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Abstract: Heating and thermal gradients are important parameters in Spark Plasma Sintering (SPS) affecting densification, structure and microstructure of materials. Controlling those parameters requires advanced Joule heating simulations. The key aspect of these models is the identification of the electrical and thermal contact resistances (ECR and TCR) in the SPS tooling. The latter have a high importance to explain the experimental temperature field. The ECRs and TCRs have already been determinated in a previous work by simulating the experimental thermal field. However, these previous studies consider rolled graphite foil placed between the die and punches. ECRs and TCRs have been recalibrated to consider a "no rolling graphite foil", using SPS experiments equipped with several temperature measurements points.

Those new tests shows that the previous model overestimated the temperature of the punches and sample up to 400°C when applied to a configuration with "no rolling graphite foil". This recalibration also demonstrates it is necessary to divide the foil ECR by 2 and the TCR by 10 to obtain a predictive simulation of the thermal field. This study also shows that the use of a "no rolling graphite foil" reduces significantly the heterogeneity of thermal field.
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Introduction

Spark Plasma Sintering is a sintering process combining die pressing generally in graphite tools and a pulsed current Joule heating. The heating is mostly hybrid as the electrical current passes through the powder and the graphite tools depending on the powder conductivity. The high temperatures (>2000 °C) combined with the high pressures (~100 MPa) allow the sintering of materials that are very difficult to process by free-sintering such as Ultra-High-Temperature-Ceramics [1-3], Functionally Graded Material [START_REF] Jin | Properties of multilayered mullite/Mo functionally graded materials fabricated by powder metallurgy processing[END_REF][START_REF] Mishina | Fabrication of ZrO2/AISI316L functionally graded materials for joint prostheses[END_REF][START_REF] Guo | Laminated and functionally graded hydroxyapatite/yttria stabilized tetragonal zirconia composites fabricated by spark plasma sintering[END_REF], refractory metals [START_REF] Deng | Effect of electric current on crystal orientation and its contribution to densification during spark plasma sintering[END_REF][START_REF] Seyyedin | The effect of mechanical alloying time on the microstructural and mechanical properties of spark plasma sintered Ta-10W[END_REF][START_REF] Ohser-Wiedemann | Densification behaviour of pure molybdenum powder by spark plasma sintering[END_REF] . They also permit to obtain microstructures with interesting properties [START_REF] Tan | A multiple grain size distributed Al-based composite consist of amorphous/nanocrystalline, submicron grain and micron grain fabricated through spark plasma sintering[END_REF][START_REF] Algueró | Relaxor behavior, polarization buildup, and switching in nanostructured 0.92PbZn1/3Nb2/3O3-0-08 PbTiO3 ceramics[END_REF][START_REF] Herrmann | Silicon nitride nanoceramics densified by dynamic grain sliding[END_REF] in shorter times compared to Hot Pressing or Hot Isostatic Pressing.

Temperature control is mandatory for the mastery of the SPS process. A careful management of the graphite pressing column geometry is required to homogenize the thermal field [START_REF] Achenani | Finite element modeling of spark plasma sintering: Application to the reduction of temperature inhomogeneities, case of alumina[END_REF][START_REF] Collet | Effect of Electric Current on SPS Densification of Spherical Copper Powder[END_REF][START_REF] Manière | Energy efficient spark plasma sintering: Breaking the threshold of large dimension tooling energy consumption[END_REF].

Thermal contact resistances (TCR) and electrical contact resistances (ECR) between the pressing parts play an important role in the distribution of heat within the tooling [START_REF] Zavaliangos | Temperature evolution during field activated sintering[END_REF][START_REF] Anselmi-Tamburini | Fundamental investigations on the spark plasma sintering/synthesis process[END_REF][START_REF] Guillon | Field-assisted sintering technology/spark plasma sintering: Mechanisms, materials, and technology developments[END_REF]. The TCR increase the temperature difference between the parts and tend to confine the heat in the powder [START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF][START_REF] Arnaud | Dog-bone copper specimens prepared by one-step spark plasma sintering[END_REF]. This effect is particularly important in Flash-SPS [START_REF] Manière | Flash spark plasma sintering of zirconia nanoparticles: Electro-thermal-mechanical-microstructural simulation and scalability solutions[END_REF][START_REF] Manière | Flash sintering of complex shapes[END_REF][START_REF] Manière | All-Materials-Inclusive Flash Spark Plasma Sintering[END_REF]. The ECR increase the electrical power dissipation at the interface making the SPS process more energy efficient [START_REF] Manière | Energy efficient spark plasma sintering: Breaking the threshold of large dimension tooling energy consumption[END_REF][START_REF] Giuntini | Localized Overheating Phenomena and Optimization of Spark-Plasma Sintering Tooling Design[END_REF][START_REF] Wei | Experimental Investigation of Electric Contact Resistance in Spark Plasma Sintering Tooling Setup[END_REF]. The ECR and TCR have a strong impact in the underestimation of the sample temperature and the thermal field distribution.

For a better understanding and control of the mechanisms involved in SPS, several authors have simulated the Joule heating by the Finite Element Method (FEM) with a focus on TCR and ECR [START_REF] Achenani | Finite element modeling of spark plasma sintering: Application to the reduction of temperature inhomogeneities, case of alumina[END_REF][START_REF] Zavaliangos | Temperature evolution during field activated sintering[END_REF][START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF][START_REF] Maizza | Moving finite-element mesh model for aiding spark plasma sintering in current control mode of pure ultrafine WC powder[END_REF][START_REF] Manière | Spark-plasma-sintering and finite element method: From the identification of the sintering parameters of a submicronic αalumina powder to the development of complex shapes[END_REF][START_REF] Wang | FEM analysis of the temperature and stress distribution in spark plasma sintering: Modelling and experimental validation[END_REF][START_REF] Maniere | Pulse analysis and electric contact measurements in spark plasma sintering[END_REF][START_REF] Van Der Laan | Simple method for the identification of electrical and thermal contact resistances in spark plasma sintering[END_REF][START_REF] Anselmi-Tamburini | Fundamental investigations on the spark plasma sintering/synthesis process: II. Modeling of current and temperature distributions[END_REF]. The contact resistances decrease with the temperature and the applied pressure [START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF][START_REF] Maniere | Pulse analysis and electric contact measurements in spark plasma sintering[END_REF][START_REF] Yovanovich | Four decades of research on thermal contact, gap, and joint resistance in microelectronics[END_REF]. The dependence of ECR and TCR with temperature and pressure is difficult to determine by direct measurements. Most authors calibrate them by comparing the simulated and experimental thermal fields [START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF][START_REF] Van Der Laan | Simple method for the identification of electrical and thermal contact resistances in spark plasma sintering[END_REF][START_REF] Manière | Finite-element modeling of the electro-thermal contacts in the spark plasma sintering process[END_REF]. The contact resistance of the punch/die interface is particularly important. It is difficult to estimate because it depends on the gap between the die and the punch and on the behavior of the graphite foil generally present at this interface. In this particular interface, the contact pressure is very low. It results from the difference in thermal expansion between the die and the piston. The mechanical strength of the graphite sheet also influences this pressure. [START_REF] Anselmi-Tamburini | Fundamental investigations on the spark plasma sintering/synthesis process[END_REF][START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF][START_REF] Van Der Laan | Simple method for the identification of electrical and thermal contact resistances in spark plasma sintering[END_REF]. This parameter can be determined empirically for obtaining functional models but these models are limited rest to their specific experimental conditions (temperature, pressure, tooling size [START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF][START_REF] Van Der Laan | Simple method for the identification of electrical and thermal contact resistances in spark plasma sintering[END_REF]). Moreover, these models do not take into account the various possible treatments undergone by the graphite foil. For example rolling has an important influence on the distribution of the thermal field in the SPS tooling. In this paper, the term "rolled graphite foil" refers to a graphite foil that has been passed through a rolling mill prior the punch die assembly.

A rolled graphite foil increase the thermal heterogeneity between punches and die while a "no rolling graphite foil" reduce those temperature differences. The figure 1.a shows the temperature differences between the punch and die as a function of die temperature in two conductive SPS experimental configuration, one with a "no rolling graphite foil" and the other with a rolled graphite foil. The temperature difference in the SPS tooling at 925°C (die temperature) is 250°C in the use of a rolled graphite foil while it is only 100°C with a "no rolling graphite foil". Those experiments also shows that in the case of rolled graphite foil the thermal ripple due to PID regulation is undergone by the punches and sample while it is not seen on temperature control (die temperature). This experiment constitute an experimental evidence of the effect of graphite foil rolling on thermal field homogeneity in SPS tooling. To the best of our knowledge, this effect has not already been studied in literature and deserves to be carefully identified since it may have important effect on the properties of the sintered material.

In Figure 1 a. The evolution of temperature difference between punches and die as a function of the die temperature in SPS experiments using a "no rolling" and a rolled graphite foil. b. application example of flash SPS of a 30 mm zirconia specimen where the TCR implies a high thermal confinement and the development of microstructural gradient.

Experiment and method

Experimental configuration

Experiments were performed with the SPS machine Dr. Sinter 2080 (Japan) of the Plateforme Nationale CNRS de Frittage Flash (PNF2) located at the Université Toulouse 3 Paul Sabatier.

Toyo Tanso© provided the graphite grade ISO68 used for the dies, spacers, punches and sample. In all experiments, a not-rolled 200 µm thick graphite foil (PERMA FOIL®Toyo Tanso) was applied to cover the inner wall of the die and the interfaces punch/powder and spacer/electrode.

Rolled graphite foils are thinned by passing through rolling mill, they do not undergo any other modification. Rolling graphite foil or not is a habit specific to SPS users. The main purpose of this rolling step is to facilitate the insertion of the graphite foil inside the die and then the puncher within the graphite foil. This rolling step is not necessary for a correct assembly so all SPS users do not practice it.

Experiments were performed with a graphite pellet and in the configuration shown in Figure 2.

In one experiment, the graphite foils between the sample and the punch were not covered with BN allowing the conduction of current through the sample. In another experiment, the graphite foils were covered with BN (boron nitride), which prevent the current to flow through the sample. These configurations are further referred as "conductive" and "insulated". The control temperature governing the current flow through the column was measured at the red point shown in Figure 2 (Tcontrol), at 3 mm from the die surface. Other temperatures were measured (using a Graphtec controller) at points T1, T2 and T3 in order to map the thermal field during the experiment. The die has been heated up from 35°C to 1100°C in 700s under an uniaxial pressure of 50 MPa on punchers. After reaching the temperature of 1100°C, the current is cut off for cooling and the pressure is released. 

Calculation

The Joule heating model obeys the current Eq. (1) and the heat Eq (2) :

∇ • 𝑗 ⃗ = ∇ • (𝜎𝐸 ⃗⃗ ) = 0 (1) ∇ • (-𝜅∇𝑇) + 𝜌𝐶 𝑝 𝜕𝑇 𝜕𝑡 = JE (2) 
With 𝑗 ⃗ the current density (A.m -2 ), σ the electrical conductivity (Ω -1 .m -1 ), T the temperature (K), E the electric field (V.m -1 ). The water cooling system heat flux is modeled by the following convective flux Eq. ( 3):

∅ 𝑐 = h 𝑐 (𝑇 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 -𝑇 𝑤𝑎𝑡𝑒𝑟 ) (3) 
With ∅ 𝑐 the conductive heat flux (W.m -2 ), hc the convective coefficient (W.m -2 .K -1 ), Telectrode and Twater respectively the temperature of the electrode (K) and the temperature of water (K).

The electrical and thermal contact conditions at the inner interfaces obey Eqs. ( 4) and ( 5):

𝐽 𝑐 = 1 𝐸𝐶𝑅 (𝑈 1 -𝑈 2 ) (4) 𝑞ċ = 1 𝑇𝐶𝑅 (𝑇 1 -𝑇 2 ) (5) 
With Jc the contact current density (A.m -2 ), U1 and U2 the tension on both sides of the interfaces (V), 𝑞̇𝑐 the contact heat flux (W. m -2 ), T1 and T2 the temperature on both sides of the interfaces (K).

The TCR and ECR, electrode/spacer1, spacer1/spacer2 and spacer2/spacer3 are modeled by a pressure dependent behavior. Since these contacts are far away the heating zone, temperature has an negligible effect on them [START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF], the graphite/graphite contact resistances obey: 

𝐸𝐶𝑅 (𝛺𝑚²) = 5. 10 -9 2000-𝑇 (𝐾) 𝑇 (𝐾) -80 [START_REF] Algueró | Relaxor behavior, polarization buildup, and switching in nanostructured 0.92PbZn1/3Nb2/3O3-0-08 PbTiO3 ceramics[END_REF] For the insulated experiment, the interface between the sample and the punchers are considered as fully electrically insulated.

The interface between the die and the punch is more complex. In this graphite/foil/graphite vertical contact, the heat generated tends to accumulate in the graphite foil due to the TCR on both side of the foil. Moreover, the strong thermal anisotropy of the foil need to be considered.

In a previous work [START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF] this contact is modeled in the following way.

The punch/die ECR is modeled by an electrically resistive thickness of 0.2mm (graphite foil thickness) with anisotropic conductivity (ρ e ) along the diametrical (x) and longitudinal (y) axis.

The conductivity of the foil obeys the following equations:

𝜌 𝑒𝑦 (𝛺𝑚) = 𝜌 𝑒𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 (𝛺𝑚) (12) 
𝜌 𝑒𝑥 (𝛺𝑚) = (-9.5. 10 -7 × 𝑇 (𝐾) + 1.7. 10 -3 ) × 𝐹 𝑒 [START_REF] Achenani | Finite element modeling of spark plasma sintering: Application to the reduction of temperature inhomogeneities, case of alumina[END_REF] 𝐹 𝑒 (𝑛𝑜 𝑢𝑛𝑖𝑡𝑠) = 4.5. 10 -2 × 𝐷 (𝑚𝑚) -3.67. 10 -1

With Fe, a scaling factor depending on the punch diameter D (mm).

On the other hand, the punch/die TCR is modeled by a thermally resistive thickness of 0.2mm with an anisotropic thermal conductivity (κ). This thickness is surrounded by two TCRs (ρT) at the punch/foil and foil/die contacts. This way the heat trapped in the foil can be simulated. 

With FT, a scaling factor depending on the diameter (D) of punches and tfg, the graphite foils thickness.

Material properties

All the material proprieties required are given in the following table: 

Results and discussions

Effect of graphite foil rolling on thermal distribution

Previously described contact resistance model based on rolled graphite foil is applied in figure 3 to the "conductive" and "insulated" experiments with a "no rolling graphite foil". The resulting simulation shows a mismatch between simulated and experimental temperatures. The T1, T2

and T3 simulated values are hotter than the T1, T2 and T3 measured experimental ones. The simulated and experimental Tcontrol match because this temperature is numerically PID regulated. temperature repartition from the insulated experiment, (d) Simulated temperature repartition from the conductive experiment "T exp" refers to experimental temperatures and "T simu" refers to simulated temperatures.

This temperature difference is due to the rolling of the graphite sheet. Since the rolled graphite sheet is thinner, the effective contact area between the punches, the graphite foil and the die is lower than that of the "no rolling graphite foil". This weaker contact leads to a lower electrical and thermal conduction between the punches, graphite foil and die that is cooled by radiation.

This phenomenon results in a high TCR and ECR. As the figure 3 shows the latter effect increases the temperatures differences. Rolling the graphite foil can lead to a 400K difference between experimental ("no rolling graphite foil") and simulated (rolled graphite foil)

temperature. This phenomenon is the cause of a great inhomogeneity in the tooling temperature if a rolled graphite foil is used during SPS.

Model recalibration

In order to obtain a simulation closer to reality when using a "no rolling graphite foil", a correction factor is applied on the thermal and electrical resistivity of the graphite foil. Fce and FcT refer to the electrical and thermal corrective factor, respectively. These corrective factors allow switching from the rolled contact resistances (value of 1) to not-rolled foil case. They consider the phenomenon of lower effective contact area previously detailed but also the possible modification of thermos-electrical properties modification of graphite foil after rolling.

These factors are applied to the thermal and electrical conductivity of the interface of interest.

𝜌 𝑒𝑥 (𝛺𝑚 2 ) = (-9.5. 10 -7 × 𝑇 (𝐾) + 1.7. 10 -3 ) × 𝐹 𝑒 × 𝑭 𝒄𝒆 rolled foil (figure 3) and not-rolled foil (figure 4), the thermal field between the punches and die is more homogeneously distributed for the not-rolled case explored in the present work.

Conclusion

In this study, two SPS experiments were performed with several temperature measurement points in the tooling, one with a conductive sample and the other with an insulated sample. A simulation model was used to calibrate the electric and thermal contacts by matching the temperature field of these two experiments. The punch/die interface has a great importance on the heat distribution in the SPS tooling. The main objective of this work was to adapt the previously developed contact model to the case of "no rolling graphite foil". This study shows the rolling of the graphite foil that ease the experiment preparation implies high thermal inhomogeneity between the parts of about 400K. The use of "no rolling graphite foil" reduces these differences to 50K.

Corrective factors were applied to model the drop in electrical and thermal contact resistances to correspond at the "no rolling graphite foil" configuration. These contact resistance data will be precious information for future models, and applications. For example in Flash-SPS or high heating rate tests where intense thermal confinement takes place because of the behavior of these contacts.

  1016/j.jeurceramsoc.2021.09.021], a high thermal confinement result the TCR and low heating times. In addition, an important microstructure gradient develops in the zirconia specimen.The present article reports the "no rolling graphite foil" properties identified by the experimental exploration of the thermal field and the correction of the previous ECR/TCR model proposed by C. Manière et al.[START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF] on rolled graphite foils.

Figure 2

 2 Figure 2 SPS column dimension and setup for experiments.

  uses two main boundary conditions. Surface radiation is modeled by the surface to surface radiation implemented in the heat transfer module of Comsol Multiphysics® and is described in [www.comsol.com].
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 67 09. 10 -6 × 𝑃 (𝑀𝑃𝑎) + 4.81. 10 -5 (𝐸𝐶𝑅 (𝛺𝑚²) = -2.09. 10 -10 × 𝑃 (𝑀𝑃𝑎) + 4.81.10 -9(For the electrode/graphite contacts resistances, the following equations are considered: the spacer 3, the punches, the die and the sample undergo important temperature variations. The corresponding ECR and TCR are therefore temperature dependent and obey the equations (10) and[START_REF] Algueró | Relaxor behavior, polarization buildup, and switching in nanostructured 0.92PbZn1/3Nb2/3O3-0-08 PbTiO3 ceramics[END_REF] under 50 MPa:

Figure 3

 3 Figure 3 Simulation and experimental comparison: results of simulation realized with a model developed considering a rolled graphite foil and experiments performed with a "no rolling graphite foil": (a) Experimental and simulated temperatures from the insulated experiment, (b) Experimental and simulated temperatures from the conductive experiment, (c) Simulated

  Several simulations have allowed to calibrate the values of these corrective factors. They has been modified until the simulated temperatures fit the experimental temperatures measured in several points of the SPS tooling for both insulated and conductive experiment. For the two experiments ("isolated" and "conductive") the correction coefficient of unlaminated foil are FcT = 0.1 and Fce = 0.5.

Figure 4

 4 Figure 4 Simulation and experimental comparison: results of simulation realized with a model developed considering a rolled graphite foil with correctives factors (FcT = 0.1 ; Fce = 0.5) applied and experiments performed with a "no rolling graphite foil": (a) Experimental and simulated temperatures from the insulated experiment, (b) Experimental and simulated temperatures from the conductive experiment, (c) Simulated temperature repartition from the insulated experiment, (d) Simulated temperature repartition from the conductive experiment. "T exp" refers to experimental temperatures and "T simu" refers to simulated temperatures.

  

  

  𝐹 𝑇 (𝑛𝑜 𝑢𝑛𝑖𝑡𝑠) = 3.11. 10 -2 × 𝑒 (1.15.10 -1 ×𝐷 (𝑚𝑚) )

	𝜅 𝑥 ( 𝑊 𝑚𝐾	) = 𝜅 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ( 𝑊 𝑚𝐾	)	(17)
	𝜅 𝑦 ( 𝑊 𝑚𝐾	) = 1230 -6.99. 10 -2 × 𝑇 (𝐾) + 1.55. 10 -5 × 𝑇 (𝐾) 2	(18)
	Those thermal resistivities are:
	𝑇𝐶𝑅	𝑝𝑢𝑛𝑐ℎ/𝑑𝑖𝑒 ( 𝑚 2 𝐾 𝑊	)	= 2 × (	𝑡 𝑔𝑓 2 × 𝜌 𝑇 ) +	𝑡 𝑔𝑓 𝜅 𝑥	(15)
	𝜌 𝑇 ( 𝑚𝐾 𝑊	) = (80 + 50	2000-𝑇 (𝐾) 𝑇 (𝐾) -80	) × 𝐹 𝑇	(16)

Table 1 :

 1 Graphite , graphite foil and Inconel electro-thermal properties[START_REF] Manière | Contact resistances in spark plasma sintering: From in-situ and ex-situ determinations to an extended model for the scale up of the process[END_REF] Inconel 𝟐. 𝟓𝟎. 𝟏𝟎 -𝟏 . 𝑻( 𝑲) + 𝟑𝟒𝟒 𝟏. 𝟓𝟕. 𝟏𝟎 -𝟐 . 𝑻( 𝑲) + 𝟏𝟎, 𝟏 𝟏. 𝟔. 𝟏𝟎 -𝟏𝟎 . 𝑻( 𝑲) + 𝟗, 𝟖𝟐. 𝟏𝟎 -𝟕 8430 Graphite -𝟗. 𝟔𝟎. 𝟏𝟎 -𝟒 . 𝑻 (𝒌) 𝟐 + 𝟐. 𝟕𝟐. 𝑻( 𝑲) + 𝟑𝟒. 𝟐𝟕 𝟏. 𝟓𝟓. 𝟏𝟎 -𝟓 . 𝑻 (𝒌) 𝟐 + 𝟔. 𝟗𝟗. 𝟏𝟎 -𝟐 . 𝑻( 𝑲) + 𝟏𝟐𝟑 -𝟐. 𝟒𝟒. 𝟏𝟎 -𝟏𝟓 . 𝑻 (𝒌) 𝟑 + 𝟏. 𝟐𝟔. 𝟏𝟎 -𝟏𝟏 . 𝑻 (𝒌) 𝟐 -𝟏. 𝟖𝟕. 𝟏𝟎 -𝟖 . 𝑻( 𝑲) + 𝟏. 𝟕𝟎. 𝟏𝟎 -𝟓 -𝟏. 𝟒. 𝟏𝟎 -𝟐 . 𝑻( 𝑲) + 𝟏𝟗𝟎𝟒

	Material	Heat Capacity Cp ( 𝒌𝒈.𝑲 𝑱	)	Thermal conductivity κ (	𝑾 𝒎.𝑲 )	Electrical resistivity ρe (𝛀.m)	Volumic mass ρ ( 𝒎 𝟑 ) 𝒌𝒈
	Not-rolled			𝜿			
		𝑺𝒂𝒎𝒆 𝒂𝒔 𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆					
	graphite foil						

𝒙 = Same as graphite 𝜿 𝒚 = 𝟏𝟐𝟑𝟎 -𝟔. 𝟗𝟗. 𝟏𝟎 -𝟐 × 𝑻 + 𝟏. 𝟓𝟓. 𝟏𝟎 -𝟓 × 𝑻² 𝝆 𝒆𝒚 = 𝑺𝒂𝒎𝒆 𝒂𝒔 𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆 𝝆 𝒆𝒙 = (-𝟗. 𝟓. 𝟏𝟎 -𝟕 × 𝑻( 𝑲) + 𝟏. 𝟕. 𝟏𝟎 -𝟑 ) × 𝑭 𝒆 𝑺𝒂𝒎𝒆 𝒂𝒔 𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆
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