




1117

a)

Ti6Al4V alloy, compact, deformation at 850°C
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b)  

Ti6Al4V alloy, cast, deformation at 850°C
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c)  

Ti6Al4V alloy, compact, deformation at 900°C
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d)  

Ti6Al4V alloy, cast, deformation at 900°C
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e)  

Ti6Al4V alloy, compact, deformation at 950°C
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f)  

Ti6Al4V alloy, cast, deformation at 950°C
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Fig. 2. Influence of upsetting conditions on the character of stress-strain curves, for specimens of Ti-6Al-4V alloy obtained by means of powder 
metallurgy (a-c) and casting (d-f).

Hardness measurement. Vickers hardness (HV2) of speci-
mens in the state after upsetting was measured on longitudinal 
sections, in the central region. Fig. 4 presents the distributions 
showing the averaged results of HV2 hardness measurements as 
well as standard deviation of hardness. The highest HV2 values 
were obtained for compacts after deformation at temperature 
850°C. In case of a compact and a cast of Ti-6Al-4V alloy, 
the change of upsetting conditions does not lead to significant 
hardness variations. The highest difference in hardness observed 
between specimens of the same type of stock amounted to less 
than 20 HV2, the standard deviation in any case did not exceed 
the value of 10 HV2. Higher hardness of the material obtained 
by means of powder metallurgy was observed, when compared 
with the casts after upsetting under the same conditions. It was 
found that under the assumed conditions, the factors determin-
ing the hardness are the state of initial material and the schedule 
of heating, holding at specified temperature and cooling before 

upsetting. The effect of deformation conditions on hardness is 
insignificant, which confirms the results of microstructure ob-
servations. The hardness of materials before deformation was 
measured, it amounted to 316,6 ±2,8 HV2 for cast material and 
338,4 ±3,4 HV2 for P/M compact. These values are lower than 
those observed in specimens after upsetting, regardless of the 
temperature and strain rate.

Industrial forging tests. Taking advantage of the results 
of plastometric tests and microstructure observations, forging 
process parameters were selected and then verified in industrial 
conditions. The shape of a forging was selected (Fig. 5a) and 
the stock dimensions were designed. The forging process was 
realized in industrial conditions, using the existing processing 
line. Fig. 5b presents the image of the example forging obtained. 
The filling of the impression was satisfactory and no cracks or 
other visible surface defects were detected.
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Observations of microstructure of forgings. The 
specimens for metallographic examination were taken from 
the longitudinal sections of forgings. Fig. 6 shows the region 
in a central part of a forging, in which metallographic observa-
tions were performed (a pale spot on the model), as well as the 
microstructures observed within that region.

  
a) b) c)

  
d) e) f)

Fig. 3. Microstructure of Ti-6Al-4V alloy after deformation in WUMSI simulator: a,b,c – compacts, d,e,f – cast. Test conditions: a,d – tempera-
ture 850°C, strain rate 1, b,e – temperature 900°C, strain rate 20, c,e – temperature 950°C, strain rate 10. Longitudinal sections, specimen axis 
region, etched

a)
        

b)

Fig. 4. Influence of the type of initial material and deformation conditions on HV2 hardness of Ti-6Al-4V alloy obtained by means of: a – powder 
metallurgy, b – casting

Forging under the assumed conditions resulted in obtaining 
the microstructure showing lamellar constitution, which was 
found for both types of stock. The microstructure of a forging 
obtained from PM compact (Fig. 6b) is more refined within the 
region under observation, when compared with the product of the 
same shape obtained from cast (Fig. 6a). No cracks were detected 
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a) b)

Fig. 5. Shape of the forging selected for industrial trials: a – the model, b – the photograph of the example forging

      
a) b)

Fig. 6. Microstructure of a forging Ti-6Al-4V alloy obtained from the stock in a form of: a – cast, b – P/M compact. Etched sections

on metallographic specimens, thus confirming the conclusions 
based on the preliminary observation of a forging, concerning 
its quality. In case of a forging produced from the P/M stock, 
there were also no pores observed.

4. Summary

Basing on the upsetting tests it was found that the charac-
ter of variations of stress as a function of strain, for materials 
obtained by means of powder metallurgy and casting, shows the 
differences. The microstructure of deformed specimens depends 
mainly on the type of stock and deformation temperature. In case 
of compacts, it is composed of the lamellae of a phase distributed 
in the matrix of b phase. The increase of upsetting temperature to 
950°C results in obtaining a phase lamellae of larger thickness. 
In case of casts, the occurrence of two types of microstructure 
was observed, i.e. the lamellar type resulting from deformation 
at the temperature of 850°C, and bi-modal type observed at 
higher test temperatures. Since during die forging the strain rate 
varies and is also diversified within the volume, low sensitivity 
of Ti-6Al-4V alloy to strain rate may lead to obtaining uniform 

microstructure and properties, and this concerns both casts and 
compacts. Hardness measurements confirm this conclusion. It 
was shown that in case of proposed research schedule, the fac-
tors determining the hardness of the investigated materials of 
Ti-6Al-4V alloy are the state of initial material and the schedule 
of heating, holding at specified temperature and cooling before 
upsetting, while the effect of strain rate on hardness is insig-
nificant. The die forging process parameters selected basing on 
the results of investigations were correct. The forging tests real-
ized in industrial conditions resulted in proper filling of the die 
impression. No visible defects were observed on the surface of 
a forging, which was confirmed in metallographic examination. 
The results of investigations collected in this work show that 
the microstructure and properties of a stock obtained by means 
of casting and manufactured basing on elemental powders dif-
fer from each other. Therefore, the knowledge available in the 
literature, concerning the conditions of plastic working of cast 
Ti-6Al-4V alloy, cannot be directly applied when designing 
the processes of forming of compacts. The information col-
lected in this work may be useful for the selection of suitable 
parameters of plastic working of P/M compacts, especially by 
means of forging.




