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ABSTRACT 

Densification and grain growth in a tungsten-nickel alloy containing 

32 vol % of liquid at 1550°C were studied by conventional methods aided 

by hot stage scanning electron microscopy and cinematography. This 

technique yields important additional qualitative information on the 

mechanisms. Two stages can be discerned. In stage 1, essentially com

plete pore elimination, rapid grain growth and adjustment of microstruc-

tural geometry take place. In the second stage, microstructure coarsen

ing occurs which is characterized by geometric similarity. Columnar 

grain growth at the surface is observed due to squeezing out of Ni-W 

liquid, flooding of surface grains and fast evaporation of the Ni. The 

driving forces for these processes are discussed showing that a high 

ratio of grain boundary energy to liquid surface energy is essential. 

A W-Cu alloy with 32 vol % liquid at 1100°C did not show any grain 

growth due to essentially no solubility of W in Cu at this temperature. 
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INTRODUCTION 

Densification and particle growth in the heavy metal systems 

(tungsten with nickel, copper or iron) have been studied extensively. 

Following the classical work by Price, Smithells and Williams , numerous 

papers have been published describing the phenomenology and the kinetics 
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of the processes occurring during sintering. Frequently, the classi
cal theories of liquid-phase sintering, and Ostwald ripening ' 
were applied for quantitative evaluation of the shrinkage and particle 
growth behavior. However, due to the complexity introduced by inter
action of these processes with additional processes going on during the 
entire heating cycle, no clear picture exists on the mechanisms by which 
the final microstructure of heavy metals is formed. 

In this paper, additional evidence is presented relative to the 

complexity of the processes by means of continuous monitoring and film

ing of the development of the microstructure of W-Ni and W-Cu alloys in 

a hot stage scanning electron microscope. These observations in combi

nation with well known metallographtc procedures provides a deeper in

sight into the mechanisms of densification and particle growth of heavy 

mi'tal systems. 

EXPERIMENTAL PROCEDURES 

Spherical W powder (Fig. 1) of 99.8 wt% purity with an average 

particle size of 4um was mixed with spherical nickel powder (99.9 \it%, 

average particle size 40pm) and spherical copper powder (99.9 wt%, 44um) 

to give the following compositions: a) 92 wt% W - 8 wt% Ni, and b) 82 

wt% W - 18 wtZ Cu. At the isothermal test temperatures used (1550°C for 

the W-Ni and 1100°C for the W-Cu alloys), the amount of liquid phase 
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is 32 vol Z in both systems. These figures take into account the 

substantial solubility of W in molten Ni and essentially no solubility 

of U in molten Cu. Good mixing was achieved by tumbling a slurry of 

these mixtures with ethyl alcohol in a rotating rack for 24 hours. After 

drying, the mixed powder was examined microscopically and was found to 

have a uniform distribution of the lower melting metal. 

Cylindrical specimens (5mm diameter, 4mm length) were pressed in a 

non-lubricated die at a pressure of 70 MPa resulting in a green density 

of 63% of the theoretical density. 

Heat treatment was carried out in the hot stage of a scanning 

electron microscope in a vacuum of approximately 3 Fa. The design and 
13 

operation of the hot stage has been described previously. The instru
ment allows direct observation of the sample surface up to 1700°C. Nom
inal magnification was 1000X in most cases, and videotape recording or 
filming was carried out with speeds of 0.1 to 1 frames per second. 

For all samples, the following heating cycle was used: heating to 

900°C in 10 min, isothermal treatment for temperature equilibration for 

5 min and heating to the isothermal test terjperature at 20°C/min. The 

W-Ni samples were then held at 1550°C, and the W-Cu samples at 1100°C 

for various test times. 

Mean linear intercepts were measured from the recorded videotapes 

as well as from metallo&raphically polished and etched cross sections. 

Near identical results were obtained. The microstructural analysis was 

carried out using simple devices (a ruler and a protractor). Standard 

stereslogical parameters (mean linear intercept, intercept length dis

tribution, specific surfaces, contiguity and dihedral angles) were 
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determined. Though chere may be a range of dihedral angles, no attempt 

was made to derive this value from the apparent distribution of dihedral 

angles. The modes of the angle distribution was taken to correspond to 

the true angle. Lineal counting was carried out along traverses with 

2000pm total length. At least 500 intercepts were measured for each 

sample and recorded in classes of lira width. The size distributions 

were normalized with respect to the mean linear intercept and to total 

number of intercepts measured to be able to evaluate shape changes of 

the distribution curve. This procedure causes class width to vary with 

mean linear intercept (compare data in Fig. 8). Densities were recorded 

by buoyancy measurements. 

RESULTS 

Figure 2 shows a scanning electron micrograph of the fracture 

surface of the W-Ni powder mixture heated to 1100° and held for 30 min. 

The formation of necks is clearly revealed and dihedral angles can be 

seen. This structure corresponds to that observed in Ni- activated 

sintering of tungsten where pronounced neck formation at temperatures 

shortly above 1000°C and dihedral angles of 35 degrees were observed. 

Most of the tungsten particles are single crystals in this stage. 

Figure 3 shows a series of scanning micrographs taken at room tempera-

Lure from the surface of the sintered samples. Shortly after appearance 

of liquid (Fig. 3a), clusters of tungsten grains form. These grains 

grow rapidly with time in the way shown in Figs. 3b to 3d. For compari

son, an SEM micrograph of a cross-section of the sample sintered for 20 

min at 1550°C is shown in Fig. 4a. Figure 4b shows a cross-section 

normal to the surface. Columnar grain growth near the surface is 
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clearly visible. It is interesting to note that the grain size 

measured parallel to and at the surface is comparable to that in the 

interior in spite of this obvious shape difference. It is of further 

interest to note that no necks were observed after the Ni melted and 

became saturated with W. 

Pictures taken at temperature (Fig. 5) from the TV screen are less 

sharp. They show, however, an unexpected phenomenon which is even much 

more clearly revealed in the movies taken: some of the grains suddenly 

turn black and then gradually get light gray again. Tungsten saturated 

nickel melt is squeezed out from the sample through channels and spreads 

over one of the grains. In a few seconds (compare Figs. 5a and 5b) the 

nickel vaporizes leaving a layer of tungsten behind. This process occurs 

repeatedly and discontinuously at different locations on the surface 

resulting in the structure shown in Fig. 4b. 

Figures 6 to 10 .show the changes of density and microstructural 

geometry with time at 1550°C. Density (Fig. 6) increases rapidly to 
3 

about 17.7 g/cm , which is near the theoretical density of the W-8 wt% 
3 Ni alloy (approx. 17.65 g/cm assuming that the atomic volume of tungsten 

does not change during solution in nickel). Upon further sintering, 

density increases slowly, obviously due to the evaporation of nickel. 

Grain size (Fig. 7) follows the same pattern. There is a discontinuity 

of grain growth after ~2 min of isothenial sintering: the grain growth 

rate decreases more or less discontinuously to a value lower by a factor 

of 20 and then stays nearly constant up to 30 min. This figure also 

shows that no grain growth occurs in the W-Cu system with an approximate

ly equal volume of liquid phase reflecting the essential role of 

solubility. 
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Flgure 8 shows the normalized grain size distributions for the 
tungsten grains for various sintering times at 1550°C. The width of 
the size range first decreases, then increases again and remains con
stant from 3 to 30 min indicating stationary shape. The specific inter
faces S„ ,, and S„ „.,„, were measured as a function of annealing time 

W-W W-Ni[WJ 

from the microstructure of the samples. A continuous decrease of the il

liquid phase interface areas has been observed. However, the values for 

the W-W interfaces level off after about S minutes and remain fairly 

constant (Fig. 9). Contiguity, defined as the ratio of grain 

boundary area to total surface area of the tungsten grains, drops from 

an initially high value to a minimum, increases slightly, and then re

mains constant (Fig. 9). 

Figure 10 demonstrates that the initially high dihedral angle 

(approximately 38 deg.) reaches an equilibrium value of approximately 

8 deg. within 3 min which corresponds to the time taken to reach a mini

mum in the contiguity curve of Fig. 9. The fracture surface indicates 

mostly a fracture through the matrix showing the flat W-W interfaces 

and the W-liquid phase interfaces (Fig. 11a). A few regions with 

intergranular fractures have also been found (Fig. lib). This seems to 

indicate varying adhesion at the interfaces, an interesting fact which 

was not followed up in this paper. 
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DISCUSSIOK 

The results indicate the existence of two stages in the 

isothermal sintering process after the formation of liquid. The amount 

of liquid is sufficient to essentially fill all the pores at the end of 

the first stage. Density changes and grain growth occur rapidly during 

this stage, and grain size distribution and dihedral angles are adjust

ing io stationary values. This stage ends rather abruptly after approx

imately 2-3 rain. In the second stage, density and grain size increase 

much more slowly and the microstructure shows geometric similarity 

throughout this stage, i.e. the shape of the grain size distribution, 

contiguity and dihedral angle (as well as other nonmetric geometrical 

properties) remain constant. The interesting feature in this stage is 

the increase of density in spite of the fact that essentially ill pores 

have been eliminated during the first stage. This effect occurs due to 

v.'iporizntion of Ni. 

Stage 1. The fast shrinkage to full density is obviously related 

to the high solubility of tungsten in liquid nickel and the high driving 

force supplied by the surface energy of the nickel melt which causes 

rearrangement of W particles. The W-Cu system, in which there is no 

solubility of W in molten Cu, does not undergo the rearrangement of 

particles and stays porous even after long sintering times. This stage 

has usually been neglected in grain growth studies. Most often t.be 

It should be emphasized that these two stages are different from those 
discussed by KingerylO a n ci others for <Jensification in liquid phase sin
tering in which the amount of liquid on formation is not sufficient to 
fill all the pores so that the second stage is a densification stage due 
to elimination of remaining pores. 
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trends observed at longer sintering times have been extrapolated to the 

early times. This may lead to serious errors in the evaluation of grain 

growth kinetics by taking the slope of the grain size — time plot in loga

rithmic coordinates without making the proper corrections for zero time. As 

described earlier, ' fast grain growth can occur due to preferential 

dissolution of particles with high internal stresses and reprecipitation 

on adjacent particles with a smaller amount of internal stresses. Though 

no experiments were carried out to evaluate the degree of deformation 

and internal stresses in the fine tungsten powder used, the high grain 

growth rate in Stage 1 can be attributed to this mechanism. Addition

ally, coalescence (coarsening by grain boundary movement aided by disso

lution and reprecipitation to adjust the particle shape) can take place, 

again with internal stresses as an additional driving force. According

ly, the area of grain boundaries formed during sintering prior to the 

formation of liquid is reduced rapidly in this stage. 

The decrease of the dihedral angle is another interesting 

phenomenon. EDAX-analysis of the binder phase shows that Ni is saturaied 

with W shortly after melting occurs, i.e. during the first half minute. 

Thus, interfacial energies are constant later in the process and the 

angle change is due to the gradual approach to the equilibrium value. 

Figure 2 clearly shows that necks form between the tungsten particles 

during heating up period before a liquid phase occurs. According to 

Uessinger and Fischmeister, the equilibrium dihedral angle during Ni-

activated solid state sintering of tungsten is 35 deg. This value agrees 

very well with the one observed here shortly after melting (approx. 38 

deg.. see Fig. 10). Then, during grain growth, new dihedral angles are 
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formed gradually shifting the observed maximum frequency value (mode) 

of the distribution towards the equilibrium dihedral angle which is in 

the order of 8 deg. in this system. With decreasing dihedral angle the 

ratio of grain boundary area to interfacial area decreases as reflected 

by the decrease of contiguity in Stage 1 (Fig. 9). 

The adjustment of the grain size distribution towards a stationary 
3 4 shape (Fig. 8) was earlier observed by other authors ' and can be 

visualized as follows. The wide size distribution of the initial powder 

rapidly narrows since all small particles are dissolved when the liquid 

approaches its equilibrium composition and no small grains are reformed. 

On the other hand, Ostwald ripening occurs after the liquid is saturated. 

Coarsening is then due to dissolution of material from small and repre-

cipitation on large particles. Small grains thus are formed again from 

larger ones and a stationary size distribution appears which has a shape 

very close to that predicted for linear intercept distributions derived 

from theoretical treatment of Ostwald ripening; but there is an 

additional tail at large particle sizes which, in our opinion, is due to 

the fact that further coalescence takes place at this high volume frac

tion of the dispersed phase. 

Stage 2. The transition from the first to the second stage is 

marked by the following features of microstructural geometry: Porosity 

has been eliminated to a degree that only a few small pores are left. 

The microstructure has assumed a dynamic equilibrium configuration with 

respect to the shape of the interfaces and to size distribution, and 

further changes can be described by increasing the scale of all metric 

properties by a constant factor. There is, however, one important 
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deviation from geometric similarity; the volume fraction of liquid (or 

nickel phase) decreases as is obvious from the density increase (Fig. 6) 

which characterizes this stage of liquid phase sintering. 

The decrease of the liquid could be considered to be a continuous 

evaporation from the available liquid surface with a corresponding 

shrinkage of the compact. This explanation is, however, not sustained 

by the evidence given by hot stage SEM cinematography; spreading of 

liquid on the grains indicates that more liquid is squeezed out than 

evaporates from the available liquid/atmosphere area. Thus, the driving 

force for this process must be found in the interior of the specimen. 

It has been shown that a specific geometric configuration may 

become stable in a sintering system when the energy released by a reduc

tion of the solid/liquid interface are* is matched by the energy neces

sary to create new grain boundery area. This configuration manifests 

itself by an equilibrium dihedral angle and by interfaces of minimum 

area. This situation seems to have been locally reached in Stage 2. 

However, there are several reasons that it nay be energetically more 

favorable to decrease the amount of liquid. 

1. '.et us consider a simple planar configuration as shown in Fig. 

12 in which the liquid regions are assumed to have an equilibrium shape 

with dihedral angles of 6 = 60 deg. This corresponds to a ratio of 

grain boundary energy to solid-liquid interfacial energy of — — = </3 
YSL 

substituted by solid and the liquid region is thus redu_2d in size with 

no change in configuration, the change of total interfacial energy for 

each liquid region is zero as shown ii; Eq. (1). 
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This does not provide a driving force for closure. However, 

when the solid material fills the liquid pore region by transport from 

the grain boundaries to the pores and the liquid material is squeezed oul, 

the resulting grain edge length A, is shorter than A.. The total nega

tive energy change for one grain (6 sided as shown in example) talcing 

into account Eq.(l) then is given by Eq.(2) 

** " I YSS <A2 " V ( 2 ) 

which constitutes a positive driving force for the reduction of the 

size of the liquid regions. A similar argument holds for 

the shrinkage of three dimensional liquid regions for any value of y / 
18 Ye, and the corresponding minimum interface configurations. Then, if 

a mechanism is available to reduce the amount of liquid, i.e., if there 

are channels open to the surface, solid material will diffuse from the 

grain boundaries to the liquid regions and the squeezing out of liquid 

will take place. In a non-homogeneous system there would also be regions 

in which equilibrium dihedral angles had not yet been reached which would 

also provide a driving force for closure. 

2. During coalescence, grain boundaries break away from their 

positions at the dihedral angle grooves (Fig. 13). Then, the shape 

of the liquid region changes by solution and reprecipitation. Thereby, 

the dihedral angle deviates from its equilibrium value. In this situa

tion, material can flow out from the grain boundary since reverse curva

tures cause compressive stresses. Again, if there are channels to the 
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surface, the liquid will be squeezed out. 

There is, however, another factor to be considered. The surface 

tension of the liquid results in a back-driving force as shown in Fig. 

14. Only if the internal pressure of the liquid due to the mechanisms 

discussed above is larger than the critical pressure 2y I V/r (where r 

is the radius of curvature of the hemispherical droplet formed on the 

surface (Pig. 14c) and y is the surface energy of liquid), shrinkage 

of the liquid regions can go on. Since the driving force for this 

shrinkage is proportional to the grain boundary energy Ycc» t n e process 

requires a sufficiently high ratio of y../Y,„. In the tungsten-nickel 

system, this ratio is especially favorable. According to Gessinger et 
19 2 

al, YTy f° r nickel is 0.67 J/m . y can be estimated from the grain 
boundary grooving angle Ô -,,. the dihedral angle 6 and the wetting 

j&v 2)5L 
angle 6 S L V- 8 ™ and 8 s g L were found to be 38 and 8 deg. respectively 

20 (see Fig. 10); Q-„ was taken from an earlier paper to be 8 deg. Then 

we obtain Eq.(3). 

, cos6 s s v/2 • cos6 S S L/2 • cos6 S L V 

ŝs " *LV c o s e S S L / 2 - c o s e s s v / 2 

2 • 0.67 • cos 19 • cos 4 • cos 8 , 2 2 
cos 4 - cos 19 

This surprisingly high value should only be taken as an indication for 

the? high grain boundary energy of nickel-doped tungsten. This fact is 

generally supported by the small S . For other systems, e.g. WC-Co or 

Fe-Cu, squeezing out of liquid has not been observed. In these cases, 

the ratio of Yoc/Y I V
 c a n ^e assumed to be much smaller and, as shown in 

Fig. 14f, evaporation can than only take place from the negatively 
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curved surfaces at the end of the liquid channels. 

As soon as the squeezed out liquid assumes a hemispherical shape 

(Fig. 14c), further increase of liquid reduces the radius of curvature 

(Fig. 14d). Thus, the back pressure is released and the liquid spreads 

over a favorably located grain. This spreading may be aided by the ex

istence of the small pores in which the vapor pressure builds up in 

accordance with the decreasing liquid surface curvature (Figs. 14a to c) 

and then is suddenly released yielding a discontinuous push-out of 

liquid in the stage shown in Fig. 14d. Then, the droplet spreads (Fig. 

14e), evaporation takes place (Fig. 14f) and the cycle starts again. 

The squeezing out of the liquid stops when the channels to the 

surface are pinched off which is analogous to the development of closed 

pores. This does not occur until later in the process. In the experi

ments described here open channels existed up to the longest sintering 

times used (30 min). Since the density of the vaporizing nickel is 

smaller than that of the tungsten, the density of the alloy increased 

(Fig. 6). Obviously, no density change or a density increase would be 

observed if the vaporizing species had the same or a higher density 

than the sample. 

CONCLUSIONS 

1. During heating of W-Ni, activated sintering of tungsten occurs. 

After formation of a liquid phase, two stages cat. be distinguished in 

the development of the mlcrostructure. 

2. In the first stage, porosity is eliminated and microstructural 

geometry changes drastically due to a sufficient amount of Ni. Sapid 

grain growth occurs due to solution and coalescence of W particles 
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driven by varying internal strains in the tungsten particles. 

3. In the second stage, microstructural geometry is characterized 

by a constant dihedral angle, a stationary size distribution and nearly 

constant contiguity. Slow grain growth occurs, the kinetics of which 

follow the pattern described in earlier investigations. Microstructures 

are geometrically similar throughout this stage. 

4. The essential feature in Stage 2 is the density increase due 

to nickel evaporation. The process allowing for rapid evaporation 

(squeezing out and discontinuous flooding of surface grains) has been 

explained by simple thermodynamic considerations. 

5. Columnar grain growth at the surface is due to the discontinuous 

deposition of tungsten on flooded grains when the nickel vaporizes. 
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FIGURE CAPTIONS 

Fig. 1. Spherical W powder with average grain size of 4pm. 

Fig. 2. SEM of fracture surface of W-Ni powder heated to 1100°C and 

held for 30 min. 

Fig. 3. Scanning micrographs of surfaces of sintered samples that were 

held at 1550°C for (a) 20 sec, (b) 2 min, (c) 10 min, and (d) 

20 min. 

Fig. 4. Scanning micrographs of polished cross-sections of samples 

sintered for 20 and 30 min at 1550°C: (a) parallel to surface, 

and (b) normal to surface. 

Fig. 5. SEM photographs taken from surface at 1550°C ten seconds apart. 

Fig. 6. Density of W-Ni compact vs time at 1550°C. 

Fig. 7. Average grain size vs time for W-Ni compacts at 1550°C and W-Cu 

compacts at 1100°C. 

Fig. 8. Normalized grain size distributions for the tungsten grains for 

various sintering times at 1550°C. 

Fig. 9. Specific boundary areas (W-W and W-Ni) and continuity in W-Ni 

compacts with increasing sintering time. 

Fig. 10. Dihedral angle ranges after 20 sec, 60 sec and 3-30 min at 

1550°C. 

Fig. 11. SEM photographs of several fracture surfaces of specimens 

sintered for 20 min. 

Fig. 12. Schematic of microstructure with liquid at triple points 

transformed to one with elimination of liquid phase. 
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