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1. Introduction and Background 

Kinetic energy penetrators are currently relied upon as a way to defeat 

enemy armor. Historically these penetrators have been composed of uranium 

or tungsten based alloys due to their high densities. In addition to density, 

the deformation behavior of the alloy determines its performance. A 

penetrator whose tip mushrooms or fractures on impact is less effective than 

a penetrator that retains its shape or has a tip that self sharpens. Although 

the densities of uranium and tungsten are similar, uranium alloys have 

generally exhibited deformation on impact that has resulted in better 

penetrator performance. The drawbacks with uranium alloys, however, are 

toxicity and cost. 

Recent work by Bruchey and coworkers x>2 indicated that single crystals of 

pure tungsten, oriented in the <100> direction, performed as well as depleted 

uranium in laboratory ballistic experiments. Bruchey attributed this 

behavior to the favorable orientation of the four [111] slip planes available for 

dislocation motion. Tungsten crystals oriented in the <111> direction and 

<110> direction, and polycrystalline penetrators composed of 93% tungsten 

with nickel and iron did not penetrate as deeply into a block of steel. Table 1, 

from Bruchey, summarizes his results. 

This work showed that tungsten based materials have the potential to give 

penetrator performance that rivals that of uranium based materials. The 

problem lies in the production of large oriented single crystals of tungsten. 

The maximum size of tungsten crystals now available is less than 10 mm in 

diameter. Diameters of 10 mm are needed for 1/4 scale laboratory testing, 

and diameters of 40 mm are needed for full scale penetrators. 

The difficulty in tungsten single crystal growth can be traced to its high 

melting temperature. At temperatures greater than tungsten's 3410°C 

melting temperature, crucibles that do not react with or contaminate the melt 

are nonexistent. If the Czochralski crystal growth technique is used, where a 

single crystal is slowly pulled from a bath of molten tungsten, the tungsten 

must be contained by a "crucible" of tungsten which is prevented from 

melting by water cooling. A large amount of power is required to maintain 



the >3410°C melt temperature. Heat losses by radiation from the surface of 

the melt are significant. Heat losses by conduction through the water cooled 

tungsten crucible are also great due to tungsten's relatively high thermal 

conductivity. Whether the power is supplied by induction, resistance heating 

of the tungsten, or by radiation such as with a laser, controlling the thermal 

gradients within the tungsten melt is a difficult problem. This problem 

undoubtedly contributes to the current size limitations of tungsten crystals. 

Because of tungsten's high melting point and thermal loss problems, a 

"crucible-less" technique is preferred for crystal growth. High pressure float 

zone (HPFZ) crystal growth is one of the few options for growing tungsten 

single crystals. In this technique, recrystallization occurs through a rod- 

shaped preform as a heated molten zone is passed through the rod. For over 

four years ATM has had an active program to grow single crystals of 

refractory carbides by float zone. This experience was brought to bear on the 

related problem of tungsten crystal growth. 

In this Phase I SBIR program, tungsten alloys were produced with 

modifications to the float zone process in an attempt to improve their 

performance as penetrators. ATM sought to produce large (>10 mm 

diameter) [100] oriented crystals of pure tungsten and W-Ni-Fe alloy rods 

with elongated and preferred orientation of the grains. Float zone 

modifications that could produce material of the quality required for 

penetrators were explored. X-ray diffraction, high rate compression testing, 

and optical microscopy were used to assess the results. 

2. Phase I Technical Objectives 

The objectives of this Phase I program included: 

1. The growth of 10 mm diameter by 100 mm long single crystals of 

tungsten by modified float zone. 

2. Liquid phase sintering W-Ni-Fe to obtain an elongated and/or 

preferred orientation grain structure. 



3. The production of tungsten with an elongated and/or preferred 

orientation grain structure using a Ni-Fe float zone. 

4. An assessment of the effect of rhenium on penetrator performance. 

3. Phase I Technical Review 

3.1 Experimental Overview 

The Phase I work plan called for the completion of six tasks:    ' 

1. Float zone crystal growth of tungsten. 

2. Liquid phase sintering W-Ni-Fe. 

3. Float zone crystal growth of tungsten using a Ni-Fe molten zone. 

4. Production of tungsten with 5 % rhenium. 

5. Characterization of tungsten samples. 

6. Final report preparation. 

To improve tungsten penetrators attempts were made to produce 1/4 scale 

ballistic samples which were single crystals, showed preferred orientation, or 

had longitudinally elongated grain structures. Float zoning and sintering 

was done with a TSS High Pressure Float Zone apparatus designed to grow 

refractory crystals (Figure la). The apparatus has a water cooled furnace 

chamber that can be pressurized to 1000 psi where samples are heated by 

passing them vertically through a multi-turn water cooled induction coil 

(Figure lb). The samples can be held by top and bottom water cooled grips. 

These grips can be translated and rotated synchronously. The vertical travel 

limit for this apparatus is six inches, and pulling speeds can be varied from 

0.03 to 60 inches per hour. Power was supplied by a 100 KW Lepel RF power 
supply. 

Task 5 called for the analysis of the samples made. Metallographic sections 

were obtained by cutting with a low speed diamond saw. These sections were 

embedded in epoxy and polished with a Buehler automatic grinder/polisher. 

The polishing protocol used successively smaller size diamond slurries and 

wheels ending with Murakami's solution with alumina. Final development of 

grain structure was accomplished by etching in Murakami's solution for 



several hours. Optical microscopy of the samples was performed with an 

Olympus Stereomicroscope, and an Olympus reflected light microscope both 

equipped with a Polaroid film camera. X-ray analysis of samples was done 

with a Rigaku x-ray diffractometer. Ballistic samples were produced, 

machined, and delivered to the Army and to Southwest Research Institute 

(SwRI) for compression testing. SwRI used a split Hopkinson pressure bar 

apparatus for compressive loading at high dynamic rates. The experiments 

and results of each task are given below. 

3.2 Task 1 Float zone crystal growth of tungsten. 

Several attempts were made to float zone 100% dense tungsten in hopes of 

producing a single crystal. A 6 inch long by 1/2 diameter tungsten rod 

obtained from GTE Sylvania was held in the upper grip. A second rod, 1 inch 

in length, was held in the lower grip such that it just touched the upper rod. 

An induction coil, 1/2 inch inner diameter with two triple turn pancakes was 

positioned at the point where the two rods met. Preliminary trials showed 

that excessive heat losses prevented the formation of a molten zone. In an 

attempt to reduce the heat loss down the rod and through the water cooled 

grips, the rod was cut with 1/8 inch deep slots. These slots were 

perpendicular to the long axis of the rod, offset by 120°, and spaced at 3/4 

inch intervals along the rod (Figure lb). 

The furnace was pressurized with high purity helium at 500 psi to inhibit 

arcing. A 200 KHz RF frequency was used to heat the rods. When a molten 

zone was established travel was started; a synchronous travel rate of 1/4 inch 

per hour was used to move the rods downward. The rods were moved down 

for about two hours with moderate arcing between the coil and the rods. 

After about a 1/2 inch of travel, a large arc was experienced which perforated 

the water cooled copper induction coil and shut down the power source. 

Another attempt was made, but with the power source modified to yield a 

frequency of 180 KHz. After about an hour of travel arcing again stopped the 

run. Subsequent attempts with larger diameter coils resulted in lower 

coupling efficiency, higher voltages and greater arcing. Coils with different 

configurations and numbers of turns did not eliminate arcing. 



The two small float zone areas of pure 100% dense tungsten rods were 

sectioned polished and etched for optical microscopy. They were also 

subjected to x-ray analysis. The rocking curves and Laue patterns indicated 

preferred crystal orientation on the outside of the sample, but not in the 

center (Figure 2). Optical microscopy showed two distinct areas, an inner 

area with definite longitudinal grain elongation and an outer area with more 

equi-axed grains (Figure 3). It is apparent that the rod was not melted 

completely through. Comparison of this central area (Figure 4) with the as- 

received rod (Figure 5) suggests that the interior of the rod experienced some 

grain growth during the float zone attempt. This suggests that high 

temperature treatment could preserve or improve an elongated grain 

structure without going up to the melting temperature of 3410°C. Since the 

power levels could then be reduced, the propensity for arcing might also be 

reduced. 

Single crystal tungsten rods could be produced if the arcing problem could be 

eliminated. Further experimentation with different grips, designed to reduce 

heat loss, and lower frequency power sources could make single crystal 

production feasible. 

3.3 Task 2 Liquid phase sintering of W-Ni-Fe CIP rods 

Cold isostatically pressed (CIP) rods were liquid phase sintered in an attempt 

to produce preferred orientation and/or longitudinally elongated grain 

structures for improved penetrator performance.3 High purity, high density, 

small grain sizes were needed in the preformed rods. Powders of 99.5% 

purity and -325 mesh particle size were pressed at 45,000 psi to yield a 

density of 62%. Twenty-eight samples of various compositions were pressed 

into rods at Gorham Advanced Materials Laboratories. These rods were 

around 150 mm in length and 15 mm in diameter. Fourteen of the CIP rods 

were 93% W-4.9% Ni-2.1% Fe, seven were 86% W-9.8% Ni-4.2% Fe, and seven 

were 88% W-4.9% Ni-2.1% Fe-5% Re. 

Different induction coil configurations, temperatures, travel directions, and 

translation rates were tried in an effort to find the best way to sinter the CIP 

rods. The densest, 93% W, CIP rods were found to sinter best. These rods 



were held by the top grip and translated down through the induction coil 

using a frequency of 200 KHz with 500 psi high purity helium. It was found 

that a two turn single pancake 1/2 inch ID coil performed best. A translation 

rate of 1/4 inch per hour and a temperature of 1200°C (optical pyrometer) 

kept volatilization to a minimum, and samples produced in this manner 

showed minimal residual porosity between grains, and good contiguity 

(Figure 6). The sintered rods were examined similarly to the pure tungsten 

rods using optical microscopy and x-ray analysis. 

Grain elongation was seen on the outside skin of the rods; however, there was 

none of the hoped for longitudinally elongated grains except in some small 

areas (Figure 7). The lack of orientation in the interior could have been due 

to the lower thermal conductivity of the CIP rods which could hinder interior 

cooling. A smaller temperature gradient along the rod was noted as it passed 

down through the coil. Since the skin temperature cools more rapidly than 

the interior, grain elongation was radial at the skin (Figure 7a). At high 

translation rates residual porosity was great and dendrite formation at the 

skin was noted, an indication of super-cooling (Figure 7b). The interior also 

showed porosity, but lacked the dendrites seen in the skin (Figure 7c). X-ray 

analysis showed evidence of high narrow peaks indicating some preferred 

orientation in the interior (Figure 7d). 

Attempts were also made to float zone the CIP rods. The apparatus was 

pressurized with high purity helium gas to 500 psi. The CIP rod was held in 

the top grip and a 1 inch long pure tungsten rod held in the bottom grip. The 

two rods were brought together inside a three turn double pancake 1/2 inch 

coil. A molten zone was established and maintained as the rods were 
translated downward. 

First float zone attempts were made with 86% tungsten because of its higher 

nickel-iron content and consequent lower melting temperature. The greater 

amounts of nickel and iron resulted in more volatilization. When the molten 

zone was translated alternate melting and freezing occurred, presumably a 

result of the loss of lower melting components. Increasing and decreasing the 

power to the coils to compensate for this led to overheating and overflow of 



the molten zone (Figure 8). This problem was reduced with 93%W rods, but 

float zoning was still not satisfactory. 

To overcome instabilities in float zoning, the green 93% W rods were first 

sintered, as in Task 2, to increase their density, and then were float zoned. 

This method proved to be best for producing low porosity, high contiguity, 

and longitudinal grain elongation (Figure 9). X-ray diffraction suggest 

random orientation (Figure 10) as all peaks correspond to powder profiles. 

While the microstructure was improved, processing time increased; this 

sample required twenty hours to process. Three ingots for ballistic samples 

and one for compression samples were made following this procedure (Figure 

11) and were sent out for machining and testing. 

Compression testing performed by SwRI showed ultimate strains between 25 

and 30% for all test samples made from CIP rods. True compressive 

strengths for these samples were uniform, about 215 Ksi (Table 2). These 

compression samples also showed systematic plastic deformation across the 

entire gauge length (Figure 12) and no cracking was apparent (Figure 13). 

3.4 Task 3 Float zone crystal growth of tungsten using Ni-Fe molten zone. 

To lower the temperature needed to float zone pure tungsten, an attempt was 

made to produce float zoned pure tungsten rods using a moving Ni-Fe molten 

zone. Molten nickel-iron alloys with tungsten, lowers its melting 

temperature. This alloyed material travels along the rod as it moves through 

the coil. A nickel-iron molten zone was used between two pure tungsten rods 

with the 5 inch long upper rod float zoned as it passed down through three 

turn double pancake 1/2 inch coil. Nickel and iron slugs cut from pure nickel 

and iron rods, in a seven to three mass ratio, respectively, were placed on top 

of a lower 1 inch long tungsten rod. The lower rod was brought up until the 

tip supporting the nickel and iron slugs was inside the coil. The rod that was 

to be float zoned was held by the top grip and was lowered to be in contact 

with the nickel and iron slugs. 

A molten zone was established between the two rods as they were moved 

through the coil at 0.6 inches per hour. The temperature was adjusted to 



insure complete melting through the rod. Again, because of the high thermal 

conductivity of the tungsten, both the upper and lower rods had 1/8 inch deep 

slots cut every inch, offset by 120° around the circumference. These slots 

were cut at right angles to the long axis of the rod and were necessary to 

prevent arcing. After about an hour of travel as the molten zone passed over 

the first slot it began to freeze. This was due to the loss of the nickel and iron 

by volatilization and the narrowing of the rod. The temperature was raised 

and the translation rate slowed to 1/4 inch per hour but the molten zone did 

not appear to be all the way through the rod. Microscopic analysis of the 

cross and longitudinal sections showed large, elongated, contiguous grains 

with no porosity near the tip (Figure 14). It appears that this method of 

producing ingots with the desired properties has promise. Three ballistic 

samples ingots, and one compression samples ingot made by this method 

were sent out for machining and testing. Unfortunately some residual slots 

were left after machining the ballistic samples. The absence of major peaks 

in diffraction analysis suggests preferred orientation, but preliminary Laue 

analysis was not confirming (Figure 15). 

In the compression testing by Southwestern Research institute ultimate 

strains for the these samples were well below those of the samples made from 

CIP rods.(see figure 16) The samples made by nickel iron float zoning pure 

tungsten rod were rubblized at these lower strain levels (Figure 17). True 

compressive strengths for these samples ranged from around 240 to 249 Ksi 
(Table 2). 

3.5 Task 4 Production of tungsten with 5% rhenium. 

The same sinter/float zone method used to densify and melt the 93% W CIP 

rods was used to produce samples of W 5%Re. Three ballistic samples ingots 

and one compression samples ingot were made and sent for testing (Figure 

18). It was noted that these ingots were difficult to cut with the diamond 

saw. Like the ingots made from 93% W CIP rods, the Re containing CIP rods 

showed low .porosity, high contiguity, and longitudinal grain elongation 
(Figure 19). 



Compression testing by SwRI showed ultimate strains between 25 and 30% 

for all test samples made from Re containing CIP rods. True compressive 

strengths for these samples were between 209 and 218 Ksi (Table 2). The 

compression samples also showed systematic plastic deformation across the 

entire gauge length (Figure 20) and no cracking was seen (Figure 21). 

3.6 Tasks 5 Characterization of the tungsten samples. 

Optical microscopy and x-ray diffraction analysis was used on all samples 

made. Ingots were sectioned across and along the long axis of the rod by 

cutting with a diamond saw. These sections, encased in hardened resin, were 

ground and polished with diamond wheels and paste in a polishing protocol 

that finished with 0.05 micron alumina in Murakami's solution and then 

etched in the solution for several hours to develop the grain structure. The 

results of these analyses are given in the section on each task. 

The twelve ingots made were sent out for EDM machining into three 1/2 inch 

by 4 inch ballistic samples and three 1/2 inch by 1/4 inch compression 

samples for each method (Figure 22). Ballistic samples were delivered to R. 

Dowding at the Army Research facility in Watertown, Mass. 

Compression samples were sent to Southwest Testing Laboratory. The nine 

tungsten compression samples were tested in a split Hopkinson pressure bar 

system. Loading pulses were generated with a seven-inch striker bar and 

yielded strain rates in the range of approximately 3600s"1 to just in excess of 

4000s"1. The results are given in the section on each task. With the 

exception of material processed with a nickel-iron molten zone, all samples 

showed barreling and typical (true stress-true strain) strain hardening 

behavior. 4>5 While the data for samples made using the nickel-iron molten 

zone shows what appears to be softening under dynamic testing, all of these 

samples rubblized. When rubblization occurred and its importance to the 

apparent "softening" are not known, but warrants further investigation. 

9 



4. Program Summary and Recommendations 

Attempts to produce single crystals of tungsten were unsuccessful in this 

program. The power levels were too great given the coil configuration and 

the frequency available with the equipment used; the high power resulted in 

catastrophic arcing between the coil and the sample. These circumstances 

can be remedied through lower frequency power and by employing insulated 

grips to avoid heat loss through the specimen. 

Lowering the melting temperature through alloying with nickel, iron, and 

rhenium proved successful; several ingots of polycrystalline tungsten were 

produced. Protocols were established for cold isostatically pressing alloy 

preforms, densifying the preforms with a traveling coil, and finally float 

zoning the densified preforms. 

The use of a traveling nickel-iron molten zone was also useful in establishing 

a molten zone and float zoning a tungsten rod. Simply by placing a nickel- 

iron slug between two tungsten rods was sufficient to enable complete 

melting without arcing. X-ray results on materials produced by the traveling 

molten zone technique showed some indication of preferred orientation. 

Similarly optical microscopy indicated that elongated grains were present in 
these materials. 

In most cases the high rate compression test results were similar to most 

tungsten alloys reported elsewhere; the samples showed strain hardening. 

While polycrystalline tungsten rods produced with a traveling nickel-iron 

molten zone showed some signs of softening, each of these samples rubblized 

during testing. Further work would be required to determine the nature of 

these samples microstructural response and any benefits to possible 

penetrator performance. Samples of each material produced were delivered 
to the Army for further testing. 

10 
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Table 1. Penetrator Results of Bruchey and Coworkers1»2 

Material Penetration/Unit Rod Length 

93W-Ni-Fe Ordnance Alloy 
U-0.75Ti Ordnance Alloy 

<111> W Single Crystal 

<110> W Single Crystal 

<100> W Single Crystal 

0.84 

0.95 

0.88 

0.83 

0.97 

Table 2. Dynamic Compression Results» 

Samples labeled "4" are 93%W CIP rods sintered and float zoned, "2W" 

samples are made from pure tungsten rods float zoned with Ni-Fe molten 
zone, "2R" samples are from CIP rods containing Re. 

Specimen 

No. 

Diameter 

(in.) 

Length 

(in.) 

Area 

(x10"2in2) 

t 
(sec1) 

Gu True 

(Ksi) 

4-1 0.2505 0.5016 4.928 3814.70 214.983 

4-2 0.2504 0.5016 4.924 3816.12 214.021 

4-3 0.2504 0.5007 4.924 3837.18 214.743 

2W-1 0.2503 . 0.5008 4.921 3601.45 249.203 

2W-2 0.2502 0.5018 4.917 4002.15 239.775 

2W-3 0.2505 0.5021 4.928 4035.50 240.457 

2R-1 0.2499 0.5017 4.905 3775.44 217.711 

2R-2 0.2500 0.5018 4.909 3847.12 214.101 

2R-3 0.2499 0.5007 4.905 3847.38 209.006 

12 



Li wsxw^^m l-WMr.-r-.r^'< 
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Figure lb. Tungsten float zone set up. 
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Figure 2a. Laue pattern for outer edge of float zoned tungsten rod. 
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Figure 2b. Diffraction pattern for outer edge of float zoned tungsten rod. 
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Figure 3a. Cross section float zoned tungsten rod. 10X 

Figure 3b. Long section float zoned tungsten rod. 10X 
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Figure 3c. Long section float zoned tungsten rod- out side. 50X 

Figure 4. Long section float zoned tungsten- inside.  100X 
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Figure 5. Long section unheated tungsten rod. 

Figure 6a. Long section of CIP rod translated l'Vhr at 1500°C. 200X. 
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Figure 6b. Long section CIP rod translated l/4"/hr at 1200°C. 200X 

Figure 7. Long section CIP rod, l"/hr at 1200°C- travel across page. 200X. 
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Figure 7a. Edge CIP rod l/4"/hr at 1200°C- travel across page. 200X. 

Sfm&vsr? 

Figure 7b. CIP rod l"/hr at 1200°C- travel across page. 200X. 
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Figure 7c. CIP rod translated l*7hr at 1200°C- travel across page. 200X. 
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Figure 7d. X-ray diffraction sintered CIP rod. 

20 



äS>-,'^?.'>: <> "■■'-■■'•■Sä' ■■ "-jj -Ä ■'•"■• •■'•;-'-     • '■ ■ ■ i*i •«•■•. i 

. ■■...■::   ^ ^* *^~"s ■■'g.'^-v 

JESSE kg 
tl"§fc '                

Ilffii«f1iniiiiftii mäm 
'■■■\8& 

Figure 8. Float zone attempt with 86% W CIP rod. 

Figure 9. Ingot #4, sintered and float zoned 93% W CIP rod- 

travel down page.  100X 
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Figure 10. X-ray diffraction of tip of ingot #4. 
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Figure 11. Ingots of 93% W sintered & float zoned before EDM- bottom is #4. 
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Figure 12a. Compression sample 4-1- made from ingot #4 
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Figure 12b. Compression sample 4-1- made from ingot #4. 
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Specimen  #  4-2 
Strain Rate  =  3816.12  s" 
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.Figure 12c. Compression sample 4-2- made from ingot #4. 
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Figure 12d. Compression sample 4-2- made from ingot #4. 
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Specimen # 4-3 
Strain Rate = 3837.18 s_1 
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Figure 12e. Compression sample 4-3- made from ingot #4. 

400 

300 - 

Specimen  #  4-3 
Strain  Rate  =  3837.18  s" 

-i 1 1 1 r- 

10 -20 

True  Strain  (%) 

30 A* 

Figure 12f. Compression sample 4-3- made from ingot #4. 
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Figure 13. Samples 4-1, 4-2, 4-3 after compression testing. 

Figure 14. Ingot 2W, float zoned W rod with Ni-Fe molten zone.  100X. 

Travel down the page. 
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Figure 15a. X-ray diffraction ingot 2W center of tip. 

Figure 15b. Laue pattern ingot 2W. 
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Specimen  #  2W-1 
Strain Rate =  3601.45  s" 
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Figure 16a. Compression sample 2W-1- made from ingot 2W. 
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Figure 16b.  Compression sample 2W-1- made from ingot 2W. 
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Figure 16c. Compression sample 2WT2- made from ingot 2W. 
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Figure 16d. Compression sample 2W-2- made from ingot 2W. 
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Specimen  #  2W-3 
Strain  Rate  =  4035.50  s"1 
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Figure 16e. Compression sample 2W-3- made from ingot 2W. 
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Figure 16f. Compression sample 2W-3- made from ingot 2W. 
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Figure 17. Samples 2W-1, 2W-2, 2W-3 after compression testing. 
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Figure 18. Ingots made by sintering & float zoning CIP rods with 5% Re. 

2R is top. 
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Figure 19. Center of tip of ingot 2R- travel is down the page. 100X. 
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Figure 20a. Compression sample 2R-1- made from ingot 2R. 
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Figure 20b. Compression sample 2R-1- made from ingot 2R. 
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Figure 20c. Compression sample 2R-2- made from ingot 2R. 
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Figure 20d. Compression sample 2R-2- made from ingot 2R. 

400 

Cß 300 
X 

m 
«i 
(1) 

U) 200 
n 
S- 

(i) 
<n 
L 
m 

HI 100 

Specimen  #   2R-3 
Strain  Rate  =   3847.38   s"1 

10 20 30 

Engineering  Strain  (%) 

40 

Figure 20e. Compression sample 2R-3- made from ingot 2R. 
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Figure 20f. Compression sample 2R-3- made from ingot 2R. 

■»iS&a-s.,.:;-; 

t'IMI 

»••».. '.■..:;'-äjw.:   -■>-77r.^:   i 

Figure 21. Sample 2R-1, 2R-2, 2R-3 after compression testing. 
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Figure 22a. Compression and ballistic samples- 93% W CIP rods after EDM. 
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Figure 22b. Compression & ballistic samples from W-Re CIP rods after EDM. 
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Figure 22c. Compression and ballistic samples, pure W rods after EDM 
Note slots. 
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