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CHAPTER I 

INTRODUCTION 

I. REVIEW OF LITERATURE 

During the early years of the twentieth century, many 

investigators were at work to discover methods for producing 

tungsten which would be suitable for use as filaments in electric 

light bulbs. All of the tungsten produced by these methods had 

satisfactory physical properties except that it was ductile only at 

elevated temperatures. This meant that once the tungsten rod or 

wire was produced, it could not be cold worked. 

The problem was solved in 1909 by Coolidge1 when he 

developed a process for producing tungsten which was ductile at 

room temperature. This process is essentially the same one that 

is used today by all the companies fabricating tungsten. 

The process for producing ductile tungsten consists of four 

basic operations. The first step is to press high quality tungsten 

powder into a rectangular briquette. The briquette is then given a 

presintering treatment by heating in hydrogen at about 1, 200°c for 

thirty minutes. This presintering treatment greatly increases the 

1 W. D. Coolidge, Transactions of the American Institute of 
Electrical Engineers 29, 961 (1910). 



2 

strength of the bar. The presintered bar is then mounted between 

electrical contacts in a hydrogen atmosphere and sufficient current 

is passed through it to raise the temperature to approximately 

2, 900°c. A thorough investigation of the changes occurring during 

the sintering of tungsten powder was reported by Smithells and his 

co-workers 2 in 1927. After sintering, the bar is still very brittle 

and cannot be cold worked. So the last step is to swage the bar at 

elevated temperatures. Li and Wang 3 describe the effect of the 

swaging operation as giving the tu.ngsten a fibrous structure, and 

it is this fibrous structure which imparts ductility and toughness to 

the wire. 

The first major use of tungsten was for filaments, but it soon 

became apparent that it would be an excellent material for radiation 

shielding applications. There were, however, two obstacles prevent

ing tungsten from becoming widely used as a radiation shielding 

material. The first problem was that tungsten sheet and rod was 

very expensive due to the number of operations necessary to produce 

ductile tungsten. The second problem was that it was impossible to 

sinter large masses of tungsten at the high temperature needed to 

2c. J. Smithells, W.R. PitkinandJ. W. Avery, Journal of 
the Institute of Metals~' 85 (19 27). 

3K. C. Li and C. Y. Wang,. Tungsten (New York: American 
Chemical Society Monograph No. 94, Reinhold Publishing Corporation, 
1955}, p 219. 
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produce bars or plates having a density close to tungsten 1s theoret

ical density. In 19 35, McLennan and Smithells 4 reported the <level-

opment of a tungsten-copper-nickel alloy containing over 90 per cent 

tungsten. The alloy was produced by mixing tungsten powder with a 

small proportion of copper and nickel powders, and then sintering 

at about 1, 400°C,, where a liquid phase is present. Price, Smithells 

and Williams5 carried on further investigations into the tungsten

copper-nickel system and reported their findings in 1938. They de-

scribed the structure of a 90 per cent tungsten alloy as consisting of 

large rounded grains of tungsten embedded in a matrix which is a 

copper-nickel alloy saturated with tungsten. This alloy has been 

used extensively in heavy-duty electrical contacts and as material 

for mass-balancing applications. 

In 1954, Green and his co-authors 6 reviewed the manufacturing 

procedure for producing tungsten-nickel-copper alloys, and then 

reported the results of using this procedure for producing tungsten

nickel-iron alloys. They measured the properties of a series of 

4 J. C. McLennan and C. J. Smithells, Journal of Scientific 
Instruments g, 159 (1935}. 

5 
G. H. S. Price, C. J. Smithells and S. V. Williams, Journal 

of the Institute of Metals 62, 239 ( 19 38). 

6E. C. Green, D. J. Jones and W. R. Pitkin, Symposium on 
Powder Metallurgy ( London: The Iron and Steel Institute, 19 54) ~ 
p 255. 
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alloys containing 7 5 to 9 7 per cent tungsten. In all of the alloys the 

ratio of nickel to iron was maintained constant at 2 1 / 3: 1. The 

reason for this can be understood by looking at a nickel-iron 

equilibrium diagram. The diagram shows that at a composition of 

about 68 per cent nickel and 32 per cent iron the freezing point is 

a minimum at a temperature of 1, 436°c. The authors assumed that 

this feature is maintained in the presence of tungsten, so that a 

liquid containing nickel and iron in the above ratio would solidify 

without primary separation and thus would be advantageous in avoid

ing the occurrence of a "cored" structure in the matrix phase. As 

the liquidus-solidus curves are practically horizontal over a range 

of a few per cent, the ratio of 2 1 /3: 1 was used. 

The tungsten-nickel-iron powder was produced by weighing 

out the proper amounts of the elemental powder a and mixing them 

together in paddle type mixers. The mixture was then moistened 

with a solution of paraffin wax in benzol, and the benzol evaporated 

while the mixture was being stirred. The powder mixture was then 

pressed at five tons/ square inch in a steel die. The resulting 

pressed compacts were given a two stage heat treatment in a 

hydrogen atmosphere. In the first stage, the temperature was 

increased slowly to 950°C until the wax had evaporated. The 

second stage was to sinter the compacts at 1, 440°c for periods up 

to one hour. 
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An alloy containing 90% W - 7% Ni - 3% Fe had a density of 

17. 03 grams/ cubic centimeter, which is 99. 3 per cent of the the or et-

ical density. The ultimate tensile strength was 107, 200 pounds/ 

square inch and the elongation was seven per cent. Specimens 

sintered at 1, 460°C for one hour had a tensile strength of 110,400 

pounds/ square inch. 

The authors compared the physical properties of the tungsten-

nickel-copper alloys with the corresponding values for the tungsten

nickel-iron alloys. They found that the alloys in which iron had been 

substituted for copper had superior elongations and their tensile 

strengths were less sensitive to the rate of cooling. 

The P. R. Mallory Co. has been producing tungsten alloys for 

about fifteen years. One of the alloys that they produce is M-1000, 

which is a tungsten-nickel-copper alloy of the type mentioned by 

McLennan and Smithells 7 . In recent years they have been doing 

extensive research into the development of new tungsten alloys. 

Burkhammer8 developed a process for producing a 90W - 7Ni - 3Fe 

alloy which has physical properties superior to the same alloy 

7J. C. McLennan and C. J. Smithells, loc. cit. 

8E. W. Burkhammer, "M-3000 Tungsten-Nickel-Iron Alloy" 
(Unpublished P. R. Mallory Co. Corporate Research Laboratory 
Report No. 27-0013), p 7. (mimeographed). 



6 

produced by Green and his co-authors9 • The process involved a 

unique step in which the oxides of the three constituent metals were 

blended together and reduced in dry cracked ammonia. This pro

cessing step was called coreduction by Burkhammer. The alloy 

was named M-3000. It has an ultimate tensile strength of 125, 000 

pounds/ square inch and has an elongation of 15 per cent. The sin

tered density is usually 99. 8 per cent of the theoretical density. 

This alloy can be cold worked to a reduction of 60 per cent in thick

ness before it is necessary that it be annealed. After it is annealed 

it can be further cold rolled, reannealed, etc., until the desired 

thickness is reached. 

The alloy powder is produced by weighing out the proper 

amounts of the oxides of tungsten, nickel and iron. The oxides are 

blended and then coreduced for forty-five minutes at 1, 050°C in dry 

cracked ammonia. During the coreduction treatment quite a bit of 

prealloying occurs between the individual metal particles. The pow

der is then screened through a on.e hundred mesh screen and is ready 

to be pressed. Pressing can be accomplished without the use of a 

binder such as the one which was used by Green and his co-authors, 

The compacts are pressed in a steel die at a pressure of twenty tons/ 

square inch. The compacts are then sintered at 1, 480°C for one 

9E . C. Green, D. J . Jones and W. R. Pitkin, loc. cit. 
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hour in dry cracked ammonia. Subsequent investigations have 

shown that shorter sintering times can be used without affecting the 

physical properties of the sintered specimens. 

It can be seen from the preceeding review that the M-3000 

alloy has definite advantages. The principle advantage is the simple 

method of preparation. The preparation of alloy bars requires no 

mechanical working nor does it need a unique sintering setup as in 

the case of pure tungsten metal. The reason for this is that the 

sintering temperature of 1, 480°C is much lower than that required 

for tungsten. Another simplification is that the powder does not need 

a binder as in the case of the tungsten-nickel-iron alloys produced 

by Green and his co-workers. 

The second advantage is the improvement of its physical 

properties over the properties possessed by the other tungsten

nickel-iron alloys. The third advantage is the ease with which the 

M-3000 alloy can be cold rolled compared to pure tungsten or 

tungsten-nickel-copper alloys. It is this property of the alloy that 

will probably govern the extent that it will be used in industry. 
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II. STATEMENT OF THE PROBLEM 

The p•irpose of this investigation was ( 1) to determine the 

physical properties and characteristics of the M-3000 alloy and its 

matrix; and (2) to determine the rolling and recrystallization 

characteristics of the M-3000 alloy. 

The investigation of the alloy and its matrix consisted of a 

number of different studies: 

1. A study of the effect of different sintering conditions 

on the ultimate tensile strength, elongation and 

microstructure of the M-3000 alloy. 

2. Comparison of the results obtained in the first study 

and the results obtained in an equivalent study of the 

same alloy produced by the method reported by Green, 

Jones and Pitkin 1 O. 

3. Determination of the amount of tungsten that is dis

solved in the matrix of each of the aforementioned 

alloy specimens. 

4. Effect of the tungsten content on the ultimate tensile 

strength of the M-3000 alloy. 

The investigation of the rolling and recrystallization properties 

lOE. C. Green, D. J. Jones and W. R. Pitkin, loc. cit. 



consisted of the following studies : 

1 . A study of the effect of annealing time and temperature 

on the ultimate tensile strength, elongation and micro

structure of rolled M-3000 specimens. 

9 

2. Determination of the activation energy of recrystallization. 

3. Textures of the alloy in the as - rolled, partially re

crystallized and fully recrystallized state. 

4. Determination of the mechanism that is responsible 

for the large increase in the ultimate tensile strength 

of a rolled sample which had been annealed in the tem

perature range 400 to 5oo 0 c. 



CHAPTER II 

PREPARATION OF TUNGSTEN-NICKEL-IRON ALLOY POWDERS 

Alloy powders were prepared containing 1, 4 , 8, 12, 16, 20, 

24, 28, 30, 32 , 34, 36, 40 , 50, 60, 70, 80 and 90 per cent tungsten 

with the remainder being in the ratio of seven nickel to three iron. 

Ten kilograms of the 90 per cent tungsten alloy was prepared, this 

being the M-3000 alloy, and five hundred grams of all the other 

alloys. To produce these powders, the proper amounts of oxide 

powders had to be weighed up , blended, and then coreduced. 

To calculate the proper amounts of the three oxides, that 

were needed to produce alloys of predetermined composition, it was 

necessary to make use of the oxide/metal ratio for each individual 

oxide powder. The oxide/metal ratio for W 5o 11 would be the mol

ecular weight of W 5o 11 divided by the weight of the tungsten in a 

mole of W 5o 11 , this being five times the atomic weight of tungsten . 

To prepare one kilogram of M-3000, which would contain nine 

hundred grams of tungsten, seventy grams of nickel and thirty grams 

of iron, the following quantities of oxide were needed: 

900 grams W x 1.26 gms W50 11 /gm W 

70 grams Ni x 1. 27 3 gms NiO / gm Ni 

30 grams Fe x 1. 383 gms Fe 3o4 /gm Fe 

1134. 0 grams W 5o 11 

89. 1 grams NiO 

41. 5 grams Fe 30 4 

1264. 6 grams Total 



Characteristic 
of oxide powder 

Color 

Chemical formula 

Oxide/metal ratio 

Particle size 

Manufacturer 

Chemical ana lysis 

TABLE I 

CHARACTERISTICS OF OXIDE POWDERS USED IN THE 
PREPARATION OF TUNGSTEN-NICKEL-IRON ALLOYS 

Tungsten oxide 

Blue 

W5011 

1.26/1 

8-17 microns 

Wah Chang Co. 

Impurities - 0. 50% 

Nickel oxide 

Green 

NiO 

1.273/1 

4-8 microns 

International 
Nickel Co. 

NiO - 98. 38% 

Co - 1. 00% 

Impurities - 0. 62% 

Iron oxide 

Reddish brown 

1. 383/ 1 

2-3 microns 

Ceramic Color 
& Chemical 
Manufacturing Co. 

Impurities - O. 30% 
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The :i,-equired amounts of the different oxides needed to produce all 

the alloys were ,::alculated in a similar manner. 

The next step was to weigh out the calculated amounts of the 

different oxides on a Fisher Gram-atic Balance. The oxide powders 

were then blended together. For large batches of powder a Patterson 

Kelly Twin Shell Blender was used. For the smaller batches a 

pebble mill was used in which the pebbles had been replaced by a 

spiral of heavy wire. The blending time in both cases was one hour. 

The blended oxide powder was then placed in a flat inconel boat 

{ six inches by twelve inches) and leveled to a depth of three - sixteenth: 

to one-quarter of an inch. The boat was placed in a resistance heatec 

inconel muffle furnace. The oxide powder was coreduced in this 

furnace at a temperature of 1, OS0°C for forty-five minutes in dry 

cracked ammonia which was passed through the muffle at the rate of 

350 cubic feet per hour. The hydrogen in the cracked ammonia was 

burned at the front opening of the furnace as it passed out into the 

atmosphere. This prevented any accumulation of unburned hydrogen 

in the laboratory. 

After reduction, the coreduced powder was in the form of a 

loosely bonded sinter cake. The sinter cake was broken up by 

screening the powder through a one hundred mesh screen. Some of 

the powders which had a low tungsten content produced sinter cakes 

that were hard to break up. These cakes were comminuted by 
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placing them in a micropulverizer. After comminution the powders 

were screened with a one hundred mesh screen. 



CHAPTER Ill 

PROPER TIES OF SINTERED TUNGSTEN-NICKEL-IRON ALLOY 

I. INTRODUCTION 

The purpose of this investigation was to determine the sintered 

properties of the M-3000 alloy, and to compare its properties with 

the equivalent properties of an alloy of the same composition pro

duced by the method used by Green, Jones and Pitkin 11 • An addi

tional study was made to determine the effect of varying the sinter

ing conditions on the physical properties of the M-3000 alloy. 

II. PREPARATION OF TEST SPECIMENS 

The M-3000 alloy powder was prepared by the method outlined 

in Chapter II. The Green, Jones and Pitkin alloy powder was pre

pared by mixing the appropriate amounts of tungsten, iron and nickel 

powder in a pebble mill in which the pebbles had been replaced by a 

spiral of heavy wire. A small amount of glyptal was added to the GJP 

powder by dis solving it in acetone, and mixtng the solution into the 

powder with a spatula. The excess acetone was evaporated by heating 

the powder in a metal pan on a hot plate stove at 50°C. 

11 E. C. Green, D. J. Jones and W. R. Pitkin, loc. cit. 
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Test specimens were prepared by pressing the powders in a 

steel die utilizing two moving punches. The powders were pressed 

into the shape of a Metal Powder Association standard tensile speci

men which has dimensions such that the area of the face of the bar is 

equal to one square inch. Fourteen bars were pressed from each 

powder using a pressure of twenty tons per square inch. 

The test bars were sintered by placing them on a thin layer 

of high purity alumina sand in the bottom of a molybdenum boat. The 

boat was placed in a large high temperature furnace which was heated 

by molybdenum resistance elements. The furnace had a muffle open

ing of eight inches by four inches in cross-section. The temperature 

of the heat zone could be considered uniform for a length of twenty 

inches. Dried cracked ammonia was passed through the furnace at a 

rate of 350 cubic feet per hour. 

A total of seven different sintering treatments were used on the 

bars, a description of each can be found in Table II. The different 

cooling rates were obtained as follows: 

1. Fast cooling rate: accomplished by pushing the boat 

quickly from the heat zone into a water cooled section 

of the furnace. 

2. Slow cooling rate: accomplished by pushing the boat 

from the heat zone to the rear of the muffle and allowed 

to cool to approximately 1, 1 oo 0 c, then pushing the boat 



Process 

1 

2 

3 

4 

5 

6 

7 

TABLE II 

SINT ERING PROCESSES USED IN SINT ERING THE 
TUNGSTEN ALLOY TEST SPECIMENS 

Sintering temperature 
(oC) 

1,480 

l, 480 

l, 480 

1,460 

1,440 

1,480 

1,480 sinter after 
1,200 presinter 

Sintering time 
(hours) 

1 

1 

1 

1 

1 

2. 5 

1 
1 

Cooling rate 

Fast 

Slow 

Quench 

Fast 

Fast 

Fast 

Fast 
Fast 

16 
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into the section between the muffle and the water cooled 

section where it is cooled to approximately 550°C, and 

finally pushing the boat into the water cooled section. 

3. Water quench: accomplished by pulling the boat swiftly 

out of the furnace and dumping the contents into water. 

Each sintering treatment was used to sinter two bars pressed from 

each of the two powders. So a total of four bars were placed in a 

molybdenum boat at one time and sintered together. 

After sintering, the bars were weighed in air and then in 

water in order to determine their sintered densities. The densities 

were reported in terms of the per cent of theoretical density. The 

theoretical density of a 90W - 7Ni - 3Fe alloy is 17. 14 grams per 

cubic centimeter. 

Finally the bars were tensile tested in a standard Tinius-Olsen 

Tensile Tester utilizing special grips designed to hold the flat MPA 

test bars. The ultimate tensile strength and per cent elongation was 

calculated for each specimen. 

Ill. EXPERIMENTAL RESULTS 

The results from the physical testing of the tensile specimens 

can be found in Table III and Table IV. The values given for the 

ultimate tensile strength and per cent elongation are the average 

result from the physical testing of two test specimens. The 



TABLE III 

EFFECT OF SJNTERING VARIABLES ON THE PROPERTIES OF THE M-3000 ALLOY 

Process Sintered density Ultimate tensile strength Elongation Micro structure 
(per cent of (pounds/ square inch) (per cent) 

theoretical density) 

1 99.9 128,800 16.6 Rounded tungsten grains 
embedded in a Ni-Fe matrix 

2 99.4 128,700 17. 4 Rounded tungsten grains 
embedded in a Ni-Fe matrix 

3 99.0 123,600 8.7 Rounded tungsten grains 
embedded in a Ni-Fe matrix 

4 99.8 115,800 8.0 Rounded tungsten grains 
embedded in a Ni-Fe matrix 

5 94.3 108, 100 6.5 Some segregation of Ni-Fe, 
very few tungsten grains were 
surrounded by matrix material 

6 99.6 126,600 14.0 Rounded tungsten grains 
embedded in a Ni-Fe matrix 

7 99.9 126,500 13. 0 Rounded tungsten grains 
embedded in a Ni-Fe matrix ...... 

00 



Process 

1 

2 

3 

4 

5 

6 

7 

TABLE IV 

EFFECT OF SINTERING VARIABLES ON THE PROPERTIES OF A 90W-7Ni-3Fe 
ALLOY PRODUCED BY THE GREEN, JONES AND PITKIN METHOD 

Sintered density Ultimate tensile strength Elongation Microstructure 
(per cent of (pounds/square inch) (per cent) 
theoretical density) 

97.6 116,500 14.0 Large segregated areas of 
nickel and iron 

97.0 118,400 15.7 Large segregated areas of 
nickel and iron 

94.8 107,800 2.0 Large segregated areas of 
nickel and iron 

92.8 110, 400 7 . 5 Large segregated areas of 
nickel and iron 

92.0 107,200 7.0 Large segregated areas of 
nickel and iron 

98.6 126,400 15. 3 Rounded tungsten grains 

embedded in Ni-Fe matrix 

98.7 120,500 10. 0 Rounded tungsten grains 
embedded in Ni-Fe matrix 

,_. 

'° 
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specimens were prepared for microscopic analysis by first polish-

ing and then etching the surface with alkaline potassium ferricyanide. 

All of the M-3000 test specimens were more dense and strong

er than the GJP bars given the same sintering treatments. The only 

GJP bars that had properties that approached those of the M-3000 

bars were the bars which were subjected to elevated temperatures 

for over an hour. These bars were either sintered at 1, 480°C for 

two and one-half hours; or presintered at 1,. 200°C for one hour be

fore sintering at 1, 480°C for one hour. 

The M-3000 specimens, plus the GJP specimens produced by 

the two processes previously mentioned, all had the same micro

structure. The microstructure consisted of large rounded tungsten 

grains embedded in a matrix of nickel-iron solid solution like that 

shown in Figure 1. All of the GJP specimens exhibiting inferior 

properties had a microstructure like that shown in Figure 2. The 

tungsten grains in this microstructure are not surrounded by nickel 

and iron. Instead the nickel-iron solid solution phase has segregated 

and can easily be seen as large white areas. The tungsten grains 

are not surrounded by the nickel-iron phase. 

Price, Smithells and Williams 12 found similar rounded 

12 G. H. S. Price, C. J. Smithells and S. V. Williams, 
Journal of the Institute of Metals i_?., 251 ( 19 38). 
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Magnification: l00X Magnification: 600X 

FIGURE 1 

MICROSTRUCTURE OF A M-3000 ALLOY SPECIMEN SINTERED 
AT 1, 480°C FOR ONE HOUR AND THEN FAST COOLED 

Magnification: l00X Magnification: 600X 

FIGURE 2 

MICROSTRUCTURE OF A GJP ALLOY SPECIMEN SINTERED 
AT 1, 480°C FOR ONE HOUR AND THEN FAST COOLED 
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tungsten grains in a tungsten-nickel-copper alloy containing over 

ninety per cent tungsten. The rounded tungsten grains were embed

ded in a nickel-copper solid solution matrix. This microstructure 

was formed by a liquid phase dissolving all the original tungsten 

grains and then the tungsten was precipitated on certain nuclei, which 

develop into characteristically large rounded tungsten grains. When 

an alloy specimen was sintered at a temperature too low to melt the 

copper-nickel phase; the process of solution, precipitation and 

growth was slow and incomplete. The specimen was less dense and 

weaker than the bars in which a liquid phase was present during 

sintering. 

The rounded tungsten grains present in the M-3000 alloy 

specimens must have been formed in a manner similar to the tung-

sten grains in the tungsten-nickel-copper alloy. A liquid phase 

must be present to dissolve the tungsten so that it can precipitate 

and form rounded grains. There was visible evidence that a liquid 

phase had existed in the specimens except for the bars sintered at 

1, 440°C for one hour. The specimens, in which a liquid phase had 

existed, all had shiny and non-porous surfaces, rounded edges and 

alumina sand particles embedded in the bottom surfaces. These 

alumina grains were impossible to remove except by grinding and 

wire brushing. 

The bars sintered at 1, 440°C had dull and porous surfaces, 



sharp edges and the alumina sand particles did not adhere to the 

bottom surfaces . Microscopic examination of these specimens 
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showed only a few tungsten grains surrounded by a nickel-iron matrix. 

Most of the nickel-iron was segregated into large areas. The density 

of these bars was only 94. 3 per cent of the theoretical density, re

sulting in relatively low values for the tensile strength and ductility. 

Examination of the nickel-iron equilibrium diagram shows that 

an alloy containing 70 per cent nickel and 30 per cent iron has a 

melting point of approx imately 1, 440°C. In the M-3000 alloy 

specimens, some of the tungsten should alloy with the nickel-iron 

forming a tungsten-nickel-iron solid solution . A tungsten-nickel

iron solid solution may easily have a higher melting point than the 

nickel-iron solid solution. The results of sintering specimens at 

1, 440°C and at 1, 46o 0 c prove that the melting point of the tungsten

nickel-iron solid solution phase must be somewhere between the two 

temperatures. 

Because diffusion of the atoms is necessary for the formation 

of the tungsten-nickel-iron solid solution phase, the process is 

time dependent. Sintering for one hour at 1, 480°C resulted in the 

formation of a liquid phase in the M-3000 specimens but not in the 

GJP specimens. Increasing the time of sintering to two and one-half 

hours produced a liquid phase in the GJP bars and resulted in the 

typical rounded grains of tungsten similar to those found in the 
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M-3000 specimens. Thus.t it took longer for the liquid phase to be 

formed in the GJP specimens than in the M-3000 specimens . The 

reason for the liquid phase forming faster in the M-3000 specimens 

is because the M-3000 alloy powder was already pre-alloyed before 

it was pressed into test bars. The pre-alloying occurred when the 

alloy powder was being produced by the coreduction of a mixture 

of iron, nickel and tungsten oxides . X - ray diffraction studies of 

the M-3000 alloy powder resulted in the detection of the character 

istic diffraction pattern of a tungsten-nickel-iron solid solution 

phase . 

In the case of the GJP specimens, the powder was just a 

mixture of the elemental metal powders. Therefore, all of the 

alloying had to be accomplished during the sintering treatment. By 

presintering for one hour at 1, 200°c,. before sintering at 1, 480°C , 

a liquid phase was formed in the GJP alloy specimens. 



CHAPTER IV 

DETERMINATION OF THE AMOUNT OF TUNGSTEN PRESENT IN 

THE MA TRIX OF THE TUNGSTEN-NICKEL-IRON 

ALLOY SPECIMENS 

I. INTRODUCTION 

The object of this investigation was to determine the amount 

of tungsten that was present in the matrix of the 90W - ?Ni - 3Fe 

alloys produced by the two different powder metallurgy processes. 

The method used was the back reflection method using a Sachs

type camera 13 • This method has been called the back reflection 

flat plate method and the pinhole method. The information dis

cerned from this study was then compared with the mechanical 

properties of the alloy bar so The object was to determine if the 

matrix chemistry was responsible for the variance in mechanical 

properties when the sintering treatment or method of production is 

changed. 

II. REVIEW OF LITERATURE 

J. F. Nortonl 4 used the Sachs-type camera to determine the 

13G. Sachs & J. Weerts, z. Physik 602 481 (1930). 

14 J. F. Norton, Metals & Alloys §_, 343 ( 19 35). 
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solid solubility of copper 1n iron. He first prepared a series of 

alloys of the pure metals covering the suspected solubility range. 

These samples were carefully homogenized at just below the 

eutectoid temperature, which was the temperature of maximum 

solubility, and quenched to retain all the copper. Parameter 

measurements were made on all the samples and the values plotted 

against composition, which was determined by chemical analyses. 

All of the points, with the exception of the two highest copper 

samples, lie on a sloping straight line. The two highest copper 

samples had the same lattice parameter, so it was obvious that these 

alloys were beyond the maximum solubility and were in a two-phase 

field. A horizontal line through these points, extended to meet the 

sloping curve, will intersect at the composition corresponding to 

the maximum solubility. 

15 Anderson and Jette discussed the adoption of this technique 

to determine solid solubility limits in ternary diagrams. They show 

that in ternary systems the procedure is identical in principle, but 

the results are more difficult to interpret. This is because the 

presence of a third component adds one more dimension to a diagram 

representing the variation of lattice parameter with composition. 

Thus the variation of lattice parameter with composition must be 

15A. G. Anderson and E. R. Jette, ASM Trans. 24, 519(1936). 
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represented by a surface instead of a line , and the solubility limit 

is represented by the intersection of surfaces instead of the inter 

section of lines. Such surfaces are referred to as "parametric 

surfaces . " 

The most practical way of determining the intersection between 

two parametric surfaces i s to use the method of sections. In this 

method the variation of the lattice parameter with composition is 

studied at compositions lying along a straight line drawn across a 

portion of the triangular base diagram. Such a line is nearly always 

chosen so that ( l} the percentage of one of the elements remains 

constant, or (2} the ratio of the percentages of two of the elements 

remains constant. In either case , the section line can be considered 

as if it were a binary alloy system although the interpretation of the 

data differs from that of a true binary. In the case of this study a 

vertical section line was drawn across the ternary diagram represent 

ing a constant ratio of nickel to iron of seven to three with varying 

amount s of tungsten . 

The main problem in studying ternary diagrams by this method 

is that unlike binary diagrams , the lattice parameter may not remain 

constant with further changes in composition after a phase boundary 

has been reached . It may increase , decrease , or remain constant . 

In the case of the vertical section being studied, i t can be seen that 

the lattice parameter will remain constant once the phase boundary 
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is reached because of the nature of the two phases that will be 

encountered. The phases are primary tungsten and a solid solution 

of tungsten, nickel and iron. The only other possibility is a straight 

line variation having a different slope than the lattice parameter 

variation occurring before the phase boundary is reached. 

Normally,_ to measure lattice parameters precisely,_ a Debye

Scherrer method is used in which the film is placed on the inside 

surface of a cylinder and the specimen is placed on the axis of the 

cylinder. The specimen consists of a finely divided powder :mounted 

on the surface of a fine glass fiber using a small amount of glue 

or a petroleum product. Measurement of the back reflections 

that have 2Q values close to 180 degrees will provide lattice para

meter measurements that have an accuracy of up to~ 0. 001A. With 

good experimental technique and the use of the proper extrapolation 

function, an accuracy of better than 0. 000 lA can be obtained. An 

example of high precision work having this accuracy is the work 

done by Straumanis and Ievins 16 • 

As was noted in Chapter ill, the tungsten-nickel-iron solid 

solution is liquid at the sintering temperature of the M-3000 alloy. 

This eliminates the possibility of using a powder method, because 

filings of the alloy would be resintered together into a solid mass if 

16M. E. Straumanis & A. Ievins, Natur-wiss 23, 833 (1935). 



annealed at the sintering temperature. So the pinhole method is 

used because mounted solid metallurgical specimens may be 

examined directly. Unfortunately, the flat plate pinhole camera 
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cannot be considered an instrument of high precision for the measure-

ment of lattice parameters because both the specimen and the film 

are flat. Therefore, no focus sing of the diffracted rays occurs, and 

the result is that the diffraction lines are much broader than is 

normally desirable for precise measurement of their positions. 

According to Cullity17 , the chief sources of systematic error are 

(1) film shrinkage, (2) incorrect specimen to film distance, and (3} 

absorption in the specimen. It is shown by Cullity 18 and Hess l 9 

that the fractional error in 1d 1 is proportional to sin 4 ¢ tan ¢ where 

<p = 90 - e. Using this extrapolation function a fairly precise value 

of the lattice parameter can be obtained. The derivation of this 

function is simple and straight forward. 

Referring to Figure 3, it can be seen that C is the specimen 

to film distance, and D is the diameter of a particular (hkl} ring 

on the film. Then the tangent of the angle zcp for this particular (hkl) 

17B. D. Cullity, Elements of X-Ray Diffraction (Reading, 
Massachusetts: Addison-Wesley Publishing Company, 1956) p 333. 

18 B. D. Cullity, private correspondance. 

19J. B. Hess, Acta Crystallographica 4, 215 (1951). 
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FIGURE 3 

GEOMETRY OF FLAT PLATE PINHOLE CAMERA 



plane is given by 

tan 2Q) ; D ---
2C 

and taking the logarithm of both sides 

ln tan 2<p = ln D - ln 2 - ln C 

differentiating 

sec2 2Q) LAI$:: 
tan 2Q) 

D..D - f:l.C 
D C 

rearranging 

~D 
D 

simplifying {assuming D.. 2Q) : 2 D.¢) 

2 D. q:> = sin 2<p cos 2Q)~ ~D -

since 

sin 2Q) cos 2</> - 1 /2 sin 4Q) 

therefore 

( 4-1) 

( 4-2) 

( 4-3) 

(4-4) 

( 4-5} 

(4-6} 

(4-7) 

Errors introduced either by an error in the measurement of 
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the true specimen to film distance or due to absorption effects are 

included in ~ C/C. An error due to shrinkage of the film is 

represented by ~D/D. So the total error, C:::. ~' is proportional to 

sin 4<p 

Total error = ~ ~ = K sin 4<p (4-8) 



and using Bragg ' s Law 

n t- = 2d sin S ( 4-9) 

differentiating 

0 = 2 ~ d sin 9-+- 2 d cos 9 ~ e ( 4-1 O) 

rearranging 

t::..d - cot et::..e 
= 

( 4-11) 
d 

since~ = 90 - e 

ti. d = - cot S t::..O = tan Q) ~ (p 
d 

So an error in <p presented by t::.. cp results in an error ~ d in the 

lattice spacing 1d 1• Using equation ( 4-8) it can be seen that the 

error I:::. d is proportional to sin4q> tan<p 

D,. d 
d 

= K sin4Q> tan(p 

or in terms of the lattice parameter 

6.. a : K sin4(p tanq> 
a 

where 1a 1 is the lattice parameter. 

( 4-12} 

{ 4 - 13} 
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As 9 approaches 90 degrees the cote approaches zero. So 

it can be seen by looking at equation (4-11) that a small error, ~ e , 

in e will result in a vanishing small error in 'd 1 as e approaches 

90 degrees. If 'd' could be determined from a reflection withe :: 

90 degrees , all the systematic errors would be zero . This is 

impossible to achieve , but it can be done indirectly by determining 



'd' from several reflections having different 9 values and extra

polating the result toe= 90 degrees . In the case of plotting 1a 1 

versus sin4q> tan¢ ; the straight line through the points would be 

extrapolated to <p = 0 since <p = 90 - e. 

llI. EXPERIMENTAL PROCEDURE 

Preparation of_ samples. Cylindrical specimens were prepared 
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using tungsten-nickel-iron powders containing 1 , 4 , 8 , 12, 16, 20 , 

24, 28 , 30, 32, 34 and 36 per cent tungsten. The powders were 

prepared by the method described in Chapter II . The powders were 

pressed into small cylindrical compacts in a double action, steel 

cylindrical die having a cross-sectional area of O. 7385 square inches . 

The compacts were then sintered in an atmosphere of dry cracked 

ammonia at 1, 480°C for one hour. After sintering, the specimens 

were ground flat on one face , roughly finished on silicon carbide 

paper, and then polished with levigated alumina. The cold worked 

surface was removed. by etching in a hot solution of nitric add and 

hydroflouric acid. 

X-ray procedure . Each specimen was placed in the specimen holder 

of a General Electric XRD back reflection came.ra like that shown in 

Figure 4. The specimens were exposed to the x-ray beam for one 

hour each, with the back reflection portion of the x-ray diffraction 

patterns being recorded by film in the film cassette. 
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The cassette was loaded in a darkroom with a five-inch diame

ter circular film having a three-eighths inch hole at its center. The 

film circles were cut from a five by seven inch sheet of Kodak 

med;lcal x-ray film using a template supplied by General Electric 

for this purpose. The circle was cut while the film was still in its 

black paper folder, after which the paper from the back of the film 

was removed and placed in front. The film was then placed in the 

cassette directly against the lead backing,_ covered with the two 

black paper circles and the cassette front placed in position and 

fastened by means of the central screw. The cassette front had a 

sector cut out of it so that only one-third of the film was exposed 

to the x-rays during any one particular run. Thus, by rotating the 

sector, one piece of film was used for three different x-ray diffrac

tion runs. The positioning of the camera front was accomplished by 

the lining up of one of the indicatory marks on its edge so it concided 

with the reference mark on the cassette. Figure 5 is a diagram of 

the camera showing the marks on the camera and the camera front. 

After alignment of the marks, the camera front was locked in place 

with the three knurled screws near the rim of the cassette. This 

insured that the film was held against the lead backing of the cassette. 

During an x-ray diffraction run, both the specimen and the 

film cassette was rotated. The film cassette was rotated at a speed 

of one-fifth of a revolution per minu.te, while the specimen was 
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rotated at a speed of two-fifths of a revolution per minute. 

Most of the back reflection x-ray diffraction work was 

accomplished using the General Electric x-ray diffraction unit which 

is the property of the Geology Department of the Missouri School of 

Mines and Metallurgy. Some work was accomplished using the 

Norelco x-ray diffraction unit which is the property of the Depart

ment of Metallurgical Engineering of the Missouri School of Mines 

and Metallurgy. The sample holder and film cassette used in con

junction with the Norelco unit were somewhat different than the XRD 

back reflection camera holder and cassette, but identical in principle 

and operational procedure. An iron target x-ray tube and a copper 

target x-ray tube were used in the G. E. x-ray diffraction unit. Only 

a copper tube was available for use in the Norelco x-ray diffraction 

unit. 

The geometry of the Sachs-type back reflection camera is 

shown in Figure 3, page 30. The specimen to film distance, C, was 

determined by calibration with a standard specimen. A pressed 

powder sample containing research grade tungsten powder was u.sed 

as the standard sample. The powder was produced by the General 

Electric Company and contained at least 99. 99 per cent tungsten. 

Tungsten has the advantage over other reference standards for this 

purpose in that its lattice parameter has been measured with a high 

degree of precision; and it gives suitable calibration lines with most 
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characteristic wave lengths at practically all specimen to film 

distances. 

The specimen to film distance was set approximately at five 

centimeters by using a template. The standard specimen was placed 

in the specimen holder and exposed to the x-ray beam for one hour. 

Upon development 0£ the film, it was found that there were two strong 

Kc,,,, double lines near the center of the film. The distance, D, be

tween corresponding lines on opposites ends of the x-ray diffraction 

pattern was measured with an x-ray diffraction line comparator. 

The value used in the calculation of the true specimen to film distance 

was the average of six comparator measurements. 

The approximate value of the specimen to film distance was 

used to identify the tungsten planes that were responsible for the two 

double lines on the filmo The planes were identified as the (321) and 

the ( 400} planes of tungsten. The interplanar distances of these tung

sten planes were measured by Swanson and Tatge20 in 1951. These 

values for the interplanar distances were used in calculating the 

specimen to film distance, as in the following sample calculation. 

Just prior to exposing a sample containing twenty per cent 

tungsten to x-radiation emanating from a copper target x-ray tube, 

20H. E. Swanson and Eo Tatge, J. Research Natl. Bur. 
Standards j~, 318 (1951). 
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the standard sample was placed in the sample holder and exposed to 

the x-radiation for one-half hour. Then the twenty per cent tungsten 

sample was placed in the sample holder and exposed for one hour. 

The resulting back reflection x-ray diffraction patterns from both 

specimens were recorded on Film No. 43. The interplanar distances 

were used to determine the diffraction angles by using Bragg1 s Law: 

n A = 2d sin S ( 4-14) 

where n is the order of reflection, A is the wavelength of the x-

radiation, and dis the interplanar distance. By rearranging terms: 

sin9 = n'r-.. (4-15) 
2d 

The specimen to film distance was calculated by using the equation 

which was derived utilizing the geometry of the flat plate camera 

as shown in Figure 3, page 30: 

C = D (4-16) 
2tan( 180-28) 

where D is the diameter of the diffraction line as measured from 

the film. The results of the calculations are given in Table V. The 

final step was to calculate the average value of the specimen to film 

distance from the four values obtained from the four diffraction lines 

resulting from the diffraction of Copper K-=-<' 1 and K°< 2 x-radiation 

by the ( 321) and ( 400} planes of tungsten. The average value was 

4. 05409 centimeters. This value of the specimen to film distance 

was then used to calculate the lattice parameter of the tungsten-



TABLE V 

CALCULATION OF THE SPECIMEN TO FILM DISTANCE FOR FILM NO. 47 

Diameter of Plane Lattice spacing Radiation Q Tan(l80 -2Q) Spe c imen to 
diffraction line (degrees) film distance 

(cm) (Ang stroms) (cm) 

9.271 321 0. 8459 Cu KO( 65 . 5840 1. 143579 4.05350 
I 

9.065 321 0. 8459 Cu Ko.: 
~ 

65 . 8997 1. 118462 4 . 05245 

4 . 031 400 0.7912 Cu KO(. 76.7855 
I 

0.4970353 4.05514 

3.8145 400 0.7912 Cu K<>< 77.4065 0.4702872 4.05550 
ol.. 

Average value of the specimen to film distance = 4 . 0541 
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nickel-iron alloy specimen which contained twenty per cent tungsten. 

The tungsten-nickel-iron specimens containing 1, 4 , 8 , 12, 16, 20 , 

24, 28 , 30 , 32 , 34 and 36 per cent tungsten were x - rayed using both 

iron and copper x - radiation. The purpose of using two different 

characteristic x-radiations was to provide more values of the lattice 

parameter which could be plotted versus tan¢ sin 4¢ . With more 

points to plot, the extrapolated value of the lattice parameter could 

be determined with ~>nore accuracy. 

The next step was to plot the extrapolated values of the lattice 

parameter versus the corresponding tungsten contents. This graph 

was then used to determine the amount of tungsten present in the solid 

solution phase of M-3000 and GJP alloy specimens. These alloy 

specimens were produced by pressing cylindrical compacts from 

the M-3000 and GJP powders and then given sintering treatments 

identical to the ones used in sintering the M-3000 and GJP alloy ten

sile bars. The specimens were x-rayed in the same manner as the 

specimens containing various amounts of tungsten . 

IV . EXPERIMENTAL RESULTS 

After the tungsten-nickel-iron specimens were exposed to 

x-radiation, examination of the films used to record the back re

flection pattern revealed that a number of diffraction rings were 

recorded on each film. When copper radiation was used, the rings 
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were produced by the diffraction of copper KC).( 1 and Ko<.2 x-radia

tion by the (331} and the (420} planes of the solid solution phase. When 

iron radiation was used, the rings were produced by the diffraction of 

iron K°'<l and K0< 2 x-radiation by the (222} plane, and the diffraction 

of iron K~ radiation by the (400} plane. The examination of the diffrac-

tion patterns of samples containing 30, 32, 34, and 36 per cent tungsten 

revealed the presence of extra diffraction rings. These rings were 

identified as being produced by the diffraction of the characteristic x-

radiation by various planes of tungsten. Hence, there was one phase 

present in samples containing one to 28 per cent tungsten, and two 

phases present in specimens containing 30 or more per cent tungsten. 

The lattice parameters were calculated utilizing equation 

(4-16} to determine the angle S, and Bragg 1 s Law (4-14} to deter-

mine the interplanar distance. The lattice parameter was calculated 

utilizing the following equation which relates the lattice parameter 

with the interplanar distance for cubic structures: 

(4-17) 

Where (hkl} are the Miller indices of the particular plane responsible 

for diffraction of the x-rays. The wavelengths of the characteristic 

x-rays as reported by Barrett21 in his book 11Structure of Metals" 

21 C. S. Barrett, Structure of Metals (New York: McGraw-
Hill Book Co . , 19 5 2}, p 644. 
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are given in Table VI. 

Table VII, page 45, shows the results of the lattice parameter 

calculations for the tungsten-nickel-iron phase present in a specimen 

containing 20 per cent tungsten. Seven values of the lattice para

meter were calculated from the measurements of seven different 

diffraction rings found on two films. The lattice parameter was 

then plotted versus tancp sin4<P where <p is equal to (90-G>). A straight 

line was drawn through the points as shown in Figure 6, page 46, 

and then was extended to where t is equal to zero. The value of the 

lattice parameter found in this manner is equivalent to the value that 

would be determined from a reflection where e was equal to ninety 

degrees. The extrapolated value of the lattice parameter for the 

twenty per cent tungsten alloy specimen was found to be 3. 5887 

Angstroms. 

The results of equivalent calculations for all the other alloy 

specimens can be found in appendix A. The extrapolated values 

resulting from these calculations are listed in Table VIII, page 47. 

This table lists the tungsten content of the various tungsten-nickel

iron specimens and the lattice parameter of the solid solution phase 

present in each sample. Figure 7, page 48, is a plot of tungsten 

content versus lattice parameter. All of the points lie on a 

straight line except the points corresponding to tungsten contents 

of 30 per cent or more. The lattice parameter of alloys containing 
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TABLE VI 

CHARACTERISTIC X-RADIATIONS OF COPPER AND NICKEL 

Characteristic x-radiation 

Copper K"'< 
I 

Copper K<>< .... 

Iron KC>( 
I 

Iron K<>< .... 

Iron K~ 

Wavelength 
(Angstroms) 

1. 54050 

1.54433 

1. 9 3597 

1.93991 

l. 7 5653 



Film Radiation 
No . 

47 Cu Ko< 
I 

47 Cu KO( 
el 

47 CuKc.c: 
I 

47 Cu K 0<.a.. 

7 Fe K"'< 
I 

7 Fe Kc:..: 
~ 

7 Fe K~ 

TABLE VII 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 20 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of G Sin G Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 7. 129 69.3385 0.9356814 3 . 58823 

331 6.941 69 . 717 45 0 . 9379945 3 . 58828 

420 5 . 172 73.73365 0 . 9599700 3 . 58830 

420 4 . 980 74.2210 0. 96 2 3177 3 . 58845 

222 8 . 940 69. 1508 0 . 9345 2 04 3 . 58815 

222 8. 747 69.46095 0 . 9364333 3.58811 

400 4.372 78.2388 0.978970 2 3.58853 

Tan¢ sin 4¢ 

0.3740 

0 . 3652 

0 . 2646 

o. 2520 

0 . 3783 

0 . 371 2 

0. 15 24 

NOTE : The values of the sin G and the lattice parameter are given to the seventh and fifth 
decimal places for calculation purposes only. 

~ 
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TABLE VIII 

VARIATION OF LATTICE PARAMETER WITH TUNGSTEN CONTENT 

Percent tungsten Lattice parameter 
(Angstroms) 

1 3 . 5632 

4 3.5666 

8 3.5717 

12 3 . 5777 

16 3.5820 

20 3.5887 

24 3.5937 

28 3 . 5993 

30 3.6012 

32 3 . 6009 

34 3 . 6014 

36 3 . 6014 
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30 per cent tungsten and above are approximately equal. Obviously 

these alloys are beyond the maximum solubility and are in the two 

phase region since the parameter does not change with composition. 

A horizontal line through these points, extended to meet the sloping 

line, will intersect at the composition corresponding to the maximum 

solubility of tungsten in the solid solution phase which is 29. 6 per 

cent tungsten by weight. This graph could then be used to determine 

the amount of tungsten that has dissolved in the solid solution phase 

present in the M-3000 and GJP alloy specimens. 

The lattice parameters of the solid solution phase present in 

the M-3000 and GJP alloy specimens were determined using only 

copper radiation, as the iron target x-ray tube was not available 

during this portion of the investigation. Examination of the films 

revealed that only one diffraction ring was sharp enough to be 

measured in the x-ray line comparator. This x-ray diffraction ring 

was produced by the diffraction of copper Ko< 1 radiation by the 

(331) planes of the solid solution phase. All of the other rings were 

too diffuse for accurate measurement. 

The results of the calculations are listed in Table IX, page 50• 

and Table X, page 51. The lattice parameter,_ of the solid solu

tion phase present in the fourteen alloy specimens, varied from 

3. 6011 to 3. 6016 Angstroms. Since there was only one value of the 

lattice parameter per specimen that could be plotted on a graph of 



TABLE IX 

LATTICE PARAMETERS OF THE TUNGSTEN-NICKEL-IRON SOLID SOLUTION 
PHASE PRESENT IN THE M-3000 ALLOY SPECIMENS 

Specimen Sintering Film Specimen to Diameter Pla ne g L a ttice 
number tre a tment No . film distance of line (degrees) p a rameter 

(cm) (cm) (Ang stroms) 

1 148 0°c - 1 hour 30 3 . 8816 7.089 3 31 68.7995 3 . 601 2 
fast cool 

2 148 0°C - 1 hour M-4 3. 8230 6.990 331 68 . 7831 3 .6016 
slow cool 

3 148 0°C - 1 hour M-3 3 .8248 6 . 993 331 68 . 7837 3 . 6016 
quench 

4 1460°C - 1 hour M-2 4.0241 7 . 358 3 31 68 . 78 2 6 3 . 6016 
fast cool 

5 1440°C - 1 hour M-1 4 . 0670 7 . 436 331 68 .7834 3. 6016 
fast cool 

6 1480°C - 2. 5 hours M - 6 3.5327 6.45 2 331 68 . 7991 3 . 601 2 
fast cool 

7 1200°C - 1 hour M-5 3.863 2 7 . 055 331 68 .8003 3 . 6011 
a nd 1480°C - 1 hour 
f a st cool 

l.J1 
0 



TABLE X 

LATTICE PARAMETERS OF THE TUNGSTEN-NICKEL-IRON SOLID SOLUTION 
PHASE PRESENT IN THE GJP A LLOY SP EC IM ENS 

Specimen Sintering Film Specimen to Diameter Plane Q Lattice 
number treatment No. film distance of line (degrees) parameter 

(cm) (cm) (Angstroms) 

8 1480°C - 1 hour 37 4.5961 8.394 331 68.7994 3.6012 
fast cool 

9 1480°C - 1 hour E - 1 3. 1506 5.761 331 68.7821 3.6016 
slow cool 

10 1480°C - 1 hour E-2 2.8 410 5. 188 331 68.8010 3 . 6011 
quench 

11 1460°C - 1 hour E -3 3. 7487 6.854 331 68.7835 3.6016 
fast cool 

12 1440°C - 1 hour E-4 3.9542 7.230 331 68.7829 3.6016 
fast cool 

13 1480°C - 2. 5 hours E-5 3.8090 6.956 331 68.8004 3.6011 
fast cool 

14 l 200°C - 1 hour E-6 3.7303 6.812 331 68.8010 3.6011 
and 1480°C - 1 hour 
fast cool 

u, 
..... 
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lattice parameter versus tanO sin4O, the extrapolated value of the 

lattice parameter could not be obtained. An estimate of its value was 

obtained by drawing a line through the one point parallel to the extra

polation lines used for the specimens containing 34 and 36 per cent 

tungsten . In all cases, the extrapolated value of the lattice para

meter was O. 0002 centimeters larger than the value listed in Table 

IX, page 50, or in Table X, page 51. 

Comparison of these lattice parameter values with those plot

ted versus tungsten content in Figure 7, page 48, indicate that all of 

the M-3000 and GJP alloy specimens had a maximum amount of tung

sten dissolved in the solid solution phase. Thus the difference in 

physical properties of the bars was not due to a variation of the 

tungsten content of the solid solution phase. 

A question that immediately arises at this point is why didn't 

the solid solution phase present in the GJP specimens melt when the 

specimens were sintered at 1, 480°C for one hour. The reason must 

be that the iron and nickel did not have enough time to alloy and form 

the low melting solid solution phase which is liquid at 1, 480°C. The 

lattice parameter measurements performed in this study only 

indicate the amount of tungsten that was present in the solid solution 

phase and gives no indication of the nickel and iron content. 
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Jung22 showed in his study of nickel-iron alloys that the lattice 

parameter did not vary much with variations of nickel content. The 

equilibrium lattice parameter for a 90 Ni-10 Fe alloy was reported 

to be 3. 577 Angstroms, and the equilibrium lattice parameter for a 

31 Ni-69 Fe alloy was reported to be 3. 57 0 Angstroms. Thus, a 

59 per cent increase in the nickel content resulted in only a seven 

thousandths of an Angstrom increase in the lattice parameter. The 

reason for this small increase is that iron and nickel atoms are 

almost identical in size. This increase is negligible compared to 

the increase in the lattice parameter caused by the introduction of 

the large tungsten atoms. 

23 It was reported by Hansen that the nickel rich solution of 

a nickel-tungsten alloy system will dissolve forty per cent tungsten 

at 1, 480°C, while the iron rich solid solution of an iron-tungsten 

alloy system will dissolve thirty-three per cent tungsten at 1, 480°C. 

So a nickel-iron solid solution will probably dissolve at least 29 . 4 

per cent tungsten, no matter what the ratio of nickel and iron. 

The x-ray diffraction studies indicate that the solid solution 

phase, present in the GJP samples sintered at l, 480°C for one hour, 

has the maximum amount of tungsten dissolved in it. The x-ray 

22 6 A. 0. Jung, Z. Krist. 5, 323( 1927). 

23 M . Hansen, Constitution ~ Binary Alloys (New York: 

McGraw-Hill Co., 1958), p 1058. 
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diffraction studies did not provide any information concerning the 

iron and nickel content. For example , the nickel and iron may be 

present in the ratio of four to one rather than seven to three . The 

solid solution phase would then have a higher melting point-> as the 

seven to three nickel-iron com po stition represents a minimum in the 

solidus and liquidus curves of the nickel-iron equilibrium diagram. 



CHAPTER V. 

DETERMINATION OF THE EFFECT OF THE TUNGSTEN CONTENT 

ON THE ULTIMATE TENSILE STRENGTH OF TUNGSTEN

NICKEL-IRON ALLOY SPECIMENS 

I. INTRODUCTION 

The object of this investigation was to determine the effect of 

varying the tungsten content on the ultimate tensile strength of 

tungsten-nickel-iron alloy specimens. 

II. EXPERIMENTAL PROCEDURE 

Tungsten-nickel-iron alloy powders used in this study con

tained 4, 8, 12, 16, 20, 24, 28, 34, 40, 50, 60, 70, 80 and 90 per 

cent tungsten with the remainder being in the ratio of seven parts 

nickel to three parts iron. The alloy powders were produced by the 

method described in Chapter II . Tensile test specimens were pre

pared by pressing the powders in a steel die utilizing two moving 

punches. The powders were pressed into the shape of a Metal 

Powder Association standard tensile specimen. The dimensions of 

this bar are shown in Figure 8. The dimensions of the bar are such 

that the area of the face of the bar is equal to one square inch. Four 

bars were pressed from each powder using a pressure of twenty tons 
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per square inch . The test bars were sintered by placing them on a 

thin layer of high purity alumina sand in the bottom of a molybdenum 

boat. The boat was placed in a large high temperature furnace which 

was heated by molybdenum resistance elements. The furnace had a 

muffle opening of eight inches by four inches in cross - section . The 

temperature of the heat zone could be considered uniform for a 

length of twenty inches. Dried cracked ammonia was passed through 

the furnace at a rate of 150 cubic feet per hour . 

Two specimens made from each powder were placed in a boat. 

The boat was shoved into the heat zone of the furnace , and the 

specimens were sintered at 1, 480°C for one hour. Upon removal 

of the specimens from the furnace, it was found that the specimens 

containing from 4 to 50 per cent tungsten did not retain their original 

shape. Specimens that contained from 4 to 24 per cent tungsten were 

completely melted and formed globules of molten metal which 

solidified in this shape when the boat was shoved out of the heat zone . 

The specimens that contained 24 to 50 per cent tungsten retained the 

approximate shape of an MFA bar b:it the cross-sectional area was 

not uniform especially in the tensile testing zone. Therefore, it 

was necessary to heat the low tungsten containing specimens to 

temperatures just above the melting point of the solid solution, to 

prevent the solid solution phase from becoming too fluid and causing 

drastic changes in the shape of the bars. This was accomplished in 
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the following manner. 

The specimens containing 4 per cent tungsten were placed in a 

boat, and the boat was shoved into the furnace. The furnace temper

ature was set at 1,420°c by means of a Leeds-Northrup automatic 

controller which uses a radiamatic eye to measure the temperature 

in the heat zone of the furnace. The specimens were kept under 

visual observation by means of a small opening in the furnace door. 

The purpose of observing the specimens was to determine whether 

a liquid phase was present in the specimens. If a liquid phase was 

present, the specimens shollld have had very shiny surfaces. At 

1, 420°C, there was no evidence of a liquid phase being present in 

the 4 per cent tungsten specimens. 

The next step was to raise the temperature of the furnace in 

ten degree increments until a liquid phase was observed in the 

specimens. A liquid phase was observed in the 4 per cent tungsten 

specimens at 1, 440°C. All of the other specimens were sintered 

using the same procedure as that used for the specimens containing 

4 per cent tungsten. The specimens containing from 4 to 20 per 

cent tungsten were sintered at 1, 440°C. Specimens containing 

from 24 to 50 per cent tungsten were sintered at 1, 450°C. Specimens 

containing from 60 to 80 per cent tungsten were sintered at 1, 460°C. 

The 90 per cent tungsten specimens, actually the M-3000 alloy 

specimens, were sintered at 1, 480°C. 



After sintering, the cross-sectional area of the bar was 

measured using a micrometer . Then a one inch gage length was 

measured 0££ with a scale, and two red ink marks were drawn on 
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the bar which were one inch apart. The final step was to tensile 

test the bars in a standard Tinius-Olsen tensile tester using special 

grips designed to hold the flat MFA test bars. The ultimate tensile 

strength and per cent elongation was calculated for each specimen. 

III. EXPERIMENTAL RESULTS 

The results of the mechanical testing of the MFA tensile test 

specimens are given in Table XI. The average value of the ultimate 

tensile strength for bars of equivalent composition was plotted versus 

tungsten content. The result is shown in Figure 9, page 60. The 

tensile strength increased as the tungsten content of the solid solu

tion phase was increased. The curve levels off at about 30 per cent 

tungsten, which is approximately equal to the maximum solubility of 

tungsten in the solid solution phase. Therefore specimens, contain

ing 30 or more per cent tungsten, consisted of two phases. The two 

phases were tungsten and the solid solution of tungsten, nickel and 

iron. Increasing the tungsten content to 70 per cent only caused 

a small increase in the ultimate tensile strength. A further increase 

in the tungsten content to 80 per cent produced a sharp increase in 

the tensile strength to about 126, 000 pounds per square inch. 



Tungsten content 
(per cent) 

4 
4 
8 
8 

12 
12 
12 
12 
16 
16 
20 
20 
2 0 
24 
24 
28 
28 
34 
34 
40 
40 
40 

TABLE XI 

EFFECT OF TUNGSTEN CONTENT ON THE ULTIMATE TENSILE 
STRENGTH OF TUNGSTEN-NICKEL-IRON ALLOY SPECIMENS 

Cross - sectional dimensions Load Ultimate tensile strength 
(inches x inches) (pounds) (pounds / square inch) 

0. 098 X 0. 196 1,370 71,300 
0. 100 X 0. 200 1,390 69,500 
0. 094 X 0. 197 1,430 77,200 
0. 099 X 0. 195 1,460 75,600 
0 . 096 X 0. 197 1,490 78,800 
0. 083 X 0. 196 1,340 82,400 
0 . 081 X 0. 196 1,350 85,000 
0. 097 X 0. 198 1, 670 87,000 
O.lllx0.196 1,980 90,900 
0. 108 X 0. 196 1,980 90 , 100 
0 . 113x0.192 2, 160 99,600 
0. 113 X 0, 195 2, 130 96,500 
0. 105 X 0, 192 1,910 94,700 
0. 075 X 0. 196 1, 510 102,800 
0, 090 X 0. 196 1,820 103,200 
0 , 108 X 0. 196 2,320 109,500 
0 . 112 X 0, 19 2 2,340 108,900 
0 . 144 X O, 1 9 6 3, 150 112, 000 
0. 124 X 0, 200 2,770 112,000 
0, 113 X 0, 195 2,460 112,000 
0 . 101 X 0. 193 2 , 200 113,000 
0 . 101 X 0. 197 2,210 111,000 

Elongation 
(per cent) 

34 
36 
38 
37 
36 
25 
32 
36 
32 
24 
23 
24 _,_ 
, ,, 

19 
2 1 
21 
23 
19 
2 2 
16 
17 O' 

0 

18 



TABLE XI ( continued) 

Tungsten content Cross-sectional dimensions Load Ultimate tensile strength Elongation 
(per cent) (inches x inches) (pounds) (pounds/square inch) (per cent) 

50 0. 122 X 0. 194 2630 111 ,100 20 
50 0. 104 X 0. 194 2290 113,500 26 
60 0.119x0.192 2590 113,300 17 
60 0.117x0.193 2500 111,000 16 
60 0.125x0.191 2730 114,300 19 
70 0. 136 X 0. 195 3030 114, 000 19 
70 0.134x0.195 2930 112,100 18 
80 0.118x0.191 2820 125,000 14 
80 0. 126 X 0. 194 3050 124,800 ,,, ,,, 

80 0. 129 X 0. 193 3140 126,000 ,,, ,,, 

80 0. 126 X 0. 194 3120 127,600 
,,, ,,, 

90 0. 126 X 0. 194 3040 124,300 12 

90 0. 127 X 0. 193 3070 125,500 12 

,:,Tensile test bars broke outside of gage marks. 
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Increasing the tungsten content to 90 per cent caused a slight de

crease in the ultimate tensile strength. 
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It is possible that the strength of the M-3000 alloy is due to 

a cementing type action produced by the tungsten-nickel-iron solid 

solution phase on the tungsten grains. The investigation showed 

that specimens containing 40 per cent tungsten had approximately 

the same strength as specimens containing 70 per cent tungsten. 

This strength must be that of the nickel-iron solid solution saturated 

with tungsten, and has nothing to do with the tungsten grains present 

in the specimens. This idea is reasonable, since increasing the 

tungsten content has little effect on the ultimate tensile strength. 

Then the increase in the tensile strength caused by an increase in the 

tungsten content from 70 to 80 per cent must be due to the tungsten 

grains. In other words, the tensile strength of the 80 per cent 

tungsten specimens was actually the tensile strength of the tungsten 

present in the specimens. This is possible, because Barth24 re-

ported that pure tungsten can have tensile strengths ranging from 

40, 000 to 200, 000 pounds per square inch. 

The 80 per cent tungsten alloy specimens can be considered 

to consist of grains of tungsten cemented together by the solid 

24v. D. Barth, The Fabrication~ Tungsten, Battelle 
Memorial Research Institute, Department of Commerce, Publication 
PB 15107 1 (Washington: Government Printing Office, 19 50) p 8. 
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solution phase. When the amount of cementing material is increased 

relative to the amount of tungsten, the strength of the two phase alloy 

will depend on the strength of the cement since there are large areas 

of it present in the alloy. This is the case when only 70 per cent 

tungsten is present in the specimen. An analogous case can be cited. 

At the P. R. Mallory Metals Division Plant in Indianapolis, long 

tungsten alloy bars are produced by pressing short bars from alloy 

powder and brazing two or more bars together with copper. This 

is accomplished by inserting a thin sheet of copper between two bars 

and placing them in a furnace held at a temperature which will melt 

the copper. After brazing, the long bars are still as strong as the 

short bars. 1£ two or three sheets of copper are placed between the 

bars, the resulting tensile strength of the brazed long bar will be 

much lower than the tensile strength of the short bars. This is be

cause only a small amount of copper is needed, just enough to wet 

the tungsten grains and cement them together. When an excess of 

copper was used, not all of it is active in cementing the tungsten 

grains together, and therefore there are large areas of copper 

present at the junction of the two surfaces. When the brazed bar 

is tensile tested, the bar will fail at the junction because copper 

has a much lower tensile strength than the tungsten alloy. 

The last step is to explain the decrease in tensile strength 

when the tungsten content was increased from 80 to 90 per cent. 
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It is possible that the 90 per cent tungsten alloy does not contain 

enough solid solution phase to wet all of the tungsten grains and pro

vide good bonding of the tungsten grains. In other words, the 80 per 

cent tungsten alloy has the optimum properties because it has enough 

solid solution phase present to wet all of the surfaces of the tungsten 

grains, and provide good bonding between the tungsten grains. Work 

done by Emmert25 on tungsten alloys included a tungsten-nickel-iron 

alloy containing 96 per cent tungsten. The tensile strength of test 

bars made from this alloy was 95, 380 pounds per square inch. 

25R. Emmert, P. R. Mallory Co. Inter-departmental 
Communication. 



CHAPTER VL 

RECRYSTALLIZATION OF M-3000 ALLOY SPECIMENS 

I. INTRODUCTION 

The object of this investigation was to determine the 

characteristics of the recrystallization processes that occur when 

rolled M-3000 alloy bars are subjected to elevated temperatures. 

Included in this investigation was a metallographic study of the 

specimens during the recrystallization process; the determination 

of the annealing times and temperatures necessary to cause complete 

recrystallization of the alloy specimens; and the determination of 

the activation energies of the recrystallization processes. 

II. REVIEW OF LITERATURE 

The classical picture of recrystallization involves the growth 

of new, strain free grains at the expense of the cold worked matrix. 

According to Beck26, there are three changes that take place as a 

result of the growth of new grains. The first change that occurs is 

a release of stored energy of cold worked in proportion to the volume 

of cold worked matrix replaced by new unstrained grains. The 

26P. A. Beck, Advances in Physics I, 245 (1954). 
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second change that occurs is a softening of the material as the work 

hardened grains are replaced by soft annealed grains. The third 

change that occurs is local reorientation as a deformed grain of a 

certain orientation is replaced by an annealed grain of a different 

orientation. 

Pugh27 studied the recrystallization of tungsten. He found 

that the annealing of cold worked tungsten evokes a variety of 

structural responses which depend on time and temperature. The 

first significant change, which was found by electrical resistivity 

measurements, begins at about 400°C and is due to the disappear-

ance of crystal imperfections such as vacancies and interstitial 

atoms. The second significant change is the recovery of mechan

ical properties in tungsten at temperatures above 500°C. Dis

location migration and annihilation is probably responsible for the 

recovery. The next effect is that of polygonization followed by 

subgrain growth. This subgrain growth is called recrystallization 

in situ and can be detected by x-ray diffraction at temperatures 

above 800°C, and can be followed metallographically above 1, 300°c. 

The final change that occurs is recrystallization, or what is often 

called secondary recrystallization. Above 1, 800°C a re crystal-

27 J. W. Pugh, 1958 Plansee Proceedings (Reutte, Austria: 
Mettallwerk Plansee, 1959}, p 97 .-
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lization process can be detected which causes a modification of the 

preferred orientation in both sheet and wire. The driving force is 

presumed to be the surface energy of boundaries formed by the 

recrystallization in situ mechanism. Pugh annealed cold worked 

tungsten at various temperatures and times, and then used metal-

lographic techniques to determine the extent of the recrystallization 

in situ process. By plotting the logarithm of time versus the 

reciprocal of the temperature, lines were obtained which separated 

into areas the times and temperatures that would cause complete, 

partial or no recrystallization in tungsten specimens. The slope 

of the lines could then be used to obtain a rough estimate of the 

activation energy of recrystallization. The value obtained was one 

hundred kilogram calories per gram atom of tungsten. This value 

compares closely with the energy value determined by Robinson28 . 

Robinson observed boundary migration in tungsten wires and ob-

tained the value of 110 kilogram calories per gram atom for the 

energy necessary to initiate subgrain growth. 

Nachtigall 29 investigated the characteristics of the recrystal-

lization processes that occur in tungsten and molybdenum. He 

28 c. S. Robinson, J. App. Physics~' 648 (1942.). 

2.9E. Nachtigall, 1955 Plansee Proceedings (Reutte, Austria: 
Metallwerk Plansee, 1956), p 32.5. 
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annealed cold rolled tungsten sheet specimens at various temper-

atures and then tensile tested the annealed specimens . A plot of ten -

sile strength versus annealing temperature revealed the presence of 

a peak in the tensile strength at about 525°c . Smithells 30 reported 

the presence of a peak in the tensile strength at 600°C when drawn 

tungsten wire specimens w ere annealed at various temperatures . 

31 A unique technique was devised by Decker and Harker to 

follow the course of recrystallization in rolled copper. The degree 

of recrystallization in any partially recrystallized specimen w a s 

determined by comparing the intensity of its characteristic Bragg-

reflection with the intensity of a similar reflection from a completely 

recrystallized specimen. Seymour and Harker 32 used the same 

technique to follow the course of recrystallization in a nickel-iron 

alloy . Tangri and Eppelsheimer 33 also used the technique to study 

the recrystallization of silver . Tangri and Eppelsheimer assumed 

that the recrystallization process follows the natural exponential 

30 ( C. J. Smithells, Tungsten New York: Chemical Publishing 
Co . , 1935), p 156 . 

31B. F . Decker and D. Harker, J . of Metals 188, 887 (1950) . 

32 
W . E . Seymour and D . Harker, J. of Metals !88, 1001 (1950) . 

33 K . K . T a n g ri and D . S . Eppelsheimer, Activation Energy for 
Recrystallizatiop ~Rolled Silver, (Rolla, Missouri: Missouri School 
of Mines and Metallurgy Technical Series No. 8 3 , 1954} , p 3 . 
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law of change and that the recrystallization rate is proportional to 

the fractional amount ( 1-x) of the silver remaining to be recrystal

lized. Therefore 

dx C>( ( 1-x) 
dt 

( 6-1) 

or 

dx B( 1-x) ( 6-2) 
dt 

Since the process is activated, B is dependent on temperatures and 

is equal to Ce(-Q/RT), where C is a constant. The value of the 

constant varies with the initial grain size and extent to which the 

metal or alloy has been cold worked. Q is the activation energy 

of the recrystallization process, R is the gas constant, and T is the 

absolute temperature. 

Thus equation (6-2) can be written as: 

dx/dt = C(l-x) e {-Q/RT) 

Separating variables: 

dx/1-x = Ce(-Q/RT) dt 

Intergrating equation (6-4), with 0<:' x < 1 

f dx/1-x - Ce(-Q/RT) J\, 
0 0 

Therefore 

-log (1-x) = log 1/(1-x} - Ce(-Q/RT)t 

or 

log log [ 1 /( 1-x}] = log c + logt-Q/RT 

( 6-3) 

( 6-4) 

(6-5) 

( 6-6) 

( 6-7) 
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or 

log t = loglog [1/(1-xj"] -log c+Q/RT ( 6-8) 

or 

log t = loglog [1/(1-x}J-+ log 1/c-+-Q/RT ( 6-9) 

Equation (6-9) shows that log tin the isothermal annealing of any 

cold worked sample varies with loglog ( 1 / 1-x), which means that 

isothermal curves should have the same shape and thus coincide 

when displaced along the log t scale. It is evident that for fixed 

values of x and C, log t is a linear function of 1 /T . Thus for any 

arbitrary constant value of x and for a particular cold worked state 

(i.e. a fixed value of C} equation (6-9) may be rewritten as 

log t = b+ (Q/R) (1/T) (6-10) 

where bis a constant. Writing equation (6-10) in _differential form 

d(log t) = (Q/R) d(l/T) (6-11) 

or 

d(l/T)/ d(log t) = R/Q (6-12} 

III. EXPERIMENTAL PROCEDURE 

All of the specimens used in this investigation were produced 

by sintering compacts pressed from M-3000 powder. The powder 

was prepared in the manner described in Chapter IL Eighty MPA 

standard test specimens and twenty rectangular bars, with dimen

sions of eight inches by one-half inch by one-quarter inch, were 
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pressed from the M-3000 alloy powder. The large rectangular bars 

were broken into two equal parts before sintering . All of the 

specimens were sintered at 1, 480°C, in dried cracked ammogas, 

for one hour and fast cooled. 

All of the specimens were rolled in a rolling mill with rolls 

that had an eight inch diameter and a six inch face length. Test runs 

were made to determine how much the bar thickness can be reduced 

by rolling without causing edge cracking or splitting of the bar. It 

was determined that the M-3000 bars can be rolled to 35 per cent of 

the original thickness without danger of edge cracking. Therefore 

all of the MFA and rectangular bars were rolled to 35 per cent of the 

original thickness. 

After rolling, the MFA bars were still in the shape of a tensile 

bar. Three bars w ere annealed at each of the following tempera-

tures: 100, 200, 300, 400, 500, 600, 700, 800, 900, 1, 000, 1, 100, 

1,200, 1, 300, 1,400, and 1, 480°C. After annealing, the edges of 

the bars were polished using a fine grain abrasive paper, to elimi

nate small edge cracks and other notches. The bars were then 

tested in a Tinius Olsen tensile tester using special jaws to grip 

the thin specimens. 

After rolling, the long rectangular bars were sheared into 

square specimens, 0. 4375 inches on each side. The squarz speci

mens were then annealed at temperatures ranging from 1, 000° C 
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to 1, 480°C, as listed in Table XII. After annealing, the specimens 

were polished and then etched with alkaline potassium fer.dcyanide 

to determine, metallographically, the extent of recrystallization. 

Specimens annealed at 1,000, 1, 100, 1,200 and 1, 350°C were used 

as x-ray diffraction specimens to determine the activation energy 

of recrystallization by the method devised by Decker and Harker 34 . 

The specimens were repolished and then etched with a solution of 

nitric acid and hydroflouric acid, to remove the cold worked surface. 

The last step was to expose each specimen to copper characteristic 

x-radiation using a Norelco x-ray diffraction unit and a Geiger tube 

x-ray spectrometer. The intensity of the Bragg reflection from 

the ( 110) planes of tungsten in each specimen was measured by a 

Geiger tube and recorded on a chart recorder. 

The specimen mount consisted of a rectangular piece of 

aluminum sheet with a three-fourths inch diameter hole cut in it. 

To mount the specimen, the specimen mount was placed on a flat 

piece of plate glass and the specimen was placed in the circular 

hole with the etched surface down. Mounting clay was packed in the 

hole, surrounding the specimen. Thus, after mounting, the surface 

of the specimen was level w ith the face of the specimen mount. 

This ensures that when the specimen mount is slipped into the 

34B . F. Decker and D. Harker, loc. cit. 



Temperature 
(OC) 

1,000 
1, 100 
1,200 
1,250 
1,300 
1,350 
1,400 
1,420 
1,440 
l, 460 
1,480 

TABLE XII 

ANNEALING TIMES AND TEMPERATURES 

Time 
(minutes) 

10, 30, 60, 90, 120, 150,180,240,300,600, 1200 
10, 30, 60, 90, 120, 150,180,240,300,600, 1200 
10, 20, 30, 40, 50, 60, 90, 100, 120,180,300,600, 1200 
30, 40, 50, 60, 90, 120,180,300,600, 1200 
30, 40, 50, 60, 90, 120,180,300,600, 1200 
10, 20, 30, 40, 50, 60, 90, 120,180,300,600, 1200 
20, 30, 40, 50, 60, 90, 120, 180,300,600, 1200 
20, 30, 40, 50, 60, 90, 120, 180,300,600, 1200 
20, 30, 40, 50, 60, 90, 120, 180,300,600, 1200 
5, 10, 20, 30, 40, 50, 60, 90,120,180,300,600, 1200 
5, 10, 20, 30, 40, 50, 60 

74 
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rotating sample holder, which is used with the Geiger counter x-ray 

spectrometer, the etched surface for all of the specimens were in 

the same plane and were the same distance from both the x-ray 

source and the Geiger tube. A narrow slit was used at the x-ray 

source and a wide slit at the Geiger tube in order to obtain an 

integrated intensity whatever the line width . 

IV. EXPERIMENTAL RESULTS 

Metallographic examination of rolled M-3000 specimens, 

annealed at the temperatures listed in Table XII, page 74, resulted 

in the detection of three different microstructures. The as-rolled 

microstructure is shown in Figure 10. It consists of elongated 

tungsten grains embedded in the tungsten-nickel-iron solid solution 

matrix . Figure 11 is a photograph of the micro structure of a M- 3000 

specimen annealed at 1, 4Z0°C for one hour. Examination of the 

microphotograph reveals the presence of new grains or new sub

grains. This is definite evidence that a recrystallization process 

was initiated in the annealed specimen. Figure 12, page 77, is a 

photograph of a microstructure of a M-3000 specimen annealed at 

1, 480°C for one hour. Examination of the microphotograph reveals 

the presence of rounded tungsten grains in a tungsten-nickel-iron 

solid solution matrix. The microstructure is almost identical to 

to the microstructure of the as-sintered M-3000 alloy specimen 
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FIGURE 10 

MICROSTRUCTURE OF M-3000 ALLOY SPECIMEN IN THE 
AS-ROLLED CONDITION MAGNIFICATION: 600X 

FIGURE 11 

MICROSTRUCTURE OF M-3000 ALLOY SPECIMEN ANNEALED 
AT 1, 4Z0°C FOR ONE HOUR MAGNIFICATION: 600X 
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FIGURE 12 

MICROSTRUCTURE OF M - 3000 ALLOY SPECIMEN ANNEALED 
AT 1, 480°C FOR ONE HOUR MAGNIFICATION: 600X 
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shown in Figure 1, page 21. Burkhammer 35 classified all annealed 

specimens, with a microstructure consisting of rounded tungsten 

grains, as fully recrystallized. He classified all annealed speci-

mens, with a micro structure consisting of elongated tungsten grains 

and showing some evidence that a recrystallization process has 

started, as partially recrystallized. 

All of the rolled M-3000 specimens annealed at the tempera-

tures and times listed in Table XII, page 74, were examined and 

classified according to the same criteria set up by Burkhammer. 

The results are listed in Table XIII and shown graphically in Fig

ure 13, page 80. Specimens annealed at 1, 000°C did not exhibit 

any evidence of a recrystallization process being initiated in them, 

except for the specimen annealed for 1,200 minutes. All of the 

specimens annealed at 1, l00°C or higher temperatures, exhibited 

either partial or full recrystallization. The temperature had to be 

raised to 1, 440°C before rounded tungsten grains appeared in the 

annealed specimen micro structure. 

Pugh36 detected, by x-ray diffraction, evidence that recrystal-

35E. W . Burkhammer, 11M-3000 Tungsten-Nickel-Iron Alloy" 
(Unpublished P. R. Mallory Co. Corporate Research Laboratory 
Report No. 27-0013), p 7. (mimeographed). 

36 J. W. Pugh, loc. cit. 



TABLE XIII 

MET ALLOGRAPHIC DETECTION OF THE EXTENT OF RECRYSTALLIZATION OCCURRING 
IN M-3000 ALLOY SPECIMENS ANNEALED AT VARIOUS TEMPERATURES AND TIMES 

Annealing 
temperature 

(OC) 

1,000 

1, 100 

1,200 

1,250 

1,300 

1,350 

1,400 

1,420 

l, 440 

1,460 

1,480 

Annealing time for 
specimens exhibiting 
no recrystallization 

(minutes) 

60, 90, 120,180,300, 
600 

Annealing time for 
specimens exhibiting 

partial recrystallization 
(minutes) 

1200 

60, 90, 120,180,300, 
600, 1200 
60, 90, 120,180,300, 
600, 1200 
30, 40, 50, 60, 90, 120, 
180,300,600, 1200 
30,40,50,60,90, 120, 
180,300,600, 1200 
30,40,50,60,90, 120 
180,300,600, 1200 
20,30,40,50,60,90, 
120,180,300,600, 1200 
20,30,40,50,60,90, 
120,180,300,600, 1200 
20,30,40,50,60,90, 

Annealing time for 
specimens exhibiting 

complete recrystallization 
(minutes) 

120, 180,300,600, 1200 

10,20,30,40,50,60,90, 
120, 180,300,600, 1200 

10,20,30,40,50,60 
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lization in situ had occurred in rolled tungsten annealed at 800°C. 

He followed the recrystallization metallographically at temperatures 

0 above 1,300 C. Pugh also detected a second recrystallization 

process that occurs in rolled tungsten at temperatures above 1, 800°C. 

The low temperature recrystallization process can be called pri-

mary recrystallization, and the high temperature recrystallization 

process can be called secondary recrystallization. Burke and 

Turnbull37 used the terms primary and secondary recrystallization 

in their explanation of the processes that occur when metals are 

annealed at elevated temperatures. They observed that the recrys-

tallization of a deformed metal resembles a phase transformation, 

in that it can be described in terms of a nucleation frequency and a 

linear rate of growth. After an incubation period, strain free grains 

start to grow from a number of sites, the number of sites increases 

with time, and the strain-free grains grow until they have consumed 

the matrix. A graph of the fraction transformed as a function of 

time gives a typical sigmoidal reaction curve. Primary recrystal-

lization can be considered that transformation which occurs in a 

cold-worked metal with reaction kinetics of this type. The term, 

secondary recrystallization, can be applied to a process which is 

kinetically identical, but occurs in a metal that has already under-

37 J. E. Burke and D. Turnbull, Progress 0 Metal Physics 

Vol. III (New York: Inter science Publishers Inc., 1952) p 221. 
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gone recrystallization. 

The changes, that occur in the elongated tungsten grains when 

the M-3000 specimens were annealed at temperatures of 1, 000°C or 

above, must be classified as primary recrystallization. It is equiv

alent to the recrystallization process occurring in pure rolled tungs

ten which can be detected by x-ray diffraction at 800°C and by 

metallography at 1, 300°C. 

Pure tungsten undergoes a secondary recrystallization process 

at 1, 800°C. Before this can happen in a rolled M-3000 alloy speci

men, the matrix solid solution phase melts at temperatures of 

1, 440°c and above. The molten solid solution phase dissolves the 

tungsten grains and the tungsten precipitates out on new nuclei, pro

ducing rounded grains similar to those present in as-sintered speci

mens. So the second process that occurred in the M-3000 alloy 

specimens was not secondary recrystallization of the tungsten 

grains, but instead a solution and precipitation process. 

An approximate value for the activation energy of this solution 

and precipitation process can be calculated by determining the slope 

of the line in Figure 13, page 80, which separates into an area the 

times and temperatures that cause solution and precipitation of 

tungsten in the M-3000 alloy specimens. The slope of this line is 

equal to Q/R according to equation (6-12). 

Slope = d{log t) / d( l /t) = Q/R (6-13) 



or 

Q = R {slope) 

Using values found in Figure 13 

Q = (1.9871)(2.302 6 ) log{200-10) 
(5. 85 - 5. 75) X 10- 4 

Q = 1, 042 kilo g ram calories per g ram 
atom of tungsten 

(6-14) 

(6-15) 

(6-16) 

So the activation energy of the solution and precipitation process 
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is approx imately 1, 042 kilo gram calories per gram atom of tungsten. 

A line was also drawn in Figure 13, page 80, which separates 

into areas the times and temperatures that would cause partial or 

no recrystallization. The line was drawn parallel to the line 

separating the full and partial recrystallization areas. The only pur -

pose for the line is to provide interpretation of the results of the 

metallo graphic w ork. To plot the line accurately would require many 

more M-3000 samples annealed at temperatures between l, ooo 0 c 

0 and 1, 100 C . 

To calculate the activation ener gy of the recrystalliz ation 

process , the method devised by Decker and Harker 38 was used. 

This method w as used for three reasons. The first reason was that 

it was f o u d that the metallographic detection of new grains or 

38B. F. Decker and D. Harker, loc. cit. 
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sub-grains was very difficult. The second reason was that Pugh39 

reported that he could detect primary recrystallization by x -ray 

diffraction at 800°C, but could not detect it metallographically until 

0 
a temperature of l, 300 C was reached. A third reason was that it 

was impossible to detect, metallographically, w h en recrystallization 

was complete. 

The intensity of the Bragg reflection for each specimen was 

measured four times and the average value for each specimen is 

listed in Table XIV. The measurements were accomplished by 

allowing the Geiger tube to run two degrees before and two degrees 

after the angle at which the characteristic reflection occurs. 

For each temperature, the intensities of the ( 110) reflections 

were plotted against the logarithm of the time. The intensity ordin-

ate in all four curves was re-evaluated in terms of per cent 

recrystallization. This was accomplished by considering the 

intensity of the as -rolled specimen as being equivalent to zero per 

cent, and the intensity at which each sigmoidal curve levels off at 

being equivalent to 100 per cent recrystallization. Figure 14, page 

87, is a plot of per cent recrystallization versus the logarithm of 

the time. The annealing time necessary to cause 50 per cent 

recrystallization was read from each one of the isothermal curves 

39J. W. Pugh, loc. cit. 



TABLE XIV 

INTENSITIES OF X-RAYS DIFFRACTED BY THE (110) 
PLANES OF TUNGSTEN IN SAMPLES ANNEALED 

AT VARIO US TEMP ERA TURES AND TIMES 
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Tempera ture Time Intensity Per cent recrysta lli zation 
(oC) (minutes) 

As - rolled 0 14.7 00.0 
1 , 000 10 14.7 00.0 
1,000 30 20 . 2 13. 5 
1,000 60 28.9 34.8 
1,000 90 33.6 46.3 
1 , 000 120 40 . 0 62.0 
1,000 150 45.2 74.8 
1,000 180 51. 6 90 . 3 
1,000 240 54. 8 98. 3 
1 , 000 300 55 . 3 99.5 
1,000 360 55 . 5 100 . 0 

l, 100 10 15 . 2 l. 3 
l, 100 30 24 . 3 25 . 0 
1, 100 60 33.9 49.8 
1, 100 90 42 . 5 72 . 2 
l, 100 120 48 . 0 86.5 
1, 100 150 52 . 2 97.4 
l, 100 180 53.2 100.0 
l , 100 240 53.2 100 . 0 

1,200 10 15.8 2 . 9 
1,200 20 21. 8 18 . 8 
1,200 30 27 . 2 33. l 
1, 200 40 32.0 45 . 8 
1,200 50 37 . 0 59 . 0 
1,200 60 41. 0 69 . 5 
1,200 90 51. 3 96.8 
1 , 200 100 52.0 98.7 
1,200 120 52.l 100 . 0 
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TABLE XIV ( continued) 

Temperature Time Intensity Per cent recrysta llization 
(oC) (minutes) 

1, 350 10 16 . O 3.3 
1,350 20 24.0 23.8 
1,350 30 36 . 0 54.2 
1, 350 40 51. 0 92.4 
1,350 50 53.5 98 . 7 
1,350 60 54 . 0 100.0 
1, 350 90 54.0 100.0 
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plotted in Figure 14, page 87. The times are listed in Table XV, 

page 89. The logarithms of these values were plotted against the 
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reciprocal of the corresponding absolute temperature as shown in 

Figure 15, page 90. The points fall very close to a straight line. 

The slope of this line was determined and used to calculate the 

activation energy of primary recrystallization. 

The relationship between the slope of the line and the 

activation energy was given by equation (6-12): 

so 

d(l/T) /d(logt) - R/Q 

Q = R/slope = (l.9871)(2.3026)log(90-30) 
-(7. 915 - 6. 235} X 10-4 

Q - 48. 4 kilogram calories per gram atom 
of tungsten 

(6-17} 

(6-18) 

(6-19) 

This value of the activation energy is quite a bit lower but of the 

same order of magnitude as the value, 100 kilogram calories, 

found by Pugh 4o. 

The last step in this study of the recrystallization of rolled 

M-3000 alloy specimens, was the physical testing of rolled MFA 

bars that were annealed at temperatures ranging from 100 to 

0 1,480 C for one hour. The results of these tests are given in Table 

XVI, page 9 1. The per cent elongation is not included in the table 

40 J. W. Pugh, loc. cit. 



TABLE XV 

ANNEALING TIMES NECESSARY TO CAUSE 50 PER CENT 
RECRYSTALLIZATION AT VARIOUS TEMPERATURES 

Temgerature 
( C) 

1,000 

1, 100 

1,200 

1,350 

7.855 

7 . 283 

6 . 789 

6 . 161 

Time for half recrystallization 
(minutes) 

90 . 0 

58 . 0 

43.0 

28 . 8 

89 
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TABLE XVI 

ULTIMATE TENSILE STRENGTH OF M-3000 SPECIMENS 
ANNEALED AT VARIO US TEMPERATURES 

Annealing Cross-sectional Load Ultimate tensile 
temperature dimensions (pounds) strength 

(oC) (inches x inches) (pounds/ square inch) 

As-rolled 0. 239 X 0. 018 800 186,000 
As-rolled 0.237x0.017 782 194,000 

100 0. 236 X 0 . 018 777 183,000 
100 0, 238 X 0. 018 810 189,000 
200 0.236x0.017 722 180,000 
200 0. 232 X 0. 016 705 190,000 
300 0. 238 X 0. 018 878 205,000 
300 0. 230 X 0. 021 1080 224,000 
400 0. 235 X 0. 014 763 232,000 
400 0. 236 X 0. 015 850 240,000 
500 0. 237 X 0. 016 872 230,000 
500 0. 234 X 0. 015 821 234,000 
600 0. 217 X 0, 018 852 218,000 
600 0. 231 X 0. 021 696 220,500 
700 0. 236 X 0. 018 803 189,000 
700 0. 217 X 0. 018 723 185,000 
800 0. 217 X 0. 019 762 183,000 
800 0. 239 X 0. 018 793 184,500 
900 0. 242 X 0. 014 627 185,000 
900 0. 232 X 0. 015 628 180,500 

1000 0. 231 X 0. 016 493 133,500 
1000 0. 220 X 0, 018 536 135,400 
1100 0. 238 X 0. 015 408 114,000 
1100 0.23lx0.017 473 117,500 
1200 0. 231 X 0, 023 633 119,000 
1200 0. 238 X 0. 016 419 109,900 
1200 0. 2.17 X 0, 018 441 113,000 
1300 0. 234 X 0. 016 411 109,800 
1300 0. 234 X 0. 015 403 114,800 
1300 0. 236 X 0. 018 494 116,000 
1400 0. 235 X 0, 020 509 108,000 
1400 0, 23 1 X 0, 016 408 110,500 
1400 0.217x0.018 425 109,000 
1480 0.198x0.019 415 110,300 
1480 0. 213 X 0. 018 386 100,800 
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because only the specimens annealed at 1, 480°G exhibited any 

elongation. The average value of the ultimate tensile strength, for 

specimens annealed at the same temperature, was plotted versus 

the corresponding temperature as shown in Figure 16, page 93. 

Looking at Figure 16, it can be seen that the ultimate tensile 

strength decreased slightly when the rolled samples were annealed 

at l00°C or 200°C for one hour. This was a result of relieving some 

of the lattice strains in the material. Annealing the specimens in 

the temperature range of 300 to 600°C resulted in a large increase 

in the tensile strength. For example, the ultimate tensile strength 

was 236, 000 pounds per square inch, for specimens annealed at 400°C 

for one hour. That is a 46, 000 pounds per square inch increase over 

the tensile strength of the as -rolled specimens. Raising the annealing 

temperature above 900°G resulted in a sharp decrease in the ultimate 

tensile strength. This decrease in tensile strength was due to 

primary recrystallization of the tungsten grains. Using annealing 

temperatures above 1, l00°C resulted in tensile strengths slightly 

lower than the tensile strength obtained by annealing at 1, 100°C for 

one hour. 

There are a number of possible mechanisms that could cause 

the large increase in tensile strength when rolled M-3000 specimens 

are annealed at temperatures in the range of 300 to 600°C. 
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Nachtigall41 reported that rolled tungsten had a maximum tensile 

strength when annealed at 525°C. Smithells42 reported the presence 

of a peak in the tensile strength of drawn tungsten wire specimens at 

600°C. Pugh43 reported the embrittlement of tungsten when a rolled 

specimen was annealed at about 700°C. He believed the cause of 

the embrittlement was strain aging. 

Decker and Harker44 reported that recrystallization begins 

at about 500°C in rolled nickel-iron alloys. An attempt was made 

to determine the effect of annealing on the matrix phase, but x-ray 

diffraction studies performed on annealed M-3000 specimens pro-

duced x-ray diffraction lines that were very diffuse and hard to 

interpret. It is reasonable to assume that recrystallization of the 

matrix phase would be more apt to cause a decrease in the tensile 

strength of the M-3000 alloy rather than an increase in the tensile 

strength. 

Another possibility for the increase in tensile strength of 

rolled M-3000 specimens is the precipitation of another phase. 

41 E. Nachtigall, 1955 Plansee Proceedings (Reutte, Austria: 
Metal werk Plansee, 1956)-;p325 __ _ 

42 C . J. Smithells, Tungsten (New York: Chemical Publishing 
Co . , 19 5 3) , p 15 6 . 

43 J. W. Pugh, loc. cit. 

44B. F. Decker and D. Harker, loc. cit . 
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Iron-tungsten alloys are age hard enable. Smith 45 reported the 

presence of a precipitated phase in a iron-tungsten alloy containing 

7. 16 atomic per cent tungsten. He determined that the precipitated 

phase was either Fe2 W or Fe7 W 6, and was formed by annealing the 

iron-tungsten alloy at 600°C for twenty hours, or at 650°C for one 

hour. 

Wakelin and Yates46 reported the presence of a superlattice, 

corresponding to the composition FeNi3 . The ordering in the alloy 

was very sluggish and required a long annealing time. The critical 

temperature range necessary to cause ordering was 490 to 510°c. 

A number of rolled and as-sintered M-3000 specimens were 

annealed at 400°C and 500°C for one, two and fourteen hours. The 

results of the mechanical testing of these specimens are listed in 

Table XVII. Increasing the annealing time of the MFA bars annealed 

at 400°C resulted in an increase in the tensile strength of the test 

bars. As the annealing time at 500°C was increased, there was 

first an increase and then a decrease in the tensile strength. All 

of the rolled specimens annealed at 400°C and 500°c exhibited a 

similar increase in tensile strength, followed by a decrease. 

These results suggest a precipitation type reaction with the increase 

45 c. S. Smith, Journal of Applied Physics, 12, 817 (1941). 

46R. J. Wakelin and E. L. Yates, Proc. Physical Society, 66B, 
221 (1953). 



TABLE XVII 

MECHANICAL PROPERTIES OF M-3000 SPECIMENS ANNEALED AT VARIOUS TEMPERATURES 

Specimen Annealing temperature Annealing time Ultimate tensile strength Elongation 
(OC) (hours) (pounds/ square inch) (per cent) 

MPA bar As-sintered 0 126,400 8 
MPA bar As - sintered 0 125,600 10 
MPA bar 400 1 127,000 6 
MPA bar 400 2 129,400 8 
MPA bar 400 2 136,000 16 
MPA bar 400 14 137,500 14 
MPA bar 400 14 137,900 12 
MPA bar 500 2 141,900 18 
MPA bar 500 2 143,000 18 
MPA bar 500 14 139,000 19 
MPA bar 500 14 139,500 18 
Rolled MP A bar As-rolled 0 186,000 0 
Rolled MPA bar As-rolled 0 194, 000 0 
Rolled MPA bar 400 1 232,000 0 
Rolled MPA bar 400 1 240,000 0 
Rolled MPA bar 400 2 224,000 0 
Rolled MPA bar 400 2 223,000 0 
Rolled MP A bar 500 1 234,000 0 
Rolled MPA bar 500 1 230,000 0 
Rolled MP A bar 500 14 198,000 0 

'° 0---
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in tensile strength caused by precipitation or age hardening, and 

the decrease in tensile strength caused by over-aging. Examination 

of the specimens annealed for fourteen hours, by metallographic and 

x-ray diffraction methods, revealed no evidence of any new phase 

present in the specimens . 

Some filings were obtained from one of the samples and 

encapsulated in a quartz tube which was evacuated. The filings 

were then annealed at 500°C for 960 hours in a tube furnace. Powder 

x-ray diffraction studies of the filings resulted in x-ray diffraction 

lines which were too diffuse to read accurately. The lines were 

dis cernable enough to identify them as belonging to tungsten, and 

the tungsten-nickel-iron solid solution phase. No other lines 

were recorded. 

The results of the annealing study eliminate the possibility 

that the formation of a superlattice was responsible for the change 

in tensile strength with annealing time. The formation of a super

lattice would cause either a continued increase or decrease in the 

tensile strength with time . It could not be responsible for first an 

increase and then a decrease in tensile strength with increasing 

annealing time. 

Thus, one and possibly two mechanisms are responsible for 

the increase in tensile strength when rolled M-3000 alloy specimens 

are annealed at temperatures of 300 to 600°C. One mechanism is 



the tungsten embrittlement. This may be accompanied by the 

precipitation of an iron-tungsten phase, which would be a second 

mechanism causing an increase in the tensile strength. 

98 



CHAPTER VII . 

THE ROLLING AND RECRYSTALLIZATION TEXTURES 

OF THE M-3000 ALLOY 

I. INTRODUCTION 

The purpose of this investigation is to determine the rolling 

and recrystallization textures of the tungsten grains present in 

the M-3000 tungsten-nickel-iron alloy . The preferred orientation 

was determined by means of a Geiger counter spectrometer tech

nique, limiting the study to the center reflection portion of the 

pole-figures. 

II. STEREOGRAPHIC PROJECTION 

The stereographic projection provides a simple means of 

representing on a flat surface the three-dimensional relationships 

existing between the interfacial angles of a crystal. It is a method 

of displaying the symmetry of a crystal. The stereographic 

projection can also be used to present a quantitative representa-

tion of the orientation texture present in a piece of rolled metal 

sheet. This type of stereographic projection is called a pole figure. 

X-ray diffraction procedures can be used to derive the pole figure 

data, the advantage of this approach lying in the unique identification 

of the lattice planes responsible for the diffraction effects and the 
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general adaptability of x-ray methods to both coarse and fine 

specimens. 

All of the essential elements of a stereographic projection 

are shown in Figure 17. The axes NS, WE and AB are mutually 

perpendicular. The plane whose position or orientation is to be 

defined is located at the center C of the reference sphere. A 

normal to the plane is constructed extending from the center of the 

sphere to its inter section with the surface of the sphere at point P. 

This normal is called the pole of the plane. As can be seen in the 

insert in Figure 17; two angles have to be measured in order to 

locate the point P on the surface of the sphere. The angle of 

rotation, or longitude ( D( }, is measured along a circle on the sphere 

formed by the inter section on the sphere of a plane parallel to the 

plane of the circle AEBW. The tilting angle, or latitute ( ¢ }, is 

measured from the point N along any great circle formed by a 

plane pas sing through the line N CS. 

To transfer the three dimension information to a two dimen

sional flat sheet, a plane known as the projection plane is constructed 

tangent to the reference sphere at point N, and perpendicular to N CS. 

Point S is made the point of projection, from which a straight line 

is made to pass through the point P 1 • Point P' may be called the pole 

of the plane and describes the orientation of the plane with respect 

to any other fixed points on the sphere of projection, and their 
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projections. In other words, points N, A, E, B, Wand their 

projections N1, A', E', B' and W'. 
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Figure 18 shows the relationship between the stereographic 

projection, incident and diffracted x-ra y beams, and sample 

position. In plotting a pole figure of a polycrystalline material, 

the poles of only one set of planes is used . The position of the x-ray 

Geiger tube counter is held constant, so that only the Bragg 

diffractions from the particular set of (hkl) planes being studied 

will be recorded. Each pole will show the orientation of one grain 

in the specimen, since all the (hkl} planes in each grain will have the 

same orientation. All of the grains in the sheet are considered to 

lie in the center of the reference sphere. Only reflections from 

those (hkl} planes lying in the plane AEBW will be recorded by the 

counter, and the number of these planes will determine the intensity 

of the diffraction beam. 

For the sample position shown ( ~ = oo, ~ = 0°} only those 

planes parallel with the surface of the sheet would be recorded, their 

poles corresponding to the sheet normal. Their projection would be 

N '. In order to record planes of other orientation in the sheet, they 

must be brought into plane AEBW by rotation of the specimen about 

the axes Y (q> rotation} and X( o(rotation}. It should be noticed that 

the c::><" and 4 rotations required to bring a plane into recording 

position are made in opposite directions from the o<, and <p measure-
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ments made on the pole figure to locate the plane. 

In the case of rolled material, the rolling direction is generally 

taken as the reference direction, and the surface of the sheet is 

described as lying in plane AEBW at the center of the reference 

sphere parallel to the projection plane. The corresponding refer -

ence points on the sphere and their projections are the intersection 

of the specimen normal with the surface of the sphere, point N, its 

projection N'; and the intersection, point B, of the line of rolling 

direction with the sphere, and its projection B '. The rolling 

direction is usually indicated on the pole figure by an arrow as 

shown in Figure 18, page 103. Each point or pole plotted on the 

projection plane then shows the orientation of a plane with respect 

to the sheet surface and rolling direction. The plot of many such 

planes is known as a pole figure and gives a quantitative picture of 

the orientation of a large number of grains in the surface of a 

sample. The stereographic polar net used to plot the inner sixty 

degree portion of pole figures using this method is shown in Figure 19. 

III. EXPERIMENTAL PROCEDURE 

An automatic specimen holder was used to determine quant

itatively the preferred orientation utilizing the Schulz 47 reflection 

47 L. G. Schulz, J. Applied Physics 20, 1030 ( 1949). 
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technique. The specimen holder is provided by the North American 

Phillips Company to use with their Norelco x-ray diffractometer. 

A diagram of the pole figure fixture is shown in Figure 20. Figure 

21, page 108, shows the pole figure device taking the place of 

the standard specimen holder for the Norelco goniometer. Power 

for the various mechanical motions is derived from three motors 

mounted in the small auxiliary cabinet. These are connected to 

the ring structure by three enclosed flexible shafts which are easily 

coupled to or disconnected from the ring assembly. Three switches 

are provided, permitting separate control of each of the motor 

functions. 

The tilting angle, q>, may be continuously varied in either 

direction around the Y axis, at the rate of one degree per minute. 

The angle of rotation, ~ , may be varied in one direction around 

the X axis at either ten or twenty degrees per minute. The specimen 

table also is fitted with a drive that provides oscillation of the 

sample in its own plane. The oscillation may be adjusted to fit the 

size of the sample, with interchangeable cams providing oscillating 

strokes of one-sixteenth, one-fourth and three-eighths of an inch. 

The first step in using the Norelco pole figure fixture is to 

align it on the diffractometer. The alignment procedure that was 
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followed was the same as the one reported by Chernock and Wahl48 . 

The next step was to obtain tilting angle corrections. These were 

obtained by carefully preparing a tungsten specimen by pres sing a 

specimen from pure tungsten powder and annealing the compact at 

1, 400°C to remove any strains. The sample was mounted on the 

specimen table and the variation of intensity of a given reflection 

as a function of changing tilting angle was recorded on the diffracto

meter. The tilting angle corrections are then those factors neces

sary to correct the experimental curve to a straight line. Figure 

22 is a plot of tilting angle correction versus tilting angle. 

Three rolled M-3000 alloy specimens were used in this inves

tigation. All of the specimens were rolled to 35 per cent of their 

original thickness. One specimen was annealed at 1, 250°C for ten 

hours. A second specimen was annealed at 1, 480°C for one-half 

hour. The third specimen was left in the as-rolled condition. 

The specimens were polished, and etched with a solution 

of nitric acid and hydroflouric acid. They were then mounted on 

the specimen stage with rubber cement, with the rolling and 

transverse directions coinciding with the marks on the specimen 

stage. 

With the fixture slits removed and the sample height adjust

ment bar firmly held in place, the stage was elevated until the 

surface of the specimen touched the surface of the adjustment bar. 
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The position of the adjustment bar is indicated by dashed lines in 

Figure 20, page 107. The stage was then locked at this elevation. 

After mounting and aligning the specimen, a check was made 

to determine if the diffraction axis was in the same plane as the 

specimen surface . To check, 20 scans were made with the tilting 

angle equal to 45°, 0° and -45 °. If the diffraction a x is was in the 

same plane as the specimen surface, the diffraction peak did not 

deviate more than 0. 05 degrees . The 20 angle was then set and 

held constant throughout the rest of the pole figure determination . 

Two types of scanning were used during this investigation. The 

first type of scanning was spiral scanning, where D( and <p were 

varied simultaneously. This was used initially to determine if any 

preferred orientation did exist in the specimen. If there were an 

indication that preferred orientation did exist in a specimen, then 

the second type of scanning was used. In this type of scanning , 

D<was varied continuously from 0 to 360 degrees at constant <p 

angles. The tilting angle, <p, was readjusted to a new value before 

the next scan, and this procedure was repeated at five to ten degree 

intervals through a range of tilting angles from zero to six ty de g rees. 

N . EXPERIMENTAL RESULTS 

If a specimen possesses a definite orientation texture, the 

poles of the crystallographic planes Gf given indices (hkl) no longer 
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scatter at random over the surface of the surrounding reference 

sphere, but crowd instead into well defined localized areas. It is 

customary to represent the areas most densely populated with poles, 

by heavy shading in the projection. 

The ( 110) pole figure for the tungsten grains present in the cold 

rolled M-3000 specimen is shown in Figure 23. The ( 110) pole figure 

for cold rolled tungsten is shown in Figure 24, page 114, as reported 

by Pugh 49 . The pole figures show that the deformation processes 

occurring in the M-3000 tungsten grains must be different than the 

deformation processes occurring in the cold rolled tungsten. The 

M-3000 pole figure closely resembles the ( 110) pole figure for mild 

steel rolled 85 per cent at 780°C, reported by Gensamer and 

Vukmanic 50 . M-3000 alloy specimens, annealed at l, 250°C for ten 

hours, and at l, 480°C for one-half hour, exhibited no evidence of 

preferred orientation. 

So far, no adequate theory to account for the observed texture 

51 
of rolled metals has been evolved. Calnan and Clews used qual-

itative geometrical considerations to get good results in accounting 

49J. W. Pugh, AIME Transactions 212, 638 (1958). 

SOM. 

507 (1937). 
5 

Gensamer and P. A. Yuk.manic, AIME Transactions 125, 

51E. A. Calnan and C. J. B. Clews, Philosophical Mag. 42, 
616(1951). 



113 

ft. D. 

T. D. 

FIGURE 23 

mo, POL!' FIGURE FOR ROLLED M-5OOO ALLOY 



114 

R.0. 

T.0. 

FIGUR&: 24 

C 110) POLE FIGURE FOR ROLLED TUNGSTEN 



115 

for the observed textures in cubic metals, but their treatment has 

limitations. They visualized the deformation of a single grain in a 

polycrystalline mass as a discontinuous process made up of elements 

of multiple, duplex and single slip. In order to produce the high degree 

of preferred orientation observed after deformation, there must be a 

considerable amount of single and duplex slip, although some multiple 

slip is necessary to retain both cohesion at the grain boundaries and 

specimen shape. The tungsten grains present in the M-3000 alloy will 

have the same slip systems participating during deformation as when a 

pure tungsten specimen is deformed. The deformation of the tungsten 

grains will differ in the relative amounts of multiple, duplex and 

single slip that occurs during the rolling operation. The constraints 

due to the surrounding microstructure must be different in the M- 3000 

alloy, and must have an altogether different effect on the direction of 

the effective stress. Th e r efore the pole figure for the M-3000 tung

sten grains differs from that for a piece of rolled tungsten. 

The complete disappearance of preferred orientation when a 

M-3000 specimen was annealed at 1, 250°C for ten hours, is unusual. 

Primary recrystallization in tungsten is usually accompanied by a 

change in the texture, but never a complete disappearance of the 

preferred orientation. The absence of preferred orientation in the 

M-3000 specimen annealed at 1, 480°C for one-half can be ex pected as 

the microstructure reveals the presence of rounded tungsten grains. 



CHAPTER VIII 

SUMMARY 

Optimum physical properties were obtained in the M-3000 alloy 

when sintering produced a microstructure consisting of tungsten grains 

embedded in a tungsten-nickel-iron solid solution phase matrix. The 

same type of microstructure can be produced in GJP alloy specimens 

by sintering at 1480°C for two and one-half hours. 

A variation in the amount of tungsten dissolved in the solid solu

tion phase was not responsible for the variation in physical properties 

that occurred when test bars were given a number of different sintering 

treatments. In every test bar, the solid solution phase contained the 

maximum amount of tungsten. The strength of the bars was more 

dependent on the amount of solid solution phase present in the bars, 

rather than the amount of tungsten present in the solid solution phase. 

The results of the tensile testing of sintered bars, containing various 

amounts of tungsten, was a good indication that the strength of the 

alloy was due to a cementing type action produced by the solid solution 

phase on the tungsten grains. 

Two changes take place in the tungsten grains when rolled M- 3000 

specimens were annealed at elevated temperatures. Primary recry

stallization of the tungsten grains was first observed at 1000°C. At 

temperatures of 1440°C and above, the cold worked tungsten grains 
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dissolve in the solid solution phase and precipitate as new rounded 

grains. The activation energy of the primary recrystallization process 

was determined by x-ray diffraction methods, and had a value of 48. 4 

kilogram calories per gram atom of tungsten. The activation energy of 

the solution and precipitation process was determined by metallographic 

methods, and had a value of 1, 042 kilogram calories per gram atom of 

tungsten. 

Rolled tungsten-nickel-iron specimens exhibited a very distinc

tive ( 110) rolling texture. There was no evidence of preferred orien

tation in the recrystallized specimens. 

Rolled M-3000 alloy specimens, annealed at temperatures in the 

range of 300° to 600°C, had very high ultimate tensile strengths. One 

and possibly two mechanisms are responsible for the increase in tensile 

strength. One mechanism is tungsten embrittlement. This may be 

accompanied by the precipitation of an iron-tungsten phase, which would 

be a second mechanism causing an increase in the tensile strength. 

This area needs to be investigated further. Measurement of the electri

cal conductivity of a M-3000 sample while it is being annealed at 500°C 

would be helpful in determining the mechanism responsible for the 

increase in tensile strength. X-ray diffraction studies of M-3000 speci

mens annealed at 500°C for over two months may yield evidence of the 

presence of an iron-tungsten phase. 
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Cu~ 
I 

Cu Ko<ol. 

Cu Kc:.c: 
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Cu Ko< 
a. 

Fe Ko< 
I 

Fe Ko<. -
Fe K~ 

T A BLE XVIII 

LATTICE PARAMETER OF A 70 Ni-30 Fe B ASE ALLOY 
CONTAINING 1 PER CENT TUNGSTEN A T 23°C 

Plane Diameter of g Sin G Lattice 
diffraction ring (degrees} par ameter 

(cm} (Angstroms) 

331 6. 694 70.46195 0. 9424170 3 . 56259 

331 6.50 2 70 . 86865 0.9447697 3.56255 

420 4 . 679 75. 21115 0.9668731 3 . 56 2 68 

4 2 0 4 . 477 75.74765 0.969 2208 3 . 56 289 

222 8 . 272 70 .24980 0 . 9411748 3 .56 278 

222 8 . 082 70 . 57580 0.9430822 3. 56 281 

400 3 . 499 80.38835 0 . 9859621 3 . 56308 

Tan~ sin 4¢ 

0 . 3473 

0.3373 

0. 2 2 67 

0. 21 30 

0 . 35 24 

0 . 3445 

0. 1053 

NOTE : The values of the sin G and the lattice parameter are given to the seven th and fifth 

decimal places for calculation purposes only . 
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T A BLE XIX 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONT AINING 4 PER CENT TUNGSTEN A T 23°C 

Plane Diameter of g Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 6.731 70.30815 0.9415185 3.56599 

331 6 . 543 70.7050 0.9438298 3.56610 

420 4.738 74.9890 0 . 9658761 3.56636 

420 4.533 75.5318 0 . 9682864 3.56633 

222 8. 355 70. 1093 0.9403434 3.56593 

2 22 8. 168 70.4275 0 . 942 2184 3.56608 

400 3. 619 80.08405 0 . 9850615 3.56634 

Tan 1 sin 4cp 

0.3510 

0 . 3414 

0.2323 

0. 2 185 

o. 3558 

0.3482 

0. 1116 

NOTE: The values of the sin Q and the lattice parameter are given to the seven th and fifth 
decimal places for calculation purposes only . 
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Film Radiation 
No. 

40 Cu~, 

40 Cu Ko.< 

" 
40 Cu Ko< 

I 

40 Cu Ka< 
ii\. 

TABLE XX 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 8 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q L a ttice 
diffraction ring (degrees) p a r ameter 

(cm) (Angstroms) 

331 6 . 668 70.08 2 05 0.9401814 3.57106 

331 6.486 70.47105 0 . 9424727 3.57123 

420 4.730 74 . 69215 0.9645213 3 . 57137 

420 4.533 75 . 2 2 690 0.9669433 3 . 57128 

Tan <p sin 4¢ 

0. 3565 

0 . 3471 

0. 2 399 

0. 2 263 

NOTE: The values of the sin Q and the lattice parameter are given to the seven th and fifth 
decimal places for calculation purposes only . 
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TABLE XXI 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 12 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 6.689 69.8008 0.9384978 3.57746 

331 6.512 7 0. 17915 0.9407575 3.57774 

222 8.662 69.5999 0.9732814 3.57758 

222 8. 471 69.9148 0.9391830 3.57760 

400 4.016 79.0940 0.9819389 3.57768 

Tan q> sin 4q> 

0.3632 

0.3542 

0.3679 

0. 3605 

0. 1329 

NOTE: The values of the sin Q and the lattice parameter are given to the seven th and fifth 
decimal places for calculation purposes only. 
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TABLE XXII 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 16 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 7.924 69.61565 0. 9373772 3. 58174 

331 7.710 70.00275 0.9397090 3.58174 

420 5.701 74.09360 0.9617107 3.58181 

420 5.480 74.59645 0.9640790 3.58189 

222 8.766 69.43015 0.9362445 3.58154 

222 8.577 69. 73905 0.9381252 3.58164 

400 4. 157 78.74870 0.9807809 3.58190 

Tan cp sin 4cp 

0. 3675 

0.3584 

0.2553 

0.2424 

0. 3719 

0.3646 

0. 1407 

NOTE: The values of the sin Q and the lattice parameter are given to the seventh and fifth 
decimal places for calculation purposes only. 
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TABLE XXIII 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 24 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 6.918 69.23475 0.9350408 3 . 59069 

331 6.735 69.6153 0.9373750 3.59065 

420 5.054 73.54785 0.9590566 3.59172 

420 4.866 74.0392 0.9614501 3.59169 

222 9.008 69.04295 0.9338488 3. 59073 

222 8.826 69. 33325 0.9356490 3.59111 

400 4.496 77.9326 0.9779024 3.59244 

Tan f sin 4</> 

0.3764 

0. 3676 

0.2694 

0. 2567 

0.3808 

0. 3741 

0. 1595 

NOTE: The values of the sin Q and the lattice parameter are given to the seven th and fifth 
decimal places for calculation purposes only. 

..... 
N 
00 



Film 
No. 

45 

45 

45 

45 

8 

8 

8 

Radiation 

Cu Ko< 
I 

Cu Ko< a 

Cu Kc< 
I 

Cu Kt>< a. 

Fe K« 
I 

Fe Ko<. 
~ 

Fe K~ 

TABLE XXIV 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 28 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 7.233 68.91305 0.9330355 3.59841 

331 7.042 69.2940 0.9354070 3.59821 

420 5.312 73. 1818 0.957227 6 3.59858 

420 5. 124 73.6545 0.9595821 3.59868 

222 9 .209 68.7283 0.9318705 3.59835 

222 9.014 69.03345 o. 9337895 3.59827 

400 4.695 77 . 4630 0.9761560 3.59887 

Tan <p sin 4<p 

0. 3837 

0. 3750 

o. 2788 

0 .2666 

o. 3879 

0.3810 

o. 1707 

NOTE: The values of the sin Q and the lattice parameter are given to the seventh and £if th 
decimal places for calculation purposes only. 
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Film 
No. 

32 

32 

32 

32 

Radiation 

Cu K"'< 
\ 

Cu Kc.< • 
Cu Ko< 

I 

Cu Ko< 
~ 

TABLE XXV 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONT AINING 30 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms} 

331 7.243 68.8153 0.932421 3.60078 

331 7.055 69.1881 0.934752 3.60073 

420 5,334 73.0544 0.956661 3. 60071 

420 5. 144 73.5323 0.958975 3.60095 

Tan cp sin 4cp 

0. 3850 

' • 3766 

0.2804 

0.2684 

NOTE: The values of the sin Q and the lattice parameter are given to the seventh and fifth 
decimal places for calculation purposes only. 



Film 
No . 

47 

47 

47 

47 

8 

8 

8 

Radiation 

Cu K<>< 
I 

Cu Ko<. a 

Cu Ko<. 
I 

Cu K~ 
~ 

Fe K0c;. 
' 

Fe Ko< 
o\ 

Fe K~ 

TABLE XXVI 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 32 PER CENT TUNGSTEN AT 23°c 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm) (Angstroms) 

331 7 . 403 68.87175 0.9327759 3.59941 

331 7 . 214 69.2400 0.9350734 3.59949 

420 5.447 73.1188 0.9569089 3.59978 

420 5.253 73.5954 0.9592910 3.59977 

222 9 . 236 68 . 68655 0.9316059 3.59937 

222 9.048 68.9798 0.9334540 3 . 59956 

400 4.738 77 . 36245 0 . 9757736 3 . 60028 

Tan q> sin 4¢ 

o. 3847 

0.3763 

0.2803 

0.2680 

0. 3888 

0.3822 

0. 1731 

NOTE: The values of the sin Q and the lattice parameter are given to the seventh and fifth 
decimal places for calculation purposes only. 
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Film 
No . 

34 

34 

34 

34 

Radiation 

Cu Ko< 
I 

Cu KC><'a.. 

Cu KC< 
I 

Cu KO( 
~ 

TABLE XXVII 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 34 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) par amete r 

(cm) (Angstroms) 

33 1 8. 321 68.8024 0.9323389 3.60110 

331 8. 113 69. 16305 0.9345965 3.60133 

420 6. 130 73.03805 0.9564988 3.60132 

420 5 . 914 73 . 5107 0.9588727 3.60134 

Tan~ sin 4~ 

0.3862 

0 .378 0 

0. 2825 

0.2708 

NOTE : The values of the sin Q and the lattice parameter are given to the seventh and fifth 
decimal places for calculation purposes only. 
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Film 
No. 

26 

26 

26 

26 

9 

9 

Radiation 

Cu KO< 
I 

Cu Ko< 
d. 

Cu KO< 
I 

Cu Ko< 
el 

Fe K~, 

Fe KO< a 

TABLE XXVIII 

LATTICE PARAMETER OF A 70 Ni-30 Fe BASE ALLOY 
CONTAINING 36 PER CENT TUNGSTEN AT 23°C 

Plane Diameter of Q Sin Q Lattice 
diffraction ring (degrees) parameter 

(cm} (Angstroms} 

331 7.394 68.80095 0.9323298 3.60113 

331 7.206 69. 16785 0.9346263 3.60121 

420 5.446 73.03935 0.9565053 3.60130 

420 5.252 73.5172 0.9589050 3.60122 

222 9.277 68.6233 0.9312041 3.60093 

222 9.008 68.91695 0.9330594 3. 60108 

Tan cp sin 4q> 

o. 3863 

0. 3779 

0.2825 

0.2702 

0.3902 

0.3836 

NOTE: The values of the sin G and the lattice parameter are given to the seven th and fifth 
decimal places for calculation purposes only. 
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