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ABSTRACT 
• -5 Tensile experiments were carried out at strain-rates in a range from c -6.10 

to 3.10 s - 1 at 293 K and 673 K or 773 K. Two types of copper (FCC) and pure 
tantalum (BCC) were tested. The variations of ductility have been investigated 
in relation with the a - c equations of the materials and the examinations of 
fracture surfaces. They can be explained in terms of stability and intrinsic 
ductility. 

1. MATERIALS AND EXPERIMENTAL PROCEDURE 

Two types of OFHC copper of identical overall purity (99.99 *) and pure tantalum 
(99.8 %) have been tested. The two coppers, labeled CuCl and CuC2 in the fol
lowing, differ only by their Bi, Pb and S content, which is slightly higher in 
CuC2, as shown by chemical analysis. The materials were hot and cold rolled 
and cylindrical tensile samples were machined and annealed to give a 25 um 
mean grain size. No crystallographic texture was present. The tantalum was 
sintered, and then rolled and annealed. The resulting grain size was hetero
geneous, ranging roughly from 20 to 100 urn. Due to the small thickness of 
the sheet, specimens with a square section have been used in that case. 
Tensile experiments were carried out at strain-rates ranging from e = 6.10 
to 3.10 s at room temperature and 673 K or 773 K. Three testing apparatus 
were used : a standard INSTR0N and a hydraulic SCHENCK machines at low and 
intermediate strain-rates, and a specially built machine ("cross-bow") des
cribed elsewhere (Dormeval and Stelly 1979) at high strain-rates. In the 
present work, the variations of maximum engineering stress o M and elongation 
e„ versus strain-rate i have been studied in relation with the fracture surfaces 

2. INFLUENCE OF STRAIN-RATE ON STRESS 

Figure 1 shows the variations of maximum engineering stress 0 M = Ffj/S0 versus 
strain-rated at 293 K (figure 1 a,c) and 673 K and 773 K (figure 1 b,d) . F M 

is the maximum tensile load and S 0 the initial cross-section. The three 
materials behave in the same way (see Table I) : ^ . 
- For the low strain-rate range (ê £ 10 3 s for Cu, c < 500 s~ for Ta), 
the increase of o M is slow. It follows a power-law o = K c m 

- for the high strain-rate range, the increase is generally faster, following 
a linear-law o = o 0 + Ae. 
It should be pointed out that o is in most cases higher for CuC2 than for CuCl 
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Fig. 1. Maximum stress and ductility versus strain-rate for copper and 
tantalum at 293 K (a and c) and 673 K or 773 K (b and d). 

M<lrrU! Copptr CuCl Copper CuC2 1 i n t i l m 

Strjm-
r«(r ringi l S R H S R L S ft H S R l S R H S R 

1 *<SJ) * 
(HP») 

J K m °o > K A °o J 

?;j i 2 » 0.0) 247 4.6 JO' 3 23B 0.01 265 5.9 10' 3 280 0.03 310 0.76 

b7j K (Ti) 
or 

m « (Cu) 
111 0.12 149 0.83 JO" 3 125 0.09 J 38 5.310° Not determined 
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Flow stress and ductility of copper and tantalum 

3. INFLUENCE OF STRAIN-RATE ON DUCTILITY 

Furthermore figure 1 gives the evolution of the elongation at fracture e R » 
LL/ISQ versus strain-rate (LQ initial length, AL overall elongation at 
fracture). The behaviours of copper and tantalum are quite different : 
- In the case of Cu, at 293 K a slow increase of e R is observed in the low 
strain-rate range, followed by a fast increase at higher rates. At 773 X, e R 

is very low for the lowest rates, then presents a maximum for intermediate 
rates (ê = 6.10 - 3 and 10 _ 1 s"1 for CuC2 and CuCl, respectively), and increases 
again for high rates. Differences between the two coppers should be noticed : 
CuC2 is less ductile than CuCl. 
- In the case of Ta, at room temperature e R decreases continuously from low to 
high strain-rates, but seems to rise for the highest rates investigated. At 
673 K, e R increases slowly. 

4. FRACTURE SURFACES 

- In the case of Cu, for the lowest strain-rates and at 773 K a brittle 
intergranular fracture is observed (figure 2 a,b). In all other straining 
conditions and for both CuCl and CuC2, fracture surfaces are very similar. 
They present a transgranular ductile type (figure 3 a,b). The dimple size 
is larger at 773 X. 
- In the case of Ta, the fracture surfaces are difficult to examine, because 
of their small area (figure 4 a) . At 273 K, some ductile features are observed 
for low strain-rates (figure 4 b), whereas for high strain-rates the fracture 
appears to be moi •» brittle : presence of intergranular cracks (figure 4 c). 
Furthermore, optical microscopy observations show strongly distorted grains 
in the vicinity of the fracture surface (figure 4 d) . At 773 K, the few obser
vations available show fracture surfaces of the cleavage or intergranular 
brittle type. 

5. DISCUSSION AND CONCLUSIONS. 

5.1. Maximum stress oK- Our results are in agreement with literature (Kumar 
and Kumble 1969 ; Dowling, Harding and Campbell 1970 ; Dormeval and Stelly 
1979 ; Hoge and Mukherjee 1977). 
- At low strain-rates, power-laws of type o = X cm have been established. 
For Cu, room temperature is in the a thermal range (T = 0.22 T m ) , which cor
responds to a small strain-rate sensitivity (m a 0.01) ; on "EBe other hand, 
773K is in the thermal activated high temperature range (T - 0.57 T m ) , which 
gives a higher value of m (m * 0.1). For Ta, room temperature (T = 0.09 T m) 
is in the thermal activated low temperature range (m * 0.03) when 673 K 
(T = 0.23 Tm) is in the a thermal range (m was not determined) (Hoge and 
Mukherjee 1977). 
- At high strain-rates the fast increase of o M is generally attributed to the 
phonon drag mechanism (Kumar and Kumble 1969 ; Dowling et al 1970 ; Victoria, 
Dharan, Hauser and Dorn 1970 ; Hoge and Mukherjee 1977). This increase has 
not been observed at 673 K for Ta ; nevertheless, the strain-rate range of 
our tests was limited in this case to 10 3 s" 1. 
5 , 2 # Ductility : The variations of e R are complex. In order to explain them, 
stability and intrinsic ductility have to be separately discussed. 
- The stability of elongation is better when the necking(s) grows more slowly. 
It is connected with the o - e relation. In the case of a power law it only 
depends on m, and therefore is indépendant on c (Hart 1967). On the other hand 
in the case of a linear law, we have elsewhere shown (to be published) that 
the stability increases fast with c. This concept of stability appears to 
control the ductility in the case of Cu at 293 K and at 773 K in the high 
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Fig .2 . Micrograph (a) and fracture surface(b) for a CuCl specimen a f t e r f racture 
5 -1 a t 773 K a t low s t r a in_xa te (c = 6.10 s ) showing in te rg ranu la r f r a c t u r e . 

r i j^ .3 . Ducti l e f rac ture surfaces of CuC2 obtained a t room tempeiature 
for c = 3 .10~ 2 s " 1 (a) and for C = 1900 s (b) 
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Pi_q_-_4_. Fractographs (a-b-c) anc micrograph (<3) of tantalum samples deformed 
at room temperature. 

4.a. Fracture surface at low magnification 
-4 -1 4.b. Ductile fracture obtained at low strain-rate (c = 10 s ) 

4.c. Intergranular brittle fracture obtained at high strain-rate (L-4S0s ) 
4.d. Microstructurr near the fracture surface. 
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strain-rate range. However, it is not able to explain the ductility variations 
in the case of Ta and for Cu at 773 K in the low strain-rate range. 
- The intrinsic ductility refers to the ability of the material to undergo a 
plastic deformation without internal damage. It depends on its microstructure, 
inclusions content, and deformation mechanisms. Intrinsic ductility sometimes 
controls overall ductility : e.g. Cu at 773 K and for low strain-rates is 
damaged by grain-boundary decohesion (creep damage), which induces an early 
intergranular fracture (Sainfort 1976). In the case of Ta at 293 K, when 
strain-rate is increased the fracture surfaces change from a ductile to a 
more brittle type probably due to a more heterogeneous deformation of the 
grains. Finally at 673 K and for high strain-rates, the rather good ductility 
of Ta could be attributed to the challenge between a high stability (linear 
law) and a poor intrinsic ductility (brittle fracture). 
In conclusion, the few examples investigated in this paper emphasize the com
plexity of the concept of ductility. It must be interpreted with both mechani
cal macroscopical and structural''ifiicroscopical parameters (i.e. stability and 
intrinsic ductility). ' ' . 
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