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Abstract: The present work was aimed at the investigation of effect of High Energy Ball Milling (HEBM) time
on the sintering kinetics, structure, and properties of heavy tungsten alloy (HTA) W-7%Ni-3%Fe. The HTA
samples were obtained from the nanopowders (20-80 nm) by conventional liquid phase sintering (LPS) in
hydrogen and by Spark Plasma Sintering (SPS) in vacuum. The HTA density was shown to depend on the
HEBM time non-monotonously that originates from the formation of non-equilibrium solid solutions in the W-
Ni-Fe systems during HEBM. The SPS kinetics of the HTA nanopowders was shown to have a two-stage
character, the intensity of which depends on the Coble diffusion creep rate and on the intensity of diffusion of
the tungsten atoms in the crystal lattice of the y-phase. The kinetics of sintering of the initial submicron powders
have a single-stage character originating from the intensity of the grain boundary diffusion in the y-phase. The
dependencies of the hardness and of the yield strength on the grain sizes were found to obey the Hall-Petch
relation. The hardness, strength, and dynamic strength in the compression tests of the fine-grained tungsten
alloys obtained by SPS and LPS were studied.
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1. Introduction

Heavy tungsten alloys (HTAs) of the W-Ni-Fe system with the W contents over 85-90% have a
number of unique characteristics: simultaneous increased density, strength, and plasticity at room
temperature [1-5], high characteristics of dynamic strength [6, 7], high radiation resistance, etc. The
industrial tungsten alloys with 90-95%W obtained by conventional liquid-phase sintering (LPS) have
the density of 17-19 g/cm?, the ultimate strength up to 1000 MPa, and elongation to failure up to 25-
30% at room temperature. Additional strain strengthening allows improving the ultimate strength
up to 1400-1600 MPa preserving satisfactory ductility [8-11]. These features make HTAs interesting
for various construction applications as well as interesting object for investigations of the effect of the
interphase boundaries on the mechanical properties of the alloys [12-15].

It is worth noting that the technologies of strain hardening of the HTAs have approached the
limits of their capabilities at present. For further improving the properties of the HTA, modern
technologies of powder metallurgy are used often [16, 17] including the additive manufacturing
methods [18-20] and microwave sintering method [21]. Modern methods of fabrication of
nanopowder compositions W-Ni-Fe are being developed extensively [5,18,22].

The analysis of the literature shows Spark Plasma Sintering (SPS) to be one of promising
methods of fabricating the HTAs [23-27]. An opportunity to vary main process parameters affecting
the microstructure parameters of the HTAs most essentially (the heating rate, the temperature and
time of sintering, the magnitude of the pressure applied, etc.) directly in the course of sintering
provides a great flexibility to SPS method in controlling the mechanical properties of the HTAs. An
opportunity of sintering the materials at very high heating rates (up to 2500 °C/min) is an important
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feature of SPS technology, which allows reducing the grain growth rate [23,27]. The fine-grained
HTAs obtained by SPS have simultaneously high strength and hardness [28-44] (Table Al, see
Appendix A).

Joint application of High Energy Ball Milling (HEBM) and SPS is one of promising methods of
further improving the mechanical properties of the HTAs [1,2,8,9,12-17]. This allows ensuring an
outstanding increase in the strength and hardness of the HTAs (Table Al, see Appendix A). It is
interesting to note that the results of [27,28,33,39] evidence the possibility of formation of strongly
supersaturated solid solution of tungsten in the y-phase based on nickel during HEBM that leads to
an additional acceleration of sintering of the W-based nanopowders. The formation of the
supersaturated solid solution of tungsten atoms in the y-phase leads to manifestation of some
unexpected effects. The effect of non-monotonous dependence of the density on the sintering
temperature [28, 29, 35,43-45] as well as the effect of reduction of the activation energy of sintering of
the nanopowders [45] deserve high attention. One should note separately the effect of decreasing of
the density of the tungsten alloys sintered from mechanically activated nanopowders [33,39,45], the
nature of which remains unclear now. Also, the effect of nonmonotonous (with a maximum)
dependencies of the HTA density on the time of preliminary HEBM of the powders observed in [45]
is interesting.

From the practical viewpoint, the result of increase in the hardness, the static strength and the
dynamic one of the HT As obtained by SPS is important.

The analysis of the literature shows that the W-7%Ni-3%Fe alloys obtained by SPS from
nanopowders (tuesm = 20 min) have a higher dynamic strength as compared to the coarse-grained
alloys [42, 46]. The decreasing of the grain sizes was noted to result in simultaneous increase in the
static strength, the dynamic one, and in the penetration depth of a HTA sample into a steel barrier.
At the throwing speed of 1194 m/s, the penetration depth reached 15.2 mm whereas for the coarse-
grained HTAs this magnitude varied from 9.4 to 12.8 mm at similar testing regimes [46]. The
formation of strongly supersaturated solid solution in the y-phase may be one of the origins of
manifestation of increased dynamic strength of the HTAs. In our opinion, it allows increasing the
strength of the interphase (a-y)-boundaries and, as a consequence, ensuring additional increase in the
strength of HT As.

The investigation of the effect of the HEBM time (tuesm) of the powders on the density,
microstructure parameters, and mechanical properties of heavy tungsten alloy W-7%Ni-3%Fe
obtained by SPS was the main goal of the present work.

2. Materials and Methods

The object of investigations was W-7%Ni-3%Fe alloy. The chemical compositions of the initial
powders o-W, B-Ni, and a-Fe are presented in Table 1. The mean particle sizes in the initial powders
o-W, B-Ni, and a-Fe according to Fischer were Ro= 0.8 pm, 20 um, and 11 pm respectively.

Table 1. Chemical composition of initial powders (wt.%).

Powders (@] Fe C S P Ni Co Si Cu Mo Mn
o-W 8102 2102 1-102 - 5108 1.102 - 5108 1102 4.5-102 2.103
B-Ni 3101 1.5-10® 1-101 6104 1-108 - 7-104 1103 1-103 - 3-104
o-Fe 2.101 - 4.8-102 4-103 - - - 1-102 - - -

The initial coarse-grained compositions were obtained by mixing the powders a-W, B-Ni, and a-
Fe in a FRITSCH® Pulverisette 6 planetary ball mill (Idar-Oberstein, Germany). The mixing time was
15 h, the mixing rate was 100 rpm. HEBM of the compositions W-7%Ni-3%Fe was performed in APF-
3 high energy planetary mill (Russia). The acceleration of the milling bodies was 60g, the mixing rate
was 1450 rpm. The containers and milling balls of 6-10 mm in diameter were made from industrial
alloy W-7%Ni-3%Fe. The mass ratio of the balls and the powders was 10:1. HEBM with the durations
of 5, 10, 20, and 40 min was performed in argon ambient with addition of ethanol. To minimize the
heating of the powders, HEBM was performed in several stages each 5 min long.
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The HTA samples were obtained by conventional sintering in hydrogen (Method I) and by SPS
(Method II).

To obtain the HTA samples by Method I, the nanopowders were pressed into the samples of 30
mm in diameter and 5-6 in height in advance. The uniaxial pressing by the pressure of 150 MPa was
performed at room temperature in a steel mold. The sintering was performed in a two-stage regime:
Stage I — heating with the rate 25 °C/min up to 950 °C and holding for 2 h for the reduction of the
powders and removing oxygen; Stage II — heating up to the sintering temperature (1250, 1300, 1350, and
1400 °C) in 100 min and holding for ts=1 h. The accuracy of measuring the temperature was +6 °C. After
sintering, the samples were subjected to annealing in vacuum (10 Torr) at 1000 °C, 2 h. As the
reference samples, the coarse-grained alloys W-7%Ni-3%Fe obtained by sintering the coarse-grained
powder compositions in hydrogen were used.

Method II was implemented using Dr. Sinter model SPS-625 setup (SPS SYNTEX Inc., Japan). The
sintering of the samples of 30 mm in diameter and 4-4.5 mm in height was performed in vacuum (6 Pa)
when applying a uniaxial pressure of 70 MPa. A single-stage sintering regime was used — heating with
the rate of 100 °C/min up to the sintering temperature (1200 °C). The uniaxial pressure was applied
simultaneously with the beginning of heating up. The holding at the sintering temperature was absent
(ts=0min). The temperature was measured by an optical pyrometer Chino IR-AH (Japan) focused onto
the surface of the graphite mold. The uncertainty of the temperature measurement was £5 °C. As the
reference samples, the nanopowders after HEBM subjected to annealing in hydrogen at 900 °C, 1 h in
advance (before SPS) were used.

In the course of heating up, the effective shrinkage (L., mm) and shrinkage rate (Sett, mm/s) of
the nanopowders were measured using a dilatometer. The contribution of the thermal expansion (Lo,
mm) of the graphite mold and punch was taken into account on the base of the results of experiments
with empty mold. The temperature curves of shrinkage of the nanopowders (L, mm) were calculated
according to the formula: L(T) = Lett(T) — Lo(T).

The residual graphite was removed from the surfaces of the sintered samples of 30 mm in
diameter by waterjet cleaning. The mechanical grinding was performed using Struers Secotom 10
setup, polishing — Buehler Automet 250 setup. In the course of mechanical treatment, the layers of
~300-350 pm, were removed from the sample surfaces, which an increased carbon concentration can
be observed in due to high temperature interaction of the material with the graphite mold [47,48].

The microstructure investigations of the alloys were carried out using Leica IM DRM optical
metallographic microscope, Jeol JSM-6490 scanning electron microscope (SEM), and TESCAN Vega
2 SEM with Oxford Instruments INCA 350 EDS microanalyzer. The density of the samples was
measured by hydrostatic weighting in distilled water using Sartorius CPA balance. The uncertainty
of measuring the density was + 0.01 g/cm?®. The magnitude of the theoretical density was accepted to
be equal to pt =17.245 g/cm3. The analysis of the chemical composition was performed using Ultima
2 ICP atomic-emission spectrometer and Leco RHEN-602 analyzer. The X-ray diffraction (XRD) phase
analysis was performed using Shimadzu XRD-700 diffractometer (CuK« emission, A = 1.54056 A, scan
rate 0.5 °/min, exposure 2 s). The phase analysis of the samples was performed by Rietveld method.
The contribution of the apparatus broadening into the XRD peaks was taken into account according
to [45]. The analysis of internal stresses and calculation of the sizes of coherent scattering regions
were performed by Williamson-Hall method [49].

To study the mechanical properties of the sintered samples, the stress-relaxation testing
technique was used allowing determining the magnitudes of the macroelasticity stress (lattice friction
stress) (co) and of the yield strength (oy) in the compression tests [45]. To measure co and oy, the
cylindrical samples of 3 mm in diameter and 6 in height were used. The uncertainties of measuring
oo and oy were £20 MPa. The microhardness (Hv) of the alloys was measured using HVS-1000
hardness tester at the load of 1 kg.

The magnitude of compressive dynamic ultimate strength (Ys) was investigated by Kolsky bar
method using Hopkinson split rod at the strain rate of ~10° s [50]. An example of a dynamic strain
curve of a tungsten alloy is presented in Fig. 1. The ballistic characteristics of the material were
determined by measuring the penetration depth (H) of the sample of 3 mm in diameter and 25 mm
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long (Fig. 2a) into a steel target of 30 in thickness. The penetration depth of the sample was measured
on the metallographic cross-section with Leica IM DRM optical microscope using Good Grains
software (Fig. 2b). The uncertainty of determining the magnitude of H was + 0.01 mm. The steel
hardness was 27-30 HRC. The samples were accelerated with a 12 mm two-stage gas gun powered
by compressed air. The impact angle of the sample with the steel plate was 90°. The test procedure
was described in [46]. The samples for testing were cut out from the central parts of the workpieces
of 30 mm in diameter by spark cutting in distilled water.
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Figure 1. Typical stress — strain and strain rate — strain curves for a tungsten alloy sample recorded in

a dynamic compression test according to Kolsky bar method.

(a) (b)

Figure 2. Tungsten alloy samples for testing (a) and example of measuring the sample penetration
depth into the steel target (b).
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3. Results

3.1. Investigation of the powders’

Fig. 3 presents the images of the powders of W-7%Ni-3%Fe compositions in the initial state, after
mixing in the FRITSCH® Pulverisette 6 planetary ball mill (32 h, Fig. 3a) and after HEBM for different
processing times (Figs. 3b-3f).

09:40 MIX

09 40 SEI

09 40 SEI

(e) ()

Figure 3. SEM images of W-7%Ni-3%Fe powder agglomerates for different HEBM: times (a) 0 min;
(b) 5 min; (c) 10 min; (d) 20 min; (e, f) 40 min.
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As one can see in the images presented in Fig. 3, large enough micron-sized agglomerates
consisting of several tens nanoparticles having splinter shapes (Fig. 4a) or round one (Fig. 4b) form
in the course of HEBM.

SEM HV: 30.00 kV WD: 10.4000 mm Lo+ 11 | MIRAWTESCAN SEM HV: 30.00 kV WD: 1.1754 mm L MIRA\ TESCAN
View field: 6.522 ym  Det: SE 2pm u’ View field: 1.957 ym  Det: InBeam u’

SEM MAG: 30.00 kx SEM MAG: 100.00 kx

Figure 4. SEM images of the nanoparticles in the powder agglomerates 90%W-7%Ni-3%Fe for
different HEBM times: (a) tresm = 10 min; (b) tuesm = 40 min.

The results of the XRD phase analysis shows the decrease in the intensity and broadening of the
XRD peaks of a-W to take place in the course of HEBM (Fig. 5a). No peaks corresponding to iron and
nickel were visible in the XRD curves. It allows suggesting a strong fragmentation of the Ni and Fe
particles to take place during HEBM.

A shift of the tungsten peaks towards greater diffraction anglers was observed (Fig. 5b). The
(110) a-W peak position in the initial coarse-grained powder corresponds to the diffraction angle
20max = 40.26° + 0.02°. After MA during tuesm = 40 min, the (110) a-W XRD peak shifted by ~0.08-0.12°
up to 2@max = 40.34-40.38°. According to Wulff-Bragg’s equation (2dnk = nicusin2®nu), this evidences
the compressive internal stress fields to form in the tungsten nanoparticles in the course HEBM that
leads to a decrease in the interplanar distances dhi.
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Figure 5. Results of XRD phase analysis of the powders 90%W-7%Ni-3%Fe: (a) overview XRD curves
after different HEBM times; (b) effect of the HEBM time on the broadening of the (110) a-W pears
[45]; (c) effect of the HEBM time on the CSR size (1) and on the magnitude of the micro strain of the
a-W crystal lattice (2) [45].

Note that one can see an asymmetry of the tungsten XRD peaks in Fig. 5b — the (110) a-W peaks
are broadened stronger towards greater diffraction angles 20. After HEBM during 40 min, the half
width at half maximum (HWHM) of the (110) a-W peak at small diffraction angles was ®-05~ 0.30-
0.32° whereas the one at large diffraction angles ®-05~ 0.42-0.44°. In the initial state, the (110) a-W
peaks were highly symmetric (®-05 ~ ®:05 ~ 0.06-0.10°). According to [45], this result means that the
nanoparticles after HEBM have a core-shell structure — a strain-induced dissolving of nickel and iron
atoms in the surface layers of the a-W nanoparticles takes place during HEBM. It leads to the
formation of the internal compressive stress fields in the surface layers of the a-W nanoparticles and,
as a consequence, to the broadening of the a-W peaks towards greater diffraction angles.
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The calculations of the coherent scattering region sizes (Dxrp) according to Williamson-Hall
model shows Dxrp to decrease from ~80-100 nm down to ~20-25 nm with increasing tuesm from 5 up
to 40 min. The estimates obtained evidence the agglomerates shown in Fig. 3 to consist of several tens
or hundred tungsten particles in average.

It is worth to pay attention to a non-monotonous character of the dependence of the micro strain
of the tungsten crystal lattice (¢) calculated according to Williamson-Hall method on the HEBM time.
As one can see in Fig. 5c, the maximum value emax ~ 9-10 was achieved after 20 min of HEBM. At
further increasing of the HEBM time, the magnitude of &€ decreased down to ~ 6-103. So far, one can
conclude essential compressive internal stress fields to form in the tungsten nanoparticles in the
course of HEBM that leads to a strong distortion of the a-W crystal lattice (see [51]).

The investigations of the chemical composition have shown that the oxygen concentration in the
nanopowders after HEBM reached 1.5-1.55%. These results agree qualitatively with the ones of [52]
where an increase in the oxygen concentration in the tungsten powders after HEBM was observed
also. After annealing in hydrogen at 900 °C (1 h), the oxygen concentration in the nanopowders
decreased down to 0.8-0.95%. The parameters of the XRD peaks of a-W did not change after
annealing in hydrogen.

3.2. Sintering the nanopowders in hydrogen

The investigations of the macrostructure of the samples have shown that the sintering of the
nanopowders at 1450 at 1500 °C leads to formation of large pores (Fig. 6). This leads to a decrease in
the density of the samples sintered from the mechanically activated nanopowders (Table 3). Sintering
at lower temperatures (1250, 1300, and 1350 °C) did not result in formation of the macropores. No
macropores were observed when sintering the coarse-grained powders.

Figure 6. Appearance of the W-7%Ni-3%Fe alloy samples sintered in hydrogen from the nanopowders
obtained by HEBM. Sintering temperature: (a) 1450 °C; (b) 1500 °C.

The chemical reaction of hydrogen with oxygen adsorbed on the nanopowder particle surfaces
is the most probable origin of the macropore formation. This reaction goes with formation of water
vapor: 2Hz + O2 = 2H20 (see [53]). The removing of the water vapor from the nanopowders pressed
in advance is difficult that leads to an increase in the gas pressure inside the micropores and, as a
consequence, to the formation of large macropores at elevated temperatures. The second factor
promoting the macropore formation can be more intensive diffusion of hydrogen in the
nanostructured HTAs. The investigations of the chemical composition have shown the hydrogen
concentration in the samples sintered from the nanopowders reaches 83-97 ppm (Ts = 1450-1500 °C)
while in the samples sintered from the coarse-grained powders, the hydrogen concentration varied
from 2.6 to 11 ppm.
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Table 2 presents the results of investigations of the density and mean grain sizes for the W-7%Ni-
3%Fe alloy samples sintered in hydrogen at different temperatures. Fig. 7 presents the microstructure
of the HTA samples sintered in hydrogen from the coarse-grained powders and nanopowders.

Table 2. Microstructure characteristics and mechanical properties of the W-7%Ni-3%Fe alloy samples
obtained from the nanopowders by sintering in hydrogen.

Characteristics of alloy obtained from coarse- Characteristics of alloy obtained from
grained powders nanopowders
Ts, °C P, dl Go, Gy, HVI YSI HI P, dl Go, Gy, HVI YS, HI

g/em* pm MPa MPa GPa MPa mm g/m* pym MPa MPa GPa MPa mm
1250 1794 5-10 520 1150 42 1830 3.8 1779 13 960 1540 79 1900 5.1
1300 18.02 ~5-10 460 990 42 1700 4.15 1793 1-3 1000 1340 7.5 2050 4.68
1350 1806 ~10 290 790 41 1650 423 1795 13 860 1200 72 1870 3.72
1400 1814 ~20 230 740 40 1640 4.05 1749 35 300 740 69 1500 3.1
1450 18.11 4045 220 600 3.8 1590 37 17.05' ~10 - - 6.5 - -
1500 1806 ~50 200 690 3.6 1580 3.2 16.87! -~22 - - 6.2 - -

! The density was measured by measuring the mass and geometrical sizes of the samples.

Figure 7. Microstructure of W-7%Ni-3%Fe alloy sintered from coarse-grained (a, ¢, e) and
nanopowder (tuesm = 20 min) (b, d, f). Sintering temperature Ts = 1250 °C (a, b), 1400 °C (c, d).

The analysis of the results presented shows the increasing of the sintering temperature up to
1250 and 1400 °C to result in a smooth increase in the mean tungsten particle sizes up to ~1 um and
~3-5 um, respectively (Fig. 7b, d). The mean grain sizes in the samples sintered from the nanopowders
were less than the ones in the samples sintered from the coarse-grained powders but the alloy
microstructure was nonuniform enough.
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The macroscopic inhomogeneities of the specimen microstructure were observed at the initial
stages of sintering at the sintering temperatures 1150-1200 °C (Fig. 8a, b). The presence of such
inhomogeneities may be caused by the presence of large agglomerates in the nanopowders after
HEBM. The degree of the structure inhomogeneity decreases with increasing sintering temperature
(Fig. 8c).

(a) | (b)

Figure 8. Microstructure of the W-7%Ni-3%Fe alloy sintered from the nanopowder (tresm =20 min) at
the temperatures 1150 °C (a), 1200 °C (b), and 1400 °C (c).

The XRD phase analysis results shows the increasing of the sintering temperature to result in an
increase in the intensity of the a-W XRD peaks; the asymmetry and the broadening of the peaks
decrease essentially.

The increase in the mean grain sizes with increasing HTA sintering temperature from 1250 °C
up to 1400 °C leads to worsening of the mechanical properties of the alloy — the hardness decreased
from 7.9 down to 6.9 GPa, the macroelasticity stress — from 960 down to 300 MPa, and the yield
strength — from 1370 down to 620 MPa. Note that the mechanical properties of the samples sintered
from the nanopowders at Ts = 1250 and 1300 °C were better considerably than the ones of the samples
sintered from the coarse-grained powders (Table 2). Further increasing of the annealing temperature
(over 1350 °C) leads to a considerable decrease in the differences in the mechanical characteristics of
the samples sintered from the coarse-grained and nanopowders.

3.3. Spark Plasma Sintering

Fig. 9 presents the temperature curves of the shrinkage (Fig. 9a, b) and the ones of the shrinkage
rate (Fig. 9c, d) of the nanopowders. Table 3 presents the results of investigations of the
microstructure, density, and mechanical properties of these ones.
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Figure 9. Temperature curves of shrinkage (a, b) and shrinkage rate (c, d) for the W-7%Ni-3%Fe
nanopowders after HEBM (a, c), and after HEBM and annealing in hydrogen (b, d).

Table 3. Microstructure characteristics and mechanical properties of the W-7%Ni-3%Fe alloy samples
obtained by SPS from nanopowders (Ts = 1200 °C).

Characteristics of alloy obtained from non- Characteristics of alloy obtained from annealed
annealed nanopowders nanopowders
tHEBM, P, d, oo, oy, Hv, Ys, H, P, d, oo, Oy, Hy, Ys, H,
min g/em® pm MPa MPa GPa MPa mm g/em* pm MPa MPa GPa MPa mm

0 1697 13 920 1850 4.2 - 49 1702 12 1050 1930 4.3 - 5.1
5 l6.64 09 1330 2160 45 2280 58 1679 1.0 1400 2270 48 2350 5.1
10 1645 0.8 1450 2180 4.7 - 57 1692 0.7 1520 2310 49 - 54
20 1568 0.7 1500 2370 4.8 - 57 1631 06 1610 2350 53 - 6.6

40 1678 0.7 1480 2350 4.7 2480 56 1704 0.6 1530 2320 49 2630 6.1

The analysis of the curves L(T) presented in Fig. 9a shows the intensive shrinkage of the
nanopowders to begin at lower temperatures as compared to the initial coarse-grained powders. The
increasing of the HEBM time from 5 up to 20 min leads to a shift of the temperature of beginning of
the intensive shrinkage stage from ~780-800 °C down to ~720 °C with simultaneous increase in the
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maximum shrinkage Lmax from ~2.6-2.7 mm up to 3.6-3.7 mm. The temperature of the end of the
intensive shrinkage stage increases weakly with increasing tuesm from 5 up to 20 min. Further
increasing of the HEBM time up to 40 min leads to an increasing of the temperature of beginning of
the intensive shrinkage stage up to ~750 °C and to decreasing of Lmax down to ~3.0-3.1 mm. Similar
character of the dependence Lmax(ttesm) was observed for the annealed nanopowders (Fig. 9b).

As one can see in Fig. 9b, the increasing of the HEBM time leads to a shift of the curve S(T)
towards lower temperatures and to an increase in the maximum shrinkage rate Smax. As one can see
in Fig. 9b, the maximum shrinkage rate for the coarse-grained powders was observed at the
temperatures ~1060-1080 °C; the shrinkage rate at that was Smax ~102 mm/s. The increasing of the
HEBM time up to 20-40 min leads to increasing of Smax up to ~(1.1-1.2) 102 mm/s and to decreasing of
the temperature corresponding to the maximum of the curve S(T) up to 850-890 °C. In the case of the
annealed nanopowders, the maximum shrinkage rate Smax ~(1.3-1.4) 102 mm/s was observed at the
sintering of the nanopowders subjected HEBM for 20 min.

The annealing in hydrogen affects the curves L(T) essentially and, to less extent, the curves S(T).
Comparing Fig. 9a and Fig. 9b shows the annealing in hydrogen to result in an increasing of the
shrinkage of the initial coarse-grained powders. The scale of increasing of the maximum shrinkage
Lmax for the annealed nanopowders was ~0.1-0.15 mm and depended on the HEBM time weakly. The
annealing of the nanopowders in hydrogen leads to an insufficient decrease in the temperature
corresponding to the maximum of the curve S(T) and to weak increasing of the maximum shrinkage
rate Smax.

It is interesting to note that the densities of the samples depend on the HEBM time non-
monotonously. As one can see from Table 3, the increasing of tuesm from 0 up to 20 min leads to a
decrease in the density from 16.97 down to 15.68 g/cm3. After HEBM for 40 min, the densities of the
samples increased up to 16.78 g/cm?. The dependence of density on the HEBM time for the samples
sintered from the annealed nanopowders has similar character. It should be stressed here that the
annealing resulted in an increase in the densities of the sintered samples in ~0.1-0.2 g/cm?.

The analysis of the results presented in Table 4 shows the increasing of the HEBM time leads to
a decrease in the mean grain sizes in the alloys sintered at 1200 °C. The mean grain sizes in the alloys
sintered from the annealed and non-annealed powders were close to each other (Fig. 10).
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Figure 10. Microstructure of the W-7%Ni-3%Fe alloy obtained by SPS at 1200 °C from non-annealed
(a, ¢, e) and annealed (b, d, f) nanopowders. HEBM time: (a, b) 0 min; (¢, d) 10 min; (e, f) 40 min.

The HTAs obtained by SPS have a uniform enough microstructure (Fig. 10, 11), which few large
grains are present in. These grains are the recrystallized microstructure areas with minimal y-phase
content (Fig. 11). Such large grains were observed in the samples obtained from the nanopowders
with tuesm > 10 min most often. The volume fraction and sizes of the abnormally large grains in the
samples sintered from the annealed nanopowders were smaller considerably than the ones in the
samples sintered form the non-annealed nanopowders (Fig. 10). This result allows suggesting the
presence of the agglomerates after HEBM and increased oxygen concentration in the nanopowders
to be the most probable origins of the appearing of the abnormally large grains.
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Figure 11. Microstructure of the samples obtained by SPS from the annealed (a) and non-annealed (b)
nanopowders after HEBM (tuesm = 40 min). The areas with the abnormally large grains in the
microstructure of the W-7%Ni-3%Fe alloy obtained by SPS at 1200 °C from non-annealed (c, d, e) and
annealed (f) nanopowders: (c) tuesm = 10 min, (d) txesm = 20 min; (e, ) taesm = 40 min.

Fig. 12 presents the results of XRD phase analysis of the samples obtained by SPS from the
nanopowders. The analysis of the XRD curves presented shows the broadening of the a-W peaks in
the sintered samples to be much lower than the one in the nanopowders after HEBM. The asymmetry
of the a-W XRD peaks in the sintered samples was absent while the peak positions 2@max was shifted
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towards smaller diffraction angles as compared to the one in the nanopowder. No essential
differences in the characteristics of the (110) a-W peaks for the samples sintered from the
nanopowders subjected to HEBM of different times were observed (Fig. 12b, 12c). This evidences the
intragranular stresses formed in the tungsten powders during HEBM to relax in the course of

sintering.
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Figure 12. Results of XRD analysis of the W-7%Ni-3%Fe alloy obtained by SPS at 1200 °C. Effect of
the HEBM time on the parameters of the (100) a-W peak in the samples sintered from the non-
annealed (a) and annealed nanopowders (b).
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The low-intensity y-phase peaks are visible in the XRD curves of the sintered samples. Such
peaks were absent in the XRD curves of the nanopowders after HEBM (Fig. 12b, c). The characteristics
of the XRD peaks from the y-phase almost do not depend on the HEBM time (Fig. 12b, c).

4. Discussion

The nonmonotonous dependence of the density of the samples obtained by SPS on the HEBM
time (Fig. 13) is one of the most interesting results obtained in the present work. The decrease in the
alloy density from 98.4% down to 90.9% for the samples sintered from the non-annealed
nanopowders and from 98.7% down to 94.6% for the ones sintered from the annealed nanopowders
was observed when increasing HEBM time from 0 up to 20 min.
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Figure 13. Dependencies of relative density of the W-7%Ni-3%Fe alloy sintered at 1200 °C on the
HEBM time: (1) — densities of the samples sintered from the non-annealed nanopowders; (2) —
densities of the samples sintered from the annealed nanopowders.

Note that large pores were absent in the microstructure of the sintered samples. The comparison
of the microstructure of the samples sintered from the coarse-grained powders and from the
nanopowders after tuesm = 20 min (Fig. 8, 9) did not reveal any essential increase in the sizes and
volume fraction of the pores. So far, one can conclude that the decrease in the density of the alloy
sintered from the nanopowders originates not from the increase in the volume fraction of the pores
but from other factors. This conclusion is supported indirectly by the analysis of the curves L(T) and
S(T) presented in Fig. 7. As it has been shown above, the maximum values of the shrinkage Lmax and
of the shrinkage rate Smax were observed in the case of SPS of the powders subjected to HEBM for 20
min.

To answer the question of the origin of the non-monotonous dependence of the density on the
HEBM time, let us analyze the SPS mechanisms of the W-Ni-Fe nanopowders. First, it is worth noting
that the characteristic sintering temperature Ts = 1200 °C is ~0.4Tmw) and, according to [54], the
diffusion intensity and the strain rate in tungsten are very low. (Here Tmw) = 3695 K is the melting
point of tungsten [54]).

As one can see in Fig. 9a, b, the curve L(T) has usual three-stage character: the shrinkage of the
nanopowders is finished almost completely within the intensive shrinkage stage (Stage II) in the
temperature range from 750-800 °C to 1000-1050 °C. The intensity of shrinkage of the nanopowders
within the third stage of sintering (Ts > 1000-1050 °C), which the grain growth occurs at often is very
low.

The analysis of the compaction kinetics of the nanopowders at Stage II can be made using Young-
Cutler model [55] developed for the analysis of the compaction curves of the fine-grained powders
in the continuous heating regime. The Young-Cutler model [55] describes the initial stage of non-
isothermic sintering of spherical particles in the conditions of simultaneous volume and grain
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boundary diffusion as well as plastic deformation processes. According to [55], the slope of the
dependence In(T0e/0T) — Tm/T corresponds to the effective activation energy of the non-isothermic
sintering process mQs2 where m is a numerical coefficient depending on the diffusion mechanism, Tm
= Tmevi) = 1723 K is the melting point of the y-phase [1, 2]. The magnitude of m = 1/3 for the case of the
grain boundary diffusion, m = 1/2 for the case of the volume diffusion in the crystal lattice, m =1 for
the case of the creep of the material [55].

The dependencies In(T-0¢/0T) — Tm/T are presented in Fig. 14. As one can see in Fig. 14, the
dependencies In(T-0e/0T) — Tm/T have usual two-stage character that confirms the correctness of
application of the Young-Cutler model to analyze the sintering kinetics of the W-Ni-Fe alloy. The
values of the effective sintering activation energy at the intensive shrinkage stage (mQ)s2) are presented
in Table 4. The mean uncertainty of determining the activation energy mQs was £0.2 KTm.
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Figure 14. Dependencies (T-0¢/0T) — Tm/T for the W-7%Ni-3%Fe alloy. Analysis of the compaction
mechanisms of the non-annealed nanopowders at Stage II.

Table 4. SPS activation energies of nanopowders W-7%Ni-3%Fe

Nanopowders after HEBM Nanopowd.ers ?fter HEBM
and annealing in hydrogen
Stage 11 Stage III Stage 11 Stage III
tueBM,
min szz, m Qsz, QSS, szz, m Qsz, QsS,
0 3.9 1/3 11.7 /167 16.1 /230 3.2 1/3 9.6/137 17.2 /246
5 6.5 6.5/93 17.8 /255 5.9 59/84 15.4 /221
10 6.0 1 6.0/86 19.1/273 49 1 49/70 14.7 /210
20 5.2 52/75 18.9 /271 4.6 4.6 /65 15.8 /226
40 7.0 7.0 /100 19.2 /275 6.4 6.4/92 16.8 /240

In the case of the coarse-grained powders, the magnitude of the effective SPS activation energy
mQs2 was close to the activation energy of the grain boundary diffusion in nickel (Qeni = 115 kJ/mol
[54]) at m = 1/3. This allows suggesting the kinetics of high-speed sintering of the coarse-grained
powders W-7%Ni-3%Fe at the intensive shrinkage stage to be controlled by the intensity of the grain
boundary diffusion in the y-phase.

A good correspondence of the SPS activation energy of the nanopowders to the data on the
activation energy of the diffusion processes reported in the literature was observed for m = 1 (Table
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4). The value of m =1 allows concluding the sintering kinetics of the nanopowders W-7%Ni-3%Fe to
be determined by the Coble creep intensity. This conclusion agrees qualitatively with M.F. Ashby
deformation-mechanism maps [54], in which the SPS regimes used in the present work correspond
well to the creep area for nickel (stress ¢ = 70 MPa ~ 9-10“G where G = 78.9 GPa [54] is the shear
modulus for nickel, temperature 1200 °C). In our opinion, large lengths of the grain boundaries in the
sintered materials is the origin of the realization of Coble creep mechanism in SPS of nanopowders
since no intensive grain growth takes place at this sintering stage yet. Note also that the decreasing
of the grain sizes would lead to an essential increase in the creep rate in the metal materials [56]. Note
also that Coble creep is one of main compaction mechanisms in SPS of WC [57], WC-Co [58,59], and
YAG:Nd-W [60] nanopowders.

Note that sometimes lower values of the activation energy of the grain boundary diffusion in
fine-grained nickel are reported in the literature as well. In particular, the creep activation energy of
110-115 kJ/mol and the activation energy of the grain boundary diffusion of ~66 kJ/mol were reported
for ultrafine-grained nickel with the grain sizes 0.3-0.5 um [61].

The annealing of the nanopowders in hydrogen leads to a decrease in the SPS activation energy
(Table 4). In our opinion, it originates from, first of all, the reduced concentration of oxygen adsorbed
on the nanopowder particle surfaces. This leads to an increase in the diffusion creep rate in the
nanopowders W-7%Ni-3%Fe at elevated temperatures. Thin tungsten oxide layers, which can form
on the W nanoparticle surfaces when heating in vacuum can be another origin of decrease in the
creep rate. The oxide nanoparticles located at the tungsten grain boundaries can lead to a decrease in
the creep rate at the second SPS stage.

In the high temperature range, the slope of the dependence In(T-0¢/0T) — Tnm/T (Fig. 14) becomes
negative. It means that one has to use another approach to estimate the sintering activation energy in
the higher temperature range. According to [62], one can estimate the activation energy at this stage
using the model of diffusion dissolving of pores located near the grain boundaries in the fine-grained
materials. The correctness of application of this procedure was demonstrated earlier in [45,60,63,64].
The activation energy at the non-isothermic sintering stage Qs3 can be determined from the slope of
the dependence p(T)/pw in the double logarithmic axes In(In(o.-p/pw/(1-p/ptn)) — Tm/T where a is the
coefficient of compaction when pressing (o = 0.45 for nanopowders a-W) (Fig. 15). The mean
uncertainty of determining the activation energy Qs was +1.5 kTm. The calculated values of Qs are
presented in Table 4. For the annealed nanopowders, the value of Qs was ~2-3 kTm less than the one
for the mechanically activated nanopowders.
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Figure 15. Dependencies In(In(a.-p/pw/(1-p/pwm)) — Tm/T for non-annealed nanopowders W-7%Ni-
3%Fe.

The calculated values of the SPS activation energy correspond well to the activation energy of
heterodiffusion of the tungsten atoms in the y-phase (taking into account the corrections for the
decrease in the activation energy of the grain boundary diffusion in the fine-grained materials [65]).
Available data on sintering activation energies of W-Ni-Fe tungsten alloys give dramatically different
values; Qs for W-8.4Ni-3.6Fe alloy is 250 k]J/mol according to [66], whereas reference [67] gives Qs =
367 kJ/mol for W-8.4Ni-3.6Fe alloy and 480 kJ/mol for 95W-3Ni-2Fe. In [68], the SPS activation energy
for the fine-grained alloy W-5.6%Ni-1.4%Fe was shown to depend on the heating rate — at V < 30
°C/min the magnitude of Qs = 454 kJ/mol, at V > 200 °C/min the magnitude of Qs = 200 kJ/mol. The
diffusion activation energy for 'W in nickel crystal lattice is Qv ~268-309 kJ/mol [8,69]. In the cases of
the volume diffusion in the Ni-W system and in the y-Fe-W one, the values of Q. are 295-306 kJ/mol and
268 kJ/mol, respectively [70,71]. So far, one can conclude the compaction of the W-Ni-Fe nanopowders
at high temperatures to be determined by the intensity of the heterodiffusion of the tungsten atoms in
the crystal lattice of the y-phase.

Summarizing the results of analysis, one should stress that the intensive shrinkage of the
mechanically activated nanopowders W-7%Ni-3%Fe goes at low temperatures and is characterized by
small values of compaction activation energy. In our opinion, low activation energy of sintering in
nanopowder materials is the origin of the reduction of the activation energy of sintering of the W-Ni-
Fe nanopowders.

According to the theory of the nonequilibrium grain boundaries [65], the increasing of the free
(excess) volume of the grain boundaries Aa is the origin of the decrease in the activation energy of the
grain boundary diffusion in the strongly deformed fine-grained metals and alloys. The magnitude of
Aa is proportional to the density of orientation mismatch dislocations (OMDs) captured by the grain
boundaries during severe plastic deformation. In the course of HEBM, the grinding of the y-phase
particles with the FCC lattice is difficult due to high ductility of these ones. In the course of HEBM, the
grinding of the y-phase particles and the accumulation of the OMDs at the grain boundaries take
place [65]. The diffusion permeability of the y-phase grain boundaries after HEBM appears to be higher
than the one of “conventional” grain boundaries in the y-phase formed during sintering individual y-
phase particles to each other. The enhanced diffusion permeability of the nonequilibrium grain
boundaries to accelerated diffusion of the tungsten atoms in the y-phase, and to enhanced Coble creep
rate. These factors will lead to a decrease in the SPS activation energy of the nanopowders W-Ni-Fe.
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The second factor promoting the decrease in the activation energy of the SPS of nanopowders
can be the nonequilibrium state of their crystal lattice.

As it has been shown above, the asymmetric distortion of the (110) a-W XRD peak towards
higher reflection angles after HEBM was observed. In our opinion, it means that the crystal lattice
constant in the surface layers of the W particles appears to be smaller than the one in the central parts
of the W particles. So far, the asymmetry of the (110) a-W XRD peak originates from the increase in
the concentrations of the Ni and Fe atoms in the surface layers of the a-W particles. the concentrations
of the Ni and Fe atoms in the surface layers of the o-W nanoparticles and from the increase in the
concentration of the W atoms in the y-phase particles with the nonequilibrium grain boundaries.

Tungsten is known to have a high solubility in nickel. At elevated temperatures, the concentration
of the W atoms in the y-phase can reach 25-28% [4]. Partial dissolving of the a-W nanopowders in the
y-phase takes place during sintering that leads to a decrease in the density of the sintered W-Ni-Fe
samples. This process can be accelerated by larger specific surface area of the a-W nanoparticles,
strong distortion of the crystal lattice in the surface layers of the a-W nanoparticles, and high
diffusion permeability of the y-phase nonequilibrium grain boundaries.

Now, let us consider the origins of the non-monotonous dependence of the density of the W-
7%Ni-3%Fe alloy on the HEBM time (Fig. 13). This effect was observed, in particular, for the
nanopowders annealed in hydrogen and, consequently, its nature is not related to the oxidation of
the nanopowders in the course of storing.

The primary origin of the decrease in the alloy density is the strain-stimulated dissolving of the
W atoms in the y-phase lattice during HEBM. This effect can have a considerable scale for the W-
7%Ni-3%Fe alloy since the volume fraction of the y-phase in this alloy exceeds 20%. The increasing
of the HEBM time lead to an increase in the volume fraction of the tungsten particles dissolved in the
y-phase. The decrease in the initial density of the W-Ni-Fe nanopowders would lead to a decrease in
the final density of the alloy at given sintering regimes provided all other conditions being equal.

It is worth noting that the acceleration of the grain boundary diffusion processes and the increase
in the creep rate should lead to an increase in the rate of solid phase sintering of the W-Ni-Fe
nanopowders. This effect would compensate partly the negative effect of HEBM on the density of the
W-7%Ni-3%Fe alloy.

The question of the origins of the increase in the SPS activation energy at long HEBM times (tresm
=40 min) is more complex. In our opinion, this effect is caused simultaneously by three factors.

First, it is worth noting that the intensity of the strain-induced dissolving of the tungsten
particles can decrease at long HEBM times due to the achievement of the solubility limit of W in the
y-phase. In this case, the increasing of the HEBM time leads to an increase in the creep rate due to an
increase in the nonequilibrium degree of the grain boundaries in the y-phase and a decrease in the
grain sizes in the alloy.

The analysis of the XRD phase analysis results shows that the micro-strain of the a-W crystal
lattice begins to decrease after 40 min of HEBM (Fig. 5b). This effect can originate from the decrease
in the concentrations of the Ni and Fe atoms in the surface layers of the o-W nanoparticles as well as
from the decrease in the dislocation density in the o-W particles. The heating of the powders during
HEBM is the most probable origin of this effect. The increase in the temperature during HEBM will
reduce the distortion degree of the a-W crystal lattice and, as a consequence, the tendency of the
nanoparticles to dissolving in the strongly deformed y-phase. It will lead in an increase in the density
of the tungsten alloy.

The increase in the density of agglomerates after 40 min of HEBM is the third probable origin.
The increase in the density of agglomerates can originate from the intensive plastic deformation of
the tungsten nanoparticles during HEBM as well as from the heating of the samples. The increase in
the packing density of the nanoparticles inside the agglomerates will lead to an increase in the initial
density of the powder composition W-Ni-Fe and, as a consequence, will provide an opportunity to
achieve a higher final density of the tungsten alloy when sintering in the same conditions.

Finally, let us discuss briefly the results of investigations of the mechanical properties of the
HTAs. As one can see in Fig. 16a, the dependencies of hardness and yield strength on the grain size
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can be described by Hall-Petch relation with a good accuracy. Traditionally, the dependence of the
strength characteristics on the grain size in the coarse-grained HTAs is suggested to have more
complex character. In particular, the magnitudes of the ultimate strength and of the yield strength in
the tension tests depend strongly on the volume fraction of the y-phase particles as well as on the
relations of the lengths of the intergranular boundaries W-W and the ones of the interphase
boundaries W-y [5,11,31,32]. The realization of Hall-Petch effect in the ultrafine-grained HTAs can be
a consequence of considerably greater lengths of the grain boundaries that leads to the proportional
decrease in the sizes (thicknesses) of the interphase boundaries a-W - y-phase.
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Figure 16. Analysis of investigations of the mechanical properties of the HTAs 90%W-7%Ni-3%Fe: (a)
dependencies of the hardness and of the yield strength on the grain size; (b) dependence of Hall-Petch
coefficient on the grain size. Analysis of the results presented in Table 2 and 3.

Knowing the magnitudes of the yield strength oy, of the macroelasticity stress o, and of the grain
size d one can calculate Hall-Petch coefficient according to the formula Kur = (oy - c0)-d'? for each
alloy reflected in Table 2 and 3. Fig. 16b presents the dependence of Kur on the grain size. As one can
see in Fig. 16b, the increasing of the sintering temperature and the grain growth lead to an increase
in Hall-Petch coefficient. The maximum magnitudes of Kur were achieved in the HTAs sintered at
1450 and 1500 °C (Table 2). In our opinion, this evidences an increase in the adhesion strength of the
interphase boundaries with increasing sintering temperature. The increasing of the concentration of
the W atoms in the y-phase can also contribute additionally into the increase in Kur.

No essential differences in the magnitudes of Kup for the alloys obtained from the non-annealed
and annealed nanopowders were observed. This allows suggesting the differences in the strength
characteristics of the HTAs observed to originate from, first of all, the differences in the grain sizes.

5. Conclusions

1. High Energy Ball Milling (HEBM) of the W-Ni-Fe powders leads to grinding of the tungsten
particles and to formation of supersaturated solid solution of W atoms in the y-phase. After the
HEBM, the W nanoparticles have a core — shell structures, which have high concentrations of Ni and
Fe atoms in the surface layers of the a-W nanoparticles. This leads to broadening and asymmetry of
the a-W XRD peaks.

2. The SPS kinetics for initial fine powders W-7%Ni-3%Fe is governed by the intensity of grain
boundary diffusion in the y-phase. SPS was shown to allow obtaining the samples with increased
density, small grain sizes (~1.2-1.3 um), and increased hardness (4.2-4.3 GPa) as compared to the
samples obtained by conventional sintering the fine-grained powders in hydrogen.
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3. The SPS kinetics of the nanopowders has two-stage character owing to intensive diffusion
Coble creep in the low temperature range and intensive diffusion of W atoms in the crystal lattice of
the y-phase at elevated temperatures. The SPS activation energy in the low heating temperature range
is small that originates from the nonequilibrium state of the grain boundaries in the y-phase with an
increased density of defects arising during the HEBM. The recrystallization process in the y-phase is
a possible origin of the change of the diffusion mechanism responsible for the intensity of the
nanopowder compaction process in SPS.

4. The relative density of HT As obtained by SPS was shown to depend on the HEBM time non-
monotonously (with a minimum). It was suggested that the effect of reduction of the density is caused
by the formation of strongly supersaturated solid solutions of Ni and Fe in the tungsten particles.

5. Annealing the nanopowders in hydrogen was shown to result in a decrease in the sintering
activation energy and in an increase in the density of the sintered HTAs. It originates from the
decreasing of the oxygen concentration in the nanopowders and an increasing of the Coble diffusion
creep rate in SPS.

6. The dependencies of the yield strength and of the hardness on the grain size is described by
Hall-Petch equation with a good accuracy. The maximum values of Hall-Petch coefficient were
observed for the alloys sintered in hydrogen at elevated temperatures (1450, 1500 °C). This originates
from a high adhesion strength of the interphase boundaries as well as probably from the increased
concentration of the tungsten atoms in the y-phase.
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Appendix A

Table Al. Microstructure parameters and mechanical properties of HT As obtained by SPS / FAST

SPS modes Characteristics of the HTA
Ref. Alloy (wt.%) Ts, Vv, P, ts, Density d Mechanical Note 2
°C_ °C/min MPa min (p) o Hm properties !
. 1200- 16.78 84.3 HRA Ro=120 nm
[22] W-4Ni-2Co-1Fe 1400 - 30 6 g/cm® 0.34 e = 968 MPa tHEBM = 15. h, 226
r/min
Ro=6 nm
16.3 tuesm =40 h, 226
[23] W-5.6Ni-1.4Fe 1230 90 50 0 g/cm3 0.72 No data rpm.
(~92%) Add: Ni2W4C,
FesWeC
[24] W-5.6Ni-1.4Fe 1410 90 30 0 99.4% ~2 No daa Ro=2.44 pm
oy = 1050 MPa
[25] W-5.6Ni-1.4Fe 1360 380 30 0 94.8% 6.0 ob = 1580 MPa Ro=2.44 ym
418 HV1
[26] W-5.6Ni-1.4Fe 1400 105 30 2 08% 44 O 1700MPa -

418 HV:1
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lic heat treatment 1400 °C  ~98% ¢ v 1780MPa
+ O ~ ~
CyC 1C heat treatmen () 489 HV:
Ro=1-3 pm ?
=1020 MP
[27] W-7Ni-3Fe 1150 100 50 8  9612%  5-10 %6 5 6(9) Igg[A @ tuem=5h, 266 rpm.
Add: WC, NiW
[28] W-5.6Ni-1.4Fe 1320 90 30 045  ~96% 47 No data Ro=2.44 um
Ro=1-3 pm ?
tuesm = 40 h, 800
[29] W-2Mo-7Ni-3Fe 1200 100 50 8  9642% 45 (”’7; szzﬂlg a rpm.
‘ Add: NiW, N2W:C,
WC
oy = 586 MPa
W-8Ni-2Fe 80.84% 1020  ob=975MPa
63 HRA
oy =784 MPa
W-8Ni-2Fe-6Mo 84.61% 520  ob=1025MPa
65 HRA
oy =825 MPa Doo =6.3 um?
[30] W-8Ni-2Fe-12Mo 1000 100 30 0  8634% 1020 o»=1120MPa  tussm=40 h, 260
68 HRA rpm
oy =950 MPa
W-8Ni-2Fe-18Mo 9312% 1020 ov=1160 MPa
72 HRA
oy =998 MPa
W-8Ni-2Fe-24Mo 9425% 1520  ov=1250 MPa
75 HRA
. o oy =475 MPa
W-7Ni-3Fe 6857%  11.45 138 HVos
N AT o oy =497 MPa
W-7Ni-3Fe-0.25La20s 87.95%  10.66 257 HVos N
B 90 =6.2 pm
[31] W-7Ni-3Fe-0.50Laz0s 1100 100 30 2 7es3% 976 O SR MPa . =30min (in
370 HVos
v = 952 MPa the mortar)
. o y =
W-7Ni-3Fe-0.755La20s 7551%  8.88 297 11Vos
, s oy = 1110 MPa
W-7Ni-3Fe-1La:0s 70.44%  7.89 533 HVos
7Ni-3Fe-0.5Si . o 0y=1068 MPa
W-7Ni-3Fe-0.55iC 9395% 1020 % V"
W-7Ni-3Fe-15iC 9098% 520 4:521}({)\1,\4% Ro=10 pm ?
0.5
[32] 1400 100 50 5 708 MPa tuesm = 1 h + pressed
. . o ~ Oy =
W-7Ni-3Fe-1.55iC 85.05%  5-20 530 HVos 600 MPa
. . o oy =729 MPa
W-7Ni-3Fe-25iC 82.86%  5-10 et HVos
=954.5 MP
1000 ~93% <1 % 03 LA 4 Re=2327um?
[33] W-7Ni-3Fe 100 50 8 ‘ tresm = 40 h, 266
1250 87% 35 O7236MPa rpm
63.8 HRA
ob =595 MPa
1000 90.68%  ~2 Ro=1-3 um 3
W-2Mo-6Ni-2.5Fe ° 76.14 HRA 0=1-3 pm
B4 oo 100 50 8 Closongpa | HEM=20h,220
=0 1250 9893% 54 O a rpm
71.43 HRA
oy = 686 MPa
W-5.6Ni-2.4Fe ~84.8% 123  ©i=975MPa Ro=10 pm
[35] 1400 100 30 - 385 HVos tresv =1 h
=770 MP - Ni-
W-5.6Ni-2.4Fe-0.5Co 93365 1156 O /70MPa Add: Ni-W

ot=961 MPa
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455 HVos
oy = 1300 MPa
W-5.6Ni-2.4Fe-1Co ~90.5% 9.48 ot= 1508 MPa
467 HVos
oy = 1080 MPa
W-5.6Ni-2.4Fe-1.5Co ~87% 9.68 ot = 1330 MPa
471 HVos
oy = 1000 MPa
W-5.6Ni-2.4Fe-2Co ~83% 11.1 ot = 1256 MPa
499 HVos
. ot =890 MPa tuesm=4 h,
[36] W-21Ni-9Fe 1250 100 40 4 98.6 ~10 25.6 HRC 400 rpm
Ro=100 nm?3
. 1050- ob =987 MPa
[37] W-5.6Ni-1.4Fe 1100 100 50 5 98.12 0.871 843 HRA taeeM = 6 h,
300 rpm
Ro=1-3 ym?3
. ob=390.1 MPa tuesm =40 h,
[38] W-2Mo-7Ni-3Fe 1150 100 50 8 No data ~2 69-70 RA 266 rpm
Add: Ni2W4C

! ots — transverse rupture strength, o» — bending strength, oy — yield strength, ot — tensile strength.
2 Ro is the initial particle size, Add - there are auxiliary phases in the specimens.
3 the initial particle size of the a-W.
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