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Abstract

:

Deformation behavior of pure iridium has been studied during thermal compression testing with the help of Gleeble-1500D in the temperature range of 1200 °C~1500 °C and strain rate range of 10−1 s−1~10−2 s−1. Resistance to deformation, microstructural evolution and hot workability of pure iridium have been used to analyze in detail. Frictional coefficient has been used to modify the experimental stress–strain curve of thermal compression test, and it has been found effective in reducing the influence of friction during thermo–mechanical testing. The hyperbolic sine constitutive equation of pure iridium has been established to give a material processing model for numerical simulation. A very high value of activation energy for iridium, 573 KJ/mol, clearly indicates that it is very hard to deform this material. The deformation mechanism of pure iridium is dependent upon temperature as well as strain rate. At low temperature and strain rate (temperature range of 1200 °C~1300 °C and strain rate range of 10−1 s−1~10−2 s−1), dynamic recovery is active while dynamic recrystallization becomes operative as temperature and stain rate are increased. On further increase in temperature and decrease in strain rate (temperature range of 1400 °C~1500 °C and strain rates of 10−2 s−1~10−3 s−1), abnormal grain growth takes place. On the basis of a constitutive model and processing map, suitable forming process parameters (temperature range of 1400 °C~1500 °C and strain rate range of 0.1 s−1~0.05 s−1) for pure iridium have been worked out.
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1. Introduction


Iridium is a precious metal which belongs to the platinum group. It has a high melting point (2443 °C) and density (22.56 g/cm3). Due to unique characteristics like excellent mechanical properties at elevated temperatures, chemical stability and oxidation resistance, iridium and its alloys are extensively used in the military, electronics, aeronautical and astronautic industries despite its high cost [1,2]. Ir-0.3 pct W alloy, used as a sealing container for PuO2 nuclear fuel, can be used for thousands of hours at the temperature of 2100 °C~2200 °C without any deterioration [3]. In addition, iridium films manufactured by target materials are considered as the ideal materials for diffusion barrier and seed layer of electroplating process for unseeded copper in integrated circuits [4]. Therefore, the target materials used in integrated circuits requires high purity, compactness and fine grains. Unlike other FCC metals, iridium fractures in brittle mode at room temperature. Nowadays, there are still many disputes over its deformation behavior. Cawkwell [5] believed that the brittleness of pure iridium results from the high dislocation density caused by a special screw dislocation in the crystal, but Panfilov et al. [6] reported the main reason of brittleness is the covalent bond with an orientation, which hindered the processing and application of iridium products. Most researchers focused on the plasticity characteristics, and destruction mechanisms of polycrystalline iridium during straining [7].



To understand the deformation behavior of various metals and alloys, laboratory scale physical simulations have been practiced since the past few years [8,9]. The constitutive equation and processing map are built on the basis of experimental curves. Furthermore, combining with the microstructures, the deformation mechanism is available. However, there are few studies that can explain the deformation behavior, microstructural changes, mechanical properties evolved and energy consumed during plastic deformation under compression of polycrystalline iridium. Deformation resistance under compression of polycrystalline iridium has been investigated in temperature range of 900 °C~1400 °C and strain rates of   ε ˙   = 0.2 s–1~20 s–1 [4], however microstructural changes and mechanical properties during these studies have seldom been reported. A limited amount of data related to mechanical properties of iridium in the temperature range of 1650 °C~2300 °C are available [7].



In this work, the deformation properties of pure iridium have been examined through hot compression tests in the temperature range of 1200 °C~1500 °C and strain rate range of 10−3 s−1~10−1 s−1. Effect of deformation parameters like temperature and strain rate on plastic deformation, evolution of microstructure and mechanical properties has been analyzed quantitatively. On the basis of hyperbolic sine model and dynamic material model, constitutive equation (CE) and processing maps (PM) of pure iridium have been developed. In addition, forming process parameters have also been optimized on the basis of CE and PM. This scientific work provides a reference to design and optimize the forming process of pure iridium.




2. Materials and Methods


2.1. Preparation of Compression Specimen


For experimentation, pure iridium, was obtained from a cylindrical rod by electron beam floating zone melting. Purity level of iridium was 99.95% and it was supplied by Kunming Institute of precious metals. The density of material is 22.37 g/cm3 and its relative density reaches 99%. Microhardness of the tested materials is 453. Table 1 lists the concentration of impurities present in iridium samples. Cylindrical samples were cut from a forged bar of iridium and machined into final dimensions of 6 mm and 9 mm as their diameter and length, respectively.




2.2. Hot Compression Test


In the experiment, a Gleeble-1500D tester (DSI Inc., Saint Paul, MA, USA) was used for testing the deformation behavior of iridium under thermal compression the temperature range of 1200 °C~1500 °C (1200 °C, 1300 °C, 1400 °C and 1500 °C) under the strain rate range of 10−1 s−1 to 10−3 s−1 (10−1 s−1, 10−2 s−1, 10−3 s−1). In vacuum environment, specimens were preheated to compressive temperature at a heating rate of 20 °C/s and were held on this temperature 60 s, then deformed to the true strain of 0.6. The temperature deviation of machine can be dominated within the scope of ±10 °C. Deformed samples were quenched immediately to retain the high temperature deformed microstructure for analysis. Tungsten ball indenter were used to study the hardness profile of the compressed samples. To reduce the friction and improve the deformation uniformity, graphite and tantalum sheets were used during the thermal compression testing. The time–temperature diagram of thermal compression test is shown in Figure 1.




2.3. Microstructure Characterization


The samples for microstructural analysis were cut from center of deformed samples along the direction of compression. Then specimens were polished, smoothed and electrolytic etched by a 100 mL saturated solution of NaCl containing 35 g H, and 3–5 g HCl [10]. Apparatus used for electrolytic corrosion is shown in Figure 2a. The precision instruments of SEM (TM4000PLUS, HITACHI Inc., Tokyo, Japan) and Optical Microscopy (PMG3, OLYMPUS Inc., Tokyo, Japan) were used for observation and analysis of deformation microstructure. Figure 2b shows the original microstructure of pure iridium. Uniformity distributed coarse grains can be seen in Figure 2b.





3. Results and Discussion


3.1. Modification of Flow Stress Curves


The friction between the specimens and pressing heads is a significant factor leading to asymmetry of the specimens in the process of deformation [11]. It changes the stress state of deformation specimen from uniaxial compressive stresses to multi-directional complex stresses, which hinders the free flow of material in the radial direction especially in the region close to the end face. Consequently, the bulge appears on the side wall of specimens, as show in Figure 3. Shen et al. [12] proposed to correct the measured flow stress by taking into account the influence of friction stress at contact surface.



The bulge coefficient “B” [13] was proposed to judge the accuracy of flow stress curve obtained during experiment. B is calculated based on the change of specimen size before and after deformation. It can be calculated by the following expression (Equation (1)):


   B =     h f   D f    2     h 0   D 0    2    ,  



(1)




where h0, D0, hf and Df are the height and diameter of the deformed or un-deformed specimens, respectively, as shown in Figure 3. The curve does not need to be corrected, because the sample is less affected by friction as 1 < B < 1.1. If B > 1.1, then test curve has significant deviation due to the large friction force, so the curve needs friction correction [13]. Equation (2) can be used to revise flow stress affected by interface friction [11].


  σ =    σ 0   C 2     2 [ exp (  C ) - C -  1 ]    ,  



(2)




where σ0 and σ are the stresses before and after revision. The correction factor C is expressed by the formula: C = 2mR/hf. Here,   R =    D 0   2     h 0  /  h f     ,   m =   ( R /  h f  ) B   (  4 /   3  ) -  ( 2  B  / 3   3  )    .



The bulge coefficient B of samples was calculated according to Formula (1), as shown in Table 2. It is found that the B of all samples is more than 1.1, which indicates that the curves need to be modified. Figure 4a–c shows contrasts of flow stresses before and after revision for pure iridium under various forming conditions. Variation of compression yield strength (σs) with deformation conditions is shown in Figure 4d. At 1200 °C, 10−1 s−1, σs is 208.6 MPa. With the deformation temperature increasing and strain rate decreasing, σs is sharply diminished to 72.1 MPa.




3.2. Constitutive Equations of Flow Stress for Pure Iridium


Peak stress is a vital parameter to respond to the hot forming process for material [14], and it is also one of the important indexes to determine the hot processing technology. Therefore, the constitutive equation of pure iridium is established according to the peak stress.



Sellars and Whiteman [15] proposed a hyperbolic sine constitutive equation to characterize the relations among the forming conditions:


   ε ˙  = A   [ s i n h ( a s  ) ]   n   exp [ -     Q  a c t     RT   ] ,  



(3)




where A, α, n are undetermined normal values related to material properties, R = 8.314 mol·J−1·K−1. Qact is the apparent activation energy in the process of forming (J·mol−1), which can be used to express the difficulty of material deformation. The mathematical expression of Qact is shown in Equation (4).


   Q  a c t    = R {    ∂ ln  ε ˙    ∂  ln [ sin h (  a σ  ) ]     }  r = c o n s t     {   ∂  ln [ sin h (  a σ  ) ]    ∂ ( 1  / T )    }    ε ˙  = c o n s t   ,  



(4)







To establish the Qact value, constant α needs to be calculated first. Previous studies have found that in the low stress level (ασ < 0.8), the relationship between stress σ and strain rate   ε ˙   of different materials in plastic deformation process can be described as Equation (5) [16,17,18].


   ε ˙  =  A 1   σ   n 1     exp ( -     Q  a c t     RT   ) ,  



(5)




where A1 and n1 are constants independent of deformation temperature. In the high stress level (0.8 ≤ ασ < 1.2), both A1 and n1 are full with power exponent relationship and can be expressed as Equation (6) [16,17,18].


   ε ˙  =  A 2   exp (  β σ  ) exp ( -     Q  a c t     RT   ) ,  



(6)




where A2 and β are constants independent of deformation temperature. Comparing Equations (3), (5) and (6), it is found that the constants α, β and n1 are fully with α = β/n1 [16,17,18]. The natural logarithm of Equations (5) and (6) are used for solving materials constants β and n1.


  ln  ε ˙   = ln   A 1  +  n 1  ln σ  - (     Q  a c t     RT   ) ,  



(7)






  ln  ε ˙   = ln   A 2  + β σ  - (     Q  a c t     RT   ) ,  



(8)







It was found that the stress peaks during different forming processes present a better linear relationship, as shown in Figure 5. Through linear fitting the lnσp-ln  ε ˙   and σp-ln  ε ˙  , the derivative and the slope value of each fitting curve, n1 and β were counted as 10.69 and 0.056, respectively. Then, we calculated the value of α, which is α = β/n1 = 0.0052 MPa−1. Therefore, the relationship of ln[sin(ασp)−ln  ε ˙  ] and ln[sinh(ασp)]−1/T are gained like Figure 6. The Qact value is mainly acquired from R,     { ∂ ln  ε ˙  / ∂  ln [ sin h (  α σ  ) ] }    r = c o n s t     and     { ∂  ln [ sinh (  α σ  ) ] /  ∂  ( 1 / T ) }     ε ˙  = c o n s t    . The active energy of Qact for pure iridium is 573 KJ/mol. Atanu et al. [19] calculated that the deformation activation energy of pure molybdenum is 480 KJ/mol. Liu et al. [20] calculated that the activation energy of Haynes230 nickel base super-alloy, the main material for combustor components of gas turbine engines, is 405 KJ/mol. In comparison, it shows that the processing of pure iridium is more difficult.



Zener and Holomon [21] established Z-parameter to comprehensively elaborate the relationship between forming conditions and flow stress.


  Z =  ε ˙   exp [     Q  a c t     RT    ] =  A    [ sinh (  α σ  ) ]   n  ,  



(9)







Substituting the values of deforming temperatures, strain rates and corresponding activation energy into Equation (9), the values of Z under various conditions can be acquired. The expression of lnZ-ln[sinh(ασp)] was received after taking logarithm of Equation (9). According to Figure 7, the constants were estimated as A = 1.46 × 1016 s−1 and n = 7.06. The constitutive equation of pure iridium based on peak stress is given in Equation (10).


   ε ˙   = 1   . 46  ×   10   16      [ sinh ( 0   . 0052  σ  ) ]    7  . 06     exp [     - 5   . 73  ×   10  5    RT   ]  



(10)








3.3. Constitutive Equations with Compensation for Strain


Impact of strain on flow stress can never be negated. Appropriately, the quantitative correlations between material constants and strains under experimental conditions can be built by introducing strain into hyperbolic sinusoidal model, and eventually, the strain-dependent constitutive equation of pure iridium was established [22,23].



The values of material constants of α, Q, n, lnA at various strains of 0.05~0.6 at 0.5 intervals are gained by repeating the computation as mentioned in the previous post. Polynomial fits by material constants facilitated to improve the predictive constitutive equation. Therefore, these calculated data of material constants were modeled into six-order poly-nominal functions. The polynomials of α, n, lnA and Q can be described by Equation (11), and fitting results are shown in Figure 8 and Table 3. There are significant correlations between the calculated data and fitted curves, it is more than 0.97.


      α ( ε  ) =   α 0  +  α 1  ε   + α  2   ε 2  +  α 3   ε 3  +  α 4   ε 4  +  α 5   ε 5  +  α 6   ε 6  ,     n ( ε  ) =   n 0  +  n 1  ε +  n 2   ε 2  +  n 3   ε 3  +  n 4   ε 4  +  n 5   ε 5  +  n 6   ε 6  ,     Q ( ε  ) =   Q 0  +  Q 1   ε +   Q 2   ε 2  +  Q 3   ε 3  +  Q 4   ε 4  +  Q 5   ε 5  +  Q 6   ε 6  ,     ln A ( ε  ) = ln   A 0   + ln   A 1  ε  + ln   A 2   ε 2   + ln   A 3   ε 3   + ln   A 4   ε 4   + ln   A 5   ε 5   + ln   A 6   ε 6  ,      



(11)




where ε is true strain, αi, ni, Qi and Ai (i = 0, 1, 2,…, 6) are polynomials coefficients. At present, the constitutive equation introduced into strain of pure iridium is shown in Equation (11).


       Z ′  =  ε ˙   exp [    Q ( ε )   RT    ] ,      σ =  1  α ( ε )    ln { [    Z ′   A ( ε )    ]   1 /  n ( ε )    + < [    Z ′   A ( ε )    ]   1 /  n ( ε )     + 1 >    1 / 2    } .     .  



(12)







By introducing the values of polynomials like α, Q, n, lnA into the Equation (12), the flow stresses of pure iridium at various forming conditions can be divined. Figure 9 gives a comparison between predictive flow stresses at experimental forming conditions (1200 °C~1500 °C and 10−1 s−1~10−3 s−1) and actually measured values of flow stress under the same experimental conditions. Proposed constitutive model for iridium is very precise with the exception of certain points where the results are slightly diverged from the actual data. Lubricating conditions of specimens, precision of the equipment, heat-treatment state of material and inhomogeneous longitudinal deformation of specimen are all responsible for the divergence of predictive constitutive model from actually measured flow stress. Linear Correlation coefficient (Rc) and Average Absolute Relative Error (AARE) are quantitatively computed by statistical formula given in Equation (13) to analyze the precision of the given predictability of constitutive model [24]. The value of Rc is close to 1, representing the higher precision of predictive model. The value of AARE is also very small, which shows that the constitutive model is more accurate in predicting the flow behavior of pure iridium. Figure 10 shows the relevance between the experimented and predicted values under various forming conditions of pure iridium. The high value of Rc, 0.98292, shows that the measured values during experimentation and the predicted values of flow stress are very close to each other. The small value of AARE, 5.067%, suggests that the predictive constitutive model is very accurate.


       R c  =     ∑  i  = 1   N   (  σ E i  -   σ ¯  E   ) (   σ P i  -   σ ¯  P  )         ∑  i  = 1   N     (  σ E i  -   σ ¯  E  )  2    ∑  i  = 1   N     (  σ P i  -   σ ¯  P  )  2          ,      AARE =   1 N    ∑  i  = 1   N        σ E i  -  σ P i     σ E i        ×  100 %  .      



(13)








3.4. Establishment and Analysis of Processing Map


3.4.1. The Theory of Processing Map


The processing map of Dynamic Material Models (DMM) was first discovered by Montheillet et al. [25] and further refined by Murty and Rao [26]. The map is considered as power dissipation map describing microstructure evolution and flow instability map distinguishing the damaged region during deformation.



Its theory is based on microstructural changes, the energy, P (per unit power), dissipated into the system, comprising two components, i.e., energy consumed during plastic deformation and energy consumed during microstructural changes and the expression for power dissipated is given by Equation (14).


  P = σ ⋅  ε ˙   = G + J =     ∫ 0  ε ˙    σ ⋅ d  ε ˙  +    ∫ 0 σ    ε ˙  ⋅ d σ       ,  



(14)




where G is the dissipated energy due to ductile deformation, and J presents the dissipated energy consumed during microstructural changes at various deformation conditions. The distribution proportion between J and G is expressed by strain rate sensitivity parameter m:


  m =   ∂ J   ∂ G   =    ε ˙  ∂ σ   σ ∂  ε ˙    =   ∂  ( ln  σ )   ∂  ( ln   ε ˙  )   ,  



(15)







When m = 1, the value J reaches its maximum, Jmax = (σ  ε ˙  )/2. The efficiency of power dissipation (η) is defined by Equation (16).


  η =  J   J  m a x     =   2 m   m  + 1    ,  



(16)







Prasad et al. [27] put forward a failure criterion according to DMM and the maximization theories of nonreversible thermodynamic as used in large plastic flow for predicting the onset of flow instability.


  ξ (  ε ˙   ) =    ∂  ln [  m  / (  m  + 1 ) ]    ∂ ln  ε ˙    + m  < 0  ,  



(17)








3.4.2. Analysis of Processing Map


The ability to resist uneven deformation of metallic materials is measured by strain rate sensitivity factor (m) [28]. Essentially, the differences of friction, initial organizational inhomogeneity and crystal orientation cause an inhomogeneous microstructure. When the value of m is large, uneven deformation in an area would be transferred to prevent the microscopic necking and improve the uniform deformation [28]. Figure 11 describes the strain rate sensitivity maps of pure iridium at strain of 0.3 and 0.6. The distributions of strain rate sensitivity parameter (m) in 2D space are similar under different strains: the maximum value of m is at the forming region of elevated temperature-lower strain rate (T = 1500 °C,   ε ˙   = 10−3 s−1). Meanwhile, with the decrease of forming temperature and increases of strain rate, the value of m reduces gradually, which shows that pure iridium has a strong ability to resist uneven deformation at elevated temperature.



Figure 12 shows the processing maps of pure iridium at true strains of 0.1~0.6. The equivalence lines denote the efficiency of power dissipation (η) and the shadings are the instability areas. From the processing maps, the values of η for pure iridium are linked with the forming conditions. The efficiency (η) progressively raises with increasing forming temperature and reducing strain rate. The peak value of efficiency (η) is in the deformation conditions of 1400 °C~1500 °C and 10−2 s−1~10−3 s−1. When the strain level is reached to 0.6, the peak region of efficiency (η) produces changes, as shown in areas within the red markings of Figure 12f. In general, the higher efficiency (η) under different deformation conditions demonstrates that the microstructure presents homogeneous and finer equiaxed grains, which shows the good process-ability under this condition of pure iridium [24].



At the strain of 0.3, as shown in Figure 12c, the maximum value of η is 50%, that corresponds to the peak value during the whole forming process. The efficiency (η) increases from 35% to 50% by increasing the strain from 0.1 to 0.3 firstly, and then slowly drops to 33%. The maximum value of efficiency (η) is found at 1400 °C~1500 °C. An increase of the efficiency (η) illustrates that the mechanisms of dynamic recovery and dynamic recrystallization are intensifying with the increase of strain.



The instability areas of the processing maps for pure iridium are prone to generating micro-cracks in the material during deformation [29]. Figure 12 shows that the instability area follows the trend of changes in strain rate, i.e., as the strain changes, regions of instability also shift accordingly. As a whole, the instability region is large in proportion to the rest, which is an indication of high level of difficulty in forming of pure iridium. In the strain range of 0.1 to 0.2, the unstable regions are primarily due to higher strain rate. At this stage, work hardening comes into operative which results in an increase in flow stress. From Figure 12c,d, there are two major unstable domains in the maps: lower temperature-high strain rate domain Ⅰ and elevated temperature-smaller strain rate domain Ⅱ. When the strain is 0.6, as Figure 12f shows, the unstable regions are primarily located in low temperature-elevated strain rate. Furthermore, in the region corresponding to low temperature-smaller strain rate, various degrees of instability arise, as shown in domain Ⅲ of Figure 12a,c. The deformation regions of high temperature-elevated strain rate (domain Ⅳ) all have the good formability, which can be seen from the Figure 12a–f. Therefore, the suitable processing window in theory of pure iridium within the experiment scope is 1400 °C~1500 °C and 0.1 s−1~0.05 s−1, which can be obtained by superimposing the processing maps at the strain of 0.1~0.6.





3.5. Microstructure Evolution of Pure Iridium


Figure 13 represents the comparison of processing map and the corresponding microstructure of pure iridium deformed at various forming parameters. The uniformity and size of deformed microstructures for pure iridium changes with the variation of forming parameters. Furthermore, dynamic recovery (DRV), dynamic recrystallization (DRX) and abnormal grain growth (AGG) are operative during the deformation of pure iridium under different deformation conditions.



Figure 13a show some cracks mainly caused by instability for pure iridium deformed on smaller temperature-elevated strain rate. In such deformation parameters, the dynamic recovery (DRV) is the major deformation mechanism [30], while cellular microstructure is a result of movement of dislocations. In addition, boundaries of the cellular structures are fairly obscure and instability, which has harmful influence on the mechanical behaviors of pure iridium [31], as show in Figure 13d.



The effect of forming temperature on microstructure during compression can be understood by comparing Figure 13a–c. The morphology and grain size changes greatly with the change in temperature. As previously described, Figure 13a, the deformation microstructure is a result of DRV in temperature range of 1200 °C–1300 °C. As the temperature expands to 1400 °C~1500 °C, the size of grains is uniform and equiaxed, and the grain boundaries become straight and clear, an evidence of DRX, as shown in Figure 13b,c. Under these deformation conditions, the efficiency of power dissipation (η) also reaches its maximum value, which also proves the existence of DRX.



From Figure 13f,i, it can be seen that grain size is getting larger at elevated forming temperature in 10−3 s−1. With forming temperature increasing, the microstructure of pure iridium transforms from DRV into DRX, and after that, DRX grains of pure iridium start coarsening. At elevated temperatures, atomic diffusion rate is increased which causes a decrease in nucleation energy thus promoting the DRX, same as proposed by Sakai et al. [32]. In addition, high temperature leads to abnormal grain growth after dynamic recrystallization. That shows that the hot deformation temperature has a distinct influence on microstructure for pure iridium.



The effect of strain rate on deformation microstructure of pure iridium can be received from Figure 13c,f. At the deformation temperature of 1500 °C, grain size increases rapidly and results in deterioration of the microstructural uniformity when strain rate decreases. The lower strain rate favors to increase the forming period and greatly promotes the grain growth of pure iridium. Meanwhile, the decline of strain rate introduces the process of DRV, which leads to lower nucleation rate in the process of the dynamic recrystallization [31].



In conclusion, the recrystallized microstructure is small and uniform in the temperature range of 1400 °C~1500 °C and strain rate range of 0.1 s−1~0.05 s−1, which is consistent with the result of the suitable processing window in Section 3.4.





4. Conclusions


With hot compression tests, the deformation characteristics of pure iridium have been studied on a Gleeble-1500D hot simulator, in the temperature range of 1200 °C~1500 °C and strain rate range of 10−1 s−1~10−2 s−1. The experimental flow stress curve has been corrected by friction correction. Meanwhile, the properties of stress–strain curves for pure iridium have been analyzed in detail and its hot workability has been studied through Dynamic Material Models. On the basis of the current experimental results, the following is concluded:




	
The compressive stress is greatly influenced by deformation temperature and strain rate during hot compression. The compression yield strength of pure iridium is sharply decreased from 208.6 MPa (1200 °C, 10−1 s−1) to 72.1 MPa (1500 °C, 10−3 s−1) with the temperature increasing and strain rate reducing during hot compression.



	
The deformation mechanisms of pure iridium are dependent upon temperature as well as strain rate and it varies from the dynamic recovery at temperature range of 1200 °C~1300 °C and 10−1 s−1~10−2 s−1 to the dynamic recrystallization as the temperature increases and strain rate reduces, then to the abnormal grain grown at elevated temperature-low strain rate (1400 °C~1500 °C and 10−2 s−1~10−3 s−1).



	
In view of the hyperbolic sine constitutive equation and multinomial fitting model, the relations between forming temperature, strain rate, strain and flow stress have been established to predict the deformation behavior of pure iridium. The average absolute relative error of equation, as little as 5.067%, suggests a high accuracy in predicting flow stresses. A very high value of activation energy for iridium, 573 KJ/mol, clearly indicates that it is very hard to deform this material.



	
The processing maps under various strains of pure iridium were established to identify ideal conditions for processing. The suitable processing window for hot forming of pure iridium is 1400 °C~1500 °C and 0.1 s−1~0.05 s−1, obtained through processing maps and microstructure analysis.
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Figure 1. The flowchart for hot compression tests of pure iridium. 
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Figure 2. The initial microstructure of iridium: (a) Electrolytic corrosion device; (b) Optical Microscopy (OM) images. 
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Figure 3. Change of specimen shape before and after compression: (a) Sketch map; (b) sample. 
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Figure 4. Comparisons between the corrected and measured flow stress cures: (a)   ε ˙   = 10−1 s−1; (b)   ε ˙   = 10−2 s−1; (c)   ε ˙   = 10−3 s−1; (d) variation of compression yield strength (σs) with deformation conditions. 






Figure 4. Comparisons between the corrected and measured flow stress cures: (a)   ε ˙   = 10−1 s−1; (b)   ε ˙   = 10−2 s−1; (c)   ε ˙   = 10−3 s−1; (d) variation of compression yield strength (σs) with deformation conditions.



[image: Metals 10 01087 g004]







[image: Metals 10 01087 g005 550] 





Figure 5. Relationship between: (a)    l n    ε ˙    -lnσp; (b)    l n    ε ˙    -σp. 
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Figure 6. Relationship between: (a)    l n    ε ˙    -ln[sinh(ασp)]; (b) 1/T-ln[sinh(ασp)]. 
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Figure 7. Relationship between ln[sinh(ασp)] and lnZ. 
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Figure 8. Polynomial fitting results of material props (a) α-ε, (b) n-ε, (c) Q-ε, (d) lnA-ε. 
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Figure 9. Comparison of experimental and predicted values of pure iridium under different deformation conditions: (a)   ε ˙   = 10−1 s−1; (b)   ε ˙   = 10−2 s−1; (c)   ε ˙   = 10−3 s−1. 
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Figure 10. The relevance between the predicted value and the experimental value of flow stress. 
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Figure 11. The strain rate sensitivity map at the strain of: (a) ε = 0.3; (b) ε = 0.6. 
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Figure 12. Processing map of pure iridium at various strains: (a) ε = 0.1; (b) ε = 0.2; (c) ε = 0.3; (d) ε = 0.4; (e) ε = 0.5; (f) ε = 0.6. 
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Figure 13. Comparison of SEM images for pure iridium microstructure deformed at: (a) 1200 °C, 10−1 s−1; (b) 1400 °C, 10−1 s−1; (c) 1500 °C, 10−1 s−1; (d) 1200 °C, 10−2 s−1; (e) processing map of ε = 0.6; (f) 1500 °C, 10−2 s−1; (g) 1200 °C, 10−1 s−1; (h) 1300 °C, 10−3 s−1; (i) 1400 °C, 10−3 s−1. 
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Table 1. The concentration of impurities present in iridium samples.
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Ir ≥ wt.%

	
Impurity Elements (ppm)

	






	
99.95

	
Pt

	
Ru

	
Rh

	
Pd

	
Au

	
Ag

	
Cu

	
Fe

	
Ni

	
Si




	
30

	
30

	
10

	
10

	
<10

	
<10

	
<10

	
10

	
10

	
10
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Table 2. Calculated value of B for pure iridium samples under different deformation conditions.
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T/°C

	
   ε ˙   /s−1

	
Df/mm

	
hf/mm

	
B






	
1200

	
10−3

	
8.83

	
4.90

	
1.18




	
10−2

	
8.90

	
5.00

	
1.22




	
10−1

	
8.89

	
5.10

	
1.24




	
1300

	
10−3

	
8.78

	
4.87

	
1.25




	
10−2

	
8.91

	
5.03

	
1.22




	
10−1

	
8.83

	
5.20

	
1.24




	
1400

	
10−3

	
9.10

	
5.02

	
1.21




	
10−2

	
8.79

	
4.80

	
1.25




	
10−1

	
8.75

	
5.04

	
1.25




	
1500

	
10−3

	
8.82

	
4.95

	
1.29




	
10−2

	
9.05

	
4.92

	
1.25




	
10−1

	
8.81

	
5.10

	
1.19
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Table 3. Polynomial fitting coefficient of material constants.
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	i
	αi/(MPa−1)
	Qi/(J·mol−1)
	ni
	ln(Ai/s−1)





	0
	7.86 × 10−3
	9.46 × 105
	12.6
	68.0



	1
	−3.68 × 10−2
	−3.84 × 106
	−43.1
	−4.00 × 102



	2
	0.358
	−6.29 × 106
	3.20
	9.30 × 102



	3
	−1.99
	1.65 × 108
	9.76 × 102
	3.86 × 103



	4
	5.37
	−6.44 × 108
	−3.80 × 103
	−2.12 × 104



	5
	−7.00
	1.02 × 109
	5.73 × 103
	3.48 × 104



	6
	3.51
	−5.86 × 108
	−3.09 × 103
	−1.95 × 104











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
InZ

asf

ar
39
361

331

30

-0.4 0.0
ln[sinh(aap)l

04

0.8






media/file4.png
iridium ﬁ_ r
Flask ZE; ______ -

(

> AC

Graphite-rods
electrodes

&—'""“—//‘ Electrolyt
(a)

(b)






media/file18.png
11

10 |-

R*=0.9976

50
45 -
40 |-
35F
30 A L A L A A ' 'l
0.0 0.1 0.2 0.3 0.4 0.5 0.6
&

(d)






media/file21.jpg
Predicted values (6/MPa)

250

200

150

100

* Experimental point
—— Fitting line

Rc=0.9829

AARE=5.0673%

50
50

100 150 200 250
Experimental values (6/MPa)

300






media/file26.png
Log(:%/s'l)

'
N
w

3.0 Fm——
1200 1250

0.31 0-35

1400 1450 1500

o

() '):
1300 1350 1300 1350 1400
TrC

1450 1500
T/°C
(a) (b)

71200 1250

-2.5

0.078
3.0 . -3.0,/.—- N
1200 1250 1300 1350 1400 1450 1500 1200 1250 1300 1350 1400 1450 1500
T/°C e
() (d)
1.0 S
15
F‘A
'n
o -2.0
S
5D
=)
—

-3.0 <0
1200 1250 1300

1350 1400

-3.01 T v T T T T
1450 1500 1200 1250 1300 1350 1400 1450 1500
i Vg & T/°C
(e)

(f)





media/file27.jpg
200°C, 10757






media/file3.jpg
Graphite-rods
electrodes

Electrolyt

(@) (b)





media/file22.png
Predicted values (c/MPa)

300 |-

250 |-

200 |-

150 |-

- Fitting line

* Experimental point

Rc=0.9829

A A A A

AARE=5.0673%

100 150 200 250
Experimental values (c/MPa)

L
300






media/file19.jpg
Strain, & Strain, ¢

@ ®

Stress, o(MPa)

U Y stine

(©





media/file7.jpg
i 8 %53

Stress, 6(MPa)

o=

R

Stress, o(MPa)
| ]

£

Stress, o(MPa)
RN

Strain, ¢

(o)

o, (MPa)
i E






media/file28.png
1200°C, 10-1s? 1400°C, 10's! 1500°C, 10-1s?

crack

100um 100um
TM4000 15kV 5.9mm X500 BSE M TM4000 15kV 5.8mm X500 BSE M | — TM4000 15kV 5.8mm X500 BSE M

@ 81500°C, 10257

S

Y -3, 4 /|
| " 100um
TM4000 SkV 5.5n1m X500 BSE M I — TM4000 15kV 5.7mm X500 BSE M I —

R

DRV

% a
=55

-

ey

o
T AR
-

1200°C, 103 s ¥1300°C, 10351 o I 1400°C, 103

-

DRX

-

TM4000.15kV 5.8mm X500 BSE M TM4000 Sk\5.6mm X500 BSE M

-

TMA40G0 15kV 5. 7mm X500 BSEW






media/file10.png
6.0

4.4

= 1200°C
® 1300°C
A 1400°C

v 1500°C
® A

-5 -4
In(¢/s™)

(a)

4 > o n
e
o e W
(=2~
23S
nnNnnNn
\

°
A
/
v
1 2 1 2 1 L 1
-7 -6 4 -3

5 -
In(€/s™)

(b)






media/file14.png
InZ

45

39

36

33

30

-0.4 0.0
ln[sinh((xop)]

0.4

0.8






media/file11.jpg
Inlsinh(ao)]
£ e e e

¢

T a0)

(b)






media/file6.png
(a) (b)





media/file15.jpg
w9947

R-ooss1

(a)

(b)






nav.xhtml


  metals-10-01087


  
    		
      metals-10-01087
    


  




  





media/file2.png
Temperature(°C)

o

) Deformation temperature:
y 1200°C,1300°C,1400°C,1500°C

S AW, 2
\ v _IN Y 7 %
N\ Hold =
&Q old on Deformation 'Q;
& 60s strain rates: g
10%s”, 107 s, 107 s %
=]
aQ

Time(s)





media/file20.png
Stress, o(MPa)

350
i ° -1 -1
€=10"s . _ 300
- n ||
~ 1200°C =  1200°C
. Ay 250
- 1300°C S
i T7h 4 a4, 1400°C B 200 1300°C
(l; L
VOV OY YT, 1500°C g 150 1400°C
i
&P 100 Y 1500°C
— Measured —— Measured
® Predicted 20 e Predicted
2 1 2 1 A 1 A 1 A 1 A 1 A L 0 2 1 " 'l 2 I " I " I " 1 " 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain, & Strain, €

(a) (b)

- 1200°C
")

[

> 1300°C
— @

©

& 1400°C
[V}

=

N 1500°C

—— Measured

e Predicted

0 A 1 A ' 'l A A A L

2 1 1 2
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain, €

(c)






media/file23.jpg





media/file5.jpg
(b)





media/file24.png
0.004000

0.03925

0.07450

0.1098

0.1450

0.1803

- 0.07450 02155

0.2508

0.2860

1200 1300 1400 1500

T/°C
(a) (b)

1200 1300 1400 1500





media/file1.jpg
Temperature(°C)

=1

Deformation temperature:
1200°C,1300°C,1400°C,1500°C]

Deformation
strain rates:

Time(s)

1077, 10757, 10" &

Sunpuan® PIEM





media/file16.jpg
Re09976






media/file25.jpg
Logléls®) g,






media/file12.png
ln[sinh(a(rp)]
S o o o =
= (=] -+~ @ N

'
=]
@

1200°C
1300°C

-
L ]
A
v

-5 -4
In(é/s™)

(a)

1.2
[ = 0.1s" .
0.8 |- * 0015’
—_ - A 0.001s”
bb‘ R S
04}
(]
N 3
=
o 00}
o |
ot
S 04}
-0.8 |

0.56 ‘ 0.58 ‘ 0.60 ‘ 0.62 ‘ 0.64 ‘
T/(K'x10%

(b)





media/file9.jpg
EE I A ]

T 3 3.3 3

(a)





media/file0.png





media/file17.png
R*=0.9851

0.0068 | 7.5x10° |
0.0064 |- —_ 7.0x10°
—

? E
S ' 6.5x10° |
E 0.0060 |- E _

>
; : 5? 6.0x10° }-
0.0056 |- -
5.5x10° f
0.0052 | 5.0x10° F

1 1 1 M 1 2 1 " 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0

(b)

0.6






media/file8.png
350 b
. 1 -1
L e=10"s
300 | ~" 1200°C

~

o [ - 1300°C
R 250 |
2 i .. 1400°C
— 2

B 00

> 150 T T ~1500°C
% 150

W

T
5 100 = Before correction

50

300

Stress, o(MPa)

------ After correction

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain, €

(a)

~1500°C
50 | — Before correction

R e W

------ After correction

L A L A A

0.0 ‘ 0.1 . 0.2 ‘ 0.3 ‘ 0.4 ‘ 0.5 0.6 0.7
Strain, €

(c)

350

Stress, o(MPa)

50

1200°C

1300°C

-11400°C

- T1500°C
- Before correction
------ After correction

200

o (MPa)

0.2 0.3 0.4 0.5 0.6 0.7

Strain, €

(b)

” - -ao-10"s"
.. -
\\\ \\\ _._lo-ls-l
- ~ 3 4
% ~ -dA-
A i e 107 s
-~ \\ -~
-~ ~ o
\\ -~ \\
- \\ \\
A\\ o \\\
S 8 o
\A\ \\
~ ~
1 1 A 1 2 i
1200 1300 1400 1500
0
1£00)






