at 1040 K according to [START_REF] Hultgren | Selected Values of the Thermodynamic Properties of the Elements[END_REF], hence cadmium mass loss by vaporization must be avoided during sample preparation and subsequent experiments. The weighed pure constituents are transferred to a vitreous silica ampoule which is sealed under argon with an oxyacetylene torch. The ampoule is then heated in a furnace up to 1000°C, held one hour at this temperature to ensure complete melting of Ag particles and their alloying with Cd and In at the liquid state before being cooled in the furnace down to room temperature.

A Setaram DSC 111 instrument which can work up to 830°C has been used to perform the thermal analyses. The outer diameter (6.8 mm) of the ampoules closely fits the inner diameter (7 mm) of the DSC tubes. The ampoule containing the sample is placed in the laboratory tube and an empty silica ampoule of similar weight and shape is inserted in the reference tube. The center of the ampoules are positioned in the middle of the thermopiles of 24 mm total length to maximize sensitivity.

Prior to the measurements, the instrument was temperature calibrated towards the melting points of pure Al, In, Sn and Zn using the classical DTA procedure described in the subsection below. The purities of the elements used for calibration are reported in Table 1. As the calibration results are extrapolated to zero rate, the corresponding temperature correction is also valid for the IHDTA protocol in which the holding temperatures are, by definition, measured at zero rate.

Classical DTA

The sample is first heated at 10°C min -1 up to a temperature where melting is completed and then cooled to room temperature at the same rate. After this preliminary run, a good thermal contact is achieved between the sample and the ampoule. This run also helps in locating the equilibrium liquidus temperature and better define the maximum heating temperature (TMax) for the subsequent runs. In the consecutive measurement cycles, the sample is heated to TMax then cooled to room temperature at 0.5, 1, 2, 5 and 10°C min -1 . The procedure is repeated for each sample. The characteristic temperatures are determined from the thermograms at each rate. Then, these temperatures are plotted versus the heating and cooling rates and extrapolated to zero rate to obtain the equilibrium values. The thermograms obtained on heating and cooling the Ag35Cd05In60 at 5 and 10°C min -1 are shown in Figure 1. 

IHDTA

This kind of method has already been used for accurate determination of the liquidus of Sn-rich alloys in the Sn-Ag-Cu ternary system by Moon et al. [START_REF] Moon | Experimental and thermodynamic assessment of Sn-Ag-Cu solder alloys[END_REF] and of Ni based superalloys by Wu et al. [START_REF] Wu | Liquidus temperature determination in multicomponent alloys by thermal analysis[END_REF]. The temperature program adopted in our study is shown in Figure 2 for the Ag35Cd05In60 alloy. The sample is first heated at 10°C min -1 to TMax = 570°C at which it is fully liquid and is held isothermally at this temperature for 1 hour. The sample is then cooled at 5°C min -1 to TMin=380°C. TMin is chosen well below the liquidus temperature to ensure that a fraction of solid is precipitated before starting a primary heating of the alloy at 5°C min -1 to the first holding temperature (THold around 420°C) where it is held for 1 hour. The secondary heating is done from THold to TMax again at the same rate. This thermal cycling procedure is repeated by changing THold in 3°C increments until the estimated liquidus temperature 

Results

Classical DTA

The end of the last endothermic thermal event observed on the DTA signal on heating at constant rate is considered as the liquidus temperature and usually this end coincides with the peak temperature (TPeak) of the last endothermic peak. However, Boettinger et al. [START_REF] Boettinger | DTA and heat-flux DSC measurements of alloy melting and freezing[END_REF] showed that this might not be the case for all the alloys. They demonstrate that, for a binary alloy like Bi-10%Sb exhibiting a partition coefficient k > 1, TPeak is not associated with the liquidus temperature which is rather marked by a shoulder detected on the signal at an higher temperature. On cooling at constant rate, the first exothermic rise provides a clear signature of the nucleation of the solid phase. However, the onset temperature of this rise is lower than the liquidus because of the undercooling required for nucleation. The thermograms recorded on cooling remain useful because they allow to establish a lower bound on the possible liquidus temperature.

The difficulty in determining the liquidus in Ag-Cd-In alloys is illustrated for the Ag35Cd05In60 composition. The thermograms shown in Figure 1 are zoomed in the liquidus region in Figure 4. There is no sharp peak on the heating curve, and the signal is smeared over a temperature range. The peak temperatures, corresponding to the maximum deviation from the baseline, are around 408 and 412°C at 5 and 10°C min -1 respectively. For both heating rates, TPeak is lower than the temperature of the exothermic rise detected on cooling (TExo) which is 432 and 427°C for 5 and 10°C min -1 respectively. Hence, it is clear that, in this case, TPeak cannot be the liquidus temperature since it is lower than the temperature of the first exothermic rise on cooling. Moreover, reducing the heating rate down to 2, 1 and 0.5°C min -1 flattens the signal and renders the TPeak determination very difficult. At these rates, the uncertainty in the interpolated baseline induces a very large uncertainty (> 10°C) on the TPeak value. It is then concluded that TPeak cannot reliably be used to derive the liquidus for our alloys. Hence, thermal signature of the liquidus on the heating signal should be sought between TPeak and the temperature at which the signal join the baseline. However, in this temperature range, small fluctuations of the signal are observed but no clear thermal event is seen. The best guess for such an event is the final slope break that is indicated by an arrow in Figure 4, which marks the end of any endothermic reaction occurring in the sample. The temperatures of this slope break (TSB) are 472 and 490°C on heating at 5 and 10°C min -1 respectively. It is worth mentioning that determination of this temperature remains to a large extent observer dependent. In the most favorable cases, it cannot be determined with an accuracy better than few degrees but in other cases, the very existence of a slope break is questionable.

The characteristic temperatures TSB and TExo obtained from processing the DTA signals as explained above are reported in Table 2 for the three alloys under study at all heating and cooling rates and linearly extrapolated to null rate. The linear extrapolation procedure is illustrated for the Ag35Cd05In60 alloy in Figure 5. For the binary Ag40In60 composition, the liquidus is found to be in the range 450-463°C. This estimation is consistent with the values around 455-456°C found by [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF] and [START_REF] Moser | Studies of the Ag-In phase diagram and surface tension measurements[END_REF]. However, the value 446.6°C measured by [START_REF] Bahari | Experimental study of the ternary Ag-Cu-In phase diagram[END_REF] is likely to be underestimated since it is lower than TExo = 450  1°C detected on cooling in our experiments.

For the two ternary compositions, the temperature interval between TSB and TExo is very large (Table 2). Taking into account the difficulties in determining TSB, this value can only be considered as an upper bound of the true liquidus temperature but a reliable value could not be derived.

The possible explanation for such behavior is now further discussed.

On the basis of an unpublished tentative Calphad assessment of the Ag-Cd-In system, / is calculated vs temperature for the Ag35Cd05In60 composition in Figure 6. Boettinger et al. [START_REF] Boettinger | DTA and heat-flux DSC measurements of alloy melting and freezing[END_REF] have demonstrated that such apparent heat capacity curve, when flip and broadened along the horizontal axis, gave a rough approximation of the shape of the DSC signal on melting.

As the curve in Figure 6 exhibits a sharp peak at the liquidus temperature, the DTA signal should also exhibit such feature and TPeak should coincide with the liquidus temperature if equilibrium was maintained during the experiments, i.e. in the absence of any thermal and chemical composition gradients within the sample. It is concluded that the smoothness of the observed peaks cannot be explained by a pure thermodynamic argument.

Figure 6. Calculated

/ vs temperature for the Ag35Cd05In60 alloy at thermodynamic equilibrium on the basis of a tentative CALPHAD assessment of the ternary system.

In the composition range investigated, the first phase to form from the liquid is the hcp (ζ) solid solution [START_REF] Benigni | Enthalpy of mixing in the Ag-Cd-In ternary liquid phase[END_REF]. The diffusion in this phase has not, to our best knowledge, been investigated but diffusion in substitutional solid solutions is sluggish. So, it is likely that equilibrium is not maintained under continuous heating or cooling regimes and that the initial state of the sample before heating depends on the rate which has been applied in the preceding cooling run.

IHDTA

In the IHDTA method, the sample is isothermally held for one hour at high temperature (THold) close to the liquidus temperature, before subsequent heating as described in the experimental section. Diffusion of the elements is thus enhanced by this extended period at high temperature. Moreover, as THold is gradually increased, the solid fraction and the diffusion distance for homogenization in the solid also decrease [START_REF] Wu | Liquidus temperature determination in multicomponent alloys by thermal analysis[END_REF]. So, equilibrium will be better approached by this method than by using a continuous heating rate.

The liquidus values determined by IHDTA for the three alloys are compared in Table 3 with classical DTA from this work and available literature results. ** Heating and cooling rates= 5°C min -1 , temperature increment = 3°C, holding time =1 h.

*** Heating and cooling rates= 5°C min -1 , temperature increment = 1°C, holding time =3 h.

The signal during the four stages of the IHDTA protocol namely cooling, primary heating, holding, secondary heating is further analyzed and discussed below for the Ag35Cd05In60 ternary composition for which the liquidus temperature is found to be in the range 439-442°C.

Cooling from TMax to TMin: a reproducible undercooling was recorded during the 11 cooling stages at 5°C min -1 with a steep exothermic rise which occurred between 431 and 432°C for all the curves. This value is in excellent agreement with TExo = 432.5°C measured by classical DTA on cooling at 5°C min -1 (Table 2).

Primary heating from TMin to THold: this heating occurs before the holding stage on a not equilibrated sample, the signal cannot be used for the equilibrium liquidus temperature determination.

Holding: the samples are maintained 1 hour at THold. The heat flow recorded during holding is plotted vs time in Figure 7. After an initial thermal transient regime, the curves tends towards constant heat flow values. However, it is observed that on increasing THold from 427 to 439°C, the duration of this transient increases accordingly. A constant value is indeed attained for all curves except possibly for the ones corresponding to THold = 436 and 439°C. When THold is further increased from 442 to 451°C, a qualitatively different evolution of the curve shape is observed. First, the duration of the transient regime decreases and second, a slope break, indicated by an arrow, is also seen on the curves. After this break, a constant heat flow value is reached.

Figure 7.

Holding curves for the Ag35Cd05In60 alloy. The holding time is 1 hour. Each curve is labelled with its corresponding holding temperature. For THold  442°C, the curves show a slope break marked by an arrow for each curve.

The melting behavior of the sample can be rationalized considering that the sample composition, which is heterogeneous, because of the inherited solidification microsegregation, tends to homogenize during holding, promoting its melting, and that this homogenization is diffusion controlled.

For the lowest holding temperatures, the mobility of the atoms is low and the distance on which they have to diffuse for homogenization, e.g. the half thickness of the dendritic arms, is large. As a consequence, the reaction is slow and only occurs to a very limited extent. In this case, the constant heat flow value which is attained does not mean that the samples are equilibrated. On increasing THold towards the liquidus temperature, and because of the combined effect of the increased mobility and of the reduced solid fraction, the homogenization/melting reaction is further enhanced.

The slope break which is seen on all the curves having a THold  442°C is the thermal signature of the end of melting of the last superheated solid present in the sample. At these holding temperatures, concentration gradients in the solid particles are levelled off, leading to the complete melting of the sample. A fully liquid equilibrium state is attained in less than one hour. This interpretation is corroborated by the shape of the secondary heating curves as it is explained in the next paragraph.

From this analysis, it is concluded that the liquidus temperature is lower than 442°C, where the sample is fully liquid after 2000 s and that the sample still contains a fraction of solid after being held one hour at 439°C. The small positive slope of the heat flow curve vs time between 3500 and 3600 s at 439°C (Figure 7) indicates that the sample has maybe not reached equilibrium. Combining these information with the results of the classical DTA cooling runs (Table 2) brackets the liquidus temperature in the range 437-442°C.The time necessary to reach equilibrium at 451, 448, 445 and 442°C is plotted vs temperature and extrapolated at 439°C in Figure 8 using a second degree polynomial. The extrapolated time value is 3145 s. This value is of course dependent on the specific analytical expression chosen to perform the extrapolation however, this rough estimation shows that the time required to reach equilibrium at 439°C is close to the duration (3600 s) of the holding stage. The sample is probably not very far from equilibrium at the end of the holding stage.

Secondary heating: after holding, the sample is heated from THold to TMax. The heat flow recorded during this stage is plotted vs time in Figure 9. A specific offset value has been applied to each curve in order to make them start at the same heat flow value (= 6 mW). At t > 600 s, all the heating curves become linear and parallel. For each curve, a final baseline can be constructed and extrapolated to t = 0. This baseline construction allows to divide the curves in two groups. After the initial thermal transient regime, in the first group, 427  THold  439°C (in black in Figure 9), the signal decreases and becomes lower than the baseline before returning to it. Such an endothermic deviation indicates the presence of a solid phase which melts in the heating run. The magnitude of the endothermic deviation increases with the solid fraction which is present at the beginning of the run, and obviously decreases as THold is increased and approaches the liquidus temperature. In the second group 442  THold  451°C, no endothermic deviations occur and the 4 curves (in red in Figure 9) are very close to each other. For these curves THold is above the liquidus temperature and the sample is completely melted at the beginning of the run. Assuming that the sample was equilibrated at 439°C, it is concluded that the liquidus temperature lies in the range 439-442°C. 

Discussion

In a dilute binary alloy in which the partition coefficient of the solute is lower than 1, the first solid that is formed on cooling at a typical constant rate of few °C min -1 is solute depleted compared to the average alloy composition. If diffusion is slow, e.g. in an alloy forming a substitutional solid solution, the composition gradients will not be levelled off on reheating the sample at a similar rate. As a consequence, the liquidus temperature determined on heating will be overestimated. This reasoning also holds for the three alloys investigated in the present work.

The liquidus temperature measured on cooling at a constant rate is obviously underestimated because of the undercooling required for nucleation of the solid phase as already mentioned.

Hence, the classical protocol allows to establish a temperature interval in which the equilibrium liquidus temperature is lying. Repeating the experiments at various heating and cooling rates helps in reducing the width of this interval and refines the estimation. However, the results of Table 2 show that the remaining uncertainty is still very large ranging from 13 to 30°C for the alloys under investigation.

IHDTA considerably reduces the uncertainty mainly by lowering the upper bound of the interval. The inherent weakness of the protocol being that, in general, the holding time which is required to homogenize the alloy at a given temperature is not known in advance, and a residual uncertainty in the lower bound of the interval cannot be avoided. Reducing this uncertainty requires to repeat the experiments with optimized values of the parameters, e.g. slower rates and increased holding times, the final choice being a compromise between the time length of the experiments and the target accuracy on the liquidus temperature. Combining the results of DTA and IHDTA also helps to better estimate the liquidus temperature.

The systematic study of a ternary system implies a large number of alloys and a standard protocol must be adopted. Time consuming optimization of the protocol for each composition is not always feasible. It is worth noting that the IHDTA protocol with one hour holding time presented in Figure 2 only lasts 100000 s ( 28 h) which is considerably shorter than the corresponding classical DTA at 0.5, 1 2, 5 and 10 °C min -1 ( 3 days). This advantage disappears if the holding time is increased to several hours.

For the Ag40In60 composition, the liquidus temperature is measured in the range 451-454°C by IHDTA experiments. This estimation is quite close to the values of 455°C measured by Moser et al. [START_REF] Moser | Studies of the Ag-In phase diagram and surface tension measurements[END_REF] on heating at constant 0.5-5°C min -1 rates with a DSC and of 456°C found by Horrocks [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF] using the Smith technique. It is also interesting to note that the DSC trace shown in Figure 4 of [START_REF] Moser | Studies of the Ag-In phase diagram and surface tension measurements[END_REF] for a Ag77.5In22.5 alloy shows no marked peak at the liquidus temperature but instead a sharp slope break. Our results confirm that:  the value of 446.5°C measured by Bahari et al. [START_REF] Bahari | Experimental study of the ternary Ag-Cu-In phase diagram[END_REF] on heating at constant 0.5 or 1°C min -1 rate is underestimated. From Figure 4 of [START_REF] Bahari | Experimental study of the ternary Ag-Cu-In phase diagram[END_REF], it is worth mentioning that the 446.5°C value is also abnormally low compared to the ones measured by the same authors on other compositions both richer and poorer in In.  the value of 479°C measured by Robinson, also using the Smith technique as reported in [START_REF] Horrocks | Phase Diagram and Thermodynamics of the Ag-Cd-In Ternary Alloy Systems[END_REF], is largely overestimated.

For the Ag35Cd05In60 composition, our DTA and IHDTA experiments estimate the liquidus temperature in the range 437-442°C.

For the Ag28Cd12In60 composition, the single available 423°C value of Robinson is not confirmed by our IHDTA experiments which indicate that the equilibrium liquidus temperature lies in the range 403-406°C. Additional IHDTA experiments have been performed on this alloy with refined temperature increment of 1°C, instead of 3°C, between two consecutive holding temperatures and increased holding time of 3 h, instead of 1 h, at each THold. The TExo values recorded during the 12 cooling stages were all in a 2°C range, the highest value being 395°C. The results obtained with the two sets of parameters are consistent (Table 3) showing that the holding time is long enough to reach equilibrium.

Figure 1 .

 1 Figure 1. Heat flows obtained on heating (in red) and cooling (in black) the Ag35Cd05In60 alloy at 5 (thin line) and 10 (thick line)°C min -1 .

  around 450°C). As an example, the heat flow recorded during the third cycle is plotted vs. temperature in Figure3.

Figure 2 .

 2 Figure 2. The IHDTA temperature vs time protocol for the Ag35Cd05In60 alloy.

Figure 3 .

 3 Figure 3. Heat flow recorded during the third cycle of the IHDTA protocol for the Ag35Cd05In60 alloy. Sample is heated from 380 to 427°C, held 1 hour at this temperature, heated again from 427 to 570°C and then cooled back from 570 to 380°C. The heating and cooling rates are 5°C min -1 .

Figure 4 .

 4 Figure 4. Heat flow recorded on heating (in red) and cooling (in black) the Ag35Cd05In60 alloy at 5 (thin line) and 10 (thick line)°C min -1 . Dashed lines are the interpolated baselines. Dotted lines are the extrapolated linear segments of the final return to the baseline on the heating curves. For each heating curve, the arrows mark the maximum deviation from the baseline corresponding to TPeak and the final slope break temperature (TSB) which is the upper possible bound of the liquidus temperature. The temperature of the first exothermic rise (TExo) on the cooling curves represents the lower bound of the liquidus temperature.

Figure 5 .

 5 Figure 5. TSB and TExo vs heating and cooling rates for the ternary composition Ag35Cd05In60. Zero rate values are obtained by linear extrapolation.

Figure 8 .

 8 Figure 8. Time necessary to reach equilibrium as a function of the holding temperature THold for the Ag35Cd05In60sample. An extrapolated value of 3145 s is calculated at 439°C.

Figure 9 .

 9 Figure 9. Heat flow recorded vs time during the secondary heating stages for the Ag35Cd05In60 sample. A differentoffset has been applied to each curve in order to make them start at the same heat flow value (6 mW). The extrapolated final baseline of the 439°C curve is plotted as a dashed line. State of the sample at the start of the heating is fully liquid for the red curves and partially solid for the black curves.The thermal transient at the beginning of every secondary heating is a result of switching from an isothermal mode (T = THold for 1 hour) to a constant heating rate 5°C min -1 from THold to TMax. An enlarged view of the heating traces during the initial period (0-150 s) is plotted in Figure10. In the first group (THold = 427-439°C), the curves start to diverge after 30 s according to the solid fractions initially present. The 4 curves of the second set (THold = 439-451°C) are very well superimposed. Hence, this closer inspection shows no additional thermodynamic information in this part of the heating curves.

Figure 10 .

 10 Figure 10. Enlarged view on the initial thermal transient of Figure 9.

Table 1 .

 1 Element purities.

	Elements	Supplier	Commercial grade	Initial purity (mass)	Purification method
	Ag	Alfa Aesar		0.9999	None
	Al	Koch Light		0.99999	None
	Cd	Alfa Aesar	Puratronic	0.999999	None
	In	Alfa Aesar	Puratronic	0.999999	None
	Sn	Alfa Aesar	Puratronic	0.999999	None
	Zn	Alfa Aesar		0.99999	None

Table 2 .

 2 Characteristic temperatures TSB (on heating) and TExo (on cooling) determined by classical DTA for the three compositions under study. Definitions of TSB and TExo are given in the text.

	Alloy	Ag40In60 *	Ag35Cd05In60 *	Ag28Cd12In60 **
	Rate	Cooling	Heating	Cooling	Heating	Cooling	Heating
	/ °C min -1	/ °C	/ °C	/ °C	/ °C	/ °C	/ °C
	0.5	450	461	436	450 ***	385	416
	1	449.5	466	435.5	456 ***	384	416
	2	449	468	435	461 ***	380	422
	5	446	464 ***	432.5	472	378	428
	10	442	476 ***	428	490	-	-
	Extrapolation to 0	450  1	463  5	437  1	451  5	385  1.5	415  2

* Samples heat treated 1 h at 1000°C before the experiments. ** Sample melted at 700°C before the experiments. *** Slope break is questionable. -No experiment.

Table 3 .

 3 Liquidus temperatures (°C) determined by DTA and IHDTA methods in this work compared with available data from literature.

			This work		Literature	
		DTA			IHDTA *		
	Method	Cooling	Heating	Highest TExo on	Heating	Smith Thermal Analysis	DTA/DSC
				cooling			
	Ag40In60	450  1	463  5	444 **	451-454 **	455.9 [6] 479 Robinson in [6]	455 [8] 446.5 [9]
	Ag35Cd05In60	437  1	451  5	432 **	439-442 **	-	-
	Ag28Cd12In60	385  1.5	415  2	395 ** 395 ***	403-406 ** 403-404 ***	423 Robinson in [6]	-

* All samples heat treated 1 h at 1000°C before IHDTA experiments.
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Conclusions

In Ag-Cd-In alloys, the equilibrium liquidus temperature is difficult to determine by classical DTA using constant heating and cooling rates. The diffusion is too slow to allow the sample state to follow the rate of temperature change and the signal is smeared over a large temperature range. On heating, the thermal signature of the liquidus crossing cannot be unambiguously determined and the large undercooling also prevents a direct determination on cooling.

The IHDTA method, operating closer to equilibrium conditions, considerably reduces the uncertainty in the liquidus temperature determination. This method will be extended to examine more ternary compositions in the less known Cd and In rich regions of the Ag-Cd-In ternary diagram as a support to a CALPHAD optimization of the ternary system.