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Abstract. The glide dislocation-precipitateinteraction in under-agedalloy is investigated by 
microscopy and low-temperature deformation techniques. Slip-line features of room tempera- 
ture deformed samples were observed by optical microscopy. From tensile tests at various 
temperatures the variation of flow stress with P3 was established. Comparing the present 
results with those obtained on the peak-hardened conditiod of the same alloy it is concluded 
that moving dialoation shear through the small rod-shaped germanium precipitates. 
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1. Introduction 

The interaction between glide dislocations and precipitate particles has been studied in 
detail in many age-hardenable alloy systems (Nicholson and Nutting 1961; Kelly 1963; 
Lutzering and Weissrnan 1970; Raynor and Silcock 1970; Nourbakhsh and Nutting 
1980). From mechanical property studies coupled with microscopy, it is possible to 
arrive at  the likely interaction between moving dislocations and precipitate particles. 
While efforts are not wanting in understanding the dislocation precipitate interaction in 
peak-aged and over-aged states, the ~artially-aged condition has received hardly any 
attention. The purpose of the present work is to study the dislocation-precipitate 
interaction in under-aged aluminium-2 % germanium aiby using microscopy and 
mechanical deformation techniques. 

2. Experimental 
I 

Weighed quantities of super-pure aluminium and germanium were melted together in 
an argon atmosphere in a resistance furnace and cast in a grhphite-lined metal mould. 

, 
I 

The Ge content was 1.98 % by weight. The cast ingot was lightly worked by hammering 
I 
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before annealing at 400T for 48 hr. The homogenised rod was reduced to a 1 mm thick 
strip by cold-rolling coupled with intermediate annealing treatment. Tensile and 
hardness samples were cut from the rolled strip and electropolished after mechanical 
polishing. They were solutionised at 45WC for 2 hr and quenched into ice-water 
mixture maintained close to 0°C. Thermostatically-controlled paraffin oil bath, 
maintained at 165OC, was used for ageing the samples. Hardness variation wlth ageing 

1 

time was determined using a Vicker's unit. From such a data it was possible to establish C 

the peak-hardened condition. In the present experiment as the peak hardness occurred 
I 
1 
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at around 70 hr, the tensile test specimens were aged for 18 hr to have the 
microstructure corresponding to the under-aged condition. 

The partially-aged test specimens with a gauge length of 20 mm were pulled in a 
modified Hounsfield tensometer (Prasad et a1 1969) at a strain rate of about sec- ' 
at temperatures varying between 77 and 420°K. From the load-elongation plot, the flow 
stress was determined. The tensile-deformed samples were viewed under a light 
microscope for slip-line features. Using the window technique and an electrolyte of 

I 90/10 acetic acid/perchloric acid mixture maintained at - 15"C, electron transparent 
thin specimen in aged condition was prepared for viewing under a Philips 301 
microscope. Electrolytic thinning was achieved by applying a voltage of 18 V between 
the electrode and the specimen. 

3. Results and discussion 

Figure 1 shows the variation in Vickers hardness number as a function of time of ageing 
at 165°C. The data points follow the typicaletrend seen in any age-hardenable alloy 
system, namely, an increase of hardness as ageing occurs, a peak followed by a decrease. 
The peak corresponding to an optimum dispersion of precipitates (Mott and Nabarro 
1940) occurs around 70 hr as mentioned earlier. Figure 2, a TE micrograph, depicts the 
appearance and distribution of precipitates in the under-aged condition. Small and 
dense rod-shaped Ge precipitates can be clearly seen in the photomicrograph. The 
inter-particle spacing and the size of the rods in the under-aged sample are smaller 
(figure 2) compared to the peak-aged condition (figure 3). 

The slip-line pattern of partially-aged and room temperature-deformed sample is 
shown in figure 4. They are straight running, continuous and thin. Slip-line features 
resemble the pattern obtained for peak-aged state (Kishore and Vasu 1978). It is known 
that slip bands give reliable information about the mechanism of plastic deformation of 
the materials (Seeger 1963). The slip-line appearance could change with a change in the 
type of obstacle present in the matrix. When small coherent particles are present, the 
dislocation can easily shear the particle aggregates and the appearances of the line in 
such cases are only slightly different from those obtained for the pure metal or solid 

I Figure 1. Hardness variation with time during ageing at 
165°C (T, = 450°C). 
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Figure 2. Electron micrograph of partially-aged sample showing small and dense rod- 
shaped precipitates (T, = 450°C. T, = 165"C, t ,  = I8 hr). 

solution (Greetham and Moneycornbe 1960-61; Silcock 1960; Thomas and Nutting 
1956-57, 1957-58). wavy, 'fragmented slip lines are seen when incoherent, large 
nondeforming particles, are encountered during the movement of glide dislocations 
(Wilcox and Gilbert 19.67; ~ & t h a m  and Honeycombe 1960-61; Price and Kelly 1962). 
Starke eta/  (1973) have shown that small germanium clusters can be sheared. As the slip 
traces in partially-aged condition used in this work arc similar%-ihoseobtained on 
peak-hardened condition' (~ i shore  and V ~ S U  1978J'and the longer and somewhat 
widely spaced rods of peak-aged state have been shown to be sheared by moving 
dislocation using TEM (Kishore et a1 1976), it may be inferred that in the present under- 
aged condition also the precipitate particles are'cut through by the glide dislocations. 
Further evidence to this deduction comes from an examination of z - T ~ ' ~  relation 
follbwing the report of Chun and Byrne (1969). They examined the strengthening in a 
Mg-5 % Zn alloy by determining the temperature dependence of CRSS for the as 
quenched, fully-hardened and overaged conditions. The shearing of the precipitates in 
the peak aged state, and the linear variation of flow stress, s with ~~l~ were noticed by 
them. Lipsitt (1971) also showed that yield strength in the Al-Zn alloy varies linearly 
with T213, In figure 5 are plotted the data showing variation of flow stress with T2I3 for 
the under-aged Al-Ge alloy. For the sake of cornparis011 the results obtained in the peak- 
aged state are also included. It is noteworthy that the points lie on a straight line in both 
the cases suggesting the.existence of similar interaction between the glide dislocations 
and the precipitate particles. Hence, it may be ififerred that as in the peak-hardened 
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Figure 3. A TEM photograph of the peakhardened alloy (70 hr at 165°C) showing rod-, 
triangular-, and rectangular-shaped precipitates. 

Figure 4. Slip traces in under-aged sample deformed at room temperature (8 = 25 %; 200~). 
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Figure 5. Flow stres~-(temperature)~'~ relation for (a). under-aged (b), peak-aged conditions 
( E  = 9.8 x lo-* sec-I). 

state, in the under-aged state too, the dislocations penetrate the germanium 
precipitates. 

In view of the similarity of behaviour of flow stress variation with temperature as well 
as nature of slip traces in the under-aged condition with peak-aged alloy reported 
earlier (Kishore and Vasu 1978) it can be said that in the partially-aged condition also 
the Ge precipitates are sheared by the glide dislocations. 

4. Conclusions 

Partially-aged alloy exhibit straight slip traces. The flow stress of the dilute alloy varies 
linearly withT213 and the moving dislocations cut through the germanium precipitates. 
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