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Abstract. This paper presents the effects of rotary swaging and strain ageing on mechanical 
properties and microstructure of P/M 91W-6Ni-3Co alloy. The investigation was performed 
on cold rotary swaging rods with 10, 20 and 25% reduction in area and strain-aged at 
temperature from 300 to 8000C for 60, 180 and 360min. Tensile and toughness testing of 
rotary swaging rods showed that increase in the reduction resulted in intensive 
strengthening and rather moderate toughness lowering. The results demonstrate that, for 
this cold rotary swaging alloy, there is a temperature range from 500 to 6000C for 60min in 
which the maximum ultimate strength and hardness may be attained.  
 
 
Introduction 
The mechanical properties of the W-Ni-Co alloys are higher than in the case of the W-Ni-
Fe alloys. For extremely demanding applications, even higher mechanical properties are 
obtainable from the W-Ni-Co system with nickel to cobalt ratios ranging from 2 to 9 [1-4]. 
The cooling rate from the temperature of liquid-phase sintering influences the formation of 
brittle intermetallic phases (Co3W and Co7W6, Ni4W, NiW, NiW2) and carbides (M6C, 
M12C) [1,3,5,6]. A more successful approach to achieve higher level of strength and 
hardness involves cold worked alloys up to 40% reduction in area and annealing at 3500C - 
5500C for 60 to 120 min. This behavior of the heavy alloys is caused by the strengthening 
with W and nickel-based solid solution (γ-phase). Beside, the effect of the W-phase on 
strain ageing is predominant in comparison with the γ-phase [2-6]. The gradual softening of 
these alloys, after ageing over 7000C, is caused by a synergistic effect on softening of both 
structure constituents provoked by recrystallization of the γ-phase and partial softening or 
recovery of the W-phase [2-6]. 

The aim of this study was to examine the effects of rotary swaging and ageing treatment 
on structure and mechanical properties of the 91W-6Ni-3Co tungsten heavy alloy. 
 
 
Experimental 
Tungsten heavy 91W-6Ni-3Co alloy was prepared by mixing elemental powders of W, Ni 
and Co. The mixed powders were isostatically cold pressed at 200 MPa and liquid-phase 
sintered at 1480 oC for 1h as cylindrical rods. After heat treatment at 1150 oC for 2 h rods 
were machined in 39mm round specimens. These rods were produced by “Woksal” 
company, Užice. The chemical composition was determined by an atomic absorption 
spectrophotometer (AAS) and it is presented in Table 1. 
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Table 1. Chemical compositions of examined alloy (in mass%) 

W Ni Co Fe Cu Pb Cr Al Mn Ca Mg K 
90.03 6.82 2.97 0.064 0.011 0.004 0.017 0.002 0.001 0.07 0.004 0.006 

 
Specimens were cold worked by rotary swaging on vertical GFM equipment with four 

hammers. All rods were preheated from 450 to 5000C in a heat-resistant air furnace. The 
rotary swaging step was 70 mm/min. The hammer stroke speed was 140 strokes/min. The 
achieved compression strains were 10, 20 and 25%. The swaged rods were annealed in air 
in a heat-resistant furnace. The furnace temperature was automatically controlled in a range 
of ± 5K. The samples were strain-aged under the following conditions: heating between 
300 and 8000C (heating time was between 60 and 360min) was followed by oil cooling. The 
heating rate was ≈ 100C/min. The oil temperature for cooling was set at 200C. 

The heavy alloy density was measured according to JUS C.A2.026 Standard. Round 
specimens with a gage length of 30mm was prepared for tensile test by machining 
according to JUS EN 10002-1 Standard. The tensile tests were carried out on the 200kN 
machine, with a tension rate of 1.2x10-5m/s. The 348 Nm Charpy pendulum equipped with 
an oscilloscope according to JUS EN 10045-1 Standard determined the impact energy. The 
dimensions of the unnotched specimens were 10x10x55mm. The Vickers hardness HV30 
was measured on the rod cross-sections. The microstructure of heavy alloy was analyzed by 
the optical microscope (OM) at the magnification of 150 and 300 times on mechanically 
grinded and polished samples. 
 
 
Results 
Results of density measurements have shown that there was no change in material density 
after the plastic deformation, i.e. the alloys density after deformation (10, 20 and 25%) 
remained the same as it was in the sintered condition - 17.6 g/cm3.  
 

Table 2. Mechanical properties of sintered-heat treated, swaged and strain aged heavy 
91W-6Ni-3Co alloys 

Sample ε, 
% Condition Rp02, 

MPa 
Rm, 

MPa Rm/Rp0.2
A3, 
% 

Z, 
% 

K, 
J HV30 

3.0 0 11550C/120min 
CW 817 1002 1.22 19.8 19.0 163 314 

23.1 10 RS 1142 1199 1.05 14.4 18.5 130 399 
3.10 20 RS 1157 1246 1.07 13.4 18.2 106 436 
23.3 25 RS 1284 1366 1.06 2.7 1.4 49 479 
3.11 20 3000C/180min CO 1174 1261 1.07 10.4 19.0 75 474 

23.2 10 5500C/60min 
CO 1319 1356 1.03 7.4 7.3 80 492 

21.1 20 5500C/60min 
CO 1401 1436 1.02 6.0 6.2 70 513 

23.4 25 5500C/60min 
CO / 1474 / 0.5 0.8 10 596 

*CW is cooled in water; RS is rotary swaged; CO is cooled in oil; ε is reduction in area. 
 

The mechanical properties of the sintered and swaged samples of the heavy 91W-6Ni-
3Co alloy are presented in Table 2. It is evident that strength and hardness increase, while 
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plasticity and impact energy decrease as an effect of rotary swaging. It is also evident that 
the Rm/Rp0.2 ratio decreases. Hardness variations within cross sections of rods as a 
function of applied strain are given in Fig.1. Hardness increases with the higher level of 
deformation as well as the difference in hardness between the central and the peripheral 
zone of rod. Whatsoever, hardness in peripheral zone of rod is higher than in central zone 
(Fig.1).  
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Fig. 1 Hardness distribution in the rod cross section of the sintered-heat treated and 
swaged rods after different reduction in area. 
 

The micrographs of sintered-heat treated and swaged (after ε=20%) samples are shown 
in Fig.2. After swaging the mean distance between W-grains was reduced, along with a 
small elongation of W-grains.  

The mechanical properties of the strain-aged samples of the 91W-6Ni-3Co alloy are 
presented in Table 2. It is evident that the strength and hardness of 21.1, 23.2 and 23.4 
samples increase, while plasticity and the impact energy decrease as an effect of ageing at 
5500C/60min in comparison with the cold rotary swaged samples. Besides that, the Rm/Rp0.2 
ratio decreases. It is also evident that the strength and hardness of 3.11 sample slightly 
increase and its plasticity and the impact energy decrease due to ageing at 3000C/180min.  
 

 
a b 

Fig. 2. Microstructure of 91W-6Ni-3Co alloys: a) sintered and heat treated at 11550C/120 
min/cooled in water; b) swaged, ε=20%. 
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Fig. 3. The influence of swaging reduction in area, ageing temperature and time on 
hardness 

 
Fig 3 shows the influence of swaging reduction (ε= 20% and 25%), strain-ageing 

temperature (3000C to 8000C) for the ageing time of 60min on hardness. It is evident that 
after ageing, the hardness of the samples has reached maximum value, which is in the 
temperature range from 500 to 6000C. On the other hand, for the sintered samples there was 
no change in hardness after ageing.  

The ageing time effect on hardness at constant temperatures of 3000C and 5000C was 
examined for the 3.1 samples and is presented in Table 3. The results of this examination 
show that the hardness of samples increases as an effect of ageing time only at 3000C. The 
microphotographs of the strain-aged samples are shown in Fig.4. There are no significant 
changes in the microstructure of the strain-aged samples in (6000C/60min and 8000C/60 
min) in comparison with the swaged samples (Fig.2a). 
 

Table 3. Influence of the strain-ageing time at the constant temperatures of 300 and 
5000C on hardness of  91W-6Ni-3Co alloy  

HV30 
τa, min Sample Ta, 0C RS 

60 180 360 
3.1 300 421-460 440 454-476 460 457-503 474 461-506 479 
3.1 500 450-475 459 524-553 532 522-538 533 528-543 534 

*Ta is the ageing temperature; RS is rotary swaged; τa is the ageing time. 
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a b 

Fig. 4. Microstructure of the strain-aged 91W-6Ni-3Co alloy: a) swaged, ε=20% and 
strain-aged at 6000C/60 min; b) swaged, ε=20% and strain-aged at 8000C/60min.  
 
 
Discussion 
Mechanical properties of the swaged heavy W-Ni-Co alloy depend essentially on the 
hardening in both structural constituents, tungsten grains (W-phase) and γ-phase [2,3]. The 
nonhomogeneous hardness distribution in cross section of swaged rod is due to 
nonhomogeneous structure. Deformation of individual grains is obviously very low because 
the shape of grains was not significantly changed during reduction (Fig.2b). A comparison 
of Figs. 2a and 2b clearly shows that the mean distance between grains in the W-phase is 
reduced during reduction (the thickness of the γ-phase between W-grains is reduced), which 
was also reported earlier [2,3]. 

Generally speaking, during strain ageing of tungsten heavy 91W-6Ni-3Co alloy strength 
and hardness increase while the ductility and toughness decreases, in comparison to the 
previous swaged state. (Tab.2, Fig.3). The effect of W-phase on strain ageing is 
predominant in comparison with the γ-phase. This could be explained as a result of the 
strong interactions between carbon and nitrogen and dislocations in the W-phase, which has 
bcc atomic cell [3-7]. Also, density of dislocations in after straining is significantly higher 
in W-phase comparing to the γ-phase. During strain-ageing carbon and nitrogen atoms 
intersticially diffuse into the dislocations and block them forming Cottrell atmospheres 
[1,3,7]. The gradual softening of these alloys, after ageing over 6000C, could be caused by 
effects of recovery and further recrystallization of the γ-phase and recovery of the W-phase 

[1,3-7]. The ageing time effects on hardness at constant temperatures 300 and 5000C, as 
shown in Table 3, could be explained in a similar manner. Namely, in the case of strain 
ageing at 3000/180min, the concentration of the interstitial solute atoms is sufficient and 
they could cause a considerable dislocation blocking. 
 
 
Summary 
During rotary swaged, strength intensively increases while ductility and toughness were 
found to be quite reduced compared to the initial sintered condition. A high gradient of 
hardness in the rod cross section can be noticed as well. The mean distance between grains 
of W-phase is reduced during deformation. During strain ageing of tungsten 91W-6Ni-3Co 
heavy alloy, strength and hardness increase while the ductility and toughness decrease in 
comparison with the forged condition. There is a strain-ageing region from 500 to 6000C 
for 60min and at 3000C for 180min when alloy has a maximum strength and hardness. It is 

100µm 100µm 



 2nd International Conference on:  
140 DEFORMATION PROCESSING AND STRUCTURE OF MATERIALS  

assumed that strengthening effect could be a result of sa ynergic effect of hardening of both 
structural constituents, tungsten grains (W-phase) and the γ-phase. 
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