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FINAL TECHNICAL REPORT 

Contractor : Massachusetts Institute of Technology, Cambridge, Mass. 

Agency: Massachusetts Institute of Technology, Cambridge, Mass. 
Under Technical Supervision of Watertown Arsenal Laboratory 

Contract Number: ' DA-19-020-QRD-10 

0.0. Project Number: TM-1C5002G 

UAL Project Number: WAL 1.21-P 

UAL Report Number: UAL 671/99-10 

Priority: I C 

Title of Project: Binders in Cemented Refractory Mloys 

Mr r» . <2 Object? of tAo. p , ^ 
To make a detalTSd'Ttudy of the action of the binder phase in cemented 

wolfram carbide alloys with the objective of explaining the several factors 

which control the physical and mechanical properties of the sintered parts 

and to provide a basis for the proper selection of the best binder materials 

and sintering techniques for specific situations. 

Summary 

The sintering behavior of wolfram carbide cobalt alloys was studied 

by following dilatometrically the shrinkage, or densification, which takes 

place during the sintering operation. It could be correlated with the 

wolfram-cobalt-carbon ternary system, which shows that sintering takes place 

in the two phase field, wolfram carbide-cobalt, and that a liquid phase is 

formed between 1300® and 1325®C. The liquid cobalt binder wets the solid 

wolfram carbide particles, which tend to surround themselves with a film 

of binder metal. Dilatometric and electrolytic leaching experiments proved 

that a strong continuous carbide skeleton is not formed during the sintering 



On the basis of the above experiments it could be shown that 

densification takes place by a rearrangement of the carbide particles under 

the influence of the surface tension forces of the binder. The resulting 

structure is essentially one of carbide particles embedded in a matrix 

of cobalt. The mechanical properties of the binder, as modified by the 

structure, account for the strength and brittleness of the sintered compacts. 

The binder, therefore not only makes possible the sintering of cemented wolfram 

carbide at low temperatures, but also determines the properties of sintered 

alloys. 

A comparison of cobalt with other possible binder metals led to the 

conclusion that an effective binder must not lead to the presence of a 

third phase in the sintered products. On that basis, cobalt and nickel are 

suitable for use as birders for wolfram carbide, but not copper and iron. 

It was found that tue eta phase (W3C03C) of the ternary system 

wolfram-cobalt-carbon is relatively resistant to oxidation at 1000°C. 

A brief study of its oxidation characteristics is included in the appendix. 
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ACKNOWLEDGEMENT 

Special thanks are extended to Mr. William H. Camphell and 

Mi'. Kenneth A. Carlson for their valuable assistance in the experimental 

work. 

The authors also wish to take this opportunity to thank the various 

members of the staff and of the student body of the Department of Metallurgy 

for their friendly interest and valuable cooperation. 

This work was sponsored by the Ordnance Department of the U.S. Army 

contracts No. W-19-O20-0RD-6489 and No. DA-19-020-ORD-10, under the 

technical supervision of Watertown Arsenal Laboratory. The assistance 

of Dr. L. F. Foster, Mr. J. F. Wallace and Mr. A. M. Burghardt of that 

laboratory is deeply appreciated. 



mw"wm"w i ... ■ fi fi u.i r» V* j ii j'i .«'• j b 11111111 pi. pníi 

n" 1 

* 
[. 
r, 

."i 

»w- 

INDEX 

I Introduction and Literature Survey 

II The Wolfram-Cobalt-Carbon System 

III Experimental Techniques 

IV General Sintering Behavior 

A. Sintering Runs at Constant Beating Rate 

B. Sintering Runs at Constant Temperature 

C. Conclusions 

V The Wetting Properties of the Binder in Cemented WC Alloys 

A. Theory 

B. Wettab.lity of Cemented Wolfram Carbide 

C. Infiltration of Liquid Binder 

D. Discussion of the Microstructure 

E. Conclusions 

VI The Physical Distribution of the Carbide Phase 

A. Effect of Cold Pressing and Beating 

B. Binder Solidification Phenomena 

C. Electrolytic Leaching Experiments 

D. Coefficient of Linear Thermal Expansion 

E. The Relation of Strength to the Physical Distribution 
of the Carbide Phase 

F. Conclusion 

VII The Sintering Mechanism 

Page 

1 

6 

9 

13 

13 

14 

15 

17 

17 

18 

21 

23 

25 

26 

26 

27 

29 

31 

33 

34 

35 



-■..*“F... i ■ m m "i1"! ■» ■'■pi m i m ^ 1¾. 

Index (Cont'd) 

VIII The Mechanical Properties of Cemented Wolfram Carbide 
Compacts 

A. Experimental Data 

B. Theoretical Consideration 

IX Comparison of Cobalt vith other Binder Metals 

A. Review of the Ternary Systems 

B. Experimental Results 

C. Discussion of Results 

D. Conclusions 

X General Discussion of Results 

XI General Conclusions 

XII Suggestions for Further Work 

Bibliography 

Appendix 

Page 

39 

39 

kl 

46 

46 

48 

53 

56 

57 

63 

64 

66 

I On the Metastability of the Eta Phase 71 

II High Temperature Oxidation Resistance of the 
Eta Phase of the Wolfram-Cobalt-Carbon System 72 

III A Study of the Kinetics of Isothermal Sintering 76 

IV Calculation of the particle Size 78 

V Temperature Dependence of the Angle of Contact of 
Liquid Copper on Solid Wolfram Carbide 80 

VI Binder Solidification Phenomena of the Cobalt 
Infiltrated Compact 82 

VII Calculation of Shrinkage Caused by Solution of 
Wolfram Carbide in Liquid Cobalt 83 

VIII Cohesion of Compacts at the Sintering Temperatures 85 

IX Calculation of Tesselated Stresses in Sintered Wolfram 
Carbide-Cobalt Compacts by the Method of Laszlo 87 



I INTRODUCTION AND LITERATURE SURVEY 

The purpose of this work is to determine the role of the binder 

phase in cemented wolfram carbide. The problem is approached by a critical 

e/aluation of published material and by a series of experiments which will 

show the effect of the binder on the sintering mechanism and on the properties 

of cemented compacts. 

Commercial cemented carbides consist of very fine particles of 

refractory metal carbides embedded in a matrix of a low melting metal, 

usually of the iron group. This leads to bodies of great hardness and 

high compressive strength, which are used as drawing dies, bearings and 

cutting tools. They represent the most extreme of a series of ferrous 

alloys of decreasing iron and increasing alloy content, extending from 

plain carbon steels (98-99 percent iron, 0.5-1 percent carbon) through 

high speed tool steels (60-75 percent iron, 0.5-1.5 percent carbon, 10-20 

percent wolfram, 3-8 percent cobalt, 2-5 percent chromium, 0-2 percent 

vanadium) to cemented carbides (3-13 percent cobalt, 5-5-10 percent carbon, 

60-90 percent wolfram, 0-25 percent titanium). 

The first efforts (I909) to produce useable wolfram carbide products 

by melting and casting, failed because of the unavoidable separation of 

free graphite. Better success was achieved by sintering wolfram carbide 

powders near their melting point, (1914). However, the required temperatures 

were too high for industrial use and this lead to the addition of metals 

of the iron group, first by melting the mixture (I917), then by infiltration 

into a pre-sintered carbide skeleton (1922), and finally by sintering of a 

mixture of wolfram carbide and iron group metal powders slightly above the 



. The addition of small amounts of melting point of the latter (192?) ^ 

a low melting auxiliary metal lowers the sintering temperature to less 

than 1450°C. The latest development is the partial or total replacement 

of wolfram carbide by other metallic carbides, notably those of titanium 

and tantalum. Dy these means, the permissible cutting speeds for steels 

have been increased by a factor of more than ten since the beginning of 

this century. 

Cemented carbides of the wolfram carbide-cobalt grade are produced 

by ball milling the mixed carbide and cobalt powders, pressing compacts 

of the desired shape, and sintering to the final density and hardness. 

The usual compositions vary from 3 ho 25 percent cobalt. Although good 

sintered cp.rbide parts are produced industrially, little is known about 

the phenomena that takes place during the heating and cooling cycle. The 

industrial heat treatment is carried out in a neutral or reducing atmosphere, 

within a temperature range of 1350°C to 1500°C, the sintering time varying 

from 1 to 2 hours. A linear shrinkage of 12 to 20 percent occurs. It 

has also been observed that a certain amount of grain growth takes place, 

the fine grains tend to disappear and the larger ones become coarsened. 

(2) 
The first investigators of the sintering mechanism, Hoyt' , and 

Uyman and Kelley^, showed that a liquid phase is formed at approximately 

1350°C, even below the melting point of cobalt (lli95°C), and that solution 

of wolfram carbide takes place both in the solid and in the liquid cobalt. 

The solubility increases with temperature; at the sintering temperature, 

at which the binder is liquid, it dissolves about 37 percent wolfram carbide. 

In a 6 percent cobalt alloy the liquid phase will then represent about 



10 percent by weight or lU percent by volume of the compact. Upon cooling, 

as the solubility decreases, the carbide precipitates on the existing, 

non-dissolved, grains which tend to take on characteristic angular shapes. 

At room temperature the binder is reported to contain less than 1 percent 

wolfram carbide' . 

Whether sintering is possible at temperatures below the solidus has 

been the subject of considerable disagreement. Dawihl and Hinnuber^ 

reported that wolfram carbide-cobalt alloys can be completely sintered at 

a temperature as low as 1250°C, if given a sufficiently long time. Mantle 

examined the effect of the sintering temperature on the properties of 

cemented carbides. He concluded that 1305*C. is the lowest temperature at 

which sintering can be carried out. Some dilatometric studies of the 

sintering process were undertaken at Krupp in Germany^. The resulting 

curves, shrinkage versus temperature, were not evaluated in detail, but 

they indicate that the contraction begins between $00*C and 1000°C and 

attains greatest speed at barely l400*C. The slope of the shrinkage curve 

increases with cobalt content. Sandford and Trentobserved some specimens 

through an optical pyrometer and reported that contraction starts at 

approximately 1150#C, and is complete at 1320*C for cobalt contents of 

6 percent and 10.5 percent. They conclude that sintering commences before 

a liquid phase appears, but is not completed until after it is present. 

The strength, brittleness and lack of ductility of cemented wolfram 

carbide have been attributed to the existence of a continuous skeleton of 

carbide in the sintered compacts. This view is held by Dawihl and Hlnnuber^, 

Sandford and TrentKieferGoetzel^, and Skaupy^^, among others. 



However, it is not universally accepted, Mantlefor instance, mentions 

that a skeleton cannot account for the variation of the physical properties 

with composition. The only direct experimental evidence to support the 

skeleton theory wan given by Dawihl and Hinnuber^ who showed that the 

strength of an acid leached sintered ccopact and the thermal coefficients 

of expansion of low cobalt alloys could be explained by the existence of a 

continuous skeleton, which might be formed during cooling by the deposition 

of wolfram carbide preferentially at the contact points of the particles, 

thereby increasing the area of contact. It has been suggested that adhesive 

forces are acting between the carbide particles, the effectiveness of which 

is increased by the presence of cobalt, which dissolves oxidem and other 

impurities at the surface of the grains The possibility has also been 

mentioned that the carbide particles have unusual plasticity in the presence 

of liquid cobalt, which would permit them to deform at the points of 

contact and thereby increase the strength of the skeleton. This 

suggestion is based upon the observed increase of plasticity of rock salt 

in hot unsaturated water solutions. Whatever the mechanism by which a 

skeleton is formed, if it exists, it will determine, to a great extent, 

the physical properties of sintered carbide compacts, and the properties 

of the binder would not be expected to influence them appreciably. However 

the latter would be decisive if the structure of cemented carbides would 

consist of isolated carbide grains in a matrix of binder metal. 

The current products and production methods of the cemented carbide 

industry were developed empirically. But only a full and clear understanding 

of the sintering mechanism and of the structure of sintered compacts will 
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permit the development and use of all their potential properties. The 

effect of the substitution of wolfram carbide and cobalt by other carbides 

and binder metals can then be theoretically evaluated, and new uses for 

cemented carbides, for instance as a high temperature material, will 

suggest themselves. It is hoped that the present work will contribute 

to such an understanding of the theory of cemented carbides. It will be 

shown that the binder not only influences the sintering behavior, but also 

the properties of sintered alloys. The role of the binder phase will be 

studied by a detailed consideration of the action of cobalt during sintering 

and its effect upon the final structure of the compacts. A sintering 

mechanism, accounting for the observed phenomena and structure, will be 

proposed. Other possible binders will be discussed and an attempt shall 

be made to connect the characteristic physical properties to the structure 

of cemented wolfram carbide. 

NOTE: The nomenclature used in this report conforms to the recommenda¬ 

tions of the Commission on Inorganic Nomenclature, International Union of 

Chemistry, which at its 19^9 meeting, changed the name of the element 

Tungsten to Wolfram. Also the word "sintering", as here used, refers to 

the densification of cemented carbides, but does not restrict the mechanism 

of densification exclusively to the action of surface forces between solid 

particles. 



II THE WOLFRAM- COBALT- CARBON SYSTEM 

The ternery system has been studied by Takeda^12^ who suggested the 

existence of two systems; one stable, with the phases Co, W, W2C, WC, and 

graphite; the other metastable with the phases Co, W, W2C, W3C03C and 

graphite. Since only two phases appear at room temperature in a normally 

sintered specimen: Wolfram carbide and a cobalt rich solid solution, 

almost all the published work concerned with the mechanism of sintering 

is based upon an assumed binary system wolfram carbide-cobalt. Actually 

the appearance of free carbon at very high temperatures makes it theoretically 

impossible for such a binary to exist, although a vertical section through 

the ternary diagram, along the wolfram carbide-cobalt line, might still 

show only two phases at low temperatures. Such a section is drawn as the 

quasi-binary, Figure 1, upper left hand corner. 

Takeda introduced the metastable system mentioned above to take into 

account the eta phase ( T) ), (W3C03C), which occurs only under abnormal 

sintering conditions, and which Takeda assumed to be unstable. This phase 

has an undesirable effect upon the physical properties of the sintered 

compacts. It has been discussed by many investigators but no further 

evidence concerning its metastability has been published. On the contrary 

more and more evidence seems to indicate that eta is one of the stable 

phases of the Wolfram-Cobalt-Carbon system^(Appendix I). The eta phase 

has a promising high temperature oxidation resistance, a study of which is 

discussed in Appendix II. 

The ternary system is under investigation by Mr. P. Rautala and 

Professor J. T. Norton at the Massachusetts Institute of Technology, their 
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work being carried out as part of this project. On the basis of their results 

up to date, the isothermal sections at room temperature, and at l400°C of 

Figures 2 and 3 have been proposed^1^. it can be seen that the two phase 

field cobalt-wolfram carbide is extremely narrow and that a '»light change 

of carbon content will lead to the appearance of graphite or eta. In addition 

to eta, the intermediate phases: Theta (0 ), and Kappa (K) also exist. 

Not enough data has yet been obtained to establish the complete 

ternary diagram or even the definite vertical section through the ternary 

along the cobalt-wolfram carbide line. But, Mr. Rautala has worked out 

some of the possible variations in the appearance of the vertical section. 

Figure 1, which might be caused by a small displacement of the corners of the 

three phase fields. 

An investigation of a series of alloys lying on the cobalt-wolfram 

(14) 
carbide line by Levingerv , who also was connected with this project, 

confirmed the solubility limits of wolfram carbide in cobalt as published 

previously by Sandford and Trent^, Brownlee^15 and Korolkov and Lavier 

Be assumed a quasi-binary and found a maximum solid solubility of about 

17 percent by weight of wolfram carbide in cobalt, and an eutectic composition 

of about 38 percent by weight. There is considerable disagreement concerning 

the eutectic temperature: Sandford and Trent^ report 1320#C, Wyman and 

Kelley^ 1350°C, and SykesTakeda and Levinger found it to be near 1275*C. 

From the available evidence it is not possible to decide whether the 

eta phase takes part in the normal sintering of wolfram carbide-cobalt compacts. 

It does make its appearance at room temperature, if decarburization takes 

place, but is not found in normal specimens however rapid the rate of cooling. 



It must be noted though, that according to the vertical sections shown, 

the eta phase appears only at or below the so-called 'eutectic' temperature, 

around 1300°C. At the sintering temperature (l400°C) therefore, none of the 

binder is tied up as eta. The presence or absence of eta, due to small 

changes of composition, might account for the discrepancies of the published 

eutectic temperatures. 
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III EXPERIMENTAL TECHNIQUES 

For the purpose of experimental investigation the dilatometric method 

was selected because it is able to supply information on the sintering 

process, while it happens, at any temperature or time during the heating 

cycle. A sintering dilatometer was therefore built, (Figure 4). It 

consists of a closed end 'McDanel' High Temperature Refractory porcelain 

tube, 18 inches long, 0.5 inches internal diameter, into which the pressed 

sample is inserted. Tie sample is a rectangular bar of the following 

dimensions: 1 inch x l/4 inch x l/4 inch. The sample stands vertically 

in the tube. It supports a synthetic sapphire rod which transmits its 

expansion or contraction to an 'Ames' micrometer gauge attached to the top 

of the porcelain tube. The gauge is graduated in 0.001 inch and has a range 

of 0.5 inch. 

This assembly is inserted into a vertical tube furnace where the sample 

is in the constant temperature region of the furnace. Approximately 6 inches 

of the dilatometer tube protrudes from the furnace so that the dial gauge is 

essentially at room température. The Joints, from furnace to tube, and 

from tube to gauge, are water cooled rubber compression seals to assure gas 

tightness. The temperature of the sample is measured by a platinum - platinum 

rhodium thermocouple, protected from the reducing atmosphere of the furnace 

by a porcelain tube. The thermocouple is part of the temperature control 

system, which consists of a variable transformer regulating the power input, 

a potentiometer by means of which the temperature can be measured, and an 

electronic temperature controller which maintains a constant temperature by 

activating a relay which inserts a resistance into the heating circuit. 

The equipment used is shown in Figure 5* 



Separate gas atmospheres can be provided inside the furnace and 

inside the dilatcmeter tubing, if the experimental conditions require it. 

Usually, 'Fonning Gas' (20 percent H2 and 80 percent N2) is used in both. 

It protects the molybdenum winding of the furnace and the sample from 

oxidation without being as subject to the danger of explosion as pure 

hydrogen would be. Oxygen and water are removed from the gas by passing 

it over heated copper chips and through 'Drierite' drying reagent. To 

prevent decarburization of the sample small graphite rings are introduced 

into the tube; their direct contact with the specimen is prevented by a 

small refractory spacer ring. 

The measured temperature was checked periodically by a reference 

thermocouple inserted in place of the sample into the dilatometer tube. 

This thermocouple is standardized against the melting points of gold and 

silver. Although the temperature can be maintained constant within t 2*C 

over a period of days, the absolute temperature is known only to within the 

inherent accuracy of the thermocouple and measuring potentiometer, approximately 

- 10°C. 

At first, a thin, hollow porcelain tube was used as a dilatometer rod, 

but at high temperatures, a small amount of irreversible bending occurred. 

It was replaced by the synthetic sapphire rod, now in use, which stands up 

very well at the temperatures in question. The dilatometer system is 

standardized by means of a one inch long piece of metal, usually wolfram, 

the thermal expansion of which is knr'wn. From such a standardization run, 

the expansion and contraction with temperature of the porcelain and sapphire 

parts can be calculated, and this correction is applied to each sintering 
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run. The weicht of the dilatometer assembly on the sample (25 grams) has 

no effect on the shrinkage characteristics up to a temperature as high as 

l400°C. For equal times and temperatures the shrinkage is percentage wise 

the same in all directions whether the sample was sintered with or without 

the dilatometer weight resting on it. 

Since the accuracy of the results is dependent upon the frequency of 

readings, a continuous recording system is also in use. It consists of 

a 'Schaevitz' linear differentir1 transformer activated by the motion of the 

sapphire dilatometer rod. The transformer indicates a mechanical position 

electrically. The electrical impulses are fed through an amplifier-rectifier 

to a 'Brown' recording potentiometer, which draws a continuous record of 

change of length versus time at temperature. This arrangement is shown in 

the block diagram of Figure 6. 

The sintered alloys were further examined by x-ray diffraction and 

metallographic methods. A "Norelco" recording x-ray spectrometer was used for 

the identification of phases. Microscopic examination required polishing with 

diamond powders. In general, the method described by Tarasov and Lundberg 

was followed. It consists of using a diamond hone, followed by polishing on 

cloth covered wheels with successively 4-8 and 0-1/2 micron diamond paste 

(Buehler Diamet - Hyprez polishing compound). The etchant used was alkaline 

potassium ferricyanide, 10 grams Ka [Fe(CN)£] and 10 grams KOH dissolved in 

100 cubic centimeters of water. Cobalt etches yellowish and the carbide gray. 

A two minute etching time was generally sufficient. If eta phase is present it 

tarnishes in a fraction of a second, offering a positive identification. 

The metallographic technique used exaggerates the amount of porosity 
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present in the sintered specimens, since it is difficult to avoid the 

tearing out of carbide particles, especially from incompletely sintered samples. 

The samples were prepared from powders of commercial grade. The wolfran 

carbide used was manufactured by the Fansteel Metallurgical Corporation. 

-h 
It had a norminal grain size of 0-5 x 10 cm, its actual particle size 

distribution is given in Table I. Cobalt powder, 99 percent pure, was made 

by the Carboloy Company. 

The mixtures were ball milled for 48 hours in carbide mills, loaded 

with wolfram carbide balls and hexane. The dilatometer specimens were pressed 

in a rectangular die at 16 tons per square inch. No pressing lubricant was 

used. Each specimen weighed about ei&nt grams. 

The following physical properties were measured on sintered specimens: 

density, hardness, and bend strength. Density was calculated from weight 

an<? volume, as measured. Hardness is reported as Rockwell A. Bend strength 

was determined on a Brinell machine, loading at the center of a 9/l6 inch 

span. The samples were not polished, or otherwise prepared, before bend 

testing. 

The following variables, important in their effect upon the properties 

of the sintered compacts, were held constant throughout this work: 

Preparation of powders; size, size distribution and shape of particles; milling 

and blending; compacting pressure; size of specimen; rate of heating and 

cooling; and the furnace atmosphere. 
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IV GENERAL SINTERING BEHAVIOR 

Since any proposed mechanism of sintering of cemented carbides would 

have to be correlated with the sintering behavior, a general study of the 

cht-nges of length occurring with time and temperature was undertaken. The 

sintering dilatometer, as described above, was used. 

A. Sintering Runs at Constant Heating Rate 

A series of samples, containing from 0 to 100 percent cobalt, were 

heated at a constant rate (10° per minute up to 1000°C, 5* per minute from 

1000° to 15008C). The changes of length were plotted against temperature¡ 

typical curves are shown in Figure 7. Zero, on the ordinate, corresponds 

to the original length of the sample at room temperature in the unsintered 

state. Specimens of binder contents from 1 to 15 percent have curves very 

similar in shape and range. The sample first expands on heating, hrinkage 

becomes noticeable at 800°C, becoming increasingly more rapid up to 1300-1350°C, 

at which temperatures most of the shrinkage is completed. On cooling, the 

sample shrinks linearly with temperature, except for a slight discontinuity 

when the binder freezes. With increasing amounts of cobalt, from 1 to 15 percent, 

the net amount of linear shrinkage increases from 17 to 19*3 percent. Shrinkage 

is incomplete with cobalt contents of less than 1 percent. A sample con¬ 

taining 25 percent cobalt did not support its owr weight and deformed at high 

temperatures. The sintering of pure cobalt is completed at 9502C, and that 

of wolfram carbide is insignificant even at 1500°C, showing less than 1 

percen- linear shrinkage. Table 2 summarizes the experimental results. 

If 

S-;'- ■ 

—------ -- 
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B. Sintering Runs at Constant Temperature 

Isothemial dilatometer curves, shrinkage versus time, were taken for 

various compositions, at temperatures from 1200° to l400°C. The set of 

curves are rfproduced in Figure 8, 9; and 10. As Before, zero, as the change 

of length scale corresponds to the original green length of the specimen. 

The fact that the 1200* sample starts shrinking from 0 has no particular 

significance; in fact, at lower sintering temperatures, the shrinkage, at 

temperature, may start from a greater length than the sample’s original cold 

dimension because of the normal thermal e;cpansion effect. At high sintering 

temperatures, considerable shrinkage occurs during the heating up process, 

so that the sample has already sintered appreciably when the desired 

1 mperature is reached. Table 3 indicates the time required to reach the 

final length at various temperatures also the total holding time of each 

cample at temperature for a composition of 7-5 percent cobalt. After 

reaching the indicated dimension the sample did not shrink any further during 

the remaining time at temperature. Figures 11 to 14 show microstructures of 

cemented carbides of 7-5 percent cobalt sintered at various temperatures for 

similar lengths of time. At 1300#C considerable porosity is still present, 

which is almost completely eliminated at 1325*C. There is no further 

appreciable change in the character of the microstructure at 1350° and l400°C. 

As before, the amount of shrinkage increases with cobalt content. 

Figure 15 shows the isothermal sintering curves at l400°C of cemented 

carbides with 5 - 15 percent cobalt. The maximum amount of shrinkage was 

attained in 3/4 hour, except for the 5 percent cobalt sample. See Appendix 

III for some additional considerations on the kinetics of isothermal shrinkage. 
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The effect of increased binder content upon the microstructure is 

illustrated by Figures l6 and 1?, showing a 15 percent cobalt sample sintered 

at 1350*C for 1 l/2 and 21-3A hours. The carbide particles appear more 

angular and better defined in a greater amount of binder. These micro¬ 

photographs also were used to estimate the grain growth which takes place 

at the sintering temperature. The average grain diameter increases by 

14 percent during 20 hours at 1350°C. This was determined by measuring 

the length of the carbide particles along arbitrary straight lines drawn 

across the photographic prints. Approximately 1000 particles were measured 

on each sample. The average particle length along the arbitrary measuring 

lines corresponds to 1.8,10-1*’ centimeters for the sample of Figure l6 and 

2.1*10 centimeters for that of Figure 17* The increase of the average 

grain diameter reflects a disappearance of the smallest particle present; 

particles of lengths of 1*10 centimeters or less represent 50 percent of 

the total number of particles counted in the first sample, and only 20 percent 

in the second sample. It is to be noted that the particle length, so 

measured, does not correspond to the true grain diameter or to the actual 

particle size, both of which are considerably larger. (See calculations in 

Appendix IV) 

C. Conclusions 

1. The extremely rapid rate of shrinkage between 1300*0 and 1350*0, 

the marked increase in the extent of shrinkage in the same temperature 

range is shown by the isothermal sintering curves, and the disappearance 

of porosity from the microstructure between 1300*0 and 1325*0, all indicate 

the formation of an appreciable amount of liquid phase between 1300*0 and 

1325*0. 

. C- ' .. ■ . . . -J. . ' 
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2. Densification does take place at temperatures when the binder is 

solid. The rate of shrinkage decreases with time and seems to approach 

a limiting value asymptotically. But to produce dense compacts in a short 

time, sintering above the liquids is necessary. 

3. For a given temperature and time, the attainable density, expressed 

as percent of theoretical density, increases with the relative amount of 

cobalt percent. Also the rate of shrinkage increases with the amount of 

binder. 
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If the liquid wets the solid it will penetrate into surface connected 

capillaries and pores because it vri.ll tend to cover all the available surface 

of the solid. Such a liquid would therefore be soaked up into a porous 

compact of solid metal. The interfacial tension of two adjacent solid 

grains in contact with the liquid can be represented as in Figure I9. If 

the liquid-solid interfacial tension is assumed to be independent of the 

orientation of the surfaces, then 
0 

Y = 2 Y cos 2 Equation 2 tSxS2 Is u 

A liquid will therefore penetrate indefinitely along the grain boundary 

if the interfacia], energy of the liquid solid boundary is less than half 

that of the grain boundary in the solid. Whether a polycrystalline mass 

will be disintegrated by such a 2.iquid depends on the grain boundary 

energies, which in turn are a function of the crystallographic orientations 

of adjacent grainsA grain boundary of low energy, a twin boundary 

for instance, might resist penetration, but if the grain surfaces have 

very different orientations they will be separated. The mechanism is one 

of solution. The solid will dissolve preferentially at the grain boundaries 

and the liquid will be carried in by capillary action until the grains are 

out of contact. The grains will remain separated as long as the liquid is 

present. If the amount of liquid is relatively small, its surface tension 

will hold the mass together. 

B. Wettability of Cemented Wolfram Carbides 

Wettability and its cause, surface energy, must play an important 

part iu the sintering of cemented carbides. Wetting usually takes place in 

V 
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alloy systems which show extensive solubilities. The very finely divided 

carbide particles are of almost colloidal dimensions, which by definition, 

-4 -4 
would be smaller than 10 centimeters. For a particle size of 10 centimeters 

12 
there would be 10 particles per centimeter cube of material, with a 

(22) 
combined surface area of six square meters' . This large surface area 

must mean that the properties of the interface between carbide and liquid 

are very important, and may influence the sintering behavior of carbides. 

The wettability of wolfram carbide by liquid cobalt was determined 

by the drop shape method, which consists of measuring the angle of contact 

of a liquid drop on a solid surface. The experimental work was carried out 

by Mr. W. D. Kingery using the equipment of the Ceramics Laboratory of the 

Department of Metallurgy at Massachusetts Institute of Technology. A 

small piece of cobalt was placed on a level wolfram carbide block and this 

assembly was inserted into a horizontal tube furnace. The block of carbide 

was prepared by sintering pure wolfram carbide powder at 2000#C for one hour 

to a density 80 percent that of the theoretical density of wolfram carbide. 

The melting of the cobalt was observed through an optical pyrometer and 

photographs were taken through the ends of the furnace tube. A heating 

rate of 15° per minute in an atmosphere of 85 millimeters of hydrogen was 

used for this experiment. The first evidence of melting at the interface 

was observed at 1375*C. The cobalt spread freely and completely soaked 

into the porous wolfram carbide at l420°C. The observed contact angle was 0°. 

Cobalt, therefore, completely wets wolfram carbide. 

A cross section of the infiltrated wolfram carbide block is shown in 

Figure 20. The interaction of wolfram carbide and cobalt at the surface 
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left a crater at the original location of the cobalt piece. The microsection 

shows that densification occurred as the cobalt penetrated into the metal, 

the highest density being attained nearest to the original supply of cobalt. 

To illustrate the action of a non-reacting binder, the drop-shape 

e:rperiment was repeated with copper on wolfram carbide. Carbon and wolfram 

are practically insoluble in liquid copper. Copper is not completely 

absorbed by the porous carbide block, its wetting ability is limited, at 

1405#C the drop of liquid copper has an angle of contact of 20° with solid 

Wolfram carbide. The temperature dependence of the angle of contact is 

reported in Appendix V. A cross section of the carbide block (Figure 21), 

shows that no densification has taken place. Although most of the copper 

remained at the surface, some of it penetrated into the sample, congregating 

in lakes near the surface. The carbide grains, even near the copper rich 

surface, remain small, irregular, and highly fissured in contrast to the 

large, well-formed grains of carbide in the cobalt infiltrated sample 

(Figures 22 and 23). Whereas copper apparently penetrated only into surface 

connected pores, cobalt, by solution of grain boundaries, could reach 

previously closed pores, and in effect, broke up the structure, permitting 

it to densify. 

The densification of the impregnated skeleton, also the formation of 

large, regular wolfram carbide grains, can be attributed directly to the 

action of the cobalt, namely its solution and subsequent reprecipitation 

of wolfram carbide during heating and cooling, and to grain growth by 

solution and reprecipitation at high temperatures. 



C. Infiltration of the Liquid Binder 

The action of cohalt and copper hinders was further illustrated by 

an infiltration experiment during which the change of length was followed 

dilat (metrically. 

Compacts of pure wolfram carbide were prepared by sintering the powder 

at 2000*C from l/2 to 1 hour to a density of 10 grams per cubic centimeter, 

or 67 percent of the theoretical density of wolfram carbide. The unsintered 

specimen had a density only 50 percent of the theoretical, therefore some 

densification took place during sintering. In effect, a porous skeleton 

of carbide was formed. These samples were placed vertically into the 

dilatometer furnace. About 30 percent of their weight of cobalt or copper 

iras added, which on melting, formed a pool at the bottom of the tube, and 

by capillary action, was drawn into the porous skeleton. 

The dilatometric behavior during infiltration with cobalt can be 

followed in Figure 2k. The carbide skeleton expands uniformly until about 

1320*C. At this temperature a noticeable contraction sets in, followed 

at l450#C by a sudden expansion, and finally, a very rapid shrinkage. The 

initial contraction is probably caused by a reaction between the wolfram 

carbide body and the cobalt powder at their points of contact at the bottom 

of the dilatometer tube. The expansion occurs when the liquid cobalt 

infiltrates the compact, destroys the skeleton by attacking the grain 

boundaries and forces the carbide grains apart. This also causes the 

compact to lose its strength, it will deform under its own weight and that 

of the dilatometer rod, which accounts for the final observed shrinkage. 
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The destruction of the skeleton on infiltration was also reported recently 

(4) 
by Kiefer' , who noticed that it cau be prevented by presaturating the 
binder with wolfram carbide which means using a wolfram carbide-cobalt 

alloy as the infiltrant. 

The non-existence of the skeleton, after infiltration, is also shown 

by the dilatometrlc behavior of the sample on cooling (Figure 25). At the 

freezing temperature of the binder a sudden expansion takes place, which 

is attributed to the precipitation of carbide from solution on the undissolved 

grains. This phenomena shall be discussed more fully in the next chapter 

and in Appendix VI. 

A similar experiment using copper as the infiltrant, showed none of 

the discontinuous dimensional changes. Copper does not destroy the carbide 

skeleton, therefore the observed expansion and contraction curves are those 

of the wolfram carbide skeleton. The cooling curve of the copper infiltrated 

sample is shown in Figure 25. Notice that there is no discontinuity at 

the freezing point of copper. This sample retained its shape and did not 

deform even at the maximum temperature of l400*C. 

The microstructures, Figures 2(3 and 27, clearly illustrate the action 

of cobalt and copper as binders. The cobalt tends to surround each grain 

of carbide, copper however preserves the sintered skeleton. The angular 

grains indicate that considerable solution and re-deposition of carbide 

has taken place in presence of the cobalt binder. 
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faces most often form the surfaces of hexagonal crystals when growing 

from a solution under equilibrium conditions. These planes would cause 

t’ e observed crystal shapes, namely triangular prisms, with angles of 3°*» 

60* and 9°*» Since the polished surface cuts the crystals at random not 

all angles will show up with their true values. But the true angle will 

constitute a majority of the measured values. The angular relationships 

between coherent grains suggests that the crystallographic orientations, 

of thece grains are related, by being of the same or of twinned orientations. 

Such relations have been observed with other crystals and are brought about 

by either coalescence of existing grains or growth of one grain on another. 

Experiments with non-metallic salts have shown that, if a great number of 

small crystals are agitated together in a liquid, some of them will cohere 

to each other. It is found that all the coherent crystals show either a 

(24) 
parallel or twin orientation across their common interface' . It has 

also been demonstrated, with sodium chloride crystals, that precipitation 

on a seed crystal from a supersaturated solution, will result not only 

in the growth of that crystal but also in the formation of new crystals, 

(25) 
attached to the seed, and liaving a twin orientation with it' . Unfortunately 

the grains are s_ small that orientation measurements on individual grains 

by x-rays are not possible. 

It has been suggestedthat grain growth alone is not enough to 

explain the increase of grain size, but that coalescence of similarly 

oriented grains takes place. This would account for the small areas of 

cobalt, inside the carbide grains which are observed in Figure 28. 
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Large r areas of cobalt, called "lakes" are frequently encountered in the 

microstructure of cemented carbides. Mantleshows microphotographie 

evidence that these lakes disappear if the sintering temperature is raised 

from 1300°C to 1325#C. The origin of these lakes has not been adequately 

explained, but their disappearance can be attributed to the formation of 

the liquid binder phase, the wetting characteristics of which will force 

it to distribute itself more evenly throughout the compact. 

E. Conclusions 

On the basis of the preceding experiments and considerations it can 

be concluded that: 1. Liquid cobalt wets solid wolfram carbide. 

2. Liquid cobalt tends to surround each carbide 

grain and will attack an existing carbide skeleton. 

The characteristic angular shapes of the wolfram 

carbide particles are brought about by solution 

and reprecipitation in and from the cobalt matrix. 



-26- 

VI THE PHYSICAL DISTRIBUTION OF THE CARBIDE PHASE 

The problem of the existence of a skeleton of wolfram carbide in 

sintered compacts was investigated by the series of experiments described 

below. The experimental data shall be used to deduce the structure and 

distribution of the carbide phase while heating the pressed compact to the 

sintering temperature, at the sintering temperature and at room temperature, 

after sintering. 

A. Effect of Cold Pressing and Heating 

A compact of pure wolfram carbide powder, containing no binder, has a 

certain amount of cohesion after being cold pressed. This cohesion is 

attributed to metallic junctions between adjacent carbide grains, similar 

to the phenomena of "cold" or "pressure" welding observed with other metals. 

Such a bond between two powder particles could theoretically attain the 

strength of a grain boundary in a polycrystalline metal if the plasticity 

is sufficient to produce a large contact area. However, in the case 

of wolfram carbide powder the cohesion is quite weak, the pressed compacts 

can be easily broken up between the fingers. The force of adhesion is not 

sufficient to cause appreciable contraction by plastic flow at room 

temperature and therefore, the area of contact between the irregular 

particles is very small. In addition, many of the existing Joints are 

probably broken by the elastic recovery when the load is removed. 

In the presence of a ductile binder metal, the cohesion is increased 

by the large contact area between binder and carbide. In addition, a weak 

skeleton of carbide may exist, which would be expected, however, to be 



destroyed on heating by: a) the solution of wolfram carbide in the binder 

especially at the carbide to carbide grain boundaries, b) the thermal 

stresses caused by the expansion of cobalt, which has a larger coefficient 

of thermal e::pansion than wolfram carbide. 

Table 4 shows the measured expansion of pressed compacts of various 

binder contents. The expansion increases with the binder content, therefore 

a continuous skeleton of carbide does not exist during the heating up period. 

B. Binder Solidification Phenomena 

The dimensional changes occurring on cooling were observed by means of 

the sintering dilatometer. Four compacts with 5, 7.5, 10 and 12.5 percent 

cobalt were sintered at l450#C and cooled at a controlled rate of 10°C per 

minute. In Figure 29 the shrinkage on cooling is plotted against temperature. 

The curves are discontinuous between 1350#C and 1320*0, there being a sudden 

contraction for the 7*5, 10 and 12.5 percent cobalt samples, and an expansion 

for the 5 percent cobalt sample. The corresponding plot for pure wolfram 

carbide, sintered at 20000C with no binder, and cooled through the same 

range, shows a continuous shrinkage along the normal thermal contraction curve. 

The discontinuous changes of length vary with the composition gradually 

from a contraction at high cobalt content to an expansion at low cobalt 

content. (Table 5) 

These phenomena can be understood by considering the physical changes 

which take place at the freezing temperature of the binder: 

1. Precipitation of wolfram carbide from the liquid solution on 

the undissolved carbide particles. Each particle will increase in diameter 

and if we assume that each grain is separated from its neighbors by a thin 
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film of liquid binder, the length of the specimen will increase as the 

growing particles tend to push each other apart. 

2. Shrinkage of the volume of the binder as it changes from the 

liquid to the solid state. This will result in a decrease of specimen length. 

The two phenomena are opposite in their effects upon the length of a 

sintered wolfram carbide cobalt sample. But at very low binder contents 

most of the binder is concentrated in the pores of the carbide compacts. 

Only that thin layer, required to satisfy the low wolfram carbide cobalt 

interfacial energy, will surround each carbide grain and will separate 

two adjacent particles. Therefore, the contraction of the binder during 

freezing cannot alter the dimensions of the specimen since the carbide 

grains cannot approach each other any closer. However, the precipitation 

of wolfram carbide from the binder, which takes place on all surfaces of 

the undissolved carbide grains, will force the growing grains apart, and 

the specimen will expand. 

A discontinuous behavior on cooling might be caused by the effect 

of the latent heat of freezing of the binder on a carbide skeleton. But 

this explanation must be rejected since this phenomena was not observed 

on cooling the copper infiltrated compact, referred to in the previous 

chapter (Figure 25). This sample consisted essentially of a skeleton of 

wolfram carbide in a matrix of copper and showed no discontinuity at the 

freezing temperature of copper. Copper and cobalt have the following 

latent heats of fusion: 3*11 and 3.7 kilogram calories per mole. 

Uith a high percentage of cobalt, the structure becomes more and 

more that of isolated carbide grains in a matrix of cobalt. The contraction 
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of the binder vrill bring the carbide particles closer together, without 

causing them to come into contact with each other, and the specimen as a 

whole will shrink. Since the grains are more uniformly distributed in the 

binder, they are equally surrounded by cobalt in all directions, and their 

growth, due to precipitation from solution, will not alter the length of 

the compact. The solidification contraction of the binder accounts for the 

observed shrinkage of 10 and 12.5 percent cobalt alloys if a linear freezing 

shrinkage for cobalt of 1 percent is assumed. This assumption is based on 

the corresponding freezing shrinkages for copper and iron of 1.4 and 0.7 

percent respectively. With high cobalt contents the linear distribution 

of carbide and binder becomes equal to the volume percent of each constituent. 

The possible change of density, as wolfram carbide diffuses from liquid 

to solid, has been neglected in this discussion. 

From this experiment it is concluded that: 

1. The cobalt binder freezes over a range of temperatures: 1350*-1320°C. 

2. The dilatometric changes at the freezing temperature of the binder 

indicate that a continuous skeleton of wolfram carbide does not 

exist at that temperature. 

C. Electrolytic Leaching Experiments 

Experimental evidence to prove the existence of a strong and continuous 

skeleton in cemented carbides was presented by Dawihl and Hinnuber^, who 

leached out the binder with boiling hydrochloric acid and found that the 

remaining skeleton still had appreciable strength. They concluded that the 

carbide particles grow together during sintering and form a skeleton in 

samples with up to 10 percent cobalt. Sandford and Trenthowever, 

:■ 

ÉHtfiiítaBAflahaAadaáMMaM* 
• •• r:- -.. ‘ .s 

y y..',. 3 ;J
 



-30- 

refer to an experiment by which the binder was reacted with zinc to form 

a zinc cobalt alloy which could then be leached out. In this case the 

compact disintegrated into a powder. 

For the purpose of establishing the existence of a continuous skeleton, 

electrolytic leaching methods were applied to sintered compacts of various 

binder contents. The leaching method used was based on the work of Cohen 

(27 28) 
and co-workers' * on the electrolytic isolation of carbides from 

annealed steels. The cell of Figure 3O was used. If the sample is made 

the anode in such a cell, using 1 =3D hydrochloric acid as the electrolyte, 

the ferrous binder is attacked, but the rate of solution of wolfram carbide 

is negligible. A current density of 0.2 amperes per square inch was applied. 

Results are reported in Table 6 and shown in Figure 31- 

The loose carbide particles remained on the samples as a powdery layer, 

which could easily be removed by washing with water. The sample of 100 percent 

wolfram carbide was used as a control to demonstrate that wolfram carbide 

itself is not significantly affected by the leaching operation. It showed, 

after 56 hours of leaching, a weight loss of O.3 percent. This loss is 

attributed to the presence of very fine carbide particles in this sample 

sintered to only 64 percent of its theoretical density. 

The solubility of wolfram carbide in the electrolyte must be even less 

in the samples sintered with a binder, where considerable grain growth 

ocurrs during sintering and where the smallest particles are most easily 

dissolved in the binder. An attempt was made to account for all the 

constituents by a weight balance. However only 80 percent of the theoretical 

amount of cobalt present was extracted from a fully disintegrated sample. 



The remainder must remain trapped among the coherent carbide particles 

which broke away. 

This experiment indicates that no strong, continuous skeleton exists 

at room temperature with binder contents of 7*5 percent cobalt and higher. 

The conflicting results of Dawihl and Hinnuber must be attributed to an 

insufficient leaching action of boiling hydrochloric acid. 

D. Coefficient of Linear Thermal Expansion 

The thermal coefficients of expansion of sintered wolfram carbide 

alloys, with 0 to 25 percent cobalt, were measured with the sintering 

dilatometer. The results are reported in Table 7. 

Figure 32 compares the measured coefficients with those calculated 

for a mechanical mixture assuming the law of mixtures to hold, using 

5.4*10"^ and l6.2’10‘^ inch/inch -0c/2^ as the coefficients of thermal 

expansion of pure wolfram carbide and pure cobalt. This value for pure 

wolfram carbide was experimentally determined on a compact of wolfram carbide 

sintered at 2000°C without binder. It represents an average value of 

coefficients in all possible crystallographic directions, since wolfram 

carbide, of hexagonal structure, shows considerable anistropy. Becker 

reports values of 5.2*10" and 7.3*10 inch/inch - #c for the thermal 

coefficient of expansion (20o-1930°C) in the orthohexagonal [100] and [001] 

directions. 

The data plotted in Figure 32 show that, at low binder contents, the 

measured coefficient of thermal expansion (20-8008c) is less, and with high 

cobalt contents it is higher than that to be expected from the law of 

mixtures. This reflects the existence of a continuous matrix of cobalt when 
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the compact contains a great amount of binder and the well dispersed particles 

of carbide have proportionally little effect on the expansion. Correspondingly, 

the low coefficients with low binder contents could indicate the existence 

of a continuous wolfram carbide skeleton. This was the interpretation of 

(5' 
Dawihl and Hinnuber' , who had measured the thermal expansion of cemented 

wolfram carbide, and had noticed a similar depression of the coefficient at 

low cobalt contents. However, this phenomena would also be expected to 

occur without a skeleton. The coefficients of thermal expansion of a 

mixture do not necessarily obey the law of mixtures, especially at the 

extreme ends of the composition range. The coefficients are not only a 

function of the coefficients of expansion and the proportion by volume of 

the components, bat also of their relative moduli of elasticity. This was 

(31) 
shown to be true in the case of lead-antimony and berylium-aluminum alloysw . 

The value of Young's modulus for wolfram carbide is about three times as 

high as that of cobalt^* Its effect in the mixture will be to depress 

its coefficient of expansion below the average value when the composition 

is such that the carbide restrains the free expansion of the binder, namely 

at the high carbide end of the composition range. Accurate calculations 

would have to take into account the effect of distribution, size and shape 

of the carbide particles, but a qualitative estimation of the coefficients 

-6 
of expansion gave values of 5*70 and 5*85*10" inch/inch - °C for alloys 

of 5 and 7*5 percent cobalt, which agrees well with the measured values 

of 5*6 and 5*9*10”’° inch/inch - °C. However the agreement ceases with 

greater amounts of cobalt, the thermal expansion of the binder becomes 

prédominent and the expansion of the alloy becomes less and less affected 

by the dispersed carbide phase. 



Consequently, the ohserved deviations of the coefficients of thermal 

expansion from the law of mixtures do not prove the existence of a continuous 

skeleton, since they can also he explained on the basis of a discontinuous 

carbide phase. 

E. The Relation of Strength to the Physical Distribution of the Carbide Phase. 

The variation of strength with composition and temperature depends on 

the distribution of the carbide phase. If a continuous skeleton would exist, 

the strength would be expected to decrease with increasing cobalt content, 

and it would not be expected to be strongly affected by increased temperatures, 

at least up to the melting point of the binder. The strength data published 

in the literature, indicates, however, that the strength increases with 

increasing cobalt content up to 20 - 25 percent by weight, and only then 

decreases' ’ it also shows a rapid decrease of strength with temperature. 

As part of the present work, the bend strength was measured for samples 

of 1 to 25 percent cobalt which were sintered at l400°C. The results are 

plotted in Figure 33 and show that a maxiumum of strength occurs between 

15 and 25 percent cobalt. 

The available data, regarding the strength of sintered carbides at 

high temperatures, is limited. Data quoted Goetzel^2^, and reproduced 

here in Table 8, indicates a decrease of strength with increasing temperatures, 

especially marked around $00*C. At high temperatures, rapid oxidation 

occurs, and the strength cannot be measured further. 

These data support the theory that the strength of sintered compacts 

depends, not on a carbide skeleton, but rather on the matrix of binder and 

its reaction to the structure. Indications are that a wolfram carbide 
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skeleton would not be of comparable strength, even if it were to exist. 

The copper infiltrated wolfram carbide skeleton, referred to in Chaper V, 

showed a strength of only 117 000 psi, compared to a similarly cobalt 

infiltrated sample, in which the skeleton was destroyed, and which had a 

strength of 200 000 psi. The highest value found in the literature for 

the transverse rupture strength of pure wolfram carbide, prepared by 

sintering, was 70 000 - 85 000 psi^^^. 

F. Conclusion 

The experiments which have been presented here prove that a continuous 

skeleton of wolfram carbide does not exist at high or low temperatures 

in sintered wolfram carbide-cobalt compacts. 



VII THE SINTERING MECHANISM 

Pores in a powder compact are undesirable, not only do they reduce 

the cross section of metal for a given dimension, but they also act as 

"stress raisers'’ and thereby lower the effective strength. Sintering at 

elevated temperatures permits the pores to be eliminated through the 

influence of the surface tension forces. 

Densification of a homogeneous metal powder compact occurs in two stages: 

1. Formation of a skeleton, the particles weld together at their 

points of contact. 

2. The area of contact is increased by diffusion, or plastic or 

viscous flow of metal. 

However the densification of wolfram carbide-cobalt compacts is brought 

about by a different mechanism, which does not involve the sintering 

forces of the carbide particles, but relies on the surface tension of the 

binder as the driving force. In a compact of low binder content the carbide 

aggregate determines the dimensions of the piece. For a given composition, 

the density is related to the size, number and packing arrangement of the 

carbide particles, which are free to move relative to each other, and will 

be forced by the surface tension of the binder into positions of closest 

packing. The stresses introduced by the surface tension have been 

calculated by Shaler^*^, in his work on the sintering of copper: assuming 

a surface tension of 1200 dynes per centimeter, they range from 35 to 35 000 psi 

with pores of radii from lO"-5 to 10" centimeters. The stresses are 

transmitted by the binder, either solid or liquid, and force the carbide 

particles to move in the direction of the pore exerting the greatest stress. 



Ae shovra by capillarity phenomena, liquids may sustain very high tensile 

(or.) 
stresses under suitable conditions, namely as very thin films'J^/. In 

addition to the rearrangement of the packing of carbide particles, two 

more phenomena contribute to the shrinkage: 

1. That directly caused by the solution, which makes the particles 

smaller and permits their geometrical centers to approach each other, 

without altering their relative positions. 

2. Grain growth will also result in shrinkage, since the decrease of 

diameter of small grains is greater than the increase of diameter of large 

grains, for equal volumes of carbide dissolved and reprecipitated. 

The three stages of the heat treatment: Heating, sintering at 

temperature, and cooling shall now be considered. After pressing, the 

compact consists of an aggregate of wolfram carbide, the interstices of 

which are partially filled by cobalt metal. On heating the sample at 

first expands, but as soon as the sintering forces are large enough to 

overcome the thermal expansion, a measurable shrinkage sets in. This 

occurs at about 800#C, which coincides with the effective sintering 

temperature of pure cobalt. As the temperature increases further, 

shrinkage becomes more and more rapid: The increased solubility of wolfram 

carbide in cobalt increases the mobility of the carbide particles, also 

the plasticity of the binder increases. Between I3OO0 and 1325#C the 

binder reaches the eutectic composition and it becomes liquid. This is 

associated with a jump of the solubility of wolfram carbide in cobalt and 

with the formation of a liquid film which surrounds all carbide particles, 

both of which factors markedly increase the rate of shrinkage. The liquid 



film reduces the resistance to particle motion. Such an effect has been 

studied in the case of the packing and slipping of sand under load, where 

it was found that a very small amount of liquid contributes to a closer 

packing of sand grains by facilitating their sliding over and by each other. 

At the sintering temperature the binder is liquid. The compact 

continues to shrink, although at a decreasing rate. (See Appendix III for 

a study of the kinetics of isothermal shrinkage). The shrinkage due to 

solution of wolfram carbide in cobalt will cease as soon as the binder is 

saturated. The total contribution of this effect can be approximately 

calculated; for a sample of 10 percent cobalt, assuming uniform particle 
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size of 3*1° centimeters, a closed packed arrangement of particles, and 

a solubility of wolfram carbide in cobalt of 40 percent, the solution 

shrinkage amounts to 2 percent, compared to a total linear shrinkage of 

about 18 percent at l400°C. (Method of calculation in Appendix VII) 

The major part of the densification must, therefore, be attributed to a 

rearrangement of particles towards a denser packing and to grain growth. 

As the porosity decreases the rearrangement will reach a limit because the 

particles will abut against each other. Probably only the grain growth 

mechanism will permit densification as long as any porosity is present. 

It occurs because an aggregate of finely divided particles is in a state 

of higher free energy than a single crystal of the same metal, therefore 

the grains of favorable surface orientation will continue to grow at the 

expense of other grains by transfer of material through the saturated liquid. 

The cohesion of the compact at the sintering temperature is also 

attributed to the surface tension of the liquid binder, and is discussed in 



Appendix VIII. This cohesion is limited, specimens of odd shapes and great 

height have to be supported to prevent deformation. 

On cooling, the solubility decreases and wolfram carbide will 

precipitate on the undissolved particles, which will continue to be 

separated by a film of liquid. At the freezing temperature of the binder 

a large amount of precipitation occurs which results in the discontinuous 

dilatometric change observed with small amounts of binder. The structure 

at room temperature is that of carbide particles embedded in a cobalt 

matrix. Only those carbide particles which have related surface orientations 

adhere to each other, all other particles tend to be separated by a film 

of binder. 

The double role of the binder phase during the sintering of cemented 

wolfram carbide may be summarized as follows: It supplies the driving 

force towards densification, namely its surface tension, and it increases 

the mobility of the carbide particles, allowing them to achieve a closer 

packing. The effectiveness of cobalt as a binder of cemented wolfram 

carbide is based upon the following characteristics: 

a. It provides a liquid phase at relatively low temperatures. 

b. Wolfram carbide is soluble in the binder. 

c. The binder wets the carbide particles. 



VIII THE MECHANICAL PROPERTIES OF CEMENTED WOLFRAM CARBIDE COMPACTS 

A. Experimental Data 

Sintered wolfram carbide-cobalt compacta are characterized by high 

hardness, high rupture strength, high compressive strength (up to 900 000 psi), 

a modulus of elasticity higher than that of any other known material 

(79 000 000 psi), but they possess little or no ductility. The hardness 

and the strength are the mechanical properties usually determined as a 

check on the quality of industrial products. The variation of these with 

composition is shown in Table 9 and the strength is plotted in Figure 33. 

The strength of the 20 percent cobalt alloy was not measured experimentally 

but was taken from equivalent data in the literature, and is included here 

to illustrate the fact that tie strength reaches a maximum at about 20 

percent cobalt, as had been found by other investigators^®' The 

strength is measured by a transverse rupture or bend test. The modulus 

of rupture as calculated from the bend strength represents the highest 

tensional stress in the section of the test specimen. The hardness is 

normally determined on the "A" scale of a Rockwell hardness tester, using 

a diamond penetrator with a 60 kilogram load. This scale was established 

as an arbitrary standard by the manufacturers of cemented carbides. 

Since the hardness of heterogeneous alloys is determined principally by 

the hardness of the constituent grains, it decreases as the cobalt content 

increases. 

The effects of sintering temperatures and times on the strength of 

sintered compacts are summarized in Tables 10 and 11 for 7*5 percent and 



15 percent cobalt alloys. The experimental work was carried out at the 

Uatertown Arsenal Laboratory. It shows that a certain minimum time at 

temperature is required to attain maxiumum strength, but that further 

holding does not improve the properties. The 1300°C sintering treatment of 

24 hours produced material of greater strength than sintering at high 

temperatures for shorter times. The overall strength of the 15 percent 

cobalt alloy series is below that of commercial products of a similar 

composition. Comparable densities were not attained during the sintering 

treatment. However, the data is useful as an indication of the effect 

of time and temperature. 

Attempts to increase the strength of alloys of various compositions 

by a thermal cycling treatment, through a temperature range around the 

freezing temperature of the binder, were not successful. 
/ 

A metallographic study of fine cracks found in fractured specimens. 

Figures 34 and 35, shows that failure takes place principally through the 

binder, however it may go through the carbide grains if they are large and 

are so situated that they lie across the fracture path. The fracture 

strength of binder and carbide grains are, therefore, not very different 

from each other. Figure 34 shows a fracture through a sample of normal 

particle size. The specimen of Figure 35, showing abnormally large grains, 

was used as a support in a sintering furnace where it underwent the 

sintering cycle a countless number of times. The failures were produced 

by fracturing the samples with a hammer. The cracks shown are adjacent 

to the area of complete fracture. 
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B. Theoretical Considerations 

In this section an attempt shall be made to account for the high 

strength and brittleness of sintered wolfram carbide cobalt alloys by 

considering: l) The residual stresses present at room temperature; 

2) The internal stress conditions set up by an external tensile load. 

Both effects lead toward an increase of the yield stress, a reduction 

of ductility and to brittle fracture, if the fracture strength is lower 

than the increased yield strength of the metal. 

1. Residual Stresses 

In any composite alloy, which is cooled from a high temperature, 

considerable residual stresses are present at room temperature if the 

constituents have different coefficients of thermal expansion and different 

elastic properties. If the constituents are finely dispersed the stresses 

exist in microscopic regions, and have been named "tesselated" stresses by 

Laszlowho developed a stress analysis tehcnique to evaluate them. 

Metallographie evidence of such microstructual stresses was presented for 

certain alloys by Boas and Hòneyccmbe^^, and Nielsen and Hibbard 

showed, by an x-ray study, that they exist in aluminum-silicon alloys. 

Stresses of high magnitude have been found to exist in the binder of 

sintered wolfram carbide-cobalt alloys by means of magnetic measurements. 

The coercive force is a measure of the internal stresses in ferro-magnetic 

metals, it is especially sensitive to small scale stress systems and is 

less affected by homogeneous residual stress^0). The extremely high coercive 

force of sintered alloys, increasing with decreasing cobalt content, and 



reaching a value of 350 oersteds with as little as 0.5 percent cobalt, 

was attributed by Ritzau^^to the presence of high stresses in the binder, 

the nature of which must be similar to those discussed above. The coercive 

(oq) 
force of pure cobalt is only 9 oersteds. The increase of the coercive 

force with decreasing binder content indicates that the phenomena is not 

due to solution of wolfram carbide in cobalt. 

High internal stresses may also be the cause of the observed line 

broadening of cobalt lines in an x-ray diffraction pattern of sintered 

carbide compacts. The cobalt lines practically disappear when the cobalt 

content becomes less than 15 percent by weight. However other effects may 

contribute to the diffuse nature of the cobalt lines, namely: Particle 

size, possible solution gradient of wolfram carbide in cobalt, and possible 

partial transformation of cobalt. The cobalt transformation may be 

responsible also for a portion of the internal stresses since the transforma¬ 

tion, on cooling, from a face centered cubic to a hexagonal close packed 

structure is accompanied by a volume shrinkage of 0.3 percent. In addition, 

evidence has been found in high cobalt alloys that the transformation does 

not go to completion^' ^ and, that therefore, microstresses would be 

expected in the binder from this source also. However more work is required 

to clear up the structure of the binder and evaluate the stresses by x-ray 

means. 

It is possible to estimate the magnitude of stresses of thermal origin 

by the formulas derived by Laszlo. Thro cases have to be distinguished, 

according to the distribution of the constituents: 



J . . i 11 .«I. IJ . U . I 11 »I MSI i i. 11 i. I. I n ill I. HJ I 1 It H II 

-43- 

a. The binder fills the cavities of a carbide structure, the grains 

of which are wedged rigidly against each other. Since the coefficient of 

thermal expansion of cobalt is about three times that of wolfram carbide, 

the binder will be subject to tensile stresses of a complex nature. For 

a compact cooled from 1300#C to a room temperature, the calculated tensile 

stresses at, and normal to, the wolfram carbide-cobalt interface, reach a 

magnitude of 250 000 psi (calculated in Appendix IX). 

b. More or less isolated carbide particles are embedded in a cobalt 

rich matrix. On cooling the matrix contracts against the particles, setting 

up compressive stresses on both sides of the interface, in the carbide and 

(^9) 
in the binder'The radial compressive stresses, at, and normal to, 

the wolfram carbide-cobalt interface have a calculated magnitude of 

100 000 psi (Appendix IX) 

Both types of distribution of the constituents are present in a sintered 

wolfram carbide-cobalt compact. The binder therefore is subject to tensile 

and compressive stresses in adjacent regions. The actual magnitudes of 

the stresses are limited by the flow stress of the binder. Since the metal 

here is present as a thin film subject to complex stresses its flow stress 

must be appreciably higher than that corresponding to uniaxial stress 

conditions. The residual stresses will influence the mechanical properties 

(42) 
of sintered alloys. They will increase the effective yield stress' , 

especially if compressive and tensile stresses alternate in small neighboring 

(4^) 
areas' as is the case in sintered wolfram carbide cobalt compacts. 



2. Complex Internal Stresses Set Up by an Externally Applied Load 

In a compact of the usual compositions an externally applied tensile 

force will set up triaxial tensile stresses in the binder. Since plastic 

deformation is closely related to the maxiumum shear stress, and since 

triaxial stresses lead to shear stresses of minimum value, plastic flow is 

inhibited, the ductility is reduced, and the yield stress is apparently 

increased. These stresses are a result of constraint exerted on the binder 

by the carbide particles which are not free to move, and which prevent 

a lateral contraction of the binder in microscopic regions of the structure. 

The stress system is similar to that found, on a microsopic scale, in 

notched tenmile bars and soldered or brazed joints. 

In a notched bar, the metal at the notch carries the tensile load 

and tries to contract laterally. The contraction is prevented by the 

resistance of the unloaded mass in the shoulder above the notch. Therefore 

triaxial stresses are set up at the notch, which increase the yield stress 

and make it possible for brittle fracture to occur if the cleavage strength 

is sufficiently low. 

Similarly, triaxial stresses are set up in a soldered or brazed Joint 

under tension. The thin layer of soft metal between two bulks of much 

harder material is prevented from contracting laterally. Thereby the yield 

strength of the joining metal is raised and fracture takes place usually 

not through the joint, but at the boundary layer between the two metals, 

or even through the parent metal. With tin solders, the strength of the 

Joint has been found to be 5*5 times as high as that of unworked tin^^. 

A similar increase of strength is recognized in copper brazing of steel. 
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On a microscopic scale, the stress condition in cemented carbides must 

be similar to those in soldered or brazed joints, and a similar variation 

of strength with composition is encountered. With tin solder, joining 

copper, brass and steel, a maximum of strength occurs with a joint 0.004 inches 

thick. The strength decreases radically with thinner Joints and decreases, 

more gradually, with thicker Joints^^. The strength of cemented carbides 

also shows a maximum which may be attributed to the change of strength with 

the thickness of the cementing layer between carbide particles. 

The optimum amoun!■ of binder is that required to completely envelop 

the carbide particles present. With lesser amounts the carbide aggregate 

is not fully "cemented", the binder phase is not completely continuous, 

increased porosity is present and the structure is weakened. With greater 

amounts of binder the stresses in the binder become more uniaxial in nature, 

and the yield stress is decreased. 

Therefore, even without the assumption of residual stresses, the 

mechanical properties can be accounted for by triaxial stresses set up by 

an external load. The residual stresses, in addition, raise the effective 

yield stress and contribute to the strength and brittleness. 
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IX COMPARISON OF COBALT WITH OTHER BINDER METALS 

A number of attempts have been made to substitute other binders for 

cobalt in cemented wolfram carbide alloys, especially in Germany where the 

(12) 
supply of cobalt was limited during the war. Takeda' , on the basis of 

his study of the ternary systems wolfram-nickel-carbon and wolfram-iron-carbon, 

concluded that nickel and iron would not be as suitable as cobalt as binders 

for wolfram carbide, because the binder phase would be brittle at room 

temperature. He attributed great importance to the varying stability of 

the eta phase and showed that it would be retained at room temperature in 

the case of an iron binder. In the case of nickel, the binder would be 

brittle because not all the dissolved wolfram carbide is reprecipitated on 

cooling. Nevertheless, iron and nickel indicated the best results of 

all the metals tried for binder use, although the sintered compacts only 

have 40 to 60 percent of the breaking strength of cobalt alloys 

Additions of copper, silver, lead, zinc, tin, brass or bronze to compacts 

(47) 
of wolfram carbide did not lead to satisfactory products' . 

This part of the report is concerned with a comparison of cobalt, 

nickel, iron and copper as binders for cemented wolfram carbide, with the 

purpose of isolating and identifying the qualities which make a good binder. 

The effect of the wetting characteristics, solubility of wolfram carbide, 

phases present during the after sintering shall be discussed. 

A. Review of the Ternary Systems 

1. Wolfram - Iron - Carbon 

Takedafound that the phases Fe3W3C (eta) and FesC (cementite) 
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specimens at constant rate and plotting the change of length versus temperature 

(Figure 38). The extent of shrinkage and the shrinkage rate increase in the 

order copper, nickel, iron and cohalt. 

2. Sintering Runs at Constant Temperature 

Figure 39 shows the isothermal changes of length at l400#C for specimens 

with different binder metals. The sintering curves of copper, nickel and 

iron binders have the same shape as that of a cobalt binder, although the 

amount of contraction, after one hour at l400°C is appreciably less for 

copper, and somewhat less for nickel and iron than for cobalt. After 2 l/2 

hours sintering at l400#C the following densities were attained: Copper 

binder - 74 percent; Iron binder - 86 percent; Nickel binder - 38 percent; 

Cobalt binder, 96 percent, of the calculated theoretical densities for 

these compositions. 

A series of isothermal sintering curves of 7*5 percent iron binder are 

shown in Figure 40. The marked jump in the extent of shrinkage between 

1250°C and 1300#C is associated with the appearance of a considerable amount 

of liquid phase in this temperature range. 

To demonstrate the dependence of the attained densities on the amount 

of binder present, a sample containing 15 percent nickel was sintered at 

1400°C for 21/2 hours. It attained 93 percent of its theoretical density. 

3. Measurement of the Wetting Properties 

The wettability of solid wolfram carbide b; nickel and iron was measured 

by the same methods already discussed for cobalt and copper (see Chapter V). 

The results for all four metals are summarized as follows: 
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V/olfram carbide-copper: Copper was observed to melt at 1005*C 

forming a drop with a contact angle of 62®. As the temperature was 

increased, a portion of the copper soaked into the porous carbide, and 

the contact angle decreased to 20® at 1405®C.( See Appendix V). 

Uolfram carbide-nickel: Interfacial melting occurred at l400®C. 

The liquid metal freely spread and completely soaked into the carbide 

block. The contact angle is 0®. 

Wolfram carbide-cobalt: Interfacial melting, spreading and complete 

absorption took place at 1375°C. The contact angle is 0®. 

Wolfram carbide-iron: Interfacial melting, spreading and complete 

absorption took place at l450°C. Contact angle equals 0®. 

Typical microstructures of the infiltrated wolfram carbide blocks are 

shown in Figures 4l to 44. Although the binder metal itself cannot be 

seen, its effects are illustrated by the increased grain size, regularity 

of grains and disappearance of grain cracks and fissures, with nickel, 

iron and cobalt binder. The effect of cobalt as contrasted to that of 

copper has been shown in Figures 22 and 23. The binders, therefore, must 

be present as extremely thin films, which make possible the solution and 

subsequent reprecipitation of wolfram carbide. The following phases were 

identified throughout the cross sections of the samples: 

Wolfram carbide and cobalt, in the cobalt Infiltrated specimen 

Wolfram carbide, and eta, in the nickel infiltrated specimen 

Wolfram carbide, Fe3C, eta and iron, in the iron infiltrated specimen 

Wolfram carbide and copper, in the copper infiltrated specimen. 



The eta phase was identified by rapid darkening with an alkaline 

ferricyanate etch. Fe3C was etched electrolytically in sodium picrate. 

These phases could also be identified by x-ray diffraction. A structure 

only found in the nickel infiltrated sample is shown in Figure 45. Three 

phases are present: Wolfram carbide, eta and nickel. The large dendritic 

structure, yellow in color, has been identified as resulting from an eta 

and nickel eutectic. 

4. Binder Freezing Phenomena 

The changes of length during cooling of wolfram carbide compacts 

sintered with copper, nickel and iron binders are plotted in Figure 46. 

An expansion is observed with iron, discontinuous contractions occur with 

nickel and copper binders. A 15 percent nickel alloy was used because a 

7.5 percent nickel sample only contracted very slightly and the temperature 

range could not be clearly determined. These phenomena can be interpreted 

similarly to those observed with cobalt binders. An expansion occurs with 

the iron binder because the amount of liquid phase, present at the freezing 

temperature, is small. In the case of 7*5 percent nickel sufficient liquid 

binder is present to overcome the expansion effect, and with 15 percent 

nickel the freezing contraction of the binder is clearly dominant. The 

very small contraction of the wolfram carbide-copper compact near the 

freezing temperature of copper, indicates that only a small amount of liquid 

copper was present between adjacent carbide grains. From these experiments 

it may be concluded that: 

a. No continuous carbide skeleton is formed with these binders. 

b. On cooling, the liquid phase disappears at 1225*C in wolfram 

carbide-iron cemented alloys; at 1350°C in wolfram carbide-nickel 
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alloys; and at 1075"C for wolfram carbide-copper alloys. 

5. The Microstructure of Sintered Compacts 

Compacts of wolfram carbide and 7*5 percent binder metal were sintered 

at l400*C for 2 l/2 hours. The resulting microstructures are presented in 

Figures 47 to 50. The structures are similar, showing carbide grains 

surrounded by binder metal, but the grain size, grain regularity and 

density attained with different binders increases in the order; copper, 

iron, nickel, cobalt. 

The following phases were found in the sintered specimens: 

Cobalt binder: Wolfram carbide and cobalt 

Nickel binder: Wolfram carbide and nickel 

Copper binder: Wolfram carbide and copper 

Iron binder: Wolfram carbide, eta and Fe3C 

The phases present in the sintered wolfram carbide-iron compacts were 

determined by x-ray diffraction- Strong lines of wolfram carbide and weak 

lines of Fe3C and eta were recorded. No iron could be detected. In 

Figure 51, the eta phase is brought out by lightly etching with an alkaline 

solution of K3Fe(CN)g, which colors it a bright yellow in a fraction of a 

second. It is present in the form of blotches inside large pores. The 

remainder of the structure is not attacked. On prolonged etching the eta 

phase shows up less distinctly. 

The structure of a sample containing 15 percent nickel, sintered one 

hour at 1500#C, is shown in Figure 52. Except for less porosity, and more 

binder area, the microstructure is very similar to that of Figure 48. 
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6. Physical Properties 

The physical properties measured on compacts sintered with various 

binders are reported in Table 12. 

7. Summary of Experimental Results 

See Table 13 

C. Discussion of the Effectiveness of Various Binders 

The experimental data indicate that the mechanism of sintering of 

cemented wolfram carbide with the binders copper, iron and nickel is 

fundamentally the same as that with a cobalt binder, although the extent 

of densification varies. The following requirements were derived for a 

binder in such a system: 

a. Existence of a liquid phase at the sintering temperature 

b. Extended solubility of wolfram carbide in the binder 

c. The binder must vet the solid carbide. 

But the binder phase affects not only the extent of densification of 

cemented compacts, it also contributes directly to the strength of the 

sintered pieces. How the various binders affect the densification and the 

strength shall be discussed as follows: 

Copper, as a binder, satisfies only the first requirements. Its 

solubility for wolfram carbide is nil, its wetting ability is limited, 

therefore it cannot contribute effectively to the densification when added 

in small amounts. Such sintered compacts will be porous and weak. 

Iron satisfies all three requirements for a good binder. Hbwever, at 

the sintering temperature, the amount of liquid is limited, since seme of 

the binder has combined with wolfram carbide to form eta. Therefore less 



densification takes place than with a cohalt hinder. Also, in the wolfram 

carbide-cohalt system the binder rejects most of the dissolved wolfram 

carbide on cooling, in the wolfram carbide-iron system, however, the binder 

transforms essentially to FesC and eta. This results in the presence of a 

greater amount of binder at room temperature, and the compact is brittle, 

because of the presence of the brittle phases Fe3C and eta. Iron as a 

binder, therefore, leads to a compact of high porosity and greater brittleness. 

Nickel, also is not as effective a binder as cobalt, although it 

satisfies the listed requirements for a good binder and moreover shares 

with cobalt the same type of diagram with wolfram and carbon. A striking 

difference is found in the microstructure: The nickel cemented carbide 

particles have obviously not undergone the solution and reprecipitation 

process which leads to grain growth in the wolfram carbide-cobalt system. 

(12) 
According to Takeda' nickel retains a good portion of the carbide in 

solution at room temperature, so that less precipitation and less grain 

growth takes place on cooling. The amount of binder phase would thereby be 

increased from 7»5 percent to about 10 percent weight after sintering. But 

the smaller amount of densification, also the presence of a great number of 

very small particles, indicates that, at the sintering temperature, the 

amount of wolfram carbide transferred through the liquid phase is less than 

with a corresponding amount of cobalt binder. That means that there exists 

either a smaller solubility of wolfram carbide in the nickel binder or 

that the amount of liquid present is less. 

(12) 
Takeda' ;found very similar solubilities at l400°C in the wolfram 

carbide-cobalt and wolfram carbide-nickel systems. The amount of liquid 



phase should therefore be about the sane if only the tvo phases, wolfram 

carbide and liquid, exists. However, it is possible that the eta phase 

takes part in the sintering reaction of wolfram carbide-nickel alloys. 

Then, the amount of liquid would be limited since some of it is tied up 

as eta. This would satisfactorily explain the lack of grain growth ana 

the slower densification. On cooling, eta would react to form wolfram 

carbide and nickel solid solution, and therefore would not be present at 

room temperature. This view is supported by the following considerations: 

a. Takeda found that the wolfram-carbide-nickel system comprises the 

composition range where both eta and wolfram carbide can coexist with the 

liquid at the sintering temperature. 

b. The ternary eutectic temperatues of the wolfram-nickel-carbon 

system are appreciably higher than those of the wolfram-cobalt-carbon system 

This increases the probability of eta being present at the sintering 

temperature (See Figure 1). 

c. The eta phase was found in the nickel infiltrated carbide skeleton 

which was cooled rapidly from the sintering temperature (Figure 4l). 

However it could never be seen in normally sintered samples, even after 

very fast rates of cooling when the sintered specimen was cooled in a 

blast of helium after being heated by induction. Of course, the above 

discussion does not include eta normally found at the surface of samples 

sintered in a reducing atmosphere. 

A full study of the wolfram-nickel-carbon system is necessary before 

more definite conclusions concerning the sintering reactions of wolfram 

carbide-nickel alloys are possible. The lower strength of nickel cemented 

^ 
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wolfram carbide compacts can be attributed not only to the brittleness 

of the carbide containing binder but also to the presence of many pores 

due to a lack of complete densification. However, the experimental data 

indicate that, with a higher binder content and a higher sintering 

temperature, the attainable densities and strength of wolfram carbide-nickel 

compacts improve and it is conceivable that a suitable combination of 

sintering time and temperature might be found which would make the performance 

of nickel equal that of cobalt. 

D. Conclusions 

It has been shown that copper, iron and nickel are not as effective 

as cobalt for use as binders for cemented wolfram carbides. At the normal 

sintering temperature, with small amounts of binder, an insufficient volume 

of liquid is formed to permit the attainment of full densities within 

reasonable times. The strength of the sintered compacts is further reduced 

by the brittleness of the binder phase at room temperature. As a result 

of this comparison an additional requirement for binders of cemented 

carbides can be stated as follows: 

To assure full densification and optimum properties, the ternary system 

of the binder with wolfram and carbon must be such that only two phases 

coexist in the compacts, at the sintering temperature and at room temperature. 
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X GENERAL DISCUSSION OF RESULTS 

It has been shown that densification of cemented wolfram carbide-cobalt 

alloys takes place by a rearrangement of the carbide particier under the 

influence of the surface tension of the binder. The resulting structure 

of the sintered compacts is essentially one of carbide grains embedded in 

a matrix of the binder metal. The ability of the binder to bring about 

densification is a result of the solubility of wolfram carbide in the binder 

and of the wetting ability of the latter. The solution effect only indirectly 

assists the sintering process by breaking up existing carbide to carbide 

bridges, causing grain growth by solution and reprecipitation, and, by 

eliminating surface and shape irregularities decreasing the resistance to 

movement. The wetting property of the binder, however, is essential to the 

process since it forces the liquid to surround all particles and thereby 

allows the surface tension stresses to act upon them. Densification cannot 

take place with a non-wetting binder, but it can occur with a binder of no 

appreciable solubility for wolfram carbide. 

With a given amount of binder, full density can only be reached if 

the packing arrangement of the carbide grains is such that the binder fills 

the interstices of the structure. Spherical particles, of selected sizes, 

have been packed in such a manner as to reduce voids to less than 4 percent 

(51) 
by volume' . However, by careful selection of the particle size 

distribution, it should be possible to approach the theoretical density to 

any desired degree. It is therefore quite reasonable to expect that a 

compact of good density can be produced with as little as one percent by 

weight of binder, which corresponds to about 2 percent by volume. 



The only alternative to the densification mechanism proposed here 

would be a mechanism by which the carbide particles would sinter to each 

other, by diffusion or flow of wolfram carbide through the effect of its 

own surface tension. In this case the binder would only have an auxiliary 

role, such as cleaning the surface of the particles by dissolving oxide 

films and other impurities. 

The effectiveness of such sintering forces increases with temperature, 

and therefore, sintering would be expected to take place at the highest 

temperature reached, namely the sintering temperature. But the evidence 

presented here indicates that welding of the particles does not take place 

while the binder is liquid, therefore this mechanism does not contribute 

to densification at high-temperatures. Also, if a skeleton does not 

exist at high temperatures, precipitation, on cooling, will take place 

uniformly on all surfaces and will not change the structure of the compact. 

The stresses, produced on cooling by the different thermal contraction 

of the constituents, might bring about an increase in the number of points 

of contact between adjacent grains. But these are formed at low temperatures, 

and similarly to the weak skeleton formed by cold pressing, are not 

expected to contribute either to the strength or to any other property of 

the sintered compact. This effect may be responsible for the point 

contacts between particles, which are observed in the microphotographs 

of the structure. Tliat these do not, however, form a strong skeleton was 

shown by the experimental work under discussion. 

The prevalent hypothesis, found in the literature, that the mechanical 

properties of sintered wolfram carbide compacts can be attributed to a 



continuous carbide skeleton, tacitly assumes that the binder phase, by 

comparison, is weak and ductile and does not contribute to the strength. 

But even if a skeleton were to exist, it would contribute to the existence 

of stresses in the binder, the nature of which has been discussed in this 

thesis, which effectively would raise the strength of the binder and might 

make it the determining factor. There is no evidence that a carbide 

skeleton would actually be strong. On the contrary, the nature of a skeleton 

would cause it to be brittle because of the stress concentration produced by 

the many notches in its structure. Also, it has been shown by microphotographs, 

tnat the large wolfram carbide grains are not necessarily stronger than the 

binder phase under complex stresses. In addition, the formation of a 

continuous skeleton would be undesirable during the sintering of cemented 

wolfram carbide-cobalt alloys. It would restrict the mobility of the carbide 

particles, and prevent densification at the temperatures used. 

It has been shown in this thesis that the mechanical properties of 

sintered compacts can be attributed to the binder. Although the calculated 

bend strength represents the tensile stress at the outer fiber of the 

test specimen, it is considerably higher than the strength measured in 

simple tension. A ratio of two between the bend strength and tensile 

strength is commonly observed for brittle materials such as cast iron, and 

tool steels also for cemented carbides . A bend strength of 

sintered compacts of approximately 300 000 psi corresponds therefore, to 

a tensile strength of about I50 000 psi. Since cobalt, as a pure metal, 

has a tensile strength of 40 000 psi^^^, an increase of strength by a 
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factor of approximately four has to te accounted for. The residual stresses 

would be expected to raise the strength by a factor of 2, if it is assumed 

that their effect is similar in nature and magnitude to that of cold work. 

The alloy content of the binder at room temperature also raises its 

strength. The solubilities of wolfram and carbon in cobalt are small, 

and the strength, thereby, is probably not increased by more than a factor 

of two. The strength of the binder must therefore be attributed, to a 

major extent, to the effect of the triaxial stress conditions produced by 

an externa], load. As has been mentioned, this effect increases the strength 

of joining metals about 5 times. In cemented carbides it similarly 

raises the yield strength so that the brittle strength, which is measured, 

probably approaches the true facture strength of the binder. 

The sintering mechanism of cemented wolfram carbide is the same as 

that encountered in other powder metallurgical products sintered in presence 

of a liquid phase, such as copper-silver, wolfram-copper-nickel, wolfram- 

cobalt and molybdenum-nickel alloys' . They all show the characteristic 

structure of grains of a refractory phase surrounded by a matrix of a 

lower melting phase, which was liquid at the sintering temperature. A 

similar microstructure is found in cobalt cemented titanium carbide compacts, 

but here, large areas of contact between adjacent titanium carbide grains 

are visible^), suggesting the possibility that a strong skeleton is formed. 

Of all the systems mentioned, only cemented wolfram carbide shows the 

characteristic angular carbide grains, the refractory particles in the 

other systems are round, indicating that the effect of the crystallographic 

orientation on the surface energy is negligible. 



Considering the substitution of other binders for cobalt in cemented 

wolfram carbide compacts, it has been shown that, of those considered, 

only nickel canes nearest to satisfy the theoretical requirements of an 

effective binder, but the properties attained with nickel are inferior 

to those attained with cobalt. Nickel, however, warrants further investiga¬ 

tion. Uith suitable variations of sintering times and temperatures, to 

permit the attainment of theoretical densities with low binder contents, 

the properties might be appreciably improved. A substitution of other 

binders, of higher melting point than cobalt, may lead to compacts of 

greater strength at high temperature. The high temperature strength of 

course, disappears at the melting temperature of the binder phase. For 

wolfram carbide-cobalt sintered alloys this was found to be between 1300°C 

and 1325#C, which agrees with the findings of Sandford and Trent^(l320*C) 

but not with those of Wyman and Kelley^ (1350°C), or SykesTakeda^12^, 

and Levinger^) (1275°C). It is interesting to note that the low temperatures 

were found with cobalt rich alloys, the composition of which is the same 

as that of the binder phase at high temperatures, whereas the higher 

temperatures were measured on sintered compacts of the usual, low-cobalt, 

composition. This disagreement of results can be attributed either to the 

effect of the difference of structure, or to a chemical effect such as the 

transitory existence of the eta phase near the melting temperature as a 

result of the diffusion of wolfram and carbon into the binder. 

Of all the variables, which were held constant during this work, the 

sintering atmosphere is probably one of the most important in its effect 

on the properties of sintered compacts. If it is either carburizing or 
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XI GENERAL CONCLUSIONS 

1. Densification of cemented wolfram carbide-cobalt alloys takes 

place by a rearrangement of the carbide particles, which achieve a denser 

packing, under the influence of the surface tension forces of the binder. 

2. The resulting structure is one of carbide particles embedded in a 

cobalt rich matrix. A continuous wolfram carbide skeleton is not formed 

during the sintering treatment. 

3. This structure accounts for the characteristic mechanical properties 

of cemented compacts. Their strength and brittleness can be attributed 

to the binder, the yield strength of which is increased by the presence of 

residual stresses of thermal origin, and by a complex internal state of 

stress set up by external loads. 

h. The following are the essential characteristics required of an 

effective binder for cemented wolfram carbide compacts: 

a. It must supply a liquid phase at relatively low temperatures. 

b. Vio1 fram carbide must be soluble in the binder. 

c. The liquid binder must wet the solid carbide particles. 

d. The ternary system wolfram-carbon-binder must be such that no 

third phase appears, in addition to wolfram-carbide and the binder 

rich phase, either at the sintering temperature or at room temperature. 

5. Of the four binders investigated cobalt and nickel satisfy the 

theoretical requirements, although for reasons not fully understood, cobalt 

is more effective than nickel. Copper and iron are not suitable for use 

as binders of wolfram-carbide to produce strong sintered compacts. 
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XII SUGGESTIONS FOR FURTHER WORK 

It is realized that this work is mainly qualitative and that almost 

every phase of it can be subject to further fruitful study. The problem 

touches on many fields and some of its constituent parts will probably 

be solved by fundamental research in other branches of science. For 

instance, the study of the rate of shrinkage is related to the problem of 

sintering in general, and to that in presence of a liquid phase, in particular; 

the role of the binder phase here is the same as that of similar acting 

binders in ceramics; the effect of the stresses in the binder cannot be 

analyzed before more is known of the effect of residual and triaxial 

stresses on the properites of metals in general. It is hoped that the 

result of such studies will be applied to the problem of cemented carbides 

and will further clarify their sintering mechanism and their structure. 

The following suggestions for further work are thought to lead to 

results of immediate usefulness: 

a. A study of the effect of all possible variables on the properties 

of cemented compacts. The following variables ought to be included: The 

nature of the raw materials; grinding and mixing; particle size distribution; 

compacting pressures; composition; sintering atmospheres; temperatures and 

times; rate of heating and cooling; etc. 

b. A study of nickel as a binder of wolfram carbide. 

c. Consideration of other binders with the purpose of attaining an 

improvement of specific properties such as ductility, high temperature 

strength, etc. 
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d. A study of the oxidation of cemented carbides at high temperatures, 

with special emphasis on the effect of the eta phase. 

e. A study of the sintering mechanism of other cemented carbides with 

various binders. 

f. A study of the structure, grain size etc. of the binder phase by 

x-ray means, for instance. 

.-■v 

y 
ft 

.- 

* 
•i 

•’ *."l •„* ~ *„'* •y", 
- . 

-----~ -- 



BIBLIOGRAPHY 

1. R. Kieffer and Vi. Hotop, Pulvermetallurgie und Sinternoketoffe, 
Springer - Verlag, Berlin, (1943), 273. 

2. S. L. Hoyt, Hard Metal Carbides and Cemented Tungsten Carbides, 
Trans. A.I.M.E. {&, (1936), 9. 

3. L. L. Uyman and P. C. Kelley, Cemented Tungsten Carbide, 
A Study of the Action of the Cementing Material, 
Trans. A.I.M.E. 93, (1931), 208. 

4. R. Kieffer, Cemented Carbides, Seminar on Sintering, Sylvania Electric 
Corporation, Bayside, N.Y. (1949), (To be published) 

5. W. Davihl and J. Hinnuber, Ueber den Aufbau der Hartmetallegierungon, 
Kolloid Zeitschrift, 10¿_ iq4, (1943), 233. 

6. E. C. Mantle, The Sintering of Tungsten Carbide with a Cobalt Binder, 
Metal Treatment 14, (1947), l4l. 

7. The German Hard Metal Industry; 
B.I.O.S. Final Report I385, H.M. Stationery Office, London (1947), 294. 

8. E. J. Sandford and E. M. Trent, The Physical Metallurgy of Sintered Carbides, 
Iron and Steel Inst., Symposium on Powder Metallurgy, 
Special Report No. 38, (1947), 84. 

9« C. G. Goetzel, Treatise on Powder Metallurgy, 
Vol. II, Interscience Publishers, New York, (1950), 110. 

10. F. Skaupy, Dispersoid - Chemische und Verwandte Gesichtspunkte bei 
Sinterhartmetallen 
Kolloid Zeitschrift, 98, (1942), 92. 

11. Vf. Dawihl, as quoted in: Tungsten Carbide Research in Germany; 
B.I.O.S. Final Report No. 925, H M. Stationery Office, London, (1947), 17. 

12. S. Takada, A Metallographie Study of the Action of the Cementing Material 
for Cemented Tungsten Carbide; 
Science Reports of Tohuku imperial University, Hondu Anniversary Volume 
(1936), 864. 

13. J. T. Norton, P. Rautala and J. Gurland, Role of the Binder Phase in 
Cemented Refractory Alloys, 
Report No. WAL 671/88-20, U. S. Army Ordnance Department, (1950) 

"VY 

iY 

W'r. « . « n 4 * * • * *'.rv.v:. 
^ 1». / -... 



14. B. Levinger, The Constitution of Cobalt-rich Co-WC alloys, 
Master's Thesis (1950), Department of Metallurgy, Massachusetts 
Institute of Technology. 

15. C. D. Brownlee 
Report No. 95^5, March 194?, Research Department, Metropolitan Vickers 
Electrical Company, Ltd: Manchester, England 

16. A. M. Korolkov and A. M. Lavier, The Phase Diagram of the WC-Co System 
Metallurgy 2 (1934), 53 (in Russian) 

17» W. P. Sykes, Discussion to Reference (3) 
Trans. A.I.M.E. 93 (1931), 22?. 

l8. L. P. Tarasov and C. 0. Lundberg, Rapid Polish with the Diamond Hand Hone 
Metal Progress 55, (1949), I83. 

19» C. S. Smith, Grains, Phases, and Interfaces - An Interpretation of 
Microstructure 
Trans. A.I.M.E. 175, (1948), I5. 

20. A. J. Shaler, The Kinetics of the Sinter Process, 
Sc.D. Thesis, (1947) Department of Metallurgy, Massachusetts Institute 
of Technology 

21. C. G. Dunn and F. Lionetti, The Effect of Orientation Difference on 
Grain Boundary Energies 
Trans. A.E.M.E. I85, (1949), 125- 

22. G. Ritzau, Konstruktion von Legierungen als Metallkeramisches Problem. 
Archiv F. Metallkunde 1, (1946-1947 ), 3O5. 

23. I. N. Strauski, Forms of Equilibrium of Crystals, 
Discussion of the Faraday Society, 5, Crystal Growth, (1949), 13. 

24. G. Friedel, Sur un Novean Type de Macles, 
Bull. Soc. Franc. Mineral. 56, (1933), 262. 

25. G. Deicha, Macles et Desiquilibre Cristallogenetique, 
Experintia, 4, (1949), 87. 

26. E. J. Sandford, Discussion to Reference (6) 
Metal Treatment 14, (1947), 239» 

27. D. J. Blickwede and M. Cohan, The Isolation of Carbides from High 
Speed Steels. 
Trans. A.I.M.E. I85, (1949) 578. 



28. R. W. Belluffi, M. Cohen, and B. L. Averbach, 
The Tempering of Chromium Steels. 
Trans. A.S.M. (1950), to be published. 

29. W. C. Ellis and E. S. Greiner; Cobalt, 
Metals Handbook, 19^8 edition, A.S.M., Cleveland, II36 

30. K. Becker, Die Kristallstruktur und der Lineare Warme Ausdenhnungekoefficient 
der Wolfram Carbide, 
Z. F. Physik, 51, (1928), 489. 

31. P. S. Turner, Thermal Expansion Stresses in Reinforced Plastics 
Inst, of Research, National Bureau of Standards, 37, (1946), 241. 

32. C. G. Goetzel, Treatise on Powder Metallurgy, 
Vol. II, Interscience Publishers, New York, (1950), 125. 

33« E. U. Engle, Cemented Carbides 
Powder Metallurgy; J. Vfulff, Editor 
A.S.M. Cleveland, (1942), 436 

34. C. G. Goetzel, Treatise on Powder Metallurgy, Vol. II 
Interscience Publisher, New York, (1950), 8l 

35. A. Nadia, Plasticity 
McGraw Hill, New York, (1931)1 13- 

36. E. N. da C. Andrade and J. W, Fox; the Mechanism of Dilatancy 
Proc. Physical Society, 62B, (19^9)> 483. 

37. F. Laszlo, Tesselated Stresses, Part I, No. 1. 
J. Iron and Steel Inst., 147, (19^3)* 173* 

38. W. Boas and R.W.K. Honeycombe, The Anisotropy of Thermal Expansion, 
As a Cause of Deformation in Metals and Alloys. 
Proc. Royal Society, I88, (1947)> 427. 

39. J. P. Nielsen and W. R. Hibbard Jr., X-Ray Study of Thermally Induced 
Stresses in Microconstituents of Aluminum-Silicon Alloys. 
J. Applied Physics, 21, (1950), 853. 

40. R. King, The Investigation of Internal Stresses by Physical Methods 
Other than X-Ray Methods. 
Symposium on Internal Stresses and Alloys, The Institute of Metals 
London, (1948), I3. 

41. C. Ritzan, Beitrag zur Magnetischen Analyse von Hartmetallen 
Stahl u. Eisen, 60, (19^0), 89I. 



i 
1 • 
^ O 

.V, 

S 
ri: 
fr'/j 
r- : 

Üb-! 

k;. 

? 

-69- 

42. Sub-committee on Relief of Resiû'ji»! Stress, Relief of Residual Stress, 
Metals Handbook, 1948 edition. A.Lj.M. Cleveland, 237 

43. F. Seitz, The Physics of Metals 

McGraw Hill, New York, (1943)> 95 

44. E. Orowan, J. F. Nye and W. J. Cairus, Notch Brittleness and Ductile 

Fracture in Metals. 
Theoretical Research Report No. 16/45, Ministry of Supply (London) (1944) 
Also: The Fracture Strength of Solids, Reports on Progress in Physics, 

The Physical Society, XII, (1948-1949), I85. 

45. S. J. Nightingale, Tin Soldiers. 
British Non Ferrous Metals Research Association (London), (1932), 45. 

46. 0. Meyer and E. Eilander, Die Sinterung von Hartmetallegierungen 
Arch. f. d. Eisenhuttensesen 11. (1937-1938), 545* 

47. J. T. Norton and R. B. Russell, Translation of Selected Reports on the 
Role of the Binder Phase in Cemented Refractory Alloys issued by the 
Osram Geselschaft, Berlin. VIAL Report No. 671/88-4 (1948), Boston 
Ordnance District. OSRAM Report 65/69O (1941) HEC. II285. 

48. S. Takeda, On the Carbides in Tungsten Steels 
Tech.Report of Tohuku Imperial University, 

9 (1931), ^83, 627, and 10, (1931), 42. 

49. Metals Handbook, 1948 edition 
A.S.M. Cleveland, II8I. 

50. M. Hansen, Der Aufbau der Zweistofflegierungen, 

J. Springer, Berlin, (1936) 652 

51. H. E. White and S. F. Walton, Particle Packing and Particle Shape. 

Journal of Am. Ceramic Society, 20, (1937), 155* 

52. T. H. Gray, Bend Tests for Hard and Brittle Materials 
Metals Handbook, 1948 edition 
A.S.M. Cleveland, 125 

53. C. J. Smithells, Metals Reference Book 
Interscience Publishers, New York, (1950), 58I. 

54. Loc. cit. 577. 

55. F. V. Lenel, Sintering in the Presence of a Liquid Phase. 
Metals Technology, A.I.M.E. 15, (June 1948) T P 2415 





APPENDIX I 

ON THE METASTABILITY OF THE ETA PHASE 

Takeda's conclusion concerning the metastability of W3C03C seems to 

have been based upon his study of the iron-wolfram-carbon system 

where he observed that wolfram carbide is formed in high carbon alloys by 

the decomposition of the eta phase on annealing. The microstructure, 

Figure 53; which he uses to illustrate his theory, shows large crystals 

of eta, the peripheries of which have changed to wolfram carbide. If this 

were a process of transformation, proceeding by nucléation and growth, 

one would expect areas of the second phase distributed throughout the 

polycrystalline eta. As shown, the microstructure suggests a process of 

diffusion, probably one of carburization during the annealing treatment, 

which caused the eta to wolfram carbide transformation. 



pi,. i, ¡i > ii., i p »i .i lun.iii ■ U111 wmmmn ï m m npww wm \ w m v* v 

4 
•■S 
• L> 

-72- 

f-, 

i 

I 

APPENDIX II 

HIGH TEMPERATURE OXIDATION RESISTANCE OF THE ETA PHASE OF THE WOLFRAM¬ 

COBALT-CARBON SYSTEM 

Introduction 

Cemented carMdes are subject to corrosive attack by both acids and 

certain alkalies. In the case of acids the binder is affected and corrosion 

proceeds intergranularly. The carbide constituent is attacked by many of 

(57) 
the alkalies' . Sintered wolfram carbide-cobalt alloys oxidize easily 

above 700°C in air. It is generally agreed that titanium carbide base 

cemented carbides have the most promising oxidation resistance. For 

instance, an 80 percent titanium carbide, 20 percent nickel compact was 

reported to increase its dimension by only 0.002 - O.OO3 inch after l8 

hours in air at 1000°C^^, 

During the present work it was observed that the eta phase (fpWaCoaC), 

sometimes formed on the surface of sintered wolfram carbide-cobalt compacts, 

was relatively resistant to attack by concentrated hydrochloric acid and 

also to oxidation at higher temperatures. The presence of eta phase 

indicates that the composition of the compact does not lie within the 

two phase area wolfram carbide-cobalt, but that the sample is deficient 

in carbon, bringing the composition within the ternary three phase region: 

UC-W3C03C-C0. The eta phase may be formed from an initial powder mixture 

of W3C03C composition or by decarburization of a wolfram carbide-cobalt 

alloy. The results of an investigation of the high temperature oxidation 

resistance of eta are reported here. 
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Experimental Results 

a. Oxidation Resistance of Eta Surface Layer 

Powder specimens of 90 percent wolfram carbide and 10 percent cobalt 

were sintered in vacuum at l400°C, for 1 hour, which treatment produced 

the normal structure of sintered compacts: Carbide particles embedded in a 

cobalt rich binder. They were then subjected to decarburization in an 

atmosphere of pure hydrogen at l450°C for 1, 5 or 24 hours. It could be 

shown by x-ray diffraction and by visual evidence that a layer of eta was 

formed at the surface of the decarburized samples, which had a brilliant 

silvery appearance. 

Oxidation tests were carried out in a tube furnace open at both ends. 

The experimental results are summarized in Table 14, and illustrated in 

Figures 54 and 55. Figure 54 shows, from left to right: A sintered sample, 

wolfram carbide-cobalt, normally treated and exposed to air at 1000°C for 

I hour; a specimen illustrating the appearance of eta phase on the surface; 

and two samples showing the appearance of the oxidized eta phase layer after 

respectively 24 and 96 hours in air at 1000°C. Whereas the eta phase on 

the last two samples was produced by decarburization in hydrogen for 

5 and 22 hours at l450°C, only 1 hour of decarburization was used for the 

samples of Figure 55. Their appearance after exposure to air at 100aC for 

II 1/2 and 24 hours is shown in this figure. The resistance to oxidation 

increases with the time of decarburization and is therefore related to the 

thickness of the layer of eta phase. The increase of dimension is commonly 

used as a measure of the progress of oxidation^) however it is not a 



completely satisfactory criterion in cases where the deterioration is 

localized, as it is here where it starts at the edges of rectangular 

specimens. Nevertheless it gives more reliable information than the 

change of weight method, since the products of oxidation frequently flake 

off and are not included in the weight. 

b. Oxidation Resistance of Samples of Eta Composition. 

Samples were prepared of a chemical composition corresponding to eta 

(VÍ3C03C)namely 23«9 weight percent cobalt, 26.k weight percent wolfram 

carbide, and 49.6 weight percent wolfram. The powder mixture was b¿Ll 

milled and sintered in vacuum, one hour at 1500°C. Only eta was present 

in these samples, no other phase was shown by x-ray diffraction. The 

compacts had a hardness of 85 RA, a bend strength of 90 000 psi. 

Table 15 lists the results of oxidation tests at 1000°C. 

c. The Products of Oxidation 

Immediately after exposure to air at high temperatures the bright, 

shiny appearance of eta phase changes to dark grey-silver color. On 

further oxidation an inner layer, blue in color, shows up when the outer 

layer breaks and curls up at the edges. With a sintered wolfram carbide- 

cobalt sample, protected by an eta layer at the surface, deterioration 

continues at the edges. But if the sample is of eta phase throughout, 

the silver layer peels off, exposing the blue layer, which in turn changes 

to the grey-silver color, as oxidation proceeds. 

The microphotographs of Figure 56 shows a cross section through the 

surface layers formed as a result of oxidation of a sintered wolfram carbide- 

cobalt compact protected by a layer of eta phase (Sample No. 4). In addition 
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to the normal wolfram carbide-cobalt core and the eta phase, two additional 

layers are visible: One blue in color adjacent to the eta phase, and the 

outside layer, silver-grey in color. The remainder of the picture is 

occupied by the bakelite mounting compound. The blue layer could not be 

identified, it is not one of the common oxides of cobalt. The dark silver- 

grey layer seems to be a composite alloy, one of its components being the 

delta phase (wolfram cobalt) of the wolfram-cobalt binary system, as was 

shown by x-ray diffraction. 

Conclusions 

The eta phase has a considerably greater resistance to oxidation at 

high temperatures than the normally sintered wolfram carbide-cobalt compacts. 

The rates of oxidation are comparable to titanium carbide base sintered 

compacts; lowever, localized deterioration takes place at the edges of 

rectangular specimens. The resistance to oxidation is attributed to 

the formation of protective layers on the surface. 

Although the practical importance of these particular compositions 

is probably limited by the restricted availability of the constituents, the 

above results illustrate a new type of oxidation resistant material, which 

combines the properties of cemented wolfram carbide with an oxidation 

resistant surface. 



APPENDIX III 

A STUDY OF THE KINETICS OF ISOTHERMAL SINTERING 

The rate and extent of shr? nkage increase with the amount of cobalt and 

with the temperature (See Figures 8 - 10). A limiting value, beyond which 

no further shrinkage was observed on holding at temperature, was reached 

at 1300°C and higher, but was net attained at lower temperatures within the 

sintering times used. The low temperature curves seem to tend asymptotically 

towards a vanishing sintering rate. 

Linel^®), studying the sintering of Fe-Cu alloys above the melting 

point of copper, found that a linear relation holds between the logarithm 

of time and density modulus. The rate of sintering of cemented carbides 

seems to follow a similar relation; the maximum rate of sintering occurs at 

the beginning, followed by a steady decrease with time. This would correspond 

to a rate equation of the type: 

& * 
dt t 

Equation 1 

a 

where y is the shrinkage at time t, expressed as percent of original length, 

and k is a constant. The relation applies only up to the maximum amount 

of shrinkage obtainable for any one composition. If the experimental 

points fall on a straight line on a plot of shrinkage versus the logarithm 

of time, it can be concluded that the sintering mechanism follows the relation 

of equation 1. The data for wolfram carbide-cobalt compacts of 7*5 and 

15 percent cobalt were so plotted in Figures 57 and 58» The plots do show 

straight lines of different slopes at low and high temperatures, which suggests 
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APPENDIX IV 

CALCULATION OF TRUE PARTICLE SIZE 

The grain growth of Chapter IV section B, was derived from a measurement 

of the length of grains along arbitrary straight lines across the microsections. 

The measured lengths of a great number of particles were then averaged and 

compared. The true particle size may be estimated from such an average by 

the following calculations: 

Let the average grain size represent a uniform grain size, and 

assume that the measuring line randomly intercepts the circular 

grains on the plane of polish; then the average length of the 

intersecting lines represents the mean value of a series of chords, 

parallel to the diameter. The length of the chord (2y) varies with 

its distance from the center of the circle (x), the two are related by: 

Equation 1 

where r is the radius of the circle. The relation between the 

radius of the circle and the average value of a number of random 

intersections is then: 

o vr3 - dx = l/b n r = O.785 r Equation 2 
r 

The same relation holds between the average grain diameter. 

measured on the plane of polish, and the true particle diameter, 

if it is assumed that the plane of polish randomly intersects the 

particles. 



Therefore, the measured average particle length (1) along a 

randomly intersecting line is related to the average particle 

diameter (d) by: 

1= O.7852 d Equation 3 

According to the above calculation and assumptions, the true average 

-4 
particle diameter of the sample of figure lo is 2.9*1° centimeters, 

and that of figure 1? is 3*4’10”^centimeters. 
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APPENDIX V 

TEMPERATURE DEPENDENCE OF THE ANGLE OF CONTACT OF LIQUID COPPER 

ON SOLID WOLFRAM CARBIDE 

The temperature of melting and the angle of contact of copper on 

a block of wolfram carbide were observed for the purpose of determining 

the wettability of wolfram carbide by liquid copper. Melting of the 

copper occurred at 1085°C. The following contact angles were observed 

at the indicated temperatures: 

Temperature Angle of Contact 

1115°C. 62° (Approximately) 

1230°C. 46° 

1330°C. 380 

1405°C. 20° 

The measurement of the angles of contact was done on the photographic 

negatives of the wolfram carbide-copper profiles, prints of which are shown 

in Figure 59* 

From equation 1 (Chapter V) it can be seen that Cos 0 is a function of 

Y eg - ysI The angle of contact becomes 0 if y sa - ysl = ylg* By 

Ylg * 
extrapolation (Figure 60), this occurs at a temperature of about 1550°C, 

where complete wetting would therefore be expected. With phases completely 

insoluble in each other a large change in relative surface energies with 

(19) 
temperatures have not been observed' . However, the interfacial 

energies are extremely sensitive to minute changes of composition, and 
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the observed decrease of interfacial energy between wolfram carbide and 

copper can be attributed to the increase of solubility of carbon in 

copper, which, from 1200°C to 1500°C, increases from 0.0001 percent to 

0.0006 percent 



APPENDIX VI 

BINDER SOLIDIFICATION PHENOMENA OF THE COBALT INFILTRATED COMPACT 

It might he surprising that an expansion occurs on cooling the 

infiltrated sample, and not a contraction, as might he expected from a 

high cobalt alloy. (See Binder Solidification Phenomena, Chapter V). 

It can he explained hy similar considerations as were used to explain the 

expansion of low cohalt alloys. The hinder is mainly concentrated in the 

pores of the skeleton, only a relatively small proportion is present 

in the place of the former grain boundaries. The contraction of the 

hinder on freezing will not change the length of the specimen, hut the 

growing grains, which push each other apart, will cause an expansion. 

In a normally sintered cohalt-wolfram carbide alloy, of similarly high 

cohalt content, the number of disconnected particles is much greater, 

their distribution is more uniform, so that the pores, present in the 

carbide skeleton, do not exist. 
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APPENDIX VII 

CAIiCULATION OF SHRINKAGE CAUSED BY SOLUTION OF WOLFRAM CARBIDE 

IN LIQUID COBALT 

(59) 
The weight loss of a batch of crystals by solution can be calculated^ 

from the equation: 

K 
Wt = J o ( 1 - -4-2-)3 dw Equation 1 

D3 s 

where \I. = final weight of batch of particles 

W = initial weight of batch of particles 
8 

D = initial diameter of particles 
s 

AD = change of diameter of particles during solution. 

Knowing the initial particle size distribution and the initial and 

final weights of the batch, the resulting particle size distribution can 

be calculated by graphical integration, since the particle size distribution 

provides a relation between D and Vf . 

For the purpose of this calculation, however, it was assumed that a 

uniform particle size exists. Then equation 1 becomes: 

Wt = ( 1 - *^p-)3 ws Equation 2 

3 . 
For a sample of 10 percent cobalt, a particle size of 3*10 centimeters, 

a closed packed arrangement of particles, and a solubility of 40 percent 

wolfram carbide in cobalt, the equation can be solved for A D = 2 percent 

approximately. The solution only gives the order of magnitude of the 

expected shrinkage and therefore the assumption of uniform particle size 

is justified, since a strict application of Equation 1 would have to consider 
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APPENDIX VIII 

COHESION OF COMPACTS AT THE SINTERING TEMPERATURE 

The cohesion of the compacts at high temperatures is due to the 

surface tension of the liquid binder. Marked adhesion occurs between surfaces 

wetted by an interposed liquid. This phenomena accounts for the adhesion 

between Johannsen flats and similar gauges which are strongly held together 

by the surface tension of an intermediate oil film. The force of adhesion 

between glass plates, wetted by a film of paraffin oil, was found to be, 

by experiment and by calculation, approximately 5 kg/cm2 or 70 psi. l/ith 

an incomplete film of liquid the surface tension forces are sufficient to 

cause a buckling of thick glass plates 

The force of adhesion can be calculated for the case of a small 

spherical particle separated by a thin film of liquid from a larger 

particle, the radius of which is assumed to be infinitely great. It is 

given by the relation: 

Z = 4riR ycos 0 

where Z ** adhesion (dynes) 

R s radius of small particle (centimeters) 

Y a surface tension of liquid (dynes/centimeters) 

0 = angle of contact between liquid and solid 

thus adhesion is independent of the thickness of the liquid film and 

is directly proportional to R. The equation applies strictly only if the 

thickness of the liquid film is very small and the angle is also small. 
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In the case of a wolfram carbide-cohalt compact, the angle of contact of 

liquid and solid is 0°, and film thicknesses of 10”^centimeters or less 

are frequently observed. Assuming a surface tension of 1000 dynes/centimeter 

based on a value of 1120 dynes/centimeter for the surface tension of 

copper in hydrogen at 1140®C ^ a particle of radius of 10~^centimeters, 

the force of adhesion is: 

Z = 4 11(1-10-4) . 1000 = 1.3 dynes 

or approximately 10 grams. Since such a small particle would weigh 

only about 10-^°grams, the adhesive force is sufficient to support it 

against the pull of gravity. 
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appendix DC 

CALCULATION OF TESSELATED STRESSES IN SINTERED WOLFRAM GARBIDE-COBALT 

COMPACTS BY THE METHOD OF LASZLO^37^ 

A composite alloy, where one component is embedded at random in the 

other, can be treated, for the purpose of calculation, as a compound sphere 

or cylinder of the same composition. 

Case (a) was calculated for a 5 percent cobalt alloy, by assuming that 

the cobalt constitutes the inside core and the carbide the outside shell 

of a compound cylinder. The stresses of this cylinder are: 

ßl ß3 - 2 ßs 
ß = m i _ 1 ^ 1 
X 

( »o -V • » 
+ 1 + Vi 

ß2 

mi • Ei 
m . E o o V Ec 

+ Vi 
V r~m . È 
o o c 

+ Vi 

Vn * K 0 o 

where : 

Y = radial stress at the surface of contact of inner and outer component 

a CL, = linear coefficients of thermal expansion of outer and inner material, 
o 1 

aCo 16 • 10“6 in/in*C 

<*NC~ 5 • 10‘6 in/in-C 

t= decrease of temperature (negative) 

m* reciprocal of Pois sens'ratio: 

Assumed to be 3 for both metals 



IIV'*. I«. I ■ IM' I.« * "I'M p .»■ s fPI P-* I (I. I PM V i ÿ. HMPIW i 

K> 
Xv 

--^ 

V ' ‘."l 

I 
-V- 

:¾. 

A 

I 

'S. 

,i. 

rK 

-88- 

E = Young's modulus of elasticity 

E^o = 30 • 10 psi 

^7C * 102- 106 psi^32^ 

Vi, Vo = volume fraction of inner and outer components of compound cylinder. 

VC0 = O'1’ VWC * °-9 

For case (b) it was assumed that the system can bé represented by a 

compound sphere, the carbide forming the core, the cobalt the outside shell. 

The following equation applies: 

_1_ 
Y ” in - ï " ï + 2 VÍ + ï + mT 

(‘'o -V ‘ 

2 m„ E V 
0 0 0 moEo °1 E1 

For a cobalt content of 15 percent, for which this stress was calculated, 

vCo - 0.26, V^ = 0.74. 

—.n. -..1,..1.. .. ^ . y-:-.:.-...-,.-,.0,.. .. 
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B- LINEAR VARIABLE DIFFERENTIAL 
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C- LINEAR AC AM PLI FIE R - RECTI FIE R 

D- BROWN POTENTIOMETER RECORDER 

FIGURE 6 - COMPONENTS OF CONTINUOUS 
DILATOMETER RECORDER. 
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Table 1 

Particle Size Diatribution of Wolfram Carbide as 

Determined at Watertown Arsenal 

Percent sjze 

100 percent smaller than 16 microns 

100 u 

99.3 12 

97.6 10 

95 g 

91.7 6 

76.4 4 

20.6 2 

3.25 1 

1.15 0.7 
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FIGURE 11

Sintered WC-Co alloy. 7.5% Cobalt. 3 hours at J.3OOOC. (I5OOX)

'm
FIGURE 12

Sintered WC-Co Alloy. 7.5% Cobalt. 2 Hours at i325®C. (I5OOX)
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FIGURE 13

Sintered WC-Co alloy. 1 .•)% Cobalt. 3 hours at 1350®C (1500X)

mm
FIGURE 14

Sintered WC-Co Alloy. 7.5% Cobalt. 2 hours at 1400°C. (1500XJ

- U -

- • ik - . •> va* - r • r.r- - a rjn“> -.





IL 111.11 i.ili' mm J J 
•*4 V 

:â 

1 N”1 

*V 

::b: 

k\, 

L* 

S.T-' 
iV'. 

TIME, HOUR 

SINTERED WC - Co ALLOYS - ISOTHERMAL 
SINTERING CURVES AT 1400° C 

FIGURE 15 

- 15 - 

'J* " k " V - ». 1 

V :-V'>v.> »V.--. vj 
• ► - -- 

c- .** k%"%s 

■MUM«. 
;j* -"v'’ 

—-.> 
: : V 



FIGURE 16 

Sintered WC-Co Aiioy. 15¾ Cobalt, l^f hours at 1350°C. (I5OOX) 

FIGURE 17 

Sintered HC-CQ Alloy. 15¾ Cobalt. 21-3/4 hours at 135Ü°C. (15OÜX) 
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FIGURE 20 

Cross section through cobalt infiltrated WC block 

Original location of cobalt drop, at left of photograph (60X) 

FIGURE 21 

Cross section through copper infiltrated WC block 

Part of original copper drop visible at top of photograph 
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FICDRE 22

Microstnictur* of cobalt infiitratad WC block. (I5OOXJ

pi

ncoRE 23

Microstructure of coppar inflltratad WC block (I5OOX;
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FIGURE 26 

Microstructure of cobalt infiltrated ITC compact (I5OOX) 
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FIGURE 28 

Microstructure of sintered WC-Co axioy. 12^ Cobalt. 

Abnormally large grains (I5OOX) 

Courtesy of the Watertown Arsenal Laboratory 
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Table 4 

Thermal Expansion of Pressed WC-Co Compacts (unsintered) 

from 20°C. to 700°C. 

Composition 

Cobalt 

0 pereant 

7.5 

12.5 

15 

25 

WÇ 

100 percent 

92.5 

87.5 

85 

75 

Measured Expansion 

0.0035 in/in 

0.0040 

0.0043 

0.0050 

0.0061 
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Table 5 

Dimensional Changes at the Freezing Temperature of the Binder 

Cobalt 
Weight Percent 

5 

7.5 

10 

12.5 

Measured 
Cobalt Freezing Shrinkage 

Volume Percent (Linear. Percent) 

Theoretical 
Freezing Shrinkage 
Linear. Percent) 

8.8 

11.6 

16 

20 

+ 0.05 

- 0.06 

- 0.17 

- 0.21 

- 0.09 

- 0.12 

- 0.16 

- 0.20 
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FIGURE 31 

Sintered compacts after electrolytic leaching experiments. 

From left to rights a) 100% WC, leached 56 hours: 
o) 85% WC, 15% Co leached 24 hours; c) 90% WC, 10% Co 

leached 24 hours; d) 92.5% WC, 7.5% Co leached 48 hours. 

Length of sampless Approximately 1 inch. 

- 28 - 
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Strength and Hardness of WC-Co Alloys Sintered at 1400°C. 

Composition 

1 percent Co 

5 

10 

15 

25 

Strength 

96 000 psi 

172 000 

234 000 

289 000 

169 000 

Hardness 

92 RA 

90 - 92 

89-90 

88 

80 

Table 10 

Effect of Time and Temperature on the Strength of WC-Co Alloys 

7.5 percent Co 

Sintering Temperature Time 

1300°C 24 hours 

1350 1 

1350 4 

1350 8 

1400 0.5 

1400 1 

1400 2 

Density 

14.56 

13.35 

14.59 

14.63 

14.55 

14.70 

14.68 

Bend Strength 

209 

132 

212 

202 

173 

179 

192 

* Average of four measurements 
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Table li 

Effect of Time end Temperature on the ‘Strength of 

WC-Co Alloys 15 percent Co 

Sintering Temperature 

1300°C 

1350 

1350 

1350 

1400 

I4OO 

I4OO 

Time 

24 hours 

1 

4 

8 

0.5 

1 

2 

* Average of four measurements 
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Density 

13.63 

13.33 

13.71 

13.77 

13..89 

14.05 

13.94 

Bend Strength 

2I4 000 psi 

138 000 

213 000 

229 000 

183 000 

205 000 

237 000 
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FIGURE 34 

Sintered WC-Ck) alloy. Showing crack. 

15* Cobalt (1500X) 

FIGURE 35 

Sintered WC-Co alloy. Showing crack. Unknown composition. 

Served as support in sintering furnace. (1500X) 
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Fe-C-W TERNARY SYSTEM 

FIGURE 36 
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CEMENTED WC COMPACTS - VARIOUS BINDERS 
(7.5%) ISOTHERMAL SHRINKAGE AT 1400° C 
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FIGURE 41 FIGURE 42 

FIGURE 43 FIGURE 44 

Microstructures of infiltrated WC blocks. 

Figure 41: Copper infiltrated (350X) 

Figure 42: Nickel infiltrated (350X) 

Figure 43: Iron infiltrated (350X) 

Figure 44: Cobalt infiltrated (350X) 
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FIGDRE 45

Microstructure of nickel infiltrated wolfraa carbide block, 

showing eta phase. (I5OOXJ
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FIGURE 47 

Cemented Wolfram Carbide. Iron Binder. 7.5% Iron 

Sintered 2½ hours at 1400°C. (1500X) 

FIGURE 48 

Cemented Wolfram Carbide. Nickel Binder. 7.5% Nicicel. 

Sintered 2f hours at 1400°C. (I5OOX) 
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Cemented Wolfram Carbide. Copper Binder. 7.556 Copper. 

Sintered 2 hours at 1400°C. (I5OOX) 
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FIGORE 50 

Cemented Wolfram Carbide. Cobalt Binder. 7.556 Cobalt. 

Sintered 2 hours at 1400°C. (15OOX) 
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Table 12 

Physical Properties of Wolfram Carbide 

Cemented with Various Binders 

Amount of 
Binder 

7.5$ 

7.5 

7.5 

15 

15 

Sintering 
Treatment 

UOO°C 

1400°C 

UOO°C 

1500°C 

uoo°c 

hours 

hours 

2j hours 

1 hour 

2^ hours 

- 47 - 

Bend 
Strength 

Hardness 

210 000 pel 

69 000 

85 000 

172 000 

132 000 

87 

87 

87 

85 

85 
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FIGURE 53
.(47)Shown by Takeda^**'' to illustrate aetastabillty of 

the eta phase In the W-Fe-C systea. Large grains 
of eta transforming to VC at their peripheries.
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Table 15 

Results of Oxidation of Sample of Eta Phase Composition 

Oxidation in Air 

Temperature Time 
Increase of 
Dimension Comments 

1000°C. 

1000 

1000 

1000 

1000 

4 hours 

20 

34 

66 

96 

0.001 inch 

0.005 

0.008 

(0.005) 

(0.005) 

Slight oxidation at edges 

Slight oxidation at edges 

Slight oxidation at edges 

Peeling of Surface 

Peeling of Surface 
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FIGURE 56

Mlerophotograph of surface layers of oxidized eta phase

on a sintered IfC-Co alloy (250X)

Fron left to ri^t: Sintered WC-Co core, eta phase,

blue layer, silver gray layer, baJtelite

- 53 -



*. 
s 

•. 

S
IN

T
E

R
IN

G
 

C
U

R
V

E
S
 -

 S
H

R
IN

K
A

G
E
 

V
S
 

L
O

G
 

T
IM

E
 

7
.5

%
 

C
O

B
A

L
T

 

F
IG

U
R

E
 

5
7

 



J ■, W J1'PJ l U"J .'Il P ' » 

•iy, 



-« 

.- 

if 

r« 

K‘ V 

i 
H 

b ' 

- » 

V'- 

■v 

r.- 
K- 

r.-' 

V % • ^ ■ 

I1150C. 

1330°C. 

1230°C. 

U05oC. 

FIGURE 59 

Profiles of drop of liquid copper on solid wolfram carbide. 
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VARIATION WITH TEMPERATURE OF THE ANGLE OF 
CONTACT OF LIQUID COPPER ON SOLID WOLFRAM 
CARBIDE 

FIGURE 60 
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A detailed study or the action or the binder phase in 
cemented wolfram carbide alloys, conducted with the 
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selection ·of the best binder materials and sint.ering 
techniques for specific situations, is presented. 
'The sintering behavior of wolfram carbide cobalt 
alloys is discussed in detail. On the basis of the 
experiments it can be shown that densificatlon takes 
place by a rearrangement of the carbide particles 
under the influence of the surface tension forces of 
the binder. The resulting structure is essentially one 
of carbide particles embedded in a matrix of cobalt. 
The strength and brittleness of the sintered compacts 
depend on the mechanical properties of the binder. 
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