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EFFECT OF 1020-NEUTRON-PER-SQUARE-CENTIMETER IRRADIATION 

ON EMBRITTLEMENT OF POLYCRYSTALLINE TUNGSTEN 

by Charles L. Younger and Gilbert N. Wrights 

Lewis Research Center 

SUMMARY 

The effect of reactor irradiation on embrittlement of polycrystalline tungsten has 
been investigated by comparing ductile- to-brittle transition behavior of unirradiated and 
irradiated material. Tensile tests conducted in the range 300' to 700' F (422 to 644 K) 
were used to determine ductile-to-brittle transition behavior. Bend tests, conducted at 
room temperature, provided additional data for investigating irradiation embrittlement. 

Tensile and bend test results show that recrystallized tungsten irradiated with 
2 0  1x10 

brittle transition temperature for  the irradiated material .increased by at least 300' F 
(167 K) and was accompanied by an increase in the temperature-dependent yield point 
s t ress  and decreases in the tensile fracture and extreme fiber bending stresses.  The 
embrittlement appears to be a result of factors which decrease grain boundary strength 
and inhibit transgranular fracture. 

density, and electrical resistivity. 
electrical resistivity increased linearly with increasing irradiation. 
trical resistivity at the highest irradiation exposure was 87 percent. 

Based on analysis of the test data, it may be concluded that irradiation of unalloyed, 
polycrystalline tungsten with lo2' fast neutrons per square centimeter and lo2' thermal 
neutrons per square centimeter produces a very brittle tungsten - 1-percent-rhenium 
alloy. The strength of this alloy is greater than that of the starting material, but be- 
cause of the presence of irradiation-induced point defects, dislocation loops, and various 
defect clusters, the grain boundary strength of the alloy is lower than the starting mate- 
rial. 

fast neutrons per square centimeter is severely embrittled. The ductile-to- 

The change due to irradiation was also determined for test specimen dimensions, 
Dimensional and density changes were small, but the 

The change in elec- 
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I NTRO D UCTlO N 

Although unalloyed tungsten exhibits desirable engineering properties at elevated 
temperatures, the metal is brittle at room temperature. The transition from ductile be- 
havior to brittle behavior is quite pronounced and occurs at about 500 K (e. g., ref. l). 
This pronounced ductile-to-brittle transition behavior provides a useful tool for studying 
the effect of nuclear irradiation on the metal. 

Following exposure to nuclear irradiation at or near room temperature, metallic 
u 

materials normally exhibit an increase in strength and a decrease in ductility. This ef- I 
fect also tends to increase the temperature for ductile-to-brittle transition behavior. 

behavior of tungsten have been reported by Makin and Gillies (ref. 2). These experi- 
menters conducted bend tests at various temperatures using 0.040-inch- (1. O-mm-) di- 
ameter wire specimens of fully recrystallized tungsten. Test results show that irradia- 
tion with 5 ~ 1 0 ~ '  neutrons per square centimeter changed the ductile-to-brittle transition 
temperature from 393 to 401 K, an increase of only 8 K. 

In addition to the bend - transition-temperature studies, MaMn and Gillies conducted 
tensile tests a t  373 and 473 K with the same test material. Test specimens were again 
0.040-inch- (1. O-mm-) diameter wires. Test results at 373 K showed the metal was 
brittle with no evidence of yielding nor ductility for both unirradiated and irradiated con- 
ditions. However, the irradiation to 5 ~ 1 0 ~ ~  fast neutrons per square centimeter did re- 
sult in an increase of about 11 percent in the tensile fracture strength. Similar tests 
conducted at  a 473 K test temperature showed the metal to be ductile for both unirradi- 
ated and irradiated conditions, with the reduction of a rea  and elongation being increased 
by the irradiation exposure. There were no significant differences in ultimate tensile 
strength, but the yield strength of the irradiated material decreased about 11 percent. 

Sutton and Leeser (ref. 3) reported tensile test results for tungsten irradiated with 
19 1 5x10 

Test specimens were 0.110-inch (2.8-mm) gage diameter and failed in a brittle manner 
for  both unirradiated and irradiated conditions. The tensile fracture strength of irradi- 
ated material was reduced by 22 percent. 
reported. However, the unirradiated value for the tensile fracture strength was 145 500 

2 to 160 000 psi (100 322 to 110 320 N/cm ) which suggests that the material was drawn 
and then s t ress  relieved (e. g., refs. 4 to 7). These experimenters attributed the re- 
duction in  strength to be partly a result of the difficulty of alining the brittle specimens 
by remote control. 

1 

The only known studies of the effect of irradiation on the ductile-to-brittle transition 

fast neutrons per square centimeter, and then tested at room temperature. 

The initial condition of the material was not 

'All fast flux values quoted in remainder of text a r e  for neutron energy greater than 
1 MeV unless otherwise noted. 
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Since wire specimens are not necessarily representative of tungsten material for 
structural applications (ref. 8) and in view of the reduction in strength reported in the 
literature, an experimental investigation of the effect of reactor irradiation on embrit- 
tlement of polycrystalline tungsten rod was undertaken. Tensile and bend tests were 
performed in the investigation for the purpose of determining the effect of reactor irra- 
diation on embrittlement. Physical property measurements, dimensions, density, and 
electrical resistivity were  also included in the test program for comparison with results 
of other investigations. 

TEST MATERIAL 

Commercially pure sintered then swaged tungsten rod in two stock sizes, 0.500- 

inch (E?. 7-mm) and 0. 125-inch (3.2-mm) diameters, was obtained from a commercial 

0.475 in. 
(12.1 mm) 

O. in. 0.19010. 001 in. diam 
(6.4 rad (4.83Xl.03 mm) diam I 

(a) Tensile specimen (electropolished gage length). 

0.125+0.001 in. 
( 3 . 1 M .  03 mm) diam 

I 
L 
TL 

0 1  

2.875Xl.01 in. (73.010.03 mm) _I r -  
(b) Bend specimen (unpolished). 

0.115Xl. 001 in. 
(2.92tO. 03 mm) diam 

I 
-287W.01 in. (73.010.03 mm) 

(c) Bend specimen (electropolished). 

Figure 1. -Tungsten test specimens. 
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supplier for use in  this investigation. Spectrographic and chemical analysis of the stock 
materials a r e  shown in table I. 

Tensile test specimens (fig. l(a)) were prepared from the 0. 500-inch- (12.7-mm-) 
diameter rod stock. Test specimens were first ground to the specified dimensions and 
then vacuum annealed at 3500’ F (2200 K) for 1 hour to eliminate the effect of prior cold 
working. Finally, each test specimen gage length and gage-length-to-buttonhead fillet 
was electropolished in accordance with procedures and apparatus previously reported 
(ref. 9). The electropolishing treatment reduced the test specimen diameter from 

(a) As-received, longitudinal direction. (b) As-received, transverse direct ion. 

(c) Annealed, longitudinal direction. (d) Annealed, transverse direct ion. 

Figure 2. - Photomicrographs of as-received and annealed tens i le  specimens. Etched wi th  75 grams of potassium 
ferr icyanide (K3Fe(CN)6) and 20 grams of sodium hydroxide in 500 cubic  centimeters of water. x75. 
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0.200 inch (5. 1 .mm) to 0. 190 inch (4.8 mm) and permitted dimensional tolerances to be 
held within *O. 0005 inch (*O. 01 mm). 

mm-) diameter rod stock. Test specimens were first cut to the specified lengths and 
then vacuum annealed at  3500' F (2200 K) for 30 minutes. Most test specimens were 
then reduced to a 0. 115-inch (2.9-mm) diameter by electropolishing; however, a number 
of test specimens were retained in the as-annealed surface condition with a diameter of 
0. 125 inch (3.2 mm). 

Bend test specimens (figs. l(b) and (c)) were prepared from the 0. 125-inch- (3.2- 

(a) As-received, longitudinal direction. (b) As-received, transverse direct ion. 

(c) Annealed, longi tud ina l  direct ion. (d) Annealed, transverse direct ion. 

Figure 3. - Photomicrographs of as-received and annealed bend specimens. Etched w i th  75 grams of potassium 
ferr icyanide (K3Fe(CNI6) and 20 grams of sodium hydroxide in 500 cubic centimeters of water. X75. 
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Photomicrographs (figs. 2 and 3) 
equiaxed grain of about the same size 

show that the annealing treatment produced an 1 
;I in both tensile and bend test specimens. For the 
I 

tensile specimens, there is no apparent difference in grain structure in the longitudinal 

in  the swaging (longitudinal) direction. The improvement in  surface finish by the elec- 
tropolishing treatment is shown in the electron micrographs of figure 4. 

i 

1 

1 

and transverse directions, but for  the bend specimens, the grain is somewhat elongated 
t 
i 
4 

Car AFf-eceived, swaged, arid ground. (b) Annealed, 1/2 hr at 3500" F(2200 K). 

C-68-1099 

(c) Electropolished, surface reduction of 0.005 i n c h  (0.11 mm). 

Figure 4. - Electronmicrographs of as-received, annealed, and electropolished surfaces. Etched wi th  75 grams Of 
potassium ferr icyanide ( K + ~ C N ) ~ )  and 20 grams of sodium hydroxide in 500 cubic  centimeters of water. X12 500. 
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I R R A D IATlO N 

Test specimens were irradiated in the NASA Plum Brook Reactor for a period of 
269 hours. neutrons per 
square centimeter per second. 
aluminum irradiation capsule (figs. 5 and 6) designed to f i t  the LA-7 position of the re- 

The maximum fast f l u x  during irradiation was about 1. 
For irradiation, the test specimens were placed in an 

Top retention piece 7 

-‘ L Midtest material 
subassembly 

5-.,: Spacer 

/ ’\ 
Bottom test material 
subassembly 

/ / (:# 
/ / “t Spacer 

L Bottom retention piece 

Figure 5. - irradiation capsule assembly. 

‘; C-63726 

a 
> ?  

,& / .&-a 

“‘Partly disassembled =$$ 
subassembly, I 

/ i 

Assembled subassembly-, As-/ 

* ^ J  -- 
‘<-:=Tensile ?.- specimens .E --_ 

Retaining w a s h e r 1  

-1 Rod specimens-’ J- Flux monitor holders -̂ 

Figure 6. - Irradiation capsule subassembly. 
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L - 3 2 . 8 7 5  in. (83.5 cm)- 

Plan 
CD-9776-22 

Figure 7. - NASA Plum Brook reactor core and irradiation test holes. 

Composite section 

CD-9777-22 



actor (fig. 7). This capsule is described in detail in reference 10. For irradiation pur- 
poses, the capsule provides a 30-inch (76-cm) length wherein test specimens and flux 
monitor holders a re  positioned in t iers (fig. 8). Each tier consists of three tensile 
specimens (positions A, B, and C) three bend specimens (positions D, E, and F), and a 
flux monitor holder (position G).  For this investigation, tensile test specimens were 
located in positions A, B, and C of t iers  1 to 5. Bend test specimens occupied positions 
D, E, and F of tiers 6 to 8. 

I..( 

I 
wall segment numbers, 
Irradiat ion capsule \I 

Reactor core 
horizontal midplane, 

I 

7 

- 

6 1 
- 

5 

- 

3 

Irradiat ion Bend specimen7 

Flux monitor holder 

View A-A 
( t ier  position) 

A luminum - 0.5-percent-cobalt 
flux monitor w i re7  

/ 

I 

CD-9741 
I 

Figure 8. - Irradiat ion capsule loading scheme. 
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During irradiation, test specimens were cooled by reactor primary water flowing 

was not monitored, but, based on a heat-transfer analysis using a computer program 

4 

j: I 

I 
through the capsule at about 10 feet per second (3.3 m/sec). The specimen temperature 

(T@SS, ref. 11) it was calculated to be less than 200’ F (366 K). 

stored for about 3 months prior to disassembly and specimen testing. Since the speci- 
mens were exposed to water during irradiation and storage, all surfaces were rubbed 
lightly prior to testing to remove any loose film or  contaminants which might be adhering. 

The neutron flux was determined by activation analysis of 0. 030-inch- (0. 8-mm-) 
diameter by 0.500-inch- (12.7-mm-) long wires irradiated in  flux monitor holders along 
with the test specimens. Each flux monitor holder contained two wires, one aluminum - 
0. 5 percent cobalt and one 99.98 percent nickel. A detailed discussion of the neutron 
flux determination is presented in appendixes A and B. 

1 
‘i 

I Following irradiation, the capsule assembly was removed from the reactor and I 

TEST APPARATUS AND PROCEDURES 

The investigation consisted of testing duplicate sets of unirradiated and irradiated 
polycrystalline tungsten tensile and bend specimens. Tensile tests, bend tests, metal- 
lography, dimensional measurements, density determinations, and electrical resistivity 
determinations were performed remotely in the NASA Plum Brook Reactor Facility hot 
laboratory (ref. 12). Measurements on the unirradiated and irradiated specimens were  
obtained by using the same test apparatus and test procedure in order that direct com- 
parisons could be made. 

Tensi le  Tests 

Tensile tests were performed at 300°, 400°, 500°, 600°, and 700’ F (422, 477, 533, 
589, and 644 K) on a 10 000-pound (44 500-N) tensile testing machine adapted to remote 
operation. A tubular testing furnace, hinged mounted on the frame of the test machine 
(fig. 9), was  used for the elevated temperatures. To alleviate alinement problems, an 
axial loading tensile testing fixture (fig. 10) was  also used. The loading fixture is a 
modification of an axial loading creep fixture (ref. 13) and employs the principle of axial 
loading through spherical balls positioned in line with the axis of the pull rod assembly. 

Test specimens were brought to test temperature, soaked for 10 minutes at temper- 
ature, and then pulled to fracture at a constant crosshead speed of 0.2 inch per minute 
(5.1 mm/min). The furnace controller was calibrated by a thermocouple near, but not 

10 



Figure 9. - Tensile testing furnace. 

Lower yoke assembly -, 
Upper yoke assembly, \\ r- Location of 

axial loading ball 
\. \ 

I Guide rod -,~ 
f 
i 

L1__ 

/ 

'\ 

/-Pull rod counterbore seat 

Counterbore seat e n t r a n c e d  
- -- 

----=-- - --- 
-*- -7s 

I--- I LButtonhead pu l l  rod 
.-- 

' I  
Split LTens i l e  specimen 

- C-66346 

Figure 10. - Axial loading tensi le testing f ix ture and pull rod assembly. 
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I 

attached to, the gage section of the test specimen. Load-time curves were obtained 
autographically . 

dinal and cross-sectional views were taken at magnifications of 1 and 4, respectively. 
Unirradiated test specimens were photographed out-of - cell by conventional techniques. 
Irradiated test specimens were photographed in-cell with the assistance of a scanning 
periscope. 

Following fracture, photographs were taken of each tensile test specimen. Longitu- 

Bend Tests 

Bend tests were performed at room temperature on the same machine as the tensile 
tests. The grips of the tensile machine were replaced with the fixture shown in fig- 
ure  11. This fixture has two fixed reactant points separated by a span of 1.187 inches 

Upper p u l l  rod 3 
I 

Radius of loading point, 

Lower pull rod 

Figure 11. - Bend test fixture. 

C-65966 

(30.2 mm) and a fixed loading point midway between the reactant points. The radius of 
the reactant and loading points is 0.094 inch (2.4 mm). 

A small load, less than 1 pound force (4.45 N), was first  applied to the test speci- 
men for alinement and then the specimen was pulled to fracture a t  a constant crosshead 
speed of 0.02 inch per minute (0.51 mm/min). 
graphically. Extreme fiber s t ress  was calculated from the flexure formula 

Load-time curves were plotted auto- 
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where 

f b  extreme fiber stress, N/cm 2 

M applied bending moment, cm-N 

y distance from neutral axis to extreme fiber, cm 
4 I moment of inertia of cross section about its neutral axis, cm 

Metallography 

Tangential longitudinal photomicrographs were obtained of the fractured zone for 
each tensile and bend test condition. Appropriate sections were cut from the test speci- 
mens with a small water-cooled abrasive cutoff wheel. These sections were mounted in 
an epoxy, ground through four grits (220, 320, 400, and 600) and polished on a vibratory 
polisher. Etching was performed by swabbing with a solution of 75 grams of potassium 
ferricyanide (K3Fe(CN)G) and 20 grams of sodium hydroxide in 500 cubic centimeters of 
water for  4 seconds. 

(a) Length measurement ho ld ing  f ixture.  (b) Diameter measurement holding f ixture.  

Figure 12. - Optical gage and test specimen ho ld ing  fixtures. 
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Di me ns io nal Meas u re men ts 
b 

An optical gage fitted with a flat 0. 125-inch- (3.2-mm-) diameter tip was used for r 

dimensional measurements on all test specimens. The specimen holding fixtures shown 
in figure 12 were employed for performing the measurements by remote techniques. 
Dimensional readings taken with this equipment a re  accurate to rtO.00001 inch 
(io. 0002 5 mm). For the irradiated specimens, dimensional measurements were made 
both before and after irradiation exposure. 

I 

Density Deter m i  nations 

The density w of each test specimen was determined by the hydrostatic method 
from the formula 

wawz 

wa - w~ 
W =  

where 

w specimen density, g/cm 

Wa 

W2 
w2 immersing fluid density, g/cm 

An accuracy of the order of 0.01 to 0.00l’gram per cubic centimeter is obtainable by 
this method (ref. 14). 

Specimen weight measurements were performed remotely on an analytical balance 
fitted with a specimen hanger and fluid tank, as shown in figure 13. The density of all 
test specimens for the unirradiated condition was determined by using distilled water 
with small additions of dioctyl sodium sulfosuccinate as the immersing fluid. The den- 
sity of the test specimens following irradiation was determined by using reagent grade 
carbon tetrachloride as the immersing fluid. All  density measurements were corrected 
to a reference temperature of 68’ F (293 K). 

Pre- and postirradiation volumes for the test specimens were determined by divid- 
ing the specimen weight in air by the calculated density of the specimen. 

3 

specimen weight in air, g 

specimen weight in immersing fluid, g 
3 

14 



Figure 13. - Analytical balance. 

Elect r ica I Res i s t i v i  t y Deter m i na t io n s 

Electrical resistivity, at a controlled temperature, was determined by the potential 
drop method from the formula 

where 

p electrical resistivity, ohm- cm 

R resistance, ohm 

A specimen cross-sectional area, cm 

L resistance length, cm 

2 
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1, In-cell mixture 
2. Out-of-cell resistance measuring c i rcu i t  
3, Out-of-cell o i l  bath temperature control c i rcu i t  
4. Test specimen 
5, Current  reversing switch 
6, Battery, 6 V dc 
7, Ammeter, 0 to  5 A dc 
8, Variable resistor for current  adjustment, 

9, Current  l imi t ing resistor, 12 ohm 
10, Standard resistance, 0.001 ohm 
11, Double-pole, double-throw switch, El/E2 
12, Direct-current null detector 
13, Standard cell, 1.0 V dc 
14, Battery, 2.6 V dc 
15, Potentiometer, 0 to  1.6 V dc 
16, Knife-edge current  contacts 
17, Knife-edge potential contacts 
18, Onloff switch 
19, Temperature controller, 0" to 400" F 

20. Fractional horsepower motor 
21, Iron-constantan thermocouple 
22, Immersion heater, 200 W 
E l ,  Potential drop over fixed length of specimen 
E2, Potential drop over standard resistance 

1 t 0 3 1 A d c  
2 2  

(256 to 478 K) 

Figure 14. - Electrical resistivity measuring circuit. 

Stirrer-\ 
\ -  

Specimen clamping 

C-65962 

Figure 15. - In-cell f i x tu re  for  electrical resistivity measurements. 
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The test technique employed was similar to that used by others (refs. 15 and 16). The 
circuit diagram for the test apparatus is shown schematically in figure 14. This appa- 
ratus consists essentially of two parts: an in-cell fixture for test specimen installation 
and an out-of-cell control and measuring console. 

The in-cell fixture (fig. 15) was designed to accommodate both tensile and bend test 
specimens. The test specimen is first installed in the specimen clamping mechanism 
and then lowered, by the exterior lever arm, into an oil bath. The toggle lever is then 
moved to engage the test specimen with the electrical contacts. The knife edges of the 
potential contacts are fixed at a distance of 2.00 centimeters. Electrical resistance 
measurements are then made by a commercially available potentiometer and a 0. 001- 
ohm standard resistor. 

For  constant temperature control, measurements were made in a silicon fluid at 
100’ F (311 K). An immersion heater, placed horizontally along the bottom of the in- 
cell fixture tank, was controlled by a thermocouple mounted next to the test specimen 
and a temperature controller located on the out-of-cell instrument panel. An electric 
s t i r r e r  provided circulation of the oil around the test specimen and helped maintain a 
uniform temperature throughout the tank. 

and therefore preirradiation measurements were not obtained. 
electrical resistivity due to irradiation was calculated by using an average electrical re- 
sistivity value obtained from the set of unirradiated control specimens. 

The test equipment was not available prior to the irradiation of the test specimens 
Thus, the change in 

TEST RESULTS 

Neutron Flux 

The results of activation analyses of the flux monitor wires located along the irra- 
diation capsule centerline are tabulated in table II and plotted, relative to the reactor 
core horizontal midplane, in figure 16. Three additional flux profiles along the perim- 
eter of the irradiation capsule were planned. However, the omission of the flux monitor 
wires  during loading of the irradiation capsule prevented their determination. The inte- 
grated flux values (fluence) seen by each test specimen is tabulated in table III. Since 
the specimens are located outward from the irradiation capsule centerline, each should 
be corrected for flux gradient and tungsten perturbation. A variation in the B position of 
-1.6xlO 
square centimeter is indicated by the analysis of electrical resistivity data discussed in  
the section Electrical Resistivity. 

19 fast neutrons per square centimeter and -8. OXIO1’ thermal neutrons per 
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Figure 16. - Integrated fast and thermal neutron f lux (nvt) profiles along center- 
l ine  of irradiation capsule. Flux nvtxlOd. 

Tens i le Properties 

The tensile test data in table IV are plotted as a function of test temperature in fig- 
ure  17. Typical load-elongation curves for each test condition are shown in figure 18. 
The tensile data represent a single fracture within the gage length for all unirradiated 
test specimens and most of the irradiated test specimens. Double fractures did occur, 
however, during testing of three irradiated specimens. The irradiated test specimens 
were brittle; for example, five specimens were broken at room temperature during per- 
formance of nondestructive tests prior to tensile testing. 

the load-elongation curves. Yielding was generally a sharp transition followed by a 
Liiders strain region, although no drop in load occurred on yielding. For the unirradi- 
ated condition (fig. 18(a)), yielding occurred fo r  tests conducted at 400' F (477 K) and 
above. For the irradiated condition (fig. 18(b)), yielding did not occur up to and includ- 
ing 700' F (644 K). The yield point stress for the unirradiated condition (fig. 17(a)) de- 
creases linearly with increasing test temperature. Furthermore, the load-elongation 
curves (fig. 18(a)) show that the Luders strain region also decreased with increasing 
test temperature and was only slightly evident in the 700' (644 K) test data. 

The yield s t ress  data represent the point at which initial yielding was observed on 

The ultimate tensile strength data represent the maximum load, after yielding, di- 
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Figure 18. - Load as function of crosshead travel for unirradiated and irradiated tensile specimens. 

vided by the original cross-sectional area of the test specimen. Since yielding did not 
occur for the irradiated. condition, only unirradiated ultimate tensile strength data ap- 
pear in figure 17(a). The unirradiated ultimate tensile strength, which is nearly equal 
to the unirradiated yield point s t ress  at the 400' F (477 K) test temperature, decreases 
linearly, above about 500' F (533 K), with test temperature. The rate of decrease in 
ultimate tensile strength is less than the corresponding rate of decrease in yield point 
stress.  

measurable plastic deformation occurs at about 400' F (477 K), and at test temperatures 
of 600' and 700' F (589 and 644 K), the unirradiated test material exhibits plastic defor- 
mation characteristic of ductile material. 
failed without measurable plastic deformation at all test temperatures. 

The fracture stress (fracture load divided by test specimen area following fracture) 
is reduced by the irradiation exposure (fig. 17(a)) for all test temperatures. The frac- 
ture s t ress  of the irradiated material is, generally, greater than the yield point stress,  
but less  than the ultimate tensile strength of the unirradiated material. 

The reduction of area data (fig. 17(b)) show that, for  the unirradiated condition, 

For the irradiated condition, the material 
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Figure 19. - Photomacrographs of un i r rad iated and irradiated tens i le  specimens. 
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Figure 20. - Photomicrographs of unirradiated and irradiated tensile specimens. 
Etched with 75 grams of potassium ferricyanide (KgFe(CN)6) and 20 grams of 
sodium hydroxide in 500 cubic centimeters of water. X125. 
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Figure 19 shows photomacrographs of unirradiated and irradiated tensile specimens 
fractured at the various test temperatures. For the unirradiated condition, the ductility 
at the higher test temperatures is evident, showing surface strain marks and necking at 
700' F (644 K) prior to fracture. For the irradiated condition, all specimens show brit- 
tle fracture and no surface strain marks. 

Figure 20 shows photomicrographs of unirradiated and irradiated tensile specimens 
fractured at the various test temperatures. For the unirradiated condition, the micro- 
structure changes from an equiaxed grain structure at the lower test temperatures, to 
an elongated grain structure at the higher test temperatures. At the 500' F (533 K) test 
temperature, there is an indication of the elongated grain, but the predominant structure 
remains equiaxed. Similarly, the fracture mode in the unirradiated material changes at 
about 500' F (533 K), from brittle intergranular (low temperature type) to ductile trans- 
granular (high temperature type). 
temperatures; however, below 500' F (533 K), these microcracks a re  confined to indi- 
vidual grains immediately adjacent to the fracture. At 600' and 700° F (589 and 644 K), 
these transgranular microcracks traverse several grains, extending several grain diam- 
eters away from the fracture. 

Photomicrographs (fig. 20) for the irradiated condition show an equiaxed grain 
structure and brittle intergranular fracture over the entire range of temperatures inves- 
tigated. There is no apparent difference in the microstructures of the irradiated mate- 
rial tested at 400°, 600°, and 700° F (477,' 589, and 644 K). At 300' F (422 K), the ir- 
radiated test material shows transgranulaa microcracks located several grain diameters 
away from the fracture. At all test temperatures, the microstructure of the irradiated 
material is similar to the 300' F (422 K) microstructure of the unirradiated material. 

These tensile test results show that irradiation increases the yield point stress but 
decreases the grain boundary strength, as evidenced by the reduction in fracture stress, 
of polycrystalline tungsten. As a consequence of these effects, the temperature neces- 
s a r y  for ductile behavior is increased by at least 300' F (167 JK) from 400' F (477 K) to 
above 700' F (644 K). 

Transgranular microcracks are evident at all test 

Bend Properties 

The results of bend tests are shown in table V and are plotted as a function of irra- 
diation in figure 21. All specimens failed in a brittle manner with calculated bend angles 
less than 3'. 

The data in  table V indicate that electropolishing the test specimens prior to irradi- 
ation resulted in only a minor improvement in bend ductility. This is evidenced by a re- 
duction in data scatter and a slight increase, about 7 percent, in the extreme fiber 
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Figure 21. - Extreme fiber stress as function of integrated fast 
neutron flux. 

stress of the electropolished specimens. The irradiated test data, although subject to 
considerable scatter, show that irradiation decreases the extreme fiber stress.  

to be dependent on the integrated neutron flux. 
neutrons per square centimeter the reduction in extreme fiber stress is about 30 per- 
cent, and for 1 . 0 6 ~ 1 0 ~ ~  neutrons per square centimeter it is about 35 percent. 

Photomicrographs of bend specimens are shown in figure 22. These photomicro- 
graphs show that all fractures were brittle intergranular with only minor differences due 
to exposure and/or test condition. For the unirradiated material, the photomicrographs 
show transgranular microcracks in electropolished material but none in the as -ground 
and annealed material. Transgranular microcracking is associated with more ductile 
material. For the irradiated material, transgranular microcracking is not apparent, 
and grain boundary separation is considerably enhanced. These test results show that 
the irradiation decreased the grain boundary strength and thus lowered the extreme fiber 
stress.  

The data plotted in figure 2 1  show that the reduction in extreme fiber s t ress  appears 
19 For  neutron irradiations of 6.4~10 
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Figure 22. - Photomicrographs of un i r rad iated and irradiated bend specimens. Etched wi th  75 grams of potassium 
ferr icyanide (K3Fe(CN)6) and 20 grams of sodium hydroxide in 500 cubic centimeters of water. X250. 
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Dimensions 

Preirradiation measurements of test specimen dimensions are given in table VI 
along with the percent change due to irradiation exposure. 
are small but in most cases exceed the *O. 00001 inch (*0.00025 mm) uncertainty of 
measurement. 

tron flux. This figure shows that, following irradiation, tensile test specimen diameters 
decreased about 0.4 percent, bend test specimen diameters increased about 0.1 percent, 
and all test specimen lengths increased about 0.05 percent. 

The changes in dimensions 

The percent change data a re  plotted in figure 23 as a function of the centerline neu- 

Density 

Preirradiation determinations of the density and the change following irradiation ex- 
posure a re  compiled in table VII. Also included in this table a re  the measurements of 
the test specimen weights in air as well as the determination of test specimen volumes. 

These data show, with the exception of three bend test specimens, that density and 
weight in  air were decreased by the irradiation exposure. The changes a re  small but 
exceed the uncertainty of measurements (<O. 01 g/cm for density and <O. 0001 g for 
weight in air). The three bend test specimens mentioned previously showed a density 
increase following irradiation. 

In view of the decrease in  test specimen weights following irradiation, the postirra- 
diation volumes must be corrected before determining volume change due to irradiation. 
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Figure 24. - Density change as function of integrated fast neutron flux. 
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irradiation exposure are compiled in table VII. 

1 zx 

.,- I The data from table VII a re  plotted as a function of centerline flux in figures 24 
and 25 where it may be seen that the decrease in density, about 0.1 gram per cubic cen- 

density (fig. 24) does not appear to be strongly influenced by differences in integrated 
neutron flux. 
tegrated neutron flux. Up to about 5~10~' fast neutrons per square centimeter, the vol- 
ume apparently increases to some limiting value and then decreases with additional ir- 

timeter (or about 0.4 percent), is accompanied by volume expansion. The decrease in  f 
i 

Volume expansion (fig. 25(b)), however, does appear to depend on the in- i 
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radiation. At about 1 ~ 1 0 ~ '  fast neutrons per square centimeter, the volume change is 
essentially zero, and for greater exposures, the trend is not readily apparent since ten- 
sile test specimens show volume expansion, but bend test specimens show further vol- 
ume contraction. 

The weight change in air following irradiation exposure (fig. 25(a)) appears to de- 
crease linearly with increasing integrated neutron flux and also appears to be dependent 
on the surface area of the test specimen. 
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Electrical resistivity measurements, along with the change due to irradiation, a r e  
given in table VIII. In addition to measured values, a normalized value consists of di- 
viding the measured electrical resistivity by its corresponding postexposure density 
(table VII) value. The variation of electrical resistivity with density for unirradiated 
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Figure 26. - Electrical resistivity as function of exposure location. 
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tungsten is discussed by Smithells (ref. 17). 

irradiated in the B position of each capsule tier is significantly lower than that for ten- 

tivity data from table VIII are plotted according to specimen position in figure 26. This 
plot shows that the effect of irradiation on electrical resistivity depends on both the dis- 
tance above o r  below the horizontal midplane as well as the specimen position within a 
given tier. Furthermore, the shape of the family of curves (fig. 26) resembles the cen- 
terline flux profiles in figure 16. 

Inspection of table V I I I  shows that the electrical resistivity of tensile test specimens 

sile test specimens irradiated in the A and C positions. The irradiated electrical resis- 4 
4 
I 

In figure 27(a), the electrical resistivity data are replotted as a function of inte- 
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grated fast neutron flux as determined from the centerline flux profile of figure 16. The 
response curve shown in figure 27(a) is a straight line, f i t  by the method of least 
squares, and indicates that the electrical resistivity increases linearly with increasing 
integrated fast neutron flux. Figure 27(b) shows essentially the same response when the 
data are plotted against the integrated thermal neutron flux. 

Figure 27 also shows that, in all cases, the data for specimens located in position B 
of each capsule tier is low, as might be expected because of flux perturbations. Based 
on these data, it appears that the flux perturbation is greater for specimens located in 

19 position B and amounts to 1 . 6 ~ 1 0 ~ '  fast neutrons per square centimeter and 8. OX10 
thermal neutrons per square centimeter. 

DISCUSSION OF TEST RESULTS 

The ductile- to-brittle transition behavior of recrystallized tungsten, in the unirra- 
diated condition, is markedly dependent on factors which influence localized s t ress  con- 
centrations, crack initiation, and crack propagation. The literature contains numerous 
detailed discussions of the dislocation mechanics (e. g., refs.  1, 8, and 18 to 22), and 
the effects of variables which influence crack initiation and propagation (e. g., see refs. 
8 and 23 to 28). 

Test results from the present investigation show that, for an irradiation of about 
1x1020 fast neutrons per square centimeter, the ductile-to-brittle transition temperature 
is increased by at least 300' F (167 K). This increase in ductile-to-brittle transition 
temperature is accompanied by an increase in the temperature-dependent yield point 
s t ress  and decreases in the tensile fracture and extreme fiber bending stresses.  Fur- 
thermore, the irradiation effect appears to be the result of factors which decrease grain 
boundary strength (i. e. , enhance intergranular fracture) and inhibit transgranular 
fracture. 

Although the test program and test data obtained do not permit analyses of the basic 
mechanisms of the radiation-metal interactions, the effects associated with surface con- 
dition, impurities, and metallurgical defects warrant further discussion. 

Surface Cond i t ion  

Surface preparation can significantly influence the ductile-to-brittle transition be- 
havior of tungsten (e. g . ,  see refs. 9, 25, 29, and 30). 
gage sections were electropolished prior to testing to eliminate possible surface con- 
taminates and minimize surface roughness. 

For  this reason, test specimen 
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8 
1 

Diameter and weight measurements (tables VI and VII) showed that material had 
been lost from the specimen surfaces because of irradiation exposure and/or postirra- 
diation storage. These changes were small, but exceeded the uncertainty of measure- \Y 

i l i  

I ments and therefore appeared to be real. A s  a consequence of the surface material lost, 
the gage sections of the irradiated test specimens cannot be considered as having smooth 
electropolished surfaces. 5 

postirradiation storage prior to testing, corrosion is one of the more probable explana- 
tions of the observed changes. Corrosion of tungsten by the water environment was  not 
expected to occur and therefore deserves reevaluation, even though corrosion kinetics 
are beyond the scope of the present investigation. 

the following equations: 

7 In 

Since the test specimens were immersed in water during irradiation exposure and 

The corrosion of tungsten by water involves three equilibrium states indicated by 

W + 2H20 W02 + 2H2 (1) 

At 200' F (366 K), in the absence of irradiation, these oxidation-reduction reactions do 
not proceed at  a detectable rate (e. g., see refs. 6, 7, 17, and 31  to 34). If corrosion is 
the operating mechanism, the reaction rates for oxidation-reduction must be changed by 
the irradiation exposure. Experimental work by Smoluchowski and coworkers (refs. 35 
and 36) with high-energy protons shows that the electrode potential of recrystallized 
tungsten be comes more anodic when irradiated. Similar changes in reactivity would 
probably occur with neutron irradiation, although there are no known experimental in- 
vestigations to support this postulation. 

color transitions depending on the tungsten oxide (ref. 17): W02 is a dense, adherent 
oxide of chocolate-brown color, W4O11 is a dense, adherent oxide whose color is violet, 
and W03 is a highly porous, volatile oxide of yellow color. Visual inspection of the test 
specimens following irradiation showed no adverse effects due to water exposure. 
test  specimen gage sections appeared smooth, retaining their original ele ctropolished 
luster, and gave no evidence of color change which would indicate oxide formation. 
Therefore, the corrosion mechanism is not simply a change in reactivity, but rather re- 
quires some mechanism which oxidizes tungsten directly to the volatile W03 form and 
then removes this oxide. One possible reaction is nitric acid attack which readily con- 

The oxidation-reduction reactions (eqs. (1) to (3)) a r e  accompanied by characteristic 

The 
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verts tungsten to the yellow oxide (ref. 37): 

Water  dissociation and nitrogen fixation are well-known problems associated with oper- 
ating water-cooled nuclear power plants (e. g. , see refs. 38 and 39). Nitrogen fixation 
leads to the formation of nitric acid and the probable reaction noted in equation (4). The 
cooling water flowing during irradiation could easily remove the volatile W03. During 
postirradiation storage, the rate of the suggested reaction is essentially zero, and hence 
the absence of characteristic oxide colors can be explained. 

It therefore appears that the reduction in test specimen diameters and weights is 
primarily the result of an alteration of the exposure medium (water). 
a chemically etched surface condition is probably representative of the irradiated test 
specimens. 

chemical etching, on the ductile-to-brittle transition temperature of unirradiated tung- 
sten. H i s  test results show that chemical etching increases the ductile-to-brittle tran- 
sition temperature by 35' to 85' F (22 to 47 K). Embrittlement of the irradiated test 
material in the present program is therefore attributable, in part, to surface effects. 

measurable plastic deformation for sharply notched surface conditions of unirradiated 
tungsten. Since no measurable plastic deformation was observed fo r  the irradiated test 
material up to 700' F (644 K), the greater portion of the increase in ductile-to-brittle 
transition temperature, at  least 215' F (120 K), must be caused by mechanisms other 
than surface effects. 

As a consequence, 

Stephens (ref. 29) investigated the effect of various surface conditions, including 

It is significant to note, however, that at 500' F (533 K) Stephens (ref. 29) reports 

1 mpurities 

The adverse effect of impurities on the ductile-to-brittle transition behavior of un- 
7 irradiated tungsten is well known (e. g. , see refs. 1, 7, 8, 23, and 24). In general, im- 

purities may influence the transition behavior in one of two ways. They can increase 
dislocation pile up, and as a consequence, brittle fracture at lower temperatures. The 
transition from ductile to brittle behavior therefore occurs at higher test temperatures. 
The second general adverse effect is associated with the low solubility limits of tungsten 
for impurities. Here  impurities segregate to grain boundaries and lower the stress for 
crack initiation and propagation. 

irradiation increases the yield point s t ress  and decreases the grain boundary strength. 
A s  noted previously, the tensile test data for the present investigation indicates that 
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The test material used in the program was of commercial purity and contained small 
amounts of impurities, notably carbon (22 to 15 ppm), oxygen (11 ppm) and molybdenum 
(10 ppm). The 0. 125-inch (3.2-mm) rod material also contained 18 ppm of sulfur while 
the 0.500-inch (12.7-mm) rod material contained 10 ppm of aluminum. In addition to 
impurities present in the unirradiated material, transmutation of about 1 percent of the 
tungsten to rhenium occurred as a result of neutron capture during irradiation. 

transition behavior of polycrystalline tungsten. Stephens (ref. 40) reports that with in- 
creasing carbon impurity content between 8 and 60 ppm, the strength and ductile-to- 
brittle transition temperature increase correspondingly . Test data, the ductile - to - 
brittle transition temperature and the strength values, reported herein for material con- 
taining 22 ppm carbon fall intermediate to Stephens' materials containing 8 and 36 ppm 
carbon impurities. 

Stephens (ref. 40) also shows that the fracture mode associated with carbon impuri- 
ties is predominately transgranular. 
reported herein also show, particularly at the higher test temperatures, that fracture is 
predominately transgranular. For  the irradiated material, the fracture is predomi- 
nately intergranular. This intergranular fracture mode and the increase in fracture 
s t ress  of the irradiated material suggests that transgranular crack initiation due to car- 
bon impurities has been impeded by defects introduced by irradiation. Additional sup- 
port for this effect may be seen in the photomicrographs. For the unirradiated condi- 
tion, large inclusions, precipitates, and second phases at the grain boundaries may be 
observed. The photomicrographs of the irradiated material, however, show precipitates 
which appear to be held within the grain. 

Oxygen. - Recent experimental data by Stephens (refs. 40 and 41) show that oxygen 
is a significant factor in ductile-to-brittle transition behavior. With increasing oxygen 
content between 4 and 50 ppm, the ductile-to-brittle transition temperature of polycrys- 
talline tungsten increased proportionally. This increase in ductile-to-brittle transition 
temperature was accompanied by corresponding decreases in yield strength. The frac- 
ture mode was predominately intergranular over the temperature range up to 1000° F 
(811 K). 

The test material for the program reported herein contained 11 ppm oxygen impur- 
ity, and test results for unirradiated material a re  in agreement with Stephens' data. 
Although the test results for the irradiated material show a reduction in grain boundary 
strength, the low level of oxygen impurity and the increase in yield strength do not favor 
oxygen impurities as contributing significantly to the fracture mechanism. 

Miscellaneous. - - Of the other impurities present in the test material, aluminum 
may be effective in influencing ductile-to-brittle transition behavior since 30 ppm of alu- 
minum impurity is known to influence the recrystallization behavior of tungsten (ref. 8). 

Carbon. - Low levels of carbon impurity are known to affect the ductile-to-brittle 

Photomicrographs of the unirradiated test material 
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Hydrogen and nitrogen may also influence the ductile-to-brittle transition behavior 
(ref. 23), but their contents in the material were not determined. The absence of data 
precludes discussion of the effects of these impurities, although by analogy, the effect of 
aluminum would probably be similar to carbon, while hydrogen and nitrogen would be 
similar to oxygen. 

tation of tungsten to rhenium occurs as a result of neutron capture during the irradiation. 
For the irradiation employed herein, about 1 percent of the tungsten would undergo 
transmutation to rhenium. Moteff and Smith (ref. 42) performed annealing experiments 
on similar test material which had been irradiated under conditions similar to those re- 
ported herein. The results of these annealing experiments show that the electrical re- 
sistivity of irradiated material, following high-temperature anneals (2 170 K), is greater 
than the unirradiated material and corresponds to the electrical resistivity of a 
tungsten - l-percent-rhenium alloy. 

approximately 10 microhm- centimeters, which corresponds to that of tungsten - 
3 percent rhenium (ref. 5). Since calculations by the authors and annealing experiments 
by Moteff and Smith indicate that transmutations correspond to only tungsten - 1 percent 
rhenium, the additional electrical resistivity increase is probably the result of metal- 
lurgical defects other than impurities. 

It is interesting to note that density measurements (table VII) on bend test specimens 
irradiated in tier 6 of the irradiation capsule show an increase in density, while all other 
measurements show decreases in density. These specimens were subjected to the high- 
es t  level of neutron flux, and calculations are in agreement with the density of tungsten - 
1 percent rhenium. The reason for this anomalous behavior is not apparent from exper- 
imental results. 

Rhenium. - In addition to impurities present in the unirradiated material, transmu- 

The measured value of electrical resistivity for irradiated specimens (table VIII), is 

The significance of transmutation to the present discussion lies in the effects rhe- 
nium impurities have on the strength and ductile-to-brittle transition behavior of tung- 
sten. Alloying of unirradiated tungsten with rhenium has increased the strength and low- 
ered the ductile- to-brittle transition temperature for rhenium additions up to about 
28 percent, the solubility limit (refs. 23 and 43). When subjected to irradiation, the 
material does increase in strength, but the ductile-to-brittle transition temperature also 
increased, which is contrary to the expected effect for alloying unirradiated material. 
The beneficial effect of rhenium in decreasing the ductile-to-brittle transition tempera- 
ture may well be masked by other more detrimental effects leading to the decrease in 
grain boundary strength. 

that introduced by transmutation appear to contribute to the strength increase observed 
In view of the preceeding discussion, the impurities present in the test material and 
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in the irradiated material but ~~ do not explain the loss of grain boundary strength and - -  the 
increase in ductile-to-brittle transition temperature. 

Metallurgical Defects 

The tungsten used in the present test program was prepared by powder metallurgy 
techniques. The metallurgical state therefore contains grain boundary voids, attribut- 
able to the sintering process (e. g., see  refs. 44 to 46). Electron microscope (refs. 47 
and 48) and field ion microscope (refs. 49 and 50) studies of unirradiated tungsten show 
that voids ranging in  size from a few angstroms to several hundred angstroms in  diam- 
eter are also distributed within the grain as well as along grain boundaries. 

Subjecting unirradiated material to elevated temperatures produces void coalescence 
and diffusion with reaction rates being dependent on many factors including fabrication 
history, time, temperature, and stress gradients. McCoy and Stiegler (refs. 51 and 52) 
studied the nucleation and growth of voids in unirradiated tungsten following creep rup- 
ture tests at elevated temperatures (1923 and 2475 K). Their results for material which 
had been fabricated by chemical vapor deposition show a network of large voids distrib- 
uted throughout the grains and along grain boundaries. Lesser effects were observed for  
sintered material. 
part by stress-induced diffusion of vacancies into the voids. 

in coalescence of voids and/or other defects and diffusion of these defects to the grain 
boundaries. Reaction rates are again dependent on many factors including time, tem- 
perature, and s t ress  gradients. The coalescence and diffusion of defects to the grain 
boundaries could also account, in part, for the observed grain boundary weakening. 

Photomicrographs of the test material used herein do not show the presence of voids. 
However, the preirradiation density, about 19.2 grams per cubic centimeter, represents 
a void volume of about 0. 5 percent, based on a theoretical density of 19.3 grams per 
cubic centimeter. Minor variations a re  also evident between individual test specimens. 
Following irradiation, the density decreased by about 0.4 percent, and analysis of the 
test data indicates that the decrease is the result of volume expansion. 

The irradiated tensile data at 500' F (533 K) exhibit scatter which may well be dif- 
fusion dependent. These tests employed a soaking time at test temperature of only 
10 minutes. Several investigators (e. g., refs. 8, 18, 42, and 54 to 56) have pointed out 
that structural defects a r e  mobile at 500' F (533 K) and therefore different results may 
be observed for longer soaking times at test temperature. 

Void growth could account for the observed effects; however, the void volume size 
is too small to be detected by the optical microscope studies employed herein, and con- 

These researchers attributed the growth of voids to be caused in 

During irradiation, diffusion- controlled reactions may be altered (ref. 53) resulting 

I- 
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elusive evidence is not apparent. 
Defects other than voids are also present in crystalline materials, and irradiation 

introduces additional defects. Point defects, dislocation loops, and various types of de- 
fect clusters, introduced by irradiation have been cited as the mechanisms responsible 
for property changes (e. g., see refs. 57 to 61). When confined within the grains, these 
defects can promote lattice expansion (hence volume expansion), as well  as influence 
dislocation pile up, which directly or indirectly can cause the strength of the metal to 
increase. Lattice expansion and dislocation pile up would also change the state of stress 
along grain boundaries and thereby contribute to the reduction in grain boundary strength. 

The increase in electrical resistivity of the irradiated material (fig. 27) was previ- 
ously discussed with regard to impurities. Here it was noted that, although some of the 
increase could be accounted for by transmutation of tungsten to rhenium, the greater 
percentage of the increase must be the result of metallurgical defects other than impur- 
ities. Void growth might be expected to account for an additional amount of the increase, 
but data reported by Smithells (ref. 17) shows essentially no change in electrical resis- 
tivity for  unirradiated material of 18.45 to 19.23 grams per cubic centimeter density. 
It therefore appears that various solid-state defects a r e  major contributors to the in- 
crease in electrical resistivity following irradiation. Other investigators (e. g. , see 
refs. 54, 55, and 62 to 64) have observed similar increases in electrical resistivity of 
tungsten following irradiation and have drawn similar conclusions. 

The results of irradiation studies reported by Gray and Cummings (ref. 65) on poly- 
crystalline molybdenum are particularly noteworthy since tungsten and molybdenum ex- 
hibit similar characteristics. The crystalline structures and lattice parameters of these 
two metals a r e  also nearly identical. Test results reported by Gray and Cummings show 
that for irradiation exposures up to about 5 ~ 1 0 ~ ’  fast neutrons per square centimeter at 
about 3 10 K, the lattice parameter of molybdenum increases with irradiation exposure. 
The increase in lattice parameter reaches a maximum of about 0.05 percent at  about 
5x10 fast neutrons per square centimeter and then decreases with further irradiation. 
For  an irradiation exposure of 1 . 1 ~ 1 0 ~ ~  fast neutrons per square centimeter, there was 
essentially no change in the lattice parameter, and for 1. 2X1020 fast neutrons per square 
centimeter, a decrease of about 0.005 percent occurred. Corresponding data show the 
X-ray line width to increase continuously with irradiation to 1. 2X1O2O fast neutrons per 
square centimeter. These effects are interpreted to be caused by the influence of point 
defects up to about 5 ~ 1 0 ~ ’  fast neutrons per square centimeter and then the influence of 
interstitial cluster growth for exposures greater than 5x10’’ fast neutrons per square 
centimeter. 

The test data reported herein exhibit characteristics similar to those of the molyb- 
denum studied by Gray and Cummings. The expansion in dimensions and volume are in 
agreement with lattice parameter increases of about 0.05 percent. At about 5 ~ 1 0 ~ ’  fast 
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neutrons per square centimeter, the increase in volume due to irradiation appears to be 
a maximum. For irradiation exposures greater than about 5 ~ 1 0 ~ '  fast neutrons per 

20 square centimeter, the change in volume decreases and becomes zero at about 1 . 1 ~ 1 0  
fast neutrons per square centimeter. Although this comparison is qualitative, it sug- 
gests that defect clusters are primarily responsible for producing the observed property 
changes. 

jected to reactor irradiation of about lo2' fast neutrons per square centimeter is 
strengthened by transmutation of tungsten to rhenium and by the introduction of point de- 
fects and/or defect clusters. These defects promote lattice expansion which produces 
s t ress  concentrations along grain boundaries and contributes to a reduction in grain 
boundary strength. Void growth may also be influential in contributing to these effects; 
however, photomicrographs and electrical resistivity data indicate that void growth is 
not apparent and probably would account for only a small percentage of overall effect. 

In view of the preceding discussions, i t  appears that polycrystalline tungsten sub- 

SUMMARY OF RESULTS AND CONCLUSIONS 

The effect of reactor irradiation on embrittlement of polycrystalline tungsten has 
been investigated by comparing ductile-to-brittle transition behavior of unirradiated and 
irradiated material. Tensile tests conducted in the range 300' to 700' F (422 to 644 K) 
were used to determine ductile-to-brittle transition behavior. Bend tests were also con- 
ducted at  room temperature with both unirradiated and irradiated material to provide 
additional data for investigating irradiation embrittlement. 

1x10 fast neutrons per square centimeter (neutron energy greater than 1 MeV) is se- 
verely embrittled. The ductile-to-brittle transition temperature for the irradiated ma- 
terial increased by at least 300' F (167 K) and was accompanied by an increase in the 
temperature-dependent yield point s t ress  and decreases in the tensile fracture and ex- 
treme fiber bending stresses.  The embrittlement appears to be the result of factors 
which decrease grain boundary strength and inhibit transgranular fracture. 

Additional radiation effects data were obtained for changes in specimen dimensions, 
density, and electrical resistivity. The changes in specimen dimensions following ir- 
radiation were small but were greater than the uncertainty of measurement. Test spec- 
imen lengths increased while diameters decreased. 
lieved to be the result of radiation-induced oxidation which probably masked the real ef- 
fect of irradiation on the material. 

Test specimen densities decreased (of the order of 0.4 percent) as a result of irra- 
diation exposure, although one set  of test specimens showed the density to increase. 

Tensile and bend test results show that recrystallized tungsten irradiated with 
20 

The decrease in diameter is be- 
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When corrected for the loss of material due to probable radiation-induced corrosion, the 
volume of each irradiated test specimen was greater than its corresponding unirradiated 
volume, with the exception of the one set of specimens which showed an increase in den- 
sity. The volume of these specimens decreased as a result of the irradiation exposure. 

Test specimen electrical resistivity increased linearly with irradiation exposure. 
This increase was 87 percent at the highest level of irradiation. 

The results from specimen dimensions, density, and electrical resistivity were 
used in an analysis to identify the probable mechanism responsible for the embrittlement 
observed in the tensile and bend tests. This analysis shows that the embrittling mecha- 
nism is not a simple, unique defect, but rather a number of defects whose influences are 
synergistic and depend on diffusion- controlled reactions. The principal conclusions 
drawn from this analysis are as follows: 

This effect is believed to be caused by an irradiation-induced alteration of the exposure 
medium (water). 

2. A s  a result of the surface roughening, the change in ductile-to-brittle transition 
temperature of irradiated material should be reduced by about 85' F (47 K). Thus, an 
adjusted increase in ductile-to-brittle transition temperature of irradiated material 
would be at least 215' F (120 K) rather than the 300' F (167 K) previously noted. 

3. Transmutations of tungsten to rhenium occurred as a result of irradiation. The 
irradiated material is believed to represent a tungsten - 1-percent-rhenium alloy rather 
than unalloyed tungsten. 

increase, as was observed, but the ductile-to-brittle transition should decrease, rather 
than increase as the test data show. 

During irradiation, voids probably grow, but test data do not provide conclusive evidence 
as to the size, distribution, and growth kinetics of these voids. The contribution of void 
growth to the embrittlement observed is believed to be of only minor significance. 

6. The effect of point defects, dislocation loops, and various defect clusters intro- 
duced by irradiation appear to be explained best by the yield point s t ress  increase and 
the loss of grain boundary strength resulting in decreased tensile fracture and extreme 
fiber bending stresses. These defects can also account for the increase in ductile-to- 
brittle transition temperature. 

sten with lo2' fast and 1021 thermal neutrons per square centimeter produces a very 

1. The test specimen surfaces were  roughened from corrosion during irradiation. 

4. A s  a result of rhenium additions to tungsten, the strength of the material should 

5. The test material contained about 0. 5 percent void volume prior to irradiation. 

It may be concluded, therefore, that irradiation of unalloyed, polycrystalline tung- 
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brittle tungsten - 1-percent-rhenium alloy. The strength of this alloy is greater than 
the starting material, but because of the presence of irradiation-induced point defects, 
dislocation loops, and various defect clusters, the grain boundary strength of the alloy is 
lower than the starting material. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, March 22, 1968, 
122 -29-05-01-22. 
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APPENDIX A 

ACTIVATION EQUATION FOR CALCULATING THERMAL NEUTRON FLUX 

The thermal neutron flux was calculated from the cobalt 59 (neutron, gamma) co- 
balt 60 (Co 59 (n, y )  Co 60 ) reaction by using the activation equation modified for burnup of 

Co5' and Co60 (ref. 66). This equation is 

where 

A60(T, t, 

NO 

O59 

O60 

' 60 

q th 
T 

t 

Co60 activity, dis/sec/flux monitor wire  

number of Co5' atoms in flux monitor wire  at time zero 

thermal neutrons cross section for Co5', 37 b 

thermal neutron cross section for Co60, 6 b 

decay constant of Co60, 4. 1 8 ~ 1 0 - ~ / s e c  

thermal neutron flux, neutrons/(cm )(sec) 

irradiation time, sec 

elapsed time between discharge from reactor field and counting, sec  

2 
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APPENDIX B 

ACTIVATION EQUATION FOR CALCULATING FAST NEUTRON FLUX 

The fast neutron flux greater than 1 MeV was calculated from the nickel 58 (neutron, 
proton) cobalt 58 (Ni ) reaction by assuming a fission-neutron spectral shape, 
with modification for nuclear isomerism and burnup of Co58m and C058 (refs. 66 and 67). 
The equation used was as follows: 

58 58 (n, p) Co 

where 

A58(T, t) C058 activity, dis/sec/flux monitor wire 

('5 8 m),Noqf 
1 

N58m 0.693 h*58m 

where 

number of Ni58 atoms in flux monitor wire at time zero 

fission neutron cross section for production of Co58m, 2, m 

fission neutron cross section for production of C O ~ ~ ,  63 mb 

NO 

) ('58m 

(' 5 8)f 

3 
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) thermal neutron cross  section of Co58m, 1 . 7 ~ 1 0  5 b 

thermal neutron cross section of C O ~ ~ ,  1.65X10 3 b 

(O58m th 

(O58Ith 

A 58m 

58 

decay constant of C O ~ ~ ,  2. 14x105/sec 

decay constant of C O ~ ~ ,  1 . 1 3 ~ 1 0 - ~ / s e c  
fast neutron flux, neutrons/(cm 2 )(sec) 

thermal neutron flux, neutrons/(cm 2 )(sec) 
‘pf 

‘pth 
T irradiation time, sec 

t elapsed time between discharge from reactor field and counting, sec 
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TABLE I. - SPECTROGRAPHIC AND CHEMICAL 

ANALYSIS OF TUNGSTEN SPECIMENS 

Element 

Aluminum 
Boron 
Carbon 
Calcium 
Cobalt 

Chromium 
Copper 
Iron 
Potassium 
Manganese 

Molybdenum 
Sodium 
Nickel 
Oxygen 
Phosphorous 

Lead 
Sulfur 
Silicon 
Tin 
Thorium 
Tungsten 

. .~ . -. - - ._ 

Composition, ppm 

rensile specimensa 
__ .- _ _  ~ 

10 
% D < 2  

22 
ND < 10 
------- 

N D <  5 
2 
5 

ND < 10 
N D <  1 

10 
ND < 10 

5 
11 

ND < 20 

N D  < 10 
ND < 10 

NB < 3 
N D <  5 

ND < 30 
Bal. 
-~ 

- . _ _  

3 
N D < 2  

15 
ND < 10 

N D <  1 

N D < 5  
ND< 1 

7 
ND < 10 

N D < 1  

10 
ND < 10 

N D < 2  
- - - - - - - 
ND < 20 

N D <  10 
18 

N D < 3  
N D < 5  

ND < 30 
Bal. 

b Bend specimens 
- 

aO. 500-in. - (12.7-mm-) diameter  rod. 

‘ND < indicates not detected, l e s s  than value given. 
125-in. - (3.2-mm-) diameter  rod. 
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TABLE II. - INTEGRATED NEUTRON FLUX 

PROFILES ALONG CENTERLINE OF 

PLUM BROOK REACTOR LATTICE 

POSITION 

I Irradiation 

t i e r  
capsule 

number 

b 

r Bottom r %ee Bottom fig. 16. 

Distance f rom 
reactor  core 

horizontal 
midplane 

in. 

9. 0 
5. 6 
2. 6 
-. 4 

-2.9 
-5.4 
-7.9 

-10.4 
-12.9 
-15.3 

11. 0 
7. 6 
4. 6 
1. 6 

-1 .4 
-3 .9 
-6. 4 
-8. 9 

-11.4 
-14.3 

cm 

22.9 
14.3 

6.7 
-1 .0 
-7.3 

,13.7 
.20.0 
.26.4 
.32.7 
.38. 7 

27.9 
19.4 
11. 8 
4 . 1  

-3 .5 
-9. 8 
.16.2 
,22.5 
.28.9 
.36.2 

Integrated neutron 
flux, 

neu t r ons/cm 2 

0. 7X1020‘ 
2. 5 
3 . 1  
3. 6 
3. 8 
3. 6 
3.2 
2 .4  
1.7 

. 9  . 

Therma 

1. 5 x d 9  
5. 5 
7. 9 

LO. 7 
LO. 7 
LO. 7 
LO. 1 
8. 8 
5. 6 
2.2 

FastC 

‘Neutron energy g rea t e r  than 1 MeV. 
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TABLE m. - TEST SPECIMEN INTEGRATED NEUTRON  FLUX^ 

Irradiation 
capsule t ie r  

number 

a 
7 
6 
5 
4 
3 
2 
1 

C Distance from reactor Integrated neutron flux, 
core horizontal 

midplane 

in. cm 

neutrons/cm 2 

Fastd Thermal  

6. 6 16. 8 6. &lo1’ 2 . 0 ~ 1 0 ~ ~  
3. 6 9. 1 9.4 3.0 
.6 1. 5 10. 6 3.7 

-2.2 -5. 5 10.7 3.8 
-4.7 -11.7 10. 6 3.7 
-7.2 -18.2 9.7 3.3 
-9.7 -24.5 7.7 2.7 

-12.2 -30.9 4. 6 1.9 
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'ABLE IV. - TENSILE PROPERTIES~ OF TUNGSTEN 

Specimen 
numberb 

T- 52 
T-49 
T-43 
T-42 
T-40 

CT-55 
CT-56 
CT-60 
T- 54 
T-41 

CT-5 
CT-6 
CT-58 
T-44 
T-45 

CT-7 
CT-8 
CT-9 
T-46 
T-47 
T-48 

CT-10 
CT- 11 
CT-12 
T-50 
T- 51 

CT-13 
CT-15 
CT-59 
T- 53 

Irradiation 
capsule 

location' 

Integrated 
fastd neutron 

ieutrons/cm2 
flux, 

4. 6X1Ol9 
7.7 

10.6 
10.7 
10.7 

0 
0 
0 
4 . 6 ~ 1 0 ~ '  

10.7 

0 
0 
0 
IO. 6 x 1 0 ~ ~  
10. 6 

0 
0 
0 
9 . 7 ~ 1 0 ~ ~  
9.7 
9.7 

0 
0 
0 
7 . 7 ~ 1 0 ~ ~  
7.7 

0 
0 
0 
4. 6X1Ol9 

Test 
emperature 

Yield point 
s t ress  

Ultimate tensile Fracture 
s t ress  

:eduction 
,f area, 
percent 

Type of 
racture' 

S 
S 
S 
S 
S 

S 
S 
S 
D 
D 

S 
S 
S 
S 
S 

S 
S 
S 
S 
S 
S 

S 
S 
S 
D 
S 

S 
S 
S 
S 

stri 

N/cm2 

(1 
psi 

(I 
N/cm2 psi N/cm2 OF 

zol 
3l 
1 
1 
1 

400 

500 

600 

700 

K 

Xoom I 
1 
1 
5 l  
5l 

422 

477 

66. 5X103 
70. 5 
69. 5 
49. 4 
47. 8 

67.7 
66. 5 
64.4 
56. 5 
58. 3 

, - - - - - - - - 
67. 6X103 
69. 1 
61. 4 
55. 6 
48. 7 

.07. 5 
90. 0 
86. 3 
70. 4 
66. 7 

.28.0 

.25. 3 

.34.0 
37.1 

L5. 9x103 
L8.6 
L7. 9 
14. 1 
13. 0 

16.7 
L5. 9 
14. 4 
19.0 
LO. 2 

. - - - - - - - 
16. 6X103 
L7.6 
12. 3 
18. 3 
13.6 

14. 1 
i2. 1 
i9. 5 
18. 5 
L6. 0 

18.3 
16.4 
12.4 
!5. 6 

0 
---- 

0 
0 
0 

. 9  

.7 
1. 1 
0 
0 

_--- 
3.2 
6. 0 
0 
0 
0 

49. 3 
33.2 
33.2 

0 
0 

67. 7 
67. 7 
67. 7 
0 

0.9x10: 

7.7X10: 
'1. 5 
8.4 

2. 9x103 
5. 5 
3.4 

_ _ _ _ _ _ _  
5.2x10: 
9.8 
3.8 

4 . 3 ~ 1 0 ~  
7.4 
3 .3  

4 . ~ ~ 1 0 ~  
5. 1 
5. 4 

aSee fig. 17. 
bCT-XX indicates unirradiated (control) tungsten tensile specimen; T-XX indicates irradiated tungsten tensile specimen 

2:: Z l A L  
eS indicates single fracture; D indicates double fracture. 
fSpecimen fractured in handling after irradiation. 
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Specimen 
b number 

C-116-T 
C-117-T 
C-118-T 

89-T 
90-T 
91-T 

C-61-T 
C-62-T 
C-63-T 

7-T 
8-T 
9-T 

10-T 
11-T 
12-T 

rABLE V. - EXTREME FIBER STRESSa OF TUNGSTEN 

Surface 
finish 

Jnpolished I 
Irradiation 

:apsule location' 

T ier  
lumber 

Integrated 
fast d neutron 

flux, 
ieutrons/cm 2 

~- 

0 
0 
0 

9. 4 x d 9  
9 .4  
9 .4  

0 
0 
0 

6. &lor9 
6. 4 
6. 4 

10. 6 
10. 6 
10. 6 

.. 

Extreme fiber 
s t r e s s  

psi  

1 3 8 . 3 ~ 1 0 ~  
141.0 
147.4 

92.3 
87. 1 

103.2 

1 5 4 . 0 ~ 1 0 ~  
154.0 
151.0 

113. 5 
90.2 

114.7 

92. 6 
93.2 
99. 9 

N/cm2 

9 5 . 2 ~ 1 0 ~  
97.2 

101.6 

63. 6 
60. 1 
71. 2 

1 0 6 . 2 ~ 1 0 ~  
106.2 
104.1 

78. 3 
62.2 
79. 1 

63. 9 
64. 3 
68. 9 

.. . .- 

%ee fig. 21. 
bC-XXX-T indicates unirradiated (control) tungsten bend specimen; XX-T 

indicates i r radiated tungsten bend specimen. 
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TABLE VI. - CHANGE IN TUNGSTEN TEST SPECIMEN DIMENSIONS~ 

change, d numberb capsule location' fast neutron change. 

I . -  
irradiation irradiation irradiation irradiation ~- 

-.01041 
.00711 

T- 52 
T- 53 
T- 54 

7-T 
8-T 
9-T 

T-49 
T- 50 
T-51 

89-T 
90-T 
91-T 

T-46 
T-47 
T-48 

T-43 
T-44 

T-41 
T-42 

-.36 
.24 

1 
1 
1 

8 
8 
8 

2 
2 
2 

7 
7 
7 

3 
3 
3 

4 
4 
4 

6 
6 
6 

5 
5 

A 
B 
C 

D 
E 
F 

A 
B 
C 

D 
E 
F 

A 
B 
C 

A 
B 
C 

D 
E 
F 

A 
B 

5 1  C 

4. 6x10l9 
4.6 
4. 6 

6.4 
6.4 
6.4 

7.7 
7.7 
7.7 

9.4 
9.4 
9.4 

9.7 
9.7 
9.7 

10. 6 

1 
10.7 
10.7 
10.7 

2.50590 
2.50101 
2 .  50515 

2.86732 
2.86787 
2.86715 

2.50503 
2.49622 
2.50023 

2.88067 
2.87841 
2.87982 

2.50014 
2.49951 
2.50284 

2.49937 
2. 50266 
2. 50164 

2.86475 
2.86358 
2.86395 

2.50237 
2. 50203 
2. 50033 

0.00081 63.64986 0.02057 0.032 0.18992 
.00034 63. 52565 .00864 .014 . 19027 
.00093 63.63081 .02362 .037 . 18983 

.00189 72.82993 .04801 .066 .11488 

.00148 72.84390 .03759 .052 .11460 

. O O l l O  72.82561 .02794 . 038 . 11472 

.00125 63.62776 .03175 .050 .19012 

.00085 63.40399 .02159 .034 , 19018 

.00122 63.50584 ,03099 .049 . 19003 

.00141 73.16902 .03581 .049 . 12513 

.00119 73.11161 .03023 .041 . 12540 

.00112 73. 14743 .02845 ,039 .12531 

.00129 63. 50356 .03277 .052 . 18990 

.00089 63.48755 .02261 ,036 . 18954 

.00105 63.57214 .02667 .042 , 18976 

.00134 

.00205 

.00136 

.00154 

.00163 

.00172 

------- 
0.00103 
,00102 

63.48400 .03404 
63. 56756 .05207 
63.54166 .03454 

,054 .19011 
.082 . 18978 
.054 . 19019 

.054 . 11497 

.057 . 11482 1 . 11398 

AM: 

----- . 19004 
0.041 .18996 

. 19006 

aAll measurements made at room temperature; see fig. 23. 
bT-XX indicates irradiated tungsten tensile specimen; XX-T indicates irradiated tungsten bend specimen. 

u1 
u1 

-0.00082 4.82397 
-. 00047 4.83286 
-. 00088 4.82168 

.00012 2.91795 

.00014 2.91084 

.00023 2.91389 

-. 00112 4.82905 
-. 00041 4.83057 
-. 00098 4.82676 

. 00020 3.17830 

.00015 3.18516 
-. 00011 3.18287 

-. 00109 4.82346 -. 00063 4.81432 
-. 00098 4.81990 

-. 00056 4.82879 
-. 00071 4.82041 
-. 00124 4.83083 

-. 00041 2.92024 
.00028 1 2.91643 



TABLE M. - CHANGES IN TUNGSTEN TEST SPECIMEN DENSITY, WEIGHT, AND  VOLUME^ 

Specimer 
numberb 

T- 52 
T-53 
T-54 

7-T 
a-T 
9-T 

T-49 
T-50 
T-51 

89-T 
90-T 
91-T 

T-46 
T-47 
T-48 

T-43 
T-44 
T-45 

10-T 
11-T 
12-T 

Irradiation 
apsule location' 

Tier 
umbe 

1 
1 
1 

8 
8 

~ 

a 

2 
2 
2 

7 
7 
7 

3 
3 
3 

4 
4 
4 

6 
6 
6 

5 
5 
5 

~ 

Tier  
)osition 

A 
B 
C 

D 
E 
F 

A 
B 
C 

D 
E 
F 

A 
B 
C 

A 
B 
C 

D 
E 
F 

A 
B 
C 

~ 

Integrated 
neutron flux, 

fastd 
ieutrons/cm2 

4. 6X1019 
4.6 
4.6 

6.4 
6.4 
6.4 

7.7 
7. 7 
7.7 

9.4 
9.4 
9.4 

9.7 
9.7 
9.7 

10.6 

1 
10.7 
10.7 
10.7 

____ 

Density at 68' F 
(293 K), g/cm3 

Pre-  
rradiatior 

19.223 1 
- - - - - - - 
- - - - - - - 
19.1915 
19.1812 
19.1690 

19.2490 
19.2401 
19.2381 

19.2399 
19.2533 
i9.22a1 

19.2392 
19.2362 
19.2330 

19.2354 
19.2423 
19.2294 

19.1826 

19.1794 

19.2346 
19.2419 
19.2411 

19.2823 

_= 

Jhange 

0.3274 
---_-_ 
_--___ 

0.1318 
-. 1167 
-. 1220 

-. 1064 
-. 0759 
-. 0422 

-. 0668 
-. 0803 
-. 1238 

-. 0561 
-. 0322 
-. 0148 

-. 1783 
-. 1420 
-. 0904 

. a 8 2  

. o ~ a  

.2080 

_--___ 
I. 0704 

Weight in air, g 

T-40 
T-41 
T-42 

bT-XX indicates irradiated tungsten tensile specimen; XX-T indicates irradiated tungsten bend specimen. 

21: ;le7&. 
ePreirradiation weight in air divided by preirradiation density. 

Pre-  
rradiatior 

74.4490 
74.2893 
75. a360 

9.3536 
9.2563 
9.2600 

74.2563 
73.7262 
14.2756 

11.2071 

11.2137 

74.2553 
74.1451 

ii.189a 

74.1578 

73.8214 
73.8507 

74. 1305 

9.2685 
9.2761 
9.1584 

14.4394 
74.3559 
74.4995 

Jhange 

0.3425 
-.2759 
-. 3834 

0.0349 
-. 0424 
-. 0353 

-. 3724 
-. 3270 
-. 3801 

-. 0647 
-. 0601 
-. 0623 

-. 4792 
-. 3451 
-. 4034 

-. 4827 
-. 3463 
-. 4330 

. .0702 
-. 0450 
-. 0524 

I. 3481 

Pre-  
.rradiation' 

3.8729 
------ 
_ _ _ _ _ _  
0.4874 

.4826 

.4a3i  

3. a511 
3.8319 
3.8609 

. 5825 

.sa12 

.sa32 

3.8596 
3.8545 
3. a558 

3.8393 
3. 8364 
3.8551 

.4832 

.4811 

.4775 

-_____ 
3.8643 
-_-_-- 

Volume, cm3 
~ 

Post- 
rradiatior 
changef 

0.0490 
------ 

0.0015 
.0007 
.0012 

.0020 
-. 0019 
-. 0114 

-. 0014 
- .0007 

.0005 

-. 0137 
-. 0116 
-. 0181 

.0142 

-. 0045 

-. 0103 
-. 0030 

-. oiao 

-. 0078 

. - - - - - - 

.o. 0040 

. - -- - - - 

Specific 
reight lost 
changeg 

0.0178 

------ 

0.0018 
.0022 
.0018 

.0193 

.0110 

.Olga 

.0034 
.0031 
.0032 

.0249 

.0179 

.0210 

.0251 

.0225 

.0037 

.0023 

.0027 

. oiao 

------ 
0.0181 
------ 

Jorrectec 
changeh 

0.0668 
_ _ _ _ _ _  
-_____ 

0.0033 
. OM9 
.0030 

.0213 

.0151 

.0084 

.0020 
.0024 
.0037 

.0112 

.0063 

.0029 

.0393 

.o leo  

-. 0066 
-. 0007 
-. 0051 

0 

------ 
0.0141 
------ 

'Preirradiation weight in air divided by preirradiation density minus postirradiation weight in air divided by postirradiation density. 
gPreirradiation weight in air minus postirradiation weight in air divided by preirradiation density. 
hMeasured change in volume plus weight loss change in volume. 

56 



TABLE vm. - ELECTRICAL RESISTIVITY OF TIJNGSTEN~ 

0 

V 

lpecimen 
numberb 

2T-5 
:T-6 
2T-7 
2T-8 
3T-9 

2T-10 
2T-11 
3T-12 
3T- 13 
3T-15 

2T-55 
3T-56 
3T- 57 
3T-58 
3-61-T 

2-62-T 
2-63-T 
3-116-T 
3-117-T 
3-118-T 

r-52 
r-53 
17-54 

I-T 
E-T 
9-T 

17-49 
r-50 
r-51 

B9-T 
90-T 
91-T 

r-46 
T-47 
T-48 

T-43 
T-44 
T-45 

10-T 
11-T 
12-T 

T-40 
T-41 
T-42 

0 

I 

.. 

Irradiation 
apsule locationc 

Integrated neutron 

neutrons/cm2 
flux, 

Electrical 
resistivity 
at 100' F 
(311 K), 
ohm-cm 

5. 784X10-f 
5.802 
5.833 
5.799 
5.884 

5.872 
5.863 
5.815 
5.830 
5.858 

5.809 
5. 804 
5.844 
5.895 
5.888 

5. 879 
5.869 
5. 846 
5. 923 
5.784 

9.275 
8.836 
9.333 

0.051 
9. 767 
9.879 

0. 123 
9.702 
0.111 

0.503 
0.337 
0.346 

0. 574 
LO. 268 
0. 536 

LO. 926 
10. 428 
LO. 806 

LO. 887 
LO. 784 
LO. 835 

. - - - - - - - - 
LO. 445x10- 
. - - - - - - - - - 

(Electrical resistivity)/Density, 

- -__----_- 

0. 491X10-6 
,460 

--__------ 

0. 527X10-6 
. 512 
,519 

. 529 

.506 

. 527 

.548 
,539 
. 542 

.551 

.535 
,548 

,573 
. 546 
. 565 

. 560 

. 558 

.559 

_____- - -__  
0. 545X10-6 
---__----- 

Change 

%ee figs. 26 and 27. 
bCT-XX indicates unirradiated (control) tungsten tensile specimen; C-XXX-T indicates unirradiated 

(control) tungsten bend specimen; T-XX indicates irradiated tungsten tensile specimen; and XX-T 
indicates irradiated tungsten bend specimen. 

NASA-Langley, 1968 - 17 E-4229 
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