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SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The creep behavior of electron-beam-melted (EB) polycrystalline rhenium sheet 

w a s  studied in the temperature range 2200' to 4200' F (1477 to 2588 K) under constant 

load with s t resses  ranging from 4 to 40 ksi (28 to 276 MN/m 2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA). Comparisons were made 

with similarly tested powder-metallurgy (PM) rhenium sheet. 

The improvements in creep properties derived from electron beam melting of rhe

nium were greater ductility and longer rupture life, particularly at lower temperatures. 

Primary creep rates for EB rhenium were higher, but secondary creep rates were com

parable to those for PM rhenium. The improved creep and rupture characteristics a r e  

attributed to the reduction of voids and impurities by the vacuum melting. The activa

tion energy for creep between 2200' and 4200' F (1477 and 2588 K) w a s  72 kilocalories zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
per mole (301 J/mole) for EB rhenium and 64 kilocalories per mole (268 J/mole) for PM 

rhenium. The rate-controlling process in this temperature range is associated with dis

location pipe diffusion. 

INTROD UCTION 

The potential usefulness of rhenium as an aerospace material can be expressed in 

terms of its refractory character, stiffness, and low-temperature ductility. Rhenium 

has a hexagonal close-packed crystal structure and a melting point of 5750' F (3450 K), 

the second highest of the metals. Its modulus of elasticity at room temperature approxi

mates 67x106 
psi (4.6X10 5 

MN/m 
2
) and it has enough ductility to be fabricable at room 

temperature. Although it is costly and scarce,  rhenium and its alloys can be expected 

to be used in specialized design applications. 

The mechanical properties of unalloyed rhenium have not been investigated in as 

much detail as those of the other refractory metals, tungsten, molybdenum, columbium, 

and tantalum. Literature reviews of rhenium up to 1960 (refs. 1and 2) indicate a small  

amount of data on the tensile and stress-rupture properties of powder-metallurgy wire  



as the only information available on the high-temperature properties of rhenium. Since 

that time, additional mechanical property data, including creep and stress-rupture data 

on powder-metallurgy sheet at high temperatures, have been reported (refs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 to 5). 
Because electron beam melting has shown improved properties in other metals due 

to purification, this vacuum melting process could possibly render improvements in 

rhenium also. In general, electron-beam-melted materials have been described zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 
having superior ductility to arc-cast  o r  sintered stock (ref. 6). 

The objective of the present study w a s  to characterize the high-temperature creep 

deformation of polycrystalline rhenium sheet rolled from an electron-beam-melted (EB) 

ingot. Creep rupture, step-load, and step-temperature creep tests were performed in 

the temperature range 2200' to 4200' F (1477 to 2588 K, 0.43 to 0. 75Tm) at s t resses  

ranging from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 to 40 ksi  (28 to 276 MN/m 
2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
). These data a r e  compared with similar test 

data on commercial powder-metallurgy (PM) rhenium sheet and with previous literature 

data. 

EXPERIMENTAL PROCEDURE 

Materials 

Commercial rhenium powder having a minus-200 mesh particle size was used in 

preparing the EB rhenium. The supplier's analysis of the powder is given in table I. 
PM rhenium sheet 0.040 inch (0.10 cm) thick was obtained commercially and used for  

comparison testing. A small  amount of the PM rhenium sheet was rolled to a thickness 

of 0.020 inch (0.050 cm). 

Melting 

In preparation for electron beam melting, 9 pounds (4.1 kg) of rhenium powder were 

hydrostatically pressed at 30 ksi (208 MN/m3 into a 1.25-inch (3.2-cm) diameter bar 

and sintered in dry hydrogen at 4000' F (2477 K) for 3 hours. Melting was performed in 

a commercial 150-kilowatt electron beam furnace previously described in reference 7. 

The rhenium metal was double melted into a 2-inch (5-cm) diameter mold at a power 

level of 80 to 100 kilowatts with the chamber pressure maintained at ~ x I O - ~tor r .  The 

average Vickers hardness (10-kg load) across the diameter of the double-melted ingot 

near its top w a s  225 DPH. Taken in several grains of varying crystallographic orienta

tions, 18 hardness indentations ranged in value from 181 to 270 DPH. This large spread 

reflects the extreme hardness anisotropy typical of hexagonal close-packed metals. 
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Fabrication zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The fabrication of the EB rhenium ingot w a s  accomplished by first extruding at 

3800' F (2366 K) and then by rolling at room temperature with intermediate recrystalli

zation anneals. The extrusion step is unique in rhenium fabrication. Rhenium is seldom 

worked above room temperature because of embrittlement due to hot-shortness problems. 

The hot shortness is thought to be due to the melting of a Re207 oxide normally situated 

at the grain boundaries (ref. 8). Hot shortness was avoided in the present work by ex

truding the rhenium in an evacuated and sealed container. Rhenium is also character

ized by rapid work hardening. The high extrusion temperature was chosen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the 

deformation would occur above the work-hardening temperature range. 

Preparations for  extrusion involved grinding of the ingot surface, sealing the billet 

in 0.01-inch (0.025-cm) thick tantalum sheet using gas tungsten-arc (TIG) and EB weld

ing, and canning in powder-metallurgy Mo - 25-weight-percent W alloy. The purpose 

of the claddings w a s  to prevent the formation of low-melting Re207 and to facilitate the 

extrusion. 

The clad rhenium w a s  successfully extruded at  3800' F (2366 K) and a reduction 

ratio of 8:l. The extrusion speed w a s  about 5 inches per second (13 cm/sec) with a 

breakthrough pressure of 118 ksi  (814 MN/m?. Thus, with suitable precautions to 

avoid hot-short and work-hardening characteristics, the extrusion of rhenium at high 

temperatures has been shown to be feasible. (This general extrusion procedure w a s  

suggested by Dr.  Fred J. Rollfinke of Cleveland Refractory Metals, Solon, Ohio. ) 

The resultant flat bar w a s  ground to remove the cladding. The extruded rhenium 

The averagew a s  fully recrystallized with an average grain diameter of 66 micrometers. 

Vickers hardness (10-kg load) was 176 DPH. 

Room-temperature rolling was required to bring the rhenium to a final 0.020-inch 

(0.050-cm) thickness. Reductions of 8 to 10 percent were made per rolling pass. Due 

to the rapid work-hardening rate of rhenium, after each 15 to 20 percent total reduction 

the sheet w a s  recrystallized by annealing in hydrogen for 5 minutes at 3000' F (1922 K). 

The final as-rolled sheet w a s  approximately 60 percent recrystallized with an average 

Vickers hardness (200-g load) of 536 DPH. 

Testing 

Creep test specimens were cut from EB and PM rhenium sheet materials by electro

spark machining. The specimens were 3.25 inches (8.25 cm) long by 0.63 inch (1.60 

cm) wide with a 1.0-inch (2.54-cm) long by 0.25-inch (0.64-cm) wide test section. 

Prior to testing, all specimens were annealed in a hydrogen atmosphere for 1 hour at 

3000' F (1922 K). Both materials were fully recrystallized by the treatment (see fig. 1) 
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and had average grain diameters of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA37 micrometers for the EB rhenium sheet and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47 
micrometers for the PM rhenium sheet. 

Creep testing was performed in vacuum to 10- 7 
torr ;  to lom5 N/m 

2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
) 

under constant load. Stresses ranged from 4 to 40 ksi  (28 to 276 MN/m 
2
) and temper

atures ranged from 2200' to 4200' F (1477 to 2588 K). Deformation was recorded dur

ing the creep tests from load-train displacement measurements. Strains were deter

mined on the basis of this measurement and the assumption that all the creep occurred 

in the gage length. The minimum creep rates were determined graphically. 

The majority of the creep tests consisted of applying a constant load and permitting 

the material to elongate to rupture. Other tests that were conducted for determining 

secondary creep rates under varying conditions consisted of changing the load (step load

ing) o r  temperature (step temperature) periodically. Step changes were made as the 

creep rate approached a minimum. 

Chemical Analysis 

The EB and PM rhenium sheet materials were analyzed to determine impurity con

tents. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA comparison of the emission spectrographic analysis given in table I suggests 

only small differences in impurity levels between the EB and PM sheet. Both materials 

were of very high purity, namely >99.99 percent Re. The content levels of most of the 

metallic and interstitial impurities are unfortunately at o r  near the present quantitative 

limits of detection. The values of analyzed impurity content, therefore, may not present 

a true picture of the differences between the EB and PM rhenium materials. Indirect 

evidence of the higher purity of the EB-melted rhenium is presented in the sections 

RESULTS and DISCUSSION. 

Metallography 

Standard optical microscopy techniques were used in examining the rhenium speci

mens. The microstructures of the mechanically polished sections were best revealed by 

etching with Murakami's etchant and through use of polarized light. Grain diameter 

measurements were made by the line intercept method. 

4  



RESULTS 

Grain Growth Observations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Indirect evidence of the higher purity of EB-melted rhenium compared to the PM 

rhenium material was afforded both by the results of annealing studies and observations 

of the grain size of specimens after creep testing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  shown in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, the powder-

metallurgy rhenium sheet w a s  remarkably resistant to grain growth during annealing. 

Specimens recrystallized at 3000' F (1922 K) showed essentially no grain growth in 1-
hour anneals at temperatures as high as 4000' F (2477 K). On the other hand, the EB 

rhenium exhibited grain growth beginning at approximately 3200' F (2033 K). We believe 

this difference in grain growth behavior reflects the higher purity of the EB rhenium, 

since small quantities of impurities can have a pronounced effect on the grain-boundary 

migration rate (ref. 9). 
This difference in grain growth behavior may account for some of the observed,dif

ferences in creep behavior of the two types of rhenium at  temperatures above 3000' F 

(1922 K), as will  be discussed later. Observations made on the unstrained portions of 

the test specimens indicated that the grain size of the EB rhenium increased during tests 

at 3000' F (1922 K) and above, while that of the PM rhenium remained constant. 

Creep-Rupture Life and Ductility 

The results of the creep tests conducted on the EB and PM rhenium sheet a r e  listed 

in table 11and illustrated in figures 3 to 8. Creep curves for both types of rhenium at 

2200°, 3000°, and 4000' F (1477, 1922, and 2477 K) a r e  compared in figure 3. The 

most striking differences in behavior were the much greater rupture ductility and longer 

rupture life of the EB rhenium at 2000' and 3000' F (1477 and 1922 K) in figures 3(a) 
and (b) respectively. For example, at 2200' F (1477 K) at a stress of 20 ksi  (138 

MN/m azyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA), the elongation at rupture  for the EB rhenium was 22 percent, while that of the 

PM rhenium was only 4 percent. The higher ductility of the EB rhenium appears to be 

responsible for its much longer rupture life, 721 hours as compared to 32.2 hours for 

the PM rhenium under the previously noted test conditions. These large differences are 

not attributable to differences in grain size of the two materials, for the grain sizes 

were very comparable and stable during these lower temperature tests. 

At 4000' F (2477 K) (fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3(c)) ,  where differences in grain growth behavior might be 

expected to influence the test  results, the difference in rupture life and ductility were 

much smaller than at the lower temperatures. Under the test conditions illustrated in 

figure 3(c),  there appeared to be a significant effect of specimen thickness on the rupture 
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life and ductility of the PM rhenium sheet. The 1.0-millimeter-thick sheet appeared to 

be significantly less ductile and exhibited a shorter rupture life than the 0.5-millimeter 

sheet. Unfortunately, this variable was not explored in EB rhenium sheet o r  at test  

temperatures of SOOOO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF (1922 K) or  lower, so the extent to which a size effect may in

fluence the results at lower temperatures is unknown. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Secondary Creep Behavior 

The temperature dependence of the secondary (minimum) creep rate 2 is shown 

for EB and PM rhenium in figure 4 for  s t r e s s  (T levels ranging from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 to 40 ksi  (28 to 

276 MN/m 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

)o The activation energy fo r  creep Qc for EB rhenium was determined 

from this plot to have an average value of 72 kilocalories per mole (301 J/mole) and was 

relatively independent of s t ress .  The Qc for  the PM rhenium was previously reported 

by the authors at 64 kilocalories per mole (268 J/mole) (ref. 5). Vandervoort and'  

Barmore have determined Qc for PM rhenium as 60 kilocalories per mole (251 J/mole) 

(ref. 4). 
A least-squares treatment of the data indicated a stress exponent n of 3.7 for EB 

rhenium and 3.5 for PM rhenium. These relatively low exponent values a r e  in agree

ment with the work of Vandervoort and Barmore (ref. 4), who observed a value of 3.4 

fo r  PM rhenium. However, a log-log plot of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi against u at constant temperature for 

the EB rhenium data suggested a possible increase in n to 4.3 above 3400' F (2144 K). 

Insufficient information was  available to determine the validity o r  possible causes of a 

higher stress exponent. 

Figure 5 shows the s t r e s s  dependence of the temperature-compensated creep rate 

2 exp (Qc/RT) where Qc for the composite data is 69 kilocalories per mole (289 

J/mole). The s t ress  exponent for EB rhenium is 3.6 for almost the entire s t ress  range, 

whereas for PM rhenium the s t r e s s  dependency ranges from 2.2 at low stresses  to 4.8 

above 10 ksi  (69 MN/m?. In the high-temperature creep of most pure metals, n is ob

served between 4 and 6 (ref. 10). 

Primary Creep Behavior 

Primary creep rates were determined according to the Andrade t1/3 law using the 

expression zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E = pt1/3 + i t  

6  



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

where the measured strain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE at time t consists of strain components related to the 

primary creep rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp and the secondary creep rate i .  
The temperature dependencies of the primary creep rates for EB and PM rhenium 

are shown in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. Activation energies determined from these plots averaged 87 
kilocalories zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper mole (373 J/mole) for  EB rhenium and 78 kilocalories per mole (327 

J/mole) for PM rhenium. These values are about 20 percent higher than the activation 

energies determined for secondary creep. Previous studies have indicated that the acti

vation energy remains relatively constant during primary and secondary creep, provided 

no change in deformation mode occurs (ref. 10). 
The relation between the primary and secondary creep of rhenium was examined. 

This is shown in figure 7, where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 is plotted versus 2 for  the EB and PM rhenium 

creep-rupture tests. The data for the two materials do not coincide, but the slopes of 

the least-squares determinations were nearly identical and indicated the relation 

The magnitudes of the primary creep rates for EB rhenium were greater than for PM 

rhenium by a factor slightly less than 3. 

Rupture  Life Behavior 

The effect of creep s t r e s s  on rupture life at constant temperature is shown by means 

of a log-log plot in figure 8 for three temperature levels. The slopes of the s t ress-

rupture life data for the various temperatures for each sheet material have been drawn 

parallel to each other. At 4000' F (2477 K) the effect of stress for both EB and PM 

rhenium sheet materials can be described by a single line. However, as the test tem

perature w a s  decreased, a difference in stress-rupture life behavior of the two materials 

became more apparent. Although EB rhenium had approximately the same life as PM 

rhenium at 4000' F (2477 K), at 3000' F (1922 K) EB rhenium had about three times the 

life of PM rhenium, while at 2200' F (1477 K) EB rhenium lasted over 20 times longer 

than PM rhenium. The stress for a 100-hour rupture life at 2200' F (1477 K) was 30 ksi  

(207 MN/m3 for EB rhenium, almost twice that for PM rehenium. 

Rupture data from reference 3 for  PM rhenium (lot 1) at 2912' and 3996' F (1873 
and 2473 K) are also shown in figure 8 for comparison. A difference in stress depend

ency can be noted. The rhenium materials from this study had a stress dependency coef

ficient of -4.8 compared to -3.7 for the data from reference 3. 

7  



DISCUSSION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Considerable differences have been observed in the properties of electron-beam

melted (EB) rhenium sheet compared to powder-metallurgy (PM) rhenium sheet. Rela

tive to PM rhenium the results of this study have shown that EB rhenium had zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(1) Greater ductility 

(2) Longer rupture life zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(3) Higher primary creep rates 

(4) Similar secondary creep rates 

(5) Grain growth initiating at a much lower temperature 

With the essential difference in processing being the additional steps of melting and ex

truding, it can be assumed that these property differences are mainly due to melting. 

An accepted consequence of melting refractory metals under good vacuum conditions is 

the generally increased purity of the product. That this might occur in the electron 

beam melting of already high-purity rhenium powder compacts was not known. However, 

as shown in figure 1the melting was beneficial in preparing a material with relatively 

few voids. Also indirect evidence suggesting increased purity was noted in the grain 

growth characteristics of the two materials. The decrease in impurities and voids can 

reasonably account for the greater ductility (as measured by total elongation) and longer 

rupture life of EB rhenium. 

Void formation during creep testing was observed in both EB and PM rhenium, as 

shown in figure 9. Voids at the grain boundaries were larger  in the PM rhenium at 2 
percent elongation, where rupture occurred, than in the EB rhenium at 9 percent elonga

tion, where the test w a s  interrupted. 

Tertiary creep has been associated with the development of voids at the grain 

boundaries (ref,, 11). Resnick and Seigle (ref. 12) have shown that the removal of im

purities which catalyze void formation during diffusion also decreases the tendency for 

grain-boundary void formation during creep and thereby significantly improves the 

stress-rupture life of the material. The existence of voids in the grain boundaries be

fore  creep testing probably accounts for the lower strain values observed in PM rhe

nium prior to tert iary creep, compared to EB rhenium, and thereby serves  to reduce 

rupture life. 

Under the same test conditions the secondary creep rates of the two rhenium mate

rials were similar,  but, as observed in figure 6,  the primary creep rates of the EB 

rhenium were higher than those for PM rhenium. For a given secondary creep rate, the 

primary creep rate for EB rhenium was shown in figure 7 to be greater by a factor of 3. 
This is consistent with the greater ease of dislocation movement that would be expected 

with increased purity. 

8  
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The activation energy for creep in pure metals above one-half the absolute melting 

temperature has been shown in a large number of investigations to be nearly equal to the 

activation energy for  self diffusion (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13). Experimentally determined values of the 

activation energy for self-diffusion in rhenium are not available, but estimates based on 

the melting point suggest values ranging from 117 to 131 kilocalories per mole (490 to 

548 J/mole). The apparent activation energies for creep determined in this investiga

tion, however, are approximately one-half the estimated values for self-diffusion, in

dicating the creep behavior of rhenium in this temperature range (0.43 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.75Tm) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis 
not controlled by dislocation climb. A s  would be expected, the activation energies re

sulting from this investigation are somewhat higher than those experimentally evaluated 

for surface diffusion of rhenium (ref. 14), ranging from 48.4 to 53.0 kilocalories per 

mole (203 to 222 J/mole) depending on crystal orientation. 

Vandervoort and Barmore (ref. 4) observed that creep deformation in rhenium took 

place by dislocation motion within the grain and that no subgrain formation occurred. 

This ruled out grain boundary and sub-boundary diffusion. In accord with Vandervoort 

and Barmore's conclusions and with those previously proposed by the authors (ref. 5) 
the rate- controlling process in the high-temperature creep of rhenium is associated 

with dislocation pipe diffusion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SUMMARY OF RESULTS 

The creep properties of rhenium sheet prepared from electron-beam-melted and ex

truded material were compared with sheet prepared by commercial powder-metallurgy 

methods. The results of this study in the temperature range 0.43 to 0. 75Tm were  as 

follows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

1. Compared to PM rhenium, EB rhenium had greater ductility (total elongation), 

longer rupture life, and higher primary creep rates.  For example, at 2200' F (1477 K) 
EB rhenium had 5.5 times the total elongation and 20 times the rupture life exhibited by 

PM rhenium. These differences decreased as temperature increased. Secondary creep 

rates were comparable. We believe that the improved creep and rupture properties of 

EB rhenium can be attributed to the reduction in impurities and voids by vacuum melting. 

2. Activation energies for creep between 2200' and 4200' F (1477 and 2588 K) ranged 

from 72 kilocalories per mole (301 J/mole) for EB rhenium to 64 kilocalories per mole 

9  



(268 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ/mole) for PM rhenium. The rate-controlling process in this temperature range 

is associated by the authors with dislocation pipe diffusion. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, January 5, 1971, 
129-03. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Impurity 

element 

(4 

Ac 

A1 

Ca 

c o  

Cr 

c u  

Fe 

Mg  

Mn 

Mo 

Na 

Nb 

Ni 

Si 

Sn 

Ta 

Ti 

V 

W 
Z r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C 
N 

0 

H 

TABLE I. - RHENIUM ANALYSES 

Impurity content, ppm 

Commercial Commercia1 Electron- beam -
powder powder- melted 

supplier analysis) metallurgy sheet 

sheet 

aElements other than interstitials determined by emission 

spectrography . 
bNot detected. 
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-- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII. - CREEP PROPERTIESOF UNALLOYED RHENIUM 

(a) Powder-metallurgy rhenium sheet 

Load stress, Test temperature, Primary Secondary Rupture Total zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 T creep rate, creep rate, life, elongation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MN/m2 OF K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8,  2, tR' 
sec-1/3 sec - l  hr 

percent 

28 3000 1922 1 . 6 4 x 1 0 - ~  1 . 3 7 ~ 1 0 - ~  290 14  

3200 2033 1.64 2.31 (b) 
3500 2200 1.64 8.33 (b) _ _  
3 500 2200 4.70 8.41 32.9 1 8  

3800 2366 5.04 2 . 3 0 ~ 1 0 - ~  23.3 2 1  
3900 2422 6.32 2.72 11.5 24 
4000 2477 7.27 3.69 15.1 24 

4000 2477 5.98 2.99 10.5 1 8  

4200 2588 7.10 5.87 8.13 20 

41  2700 1755 7. 1 0 ~ 1 0 - ~  4. 80X10-8 (b) _-

3000 1922 2.22 3 . 8 5 ~ 1 0 - ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA75.1 1 2  

3000 1922 ------- 3.75 (b) -_  
3200 2033 - -_ --_- - - 6.96 (b) 
3 500 2200 --- --- - 3 . 4 4 ~ l O - ~  (b) _-
3 500 2200 4.66 2.36 8.56 12  

3800 2366 --- -- 1 . 1 5 ~ 1 0 - ~  (b) _ -

4000 2477 9.76 1.35 1.74 14 

4000 2477 9.01 1.48 2.44 1 5  

4200 2588 --- -- 3.64 .a9 22  

~ . .  

69  2500 1644 1. 26X10-4 1.29x10-' 108 8 

2700 1755 2.46 3.00 49.3 8 

3000 1922 5.17 1.33X10-6 11.0 10 

3000 1922 4.55 1.75 10.3 12 

3 500 2200 1 . 3 7 x 1 0 - ~  1.68X10-5 .90 10 __ 

103 2200 1477 1 . 3 3 x 1 0 - ~  6. 06X10-8 133 8 

2500 1644 2.90 4 . 7 0 x 1 0 - ~  17.1 6 

2700 1755 6.00 1. 72X10-6 5.79 a 
3000 1922 1. 06X10-3 1 . 2 5 ~ 1 0 - ~  .a0 8 

~ 

138  2200 1477 2. 16X10-4 1 . 9 1 ~ 1 0 - ~  32.2 a 
2500 1644 2. 70X10-6 2.72 a 

~ 

aMeasured on unstrained portion of specimen after test. 
bStep-temperature creep test. 
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Average Nominal 
grain sheet 

diameter,a thickness, 

w mm 

68  1 

. 5  

4 1  . 5  

1  

44 . 5  

57 . 5  

48 . 5  

62  1 

51 . 5  

. 5  

1 
_- . 5  

.5  

. 5  
48 1 

39 . 5  
_- 1 

56 . 5  

54 . 5  

1  

57 

53 

65 1 
59 i 

1  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Continued. CREEP PROPERTIES OF UNALLOYED RHENIUM 

(b) Electron-beam-melted rhenium sheet 

Load s t ress ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

Test temperature, I Primary 

T I creep rate, 

Secondary 

creep rate, 

Rupture 

life, 

Total 

elongation, 

Averag 

grain 

Nominal 

sheet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ksi  MN/m2 O F  K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE ,  

sec- l  
tR' 
hr 

percent diamete 

m 
thickness, 

mm 

4 28 3000 1922 1.12x10-7 

3000 1922 1.44 

3000 1922 1.66 

3200 2033 1.38 

3200 2033 2.10 

3200 2033 2.40 

3400 2144 8.41 

3 500 2200 2.36 

~ 

3.62  

3.63  

4.34 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 5.41  

3 800 2366 1.15> 0-6  

3800 2366 2.54  

3800 2366 2.58  

4000 2411 2.86  

4000 2411 4.09  

4200 2588 1.3 5 x 1 N 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv  
6 41  2800 1810 1.2 1 ~ 1 0 - ~  

3000 1922 3.30 

3200 2033 6.18 

3400 2144 4.oox10-6 

3 500 2200 1.14 

3 500 2200 2.56 

3 500 2200 2. I8 
3 800 2366 1.62X10-5 

3900 2422 1.20 

4000 2411 3.26 

aMeasured on unstrained portion of specimen after test.  

bStep-temperature creep test.  

'Step-load creep test.  

dSpecimen broke in grip during creep-rupture test.  
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TABLE n. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Concluded. CREEP PROPERTIES OF UNALLOYED RHENIUM 

(b) Concluded. Electron-beam-melted rhenium sheet 

Load s t ress ,  Test temperature, 

MN/m2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF K 
~ 

55 2500 1644 

2 500 1644 

2700 1755 

2800 1810 

3000 1922 

3000 1922 

3200 2033 

3 500 2200 

3 500 2200 

3800 2366 

3800 2366 

4000 2477 
~~ 

69 2500 1644 

3000 1922 

3000 1922 

3 500 2200 

3 500 2200 

1 5  103 2200 1477 

3000 1922 

3000 1922 

3 500 2200 

138  2200 1477 

2500 1644 

3000 1922 
~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

k 276 2200 1477 

bStep-temperature creep test.  

‘Step-load creep test.  

dSpecimen broke in grip during creep-rupture test.  

eTest discontinued.  

Secondary Average 

creep rate, grain 

:, diameter, a 

sec- l  m 

4. 95X10-8 

5.81 

1 . 7 4 ~ 1 0 - ~  

1.88 

6.10 

1.08x10-6 

2.92 

7.70 

1 . 7 3 ~ 1 0 - ~  

3.09 

4.14 

8.51 

a.95x10-8 

2 . 5 9 ~ 1 0 - ~  

2.25 

1 . 7 2 ~ 1 0 - ~  

3.09 

2.99x10-8 

7. 24X10-6 

9.29 

9. 2 5 ~ 1 0 - ~  118 

5. 59X10-8 29 

1. 60X10-6 42 

3. 8 7 x W 5  103 

1.74X10-6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(a1 Electron-beam-melted(EB) rhenium. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(b) Powder-metallurgy (PMI rhenium. 

Figure 1. -Microstructure of rhenium sheet annealed 1 hour at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAuxxl" F (1922 K I  in  

hydrogen. X250. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I PM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArhenium 

Annealing temperature, "F 

L
1800 2000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2200 2400 2600 2800 

Annealing temperature, K 

Figure 2. - Effect of 1-hour annealing temperature on grain 
size in  electron-beam-melted (EB) and powder-metallurgy 
(PM) rhenium sheet 
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I; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

24 r 
-20 

16 -

I 
0 

- 2 0 r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 16-
a3n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c' l2-.-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
czyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

0 

28 r 

EB rhenium, Q 5 mm thick 

___-- PM rhenium, 1.0 mm thick 
PM rhenium, 0.5 mm thick 

0 Rupture 

I I I I 

400 6M) 800 
200 Time, hr 

(a) Test temperature, 2200" F (1477 K); load stress, 20 ksi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(U8MNlm2). 

I I I I I 
1 2 3 4 5 

Time, hr 

(b) Test temp rature, 3000" F (1922 K); load stress, 15 ksi 
(1U3MNlmI ). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 

Time, hr 

(c) Test tem erature, 4OoO" F (2477 K); load stress, 4 ksi 
(28MNlm8). 

Figure 3. - Creep curves for  electron-beam-melted (EB) 
and powder-metallurgy (PM) rhenium under various 
temperature and stress conditions. 
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L 4.0- 4.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA110-83.5 1 5.0 5.5 6.0 6.5 7 . 0 ~ 1 0 - ~  

Inverse temperature, ~ T T ,K-' 

I I I I I  I 1 I 1 _ . I  I 
4240 38 3534 32 30 28 27 25 22x1d 

Temperature, "F 

(a) Electron-beam-melted rhenium sheet 

Figure 4. -Temperature dependence of secondary creep rate in 
rhenium for constant load stresses of 4 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 ksi (28 to 
276 MN/m2). 



Load stress, 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 
4.0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 5  5.0 5.5 6.p 6.5 7. O X ~ O - ~  

Inverse temperature, 1/T, K-

I l l  I I I 1 I I 
4240 38 35 32 30 27 25 22x102 

Temperature, "F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) Powder-metallurgy rhenium sheet 

Figure 4. - Concluded. 
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loozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL o! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I  
2 3 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

In a (ksi)  

I I I l l 1 1 1  . I I  

20 30 40 60 80 100 200 300  
Load stress, u, MN/m2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 1 I J  
3 4 6 8 1 0  20 30 40  

Load stress, (J,ksi  

Figure 5. - Stress dependency of temperature-compensated 
secondary creep rate for recrystallized electron-beam-
melted (EB) and powder-metallurgy (PM) rhenium. 
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Load stress, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s10-41 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I J 
E (a) Electron-beam-melted rhenium. 

10zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(69)  

4.0 45 5.0 5.5 6.0 6.5 7 . 0 ~ 1 0 - ~  

Inverse temperature, ~TT,K-'  

I l l  
42 40 38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi5ik 3!! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3b ,?8 d7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2!5 22i1d 

Temperature, OF  

(b) Powder-metall u rgy rhenium.  

Figure 6. -Temperature dependency of primary creep rate of 
rhenium sheet at stresses of 4 to 20 ksi (28 to 138 MNlm3). 
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10-8 10-7 10-6 10-5 10-4 

Secondary creep rate, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsec-l 

Figure 7. - Relation of primary and secondary creep rates of 
electron-beam -melted (EB) and powder-metall urgy (PM 
rhenium at 2400" to 4200" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF (1477to 2588 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK). !3 = k(;rhm. 

Test temperature,

-40 
-

-
I 20 

80 
10 -60 8 -
6 
-

4 

-zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 EB rhen ium}  This 

2 - PM rhenium report 

a PM rhenium (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3) 
1- I I L l L L  I I 1 I L l L L L  I I 1 1 1 1 1 1 1  1 l l l d  

1 10 100 
Rupture life, hr 

Figure 8. - Effect of creep stress on rupture l i fe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat constant temperature for  electron-beam-melted (EB) acd powder-metallurgy 

(PM) rhenium sheet at three temperature levels. 
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(a) Electron-beam-melted (EB) rhenium after 9 percent total elongation (broke in grip). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(b) Pwder-metallurgy (PM) rhenium after 2 percent total elongation (rupture). 

Figure 9. - Voids in microstructure following creep at 2500" F (1644 K) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 ksl 
138 MN/m2). X500. 
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-NATIONALAERONAUTICSA N D  SPACE ACT OF 1958 

NASA SCIENTIFIC A N D  TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: Scientific and 

technical information considered important, 

complete, and a lasting contribution to existing 

knowledge. 

TECHNICAL NOTES: Information less broad 

in scope but nevertheless of importance as a 

contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 

Information receiving limited distribution 

because of preliminary data, seciirity dassifica

tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 

technical information generated under a NASA 

contract or grant and considered an important 

contribution to existing knowledge. 

TECHNICAL TRANSLATIONS: Information 

published in a foreign language considered 

to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 

derived from or of value to NASA activities. 

Publications include conference proceedings, 

monographs, data compilations, handbooks, 

sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 

PUBLICATIONS: Information on technology 

used by NASA that may be of particular 

interest in commercial and other non-aerospace 

applications. Publications include Tech Briefs, 

Technology Utilization Reports and 

Technology Surveys. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. PO546 




