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Discontinuous and continuous coarsening of 
lamellar precipitates in Cu-Be alloys 

H. T S U B A K I N O ,  R. NOZATO,  A. Y A M A M O T O  
Himeji Institute of Technology, 2167 Shosha, Himeji, Hyogo 671-22, Japan 

A study has been conducted of the coarsening reaction which occurs after discontinuous 
precipitation in Cu-Be alloys. When the discontinuous precipitation is nearly complete, a 
secondary cellular reaction with much coarser interlamellar spacing forms at the original grain 
boundaries and advances into the primary cells. The growth rate decreases and the 
interlamellar spacing increases with the cell growth for the secondary reaction. These 
phenomena are attributed to the continuous coarsening reaction which simultaneously occurs 
in the primary cells. The = phase in the cells produced by the first reaction is supersaturated at 
the initial cell growth, but attains its equilibrium concentration prior to the appearance of the 
secondary cells. Cold work does not influence the cell growth of the secondary reaction. The 
driving force for the secondary reaction is the reduction in total interlamellar surface energy. 

1. Introduction 
A discontinuous coarsening, secondary cellular reac- 
tion, associated with lamellar products has been 
observed in many alloy systems, including eutectic 
solidification [-1-4], eutectoid transformations [-5-8] 
and discontinuous precipitation [9 18]. 

Theoretical models of cell growth in the discontinuous 
coarsening reaction have been developed by Living- 
ston and Cahn [6] and Fournelle [11, 12]. The Living- 
ston and Cahn model is based on the assumption that 
the driving force for the secondary cell growth is the 
surface energy term, i.e. the reduction in total inter- 
lamellar surface energy. The latter theory also takes 
into account the driving force for the secondary cell 
growth obtained from the chemical energy term which 
comes from the degree of supersaturation of solute 
remaining in the depleted matrix in the primary lamel- 
lar structure. 

Studies of experimental growth kinetics have shown 
that the surface energy term will be dominant in all 
eutectic and eutectoid alloys. In a study of discontinu- 
ous precipitation, the chemical energy and surface 
energy terms have been considered in Ni-Sn [9], 
Fe-Zn [,10], Fe-Ni-Ti [11 13] and A1-Zn [14] alloys 
and the surface energy term in Pb-Na E15] and Cu-Be 
[16] alloys. Usually, the solute content in the depleted 
matrix within the primary cells during initial cell 
growth is higher than that of the equilibrium state. But 
the secondary cells advance into the primary cells at a 
much later ageing stage, when a continuous coars- 
ening reaction will occur [18, 19]. 

However, there are few systematic studies on cell 
growth parameters, i.e. the interlamellar spacing and 
solute content of the depleted matrix of primary cells, 
during the later ageing stages. In particular, measure- 
ments of these parameters have not been studied in 
regions adjacent to the advancing interfaces of second- 
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ary cells, therefore preventing experimental identifica- 
tion of the driving force for the secondary reaction. 

The discontinuous coarsening reaction of lamellar 
precipitates (~ + 7) in Cu-Be alloys has been studied 
[-16-18]. The present paper presents further results on 
the variations of cell growth parameters with ageing 
time in both the secondary cells and primary cells 
adjacent to the advancing interface, in order to invest- 
igate the driving force problem for the discontinuous 
coarsening reaction. 

2. Experimental procedure 
The two Cu-Be alloys containing 9.8 and 13.4 at % Be 
which were investigated were the same alloys as em- 
ployed in the previous studies on the discontinuous 
precipitation [21 23]. The alloys were hot forged and 
then hot- and cold-rolled to plates of ~ 3 mm thick- 
ness. The plates were annealed for 72 ks at 1073 K in 
an argon atmosphere to obtain a uniform grain size. 
Specimens ( ~ 10 x 10 x 3 mm 3) were then solution 
annealed for 3.6 ks at 1073 K in an argon atmosphere, 
quenched into iced water, and then aged isothermally. 
Ageing treatments were carried out in molten salt 
baths maintained to within _+ 2 K. The ageing tem- 
peratures (TA) studied were 673, 723 and 773 K. To 
study the influence of cold work on the cell growth 
behaviour of the secondary reaction, the aged speci- 
mens were quenched into iced water and cold-rolled 
up to 20% reduction in area (RA) at room temper- 
ature and then reaged. 

The variations in cell radius, R, interlamellar spac- 
ing, l, and the volume fraction of V phase within cells, 
f~, with ageing time were determined by the methods 
reported previously [21-233, i.e. R is taken as the 
largest distance perpendicular to original grain 
boundary from advancing cell boundary, I is taken as 
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the minimum spacing and fv is determined by the 
point counting method. 1 and fv in the primary cells 
were carefully measured from the regions close to the 
advancing interface of secondary cells when the sec- 
ondary cells were observed, and from the regions near 
original grain boundaries when no secondary cells 
were observed. 

Hardness was measured using a micro-Vickers 
hardness tester applying a 0.98 N load in both regions 
of primary and secondary cells. 

3. Results 
3.1. Microstructure 
Typical microstructures of cellular structure during 
the first and second stages are shown in Fig. 1. The 
cells produced by the initial reaction form at the grain 
boundaries and advance into the grain interiors, in 
which continuous precipitation also occurs (Fig. la). 
Prior to the completion of the first reaction, secondary 
cells of much coarser spacing and much thicker thick- 
ness of ~ and y lamellae form at the original grain 

boundaries and advance into the first cells (Fig. lb, c). 
The region near the advancing interfaces of the prim- 
ary cells can also be recognized as lamellar structure, 
with coarser spacing (Fig. lc). However, these struc- 
tures are not related, to the secondary reaction but to 
divergent lamellar structure which forms accompany- 
ing the cell growth of the first reaction. These diver- 
gent phenomena were attributed to the effect of 
continuous precipitation on the cell growth of dis- 
continuous precipitation, as discussed previously 
[-21-23]. As the ageing temperature increases (Fig. ld) 
and the Be content decreases (Fig. le), the secondary 
cells have a wider interlamellar spacing; however, the 
lamellar nature decreases. Furthermore, the lamellar 
structure cannot be observed in the secondary cells in 
Cu-9.8% Be alloy aged at 773 K (Fig. lf). 

3.2. Micro-Vickers hardness measurement 
A typical relationship between the hardness and age- 
ing time is shown in Fig. 2. At shorter ageing times, the 
hardness increases from Hv = 100 (as-quenched value) 

Figure 1 Typical microstructures of first and secondary reactions. (a)-(d) Cu 13.4% Be alloy; (e), (f) Cu-9.3 % Be alloy. (a) aged for 180 s at 
723 K, (b) aged for 140 ks at 723 K, (c) aged for 950 ks at 723 K, (d) aged for 1.82 Ms at 773 K, (e) aged for 840 ks at 723 K, (f) aged for 930 ks 

at 773 K. 
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Figure 2 Relationship between hardness of (�9 first and (@) sec- 
ondary reactions and ageing time (Cu 13.4% Be alloy). 

to H~ = 210 on ageing at 673 K and to Hv = 180 on 
ageing at 773 K. This increase is attributed to the 
formation of the discontinuous precipitation (the first 
reaction) [21-23]. After attaining maximum hardness, 
the hardness of the primary cells decreases gradually 
with ageing time. During these softening processes, the 
secondary reaction occurs and the softening rate of the 
secondary cells is much faster than that of primary 
cells. 

3.3. Cell radius .and interlamellar spacing 
The relationship between the radius of secondary cells 
and ageing time is shown in Fig. 3. The cell growth 
rate, G, is given by a slope of tangent to these curves. G 
decreases with ageing time at all ageing temperatures. 

The relationship between the interlamellar spacing, 
l and ageing time in primary and secondary cells is 
shown in Fig. 4. I of the primary cells increases with 
ageing time. These results are important for the second- 
ary reaction, because the secondary cells advance into 
the primary cells. The cell growth parameters of the 
first and secondary reactions and the coarsening ratio 
(lz/l j are summarized in Table I. Although the ratio 
tends to decrease with ageing temperature and in- 
crease with ageing time, the ratio is in the range 4-8. 

3.4. Be contents in 0~ phase 
The measured volume fractions of y phase within cells, 
fv, of the first and secondary reactions at various 
ageing stages are shown in Table II. The Be concentra- 
tion of the ~ phase, C=, was calculated fromfv through 
the following equation 

C= = C oV= fv (C o -- Cv) (1) 
- f ,  

where C o is the Be concentration in the alloy (0.134), 
C v the Be concentration in the 7 phase (0.485 [24])*, 
V~ the molar volume of et phase (6.9x 10-6m 3 
mol-~), and V v the molar volume of 7 phase (5.9 
X 10 - 6  m 3 mol-  ~). During the initial cell growth stage 
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Figure 4 Relationship between interlamellar spacing of first (ll) and 
secondary ( / j  reactions and ageing time. 

of discontinuous precipitation (first reaction), C~ is 
higher than C~ (equilibrium Be content of ~ phase 
[24]), i.e. supersaturated ~ phase, as shown in an 
earlier study [21]. But C~ in the first reaction de- 
creases gradually with ageing time, eventually reach- 
ing C~,. 

The secondary cells advance after the ageing stage 
at which C~ in the primary cells reaches C~, on ageing 
at 673 and 723 K. On ageing at 773 K, C~ attains 
already C~ even in the initial ageing stage of the first 
reaction. This will be due to the higher diffusivity of Be 
in the ~ phase at 773 K. 

3.5. Effect of cold work  on secondary 
cell g rowth  

Fig. 5 shows the typical microstructures of Cu 13.4% 
Be alloy cold rolled and reaged at 773 K. The second- 
ary cells (white regions) of cold rolled specimens, also 
form at grain boundaries and advance into primary 
cells. In addition to these cells, however, other white 
regions appear within the primary cells and spread 

* The lattice parameter of the 3' phase (0.2695 nm) is constant over this experimental ageing time. 
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T A B L E  I Cell growth parameters and coarsening ratio (12/la) 

Alloy T A t l 1 12 12/11 G 2 
(K) (ks) ( lO-7m)  (lO-Vm) (10 11 m s  1) 

9.8 723 2.2 1.56 - 
% Be 173 1.94 8.6 4.4 3.19 

432 2.22 9.55 4.3 2.11 
648 2.37 11.6 4.9 2.08 

13.4 673 0.6 0.62 - - 
% Be 173 0.94 5.0 5.3 4.58 

266 1.05 5.9 5.6 3.11 
418 1.08 6.2 6.7 2.25 
698 1.11 9.5 8.6 1.19 

723 0.2 0.765 - - - 
18.9 0.88 3.2 3.6 25 
68.4 1.07 4.19 3.9 11 

140 0.98 6.10 6.2 5.7 
428 1.34 9.85 7.4 1.5 
680 1.66 12.1 7.3 0.94 

773 0.12 0.895 - - - 
18 1.41 5.33 3.8 28.2 
82.8 1.57 6.93 4.4 9.44 

171 1.60 7.74 4.8 7.5 
319 2.03 10.5 5.2 4.86 

Figure  5 Typical microstructures of cold rolled specimens 
(Cu-13.4% Be alloy, TA = 773 K). (a) aged for 54ks, 15% RA, 
reaged for 43 ks; (b) aged for 54 ks, 15% RA, reaged for 108 ks; 
(c) same as (b). 

of secondary cells by optical microscopy, and Speci- 
mens B and C were cold rolled in the ageing stages 
after the appearance of secondary cells. All cold rolled 
specimens were subsequently reaged. The broken line 

into the cells (Fig. 5b). Even by SEM, no distinct 
interface between the white and black regions was 
observed. These white regions contain spheroidized 
particles rather than lamellar precipitates (Fig. 5c). 
The white structures are considered to be produced 
not by the discontinuous coarsening reaction but by 
continuous coarsening reaction,within the lamellar 
structure of first cells. 

Fig. 6a shows the relation between the hardness and 
ageing time on cold rolled specimens. Specimen A was 
cold rolled in the ageing stage before the appearance 
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T A B L E  II Volume fraction of y phase in cells, fv, Be concen- 
tration of cz phase in cells, C~, evaluated from Equation 1 and 
equilibrium Be concentration in c~ phase, C~ [24]. (Cu-13.4% Be 
alloy) 

T t Reaction fv C~ C~ 
(K) (ks) 

673 0.54 1st 0.173 0.049 
14.4 1st 0.192 0.038 

1st 0.203 0.029 
64.8 0.028 

2nd 0.205 0.027 

723 0.24 1st 0.159 0.056 
l~t 0.189 0.041 

24.5 0.044 
2nd 0.188 0.040 

773 0.18 1st 0.149 0.062 0.06 
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Figure 6 (a) Hardness and (b) cell radius of cold rolled specimens 
(Cu-13.4% Be alloy). A, aged 24 ks, RA 20%; B, aged 54 ks, RA 5%; 
C, aged 54 ks, RA 15%. 

in this figure shows the relation between the hardness 
of the primary cells in the undeformed specimens; the 
cold rolled specimens are harder but soften quicker 
with ageing time. 

Fig. 6b shows the relationship between the cell 
radius of the secondary reaction in cold rolled speci- 
mens and ageing time. The broken line again rep- 
resents the same relation as shown in Fig. 3. All cell 
radii of cold rolled specimens fall on the broken line. 
Therefore, there is no effect of deformation on the cell 
growth rate of the secondary reaction. 

4. D i s c u s s i o n  
From Table II, it is seen that C~ in the primary cells 
decreases with ageing time and eventually reaches C~. 
This process of decreasing Be content within the 
lamella may be treated by the following equation [25] 

x2Dt ~ C t -  c e  - exp - (2) 
Co - 7 

where, C t is the Be concentration in the ct phase within 
the primary cells at ageing time, t, C o is assumed to be 
the Be concentration in the ~ phase at the initial cell 
growth stage of primary cells, and D is the volume 
diffusion coefficient of Be in the ~ phase. The 
calculated D-value at 673 K was 2-6 x 10 - 1 9  m Z s  - 1  

which is in agreement with the values of D of Be in 
c~ Cu-Be (6 x 10 -I9 m 2s -1 [26]) and D of Be in Cu 
(4x 10 -2o m2s -1 [27]), obtained by extrapolation 
down to 673 K. 

The secondary cells advance after the ageing stage 
at which C~ of the primary cells reaches C~,. Therefore, 
it can be concluded that there is no chemical free 
energy change accompanying the secondary cell 
growth in this alloy. This conclusion is different from 
those in other alloys [9-14]. In these references, the 
solute content of the depleted phase might be obtained 
from the specimens aged for a short time to give the 
primary cells, and for a long time to give the secondary 

cells. Furthermore, there is no information on the 
variation of C~ with ageing time in these references. 

From a study of the effect of cold work on the cell 
growth of the secondary reaction, it is concluded that 
there is no effect of plastic deformation up to 20% RA 
on the cell growth rate in both ageing stages of the 
initial and the secondary reactions. This conclusion is 
in contrast to the results on discontinuous precipita- 
tion [28]. These differences may be explained by the 
different driving forces between discontinuous pre- 
cipitation and the discontinuous coarsening reaction. 
Cold work introduces many lamellar faults in the 
primary cells and further, these faults will be intro- 
duced heterogeneously because the RA is relatively 
small. The lamellar faults play an important role in the 
continuous coarsening reaction [29], which results in 
the formation of spheroidized structure, as shown in 
Fig. 5c. 

These continuous coarsening phenomena were also 
observed in undeformed specimens. For  example, the 
interlamellar spacing of primary cells increases with 
ageing time. This increase is not related to the diver- 
gent phenomena of primary cells, because the data on 
lamellar spacing in this study were obtained from the 
regions close to the original grain boundaries and/or 
advancing interfaces of secondary cells, and the diver- 
gency occurred at much larger cell radius of the first 
reaction (R as shown in Fig. 7) than that of the 
secondary reaction [22, 23], i.e. the interlamellar spa- 
cing of cells less than R was independent of cell growth 
stage. Hence, the softening of primary cells shown in 
Fig. 2 is mainly due to the continuous coarsening 
reaction. The decrease in G and increase in l with 
ageing time for secondary cells are also attributed to 
this continuous coarsening reaction of the primary 
cells where the secondary cells advance. This continu- 
ous coarsening reaction has been studied in eutectic 
[19] and eutectoid [20] systems, but there is limited 
information on discontinuous precipitation systems. 

From the above, it is concluded that the driving 
force for the secondary reaction is the reduction in 
total interlamellar surface energy accompanying the 
secondary reaction. 

5. C o n c l u s i o n s  
1. When discontinuous precipitation is nearly com- 

plete, a discontinuous coarsening reaction with a 
much coarser interlamellar spacing begins at the ori- 
ginal grain boundaries and advances into the primary 
cells. 

2. The cell growth rate decreases and the inter- 
lamellar spacing increases with ageing time for the 
discontinuous coarsening reaction. These phenomena 
can be attributed to the continuous coarsening reac- 
tion which occurs in the primary cells prior to the 
advancement of secondary cells. 

3. The ez phase in the primary cells supersaturates 
at the initial ageing stages of discontinuous precipita- 
tion (first reaction), but attains the equilibrium value 
prior to the appearance of the discontinuous coar- 
sening cells. 
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Figure 7 Schematic representation showing cell growth morpholo-  
gies of first and secondary reactions. R is the largest cell radius of 
first reaction at which the cell growth and interlamellar spacing are 
independent of ageing time. (a) Initial cell growth stage of first 
reaction, (b) relatively later cell growth stage of first reaction, (c) cell 
growth stage of secondary reaction, l] < l~ < l~, C~ > C~ > C~ 
= C~. GB = grain boundary.  

4. The decrease in Be content of the ~ phase is 
controlled by volume diffusion of Be in partially de- 
pleted ~ phase. 

5. The driving force for the discontinuous coarsen- 

ing reaction is the reduction in the total interlamellar 
surface energy. 
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