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Abstract 

Beryllium precipitation from the Cu-rich matrix in a Cu-2 wt% Be alloy homogenized and 
quenched from 1073 K was studied by differential scanning calorimetry (DSC). The DSC traces 
showed two main exothermic effects, A and B, each comprising two sub-effects A,, A,, and Bi, B, 
respectively. Effects A, and A, correspond to the precipitation of GP zones and subsequent 
overlapping and independent precipitation of y”-phase. Only at very low heating rates can y” be 
inherited from GP zones. Effects Bi and B, correspond to heat evolved during transitions to the 
states with y’- and y-phases respectively. Heat effect A can be quantitatively described in terms of 
solid solubilities before and after precipitation, and of precipitation heats of the phases involved. 
The heat content of the combined GP zone/?“-phase precipitation effect was proportional to the 
beryllium atoms precipitated, yielding an average value of 21 kJ mol-’ beryllium for beryllium 
precipitation. It was shown that y’-phase arises from the combined transition from states with 
GP zones and y”-phases, whereas y arises from the transition of states with y” and y’. The 
apparent activation energies associated with GP zones, and y”, y’- and y-phases are 0.94 & 0.07, 
1.26 f 0.07, 1.31 k 0.08 and 1.69 k 0.1 eV respectively. These values are discussed in terms of 
dissolved atom mobility related to vacancy concentration, and the direction of plate-like 
precipitate growth (either normal or perpendicular to the plate). Smal1 discontinuous precipita- 
tions of y-phase occurred along with the transformation to the state with y’-phase. 
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1. Introduction 

The excellent age-hardenability and high electrical conductivity of Cu-Be alloys 
have been used extensively, e.g. for springs, diaphragms, bearings, and non-sparking 
tools. In this alloy system the precipitation sequence from the supersaturated solid 
solution includes at least four stages [ 1-41, namely 

Solid solution + GP zones -t y” + y’ 4 y 

where GP zones are multilayer plates that form coherently on { lOO} matrix planes, y” is 
a metastable phase with a monoclinic structure, y’ is also metastable with a bcc 
structure and y precipitates have equilibrium bcc structure [4]. 

Furthermore, it has been shown that GP zones are not the least stable of metastable 
phases in the Cu-Be system, since at room temperature equiaxed Be-enriched zones 
have been observed to precede their formation [4-S]. The precipitation process in these 
alloys can be regarded [9] as an isostructural decomposition of the f.c.c. phase into 
Be-rich and Be-depleted regions, followed by the transformation of the Be-enriched 
f.c.c. regions into Be-enriched bcc regions via Bain strain in concomitance with atomic 
order, to form the B2 structure. The morphology and structure of y”- and y’-phases are 
interpreted as constrained states ofthe same precipitated Be phase y with different habit 
planes [9]. In line with these results, it has also been recently suggested [lO, 1 l] that GP 
zones, and the y”- and y’-phases transform continuously to the subsequent phase during 
an isothermal ageing treatment. 

The above precipitation sequence has been studied extensively, with a wide variety of 
interpretations regarding morphology, crystallography and habit planes of the several 
intermediate phases formed prior to the equilibrium y-phase. In addition to continuous 
precipitation, cells of discontinuous precipitation advance from grain boundaries into 
the grain centres where continuous precipitation occurred [12-141. The precipitation 
sequence for simultaneous continuous and discontinuous modes, recently studied [ 151, 
is sensitive to heat treatment. For instance y”-phase is absent in a directly quenched (to 
623 and 673 K) and aged Cu-2Be alloy [4]. Experimental work has been done up to 
now under isothermal conditions and thus scarce literature exists regarding the 
anisothermal precipitation stages [lO, 16, 173. 

This paper studies the influence of the heating rate on the precipitation effects in 
a quenched Cu-2Be alloy, and its main objectives are: (a) to discriminate the anisother- 
mal precipitation sequence using enthalpimetric calculations; (b) to evaluate the 
different precipitation stages as a function of heating rate; (c) to elucidate the origin 
(nucleation and growth or transition) of these stages; and (d) to provide kinetic data 
affording a deeper insight into the atomic mechanisms of the decomposition process. 

As Be precipitation from a Cu-rich matrix involves enthalpy changes large enough to 
allow differential scanning calorimetry (DSC), this technique was used in this work. 

2. Material and experimental procedure 

The material investigated was a polycrystalline Cu-2 wt% Be alloy received as 
150 x 150 mm square plates, 1.0 mm thick. 
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Microcalorimetric analysis of the samples was performed in a Dupont 2000 thermal 
analyser. Specimen discs, 1.0 mm thick and 6 mm in diameter, were prepared using 
a spark-cutter machine. The samples were solubilized at 1073 K for 3 h, water- 
quenched and stored at room temperature for 2 h prior to DSC measurements of the 
heat flow by operating the calorimeter in the constant-heating mode (heating rates of 
0.833, 0.500, 0.333, 0.167 and 0.082 K s- ‘). To increase measurement sensitivity, 
a high-purity, wel1 annealed copper disc of mass approximately equal to that of the 
sample in which no thermal events occur over the temperature range scanned was used 
as a reference in each case. Both reference and specimen were enclosed in an aluminium 
pan sealed with an aluminium cover. To minimize oxidation, dried nitrogen was passed 
through the calorimeter (0.8 x 10p4 m3 min-‘). 

Runs were recorded between 300 and 880K. Because beyond approx. 800 K 
(depending on heating rate) only heat effects corresponding to dissolution were 
observed in the DSC traces, in this precipitation study only the 300-800 K interval was 
analysed. After the first run each specimen was maintained at 880K for 5 min and 
allowed to cool freely in the calorimeter for 3 h yielding cooling curves that were very 
similar and nearly exponential. It was observed that the cooling rate was 0.417 K s- ’ at 
880 K, and 0.117 K s-l below 560 K. When room temperature was reached, a second 
run at the same heating rate was made using each specimen. The DSC traces presented 
in this work were obtained by subtracting the baseline from the first run. This baseline 
represents the temperature-dependent heat capacity of the alloy in the existing thermal 
conditions, and its value was in agreement with the Kopp-Neumann rule. Afterwards, 
the resulting traces were converted into a differential heat capacity versus temperature 
curve. The heat-capacity remainder, namely the differential heat capacity AC,, repre- 
sents the heat associated with solid state reactions during the DSC run. Thus reaction 
peaks in the AC, versus T curve can be characterized by the reaction enthalpy of 
a particular event. The DSC curves presented in this work are al1 such rerun-corrected 
curves. 

3. Results and discussion 

3.1. DSC thermograms 

Fig. 1 shows DSC runs at various heating rates 4. Since no exothermic heat flow 
occurs during a second run, this means that, after the first run, precipitation proceeds 
completely during cooling. Thus the curves obtained by subtracting the second run 
from the first reflect only the heat flow differente due to the free enthalpy differente just 
before the runs. 

The DSC traces show two main effects, A and B, comprising sub-effects A,, A,, and 
Bi, B, respectively. Because the heat flow in al1 traces just before the first run is higher 
than before the second run (the matrix of a quenched specimen is supersaturated), the 
four sub-effects observed in the rerun-corrected curves wil1 be generally exothermic. 
Therefore, the exothermic effects Ai, A,, and Bl, B, are interpreted as follows. Effect Al 
is related to GP zone formation, while effect A, is related to y”-phase precipitation. 
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Fig. 1. DSC traces for quenched Cu-2Be. Heating rates 4 and the two main effects A and B (comprising 
subcffects A,, A,, and B,, B,) are shown. 

Effect Bi is associated with the GP zone and y”-phase transformations to a state with y’ 
precipitates; effect B, is associated with y”- and y’-phase transformations into y-phase. 
These interpretations wil1 be discussed in the next section. As the DSC heating-rate 
increased, the effects shifted to higher temperatures, effects A, and B, tend to disappear, 
and then the prevailing thermal events correspond to A, and B,. An overlapping of 
events A,, A, and of Bi, B, takes place at al1 heating rates. 

Al1 heat contents were determined by measuring the area between the rerun- 
corrected DSC curves. In the case of overlapping effects Ai, A,, and B,, B, the 
respective heat contents were obtained by a deconvolution process based on a heat flow 
extrapolation of effects Ai, A,, and B,, B, at the temperatures at which these effects 
coexisted. It is worth recalling that the end-temperature ranges of these effects lie within 
those of the GP zones, and y”-, y’- and y-phases, in line with literature results [l, 2,4,11, 
13, IS] for al1 the heating rates employed herein. 

Table 1 shows the initial, peak and end temperatures T,, T, and Te respectively, 
together with the heat content AH of al1 peaks. It can be observed that with increasing 
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The initial, peak and end temperatures of effects A,, A,, B,, B, and the respective heat contents in quenched 
Cu-2Be as a function of differential scanning calorimetry at heating rate 4. Values for heat contents AH, and 
AH, are also given 

Thermal event T(K) N(Ks-‘) 
AH/(Jmol-‘) 

0.033 0.083 0.167 0.333 0.50 0.833 1.333 1.5 

Al 

(GP) 

Al 

W) 

Bl 

(Y’) 

B2 

(Y) 

315 323 333 346 358 
468 470 478 490 500 
525 583 550 563 575 
714 688 677 620 540 
453 460 430 478 489 
507 513 522 531 540 
543 560 572 592 614 
376 394 404 435 490 

1090 1082 1075 1055 1030 
581 588 601 620 650 
622 639 651 671 686 
703 719 727 748 155 
501 470 447 411 312 
638 643 653 665 683 
688 701 713 726 739 
713 730 746 776 796 
379 403 419 441 463 
880 873 866 852 775 

365 ~ 
509 - _ 
581 - _ 
406 - _ 

496 ~ 
553 - _ 

635 653 660 
556 597 502 
962 597 502 
677 ~ 
711 ~ 
761 - _ 
209 ~ _ 

701 - 
757 ~ 
820 828 831 
501 510 460 
710 510 460 

heating rate, the heat contents AHAI and A HBI decreased and the heat contents A HA~ 
and AHaz increased. The characteristic temperatures also increased with increasing 
heating rate. In addition, the AH, and AH, of the composite peaks always decreased 
with increasing heating rate. The relationship between thermal events A, and A, is such 
that A, decreases as A, increases with heating rate, so that combined precipitation of 
GP zones and y” takes place at low and medium heating rates. With increasing heating 
rates, the precipitated amount of GP zones decreased, but as precipitation proceeds, an 
increased amount of y” nucleated and grew. GP-zone formation becomes less import- 
ant (even disappearing) as heating rate is increased, because the annihilation rate of 
excess vacanties at these heating rates must be much larger than the maximum 
annihilation rates compatible with GP-zone formation. Since the heat contents of 
thermal effects A, and A, vary inversely, GP and y” nucleate independently. As shown 
in subsequent sections, the decrease in heat content of effect B, associated with y’ is 
related to the decrease in heat content of the GP zones when heating rate is increased. 
At low and high temperatures, the global heat events AH, and AH, decreased with 
increasing heating rate because they exhibit heat effects (composites in this case) 
normally observed in non-isothermal precipitation phenomena [ 191. Therefore, as 
precipitation reactions are usually controlled by diffusion, an increase in DSC heating 
rate results in an increase in precipitation temperatures and causes a two-fold effect: (1) 
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the amount of precipitated atoms decrease due to increased solid solubilities at 
increased precipitation temperatures; and (2) the proportion of phases stable at high 
temperatures in the precipitating phases increases. 

3.2. Precipitation phenomena observed for efect A 

It is thought that effect A can be understood as a result of the combined precipitation 
of GP and y”. To identify such events, the theoretical calculation of heat evolution 
during the precipitation of GP zones and y” are required separately, assuming that, at 
the end temperatures of effects Ai and A,, no precipitation of the respective phases is 
taking place, i.e. the composition of the Cu-rich matrix is given by the solid solubilities 
for GP zones and y”-phase at the end of each thermal effect [ 19,201, namely CM’( TFr’) 
and CG (Te”). This is equivalent to saying that a dynamic equilibrium state exists for the 
phase at the end temperature [21-231. 

The total precipitation heat for GP zones and y” can be calculated separately 
considering: (a) the precipitated Be atoms in GP zones and y”-phase, and (b) their 
respective heat of precipitation, as follows. For GP zones after precipitation, the mole 
fraction of the Cu-rich matrix is given by C$‘(TPP), and the precipitation reaction is 
then 

CULI -e]Be[~l-+ m cu11 -C~(~~~)~ + BqC;P(y)I + pBe 

where m and p represent the number of moles of Cu-rich phase and GP zones, 
respectively, the latter being considered as a first approximation for those formed by 
the Be plates [4,9]; C represents the initial Be concentration of the alloy. 

Conservation of mass requires for copper 

1 -c= m[l - cM’(T:‘)] (1) 

and for beryllium 

c = m cM’( TPP) + p (2) 

so that 

1-c 
m = 1 - CM’(Y) (3) 

By combining Eqs. (2) and (3) the value of p can be calculated after neglecting the term 
C.c,( Te;P) 

E - CMP( Te’) 
p = 1 - &‘(TY) (4) 

Similarly for y” precipitation 

Cu<1 -ciBec + rCut1 ~E~(~~)~ Bet,$(T;,l + 4 CuBe (5) 

where the y” composition was taken as CuBe [9] although it varies somewhat with 
temperature [16]; r is the number of moles of the Cu-rich matrix and q of CuBe 
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y”-phase. Conservation of mass requires for copper 

1 -?=r[l -cKI(Te’)] +Lj 

for beryllium 

C= rc&(T,) + q 

Eqs. (6) and (7), after neglecting the term c.c&( T,), yield 

(6) 

(7) 

1-c 
r= 1-2c&(T,) 

Since 1 » 2cti( Te”), the denominators in Eqs. (3), (4), (8) and (9) can be approximated to 
unity. The values of cMP(T?) and c&(TZ”) in Eqs. (4) and (9) were obtained from the 
solubility curves gathered by Strutt and Williams [18]. For consideration (b) men- 
tioned above, the values of GP and y” precipitation heats can be obtained from the 
slope of the straight line through the data points of the plot of the logarithm of the 
(metastable) solid solubility versus the reciprocal temperature [24]. Table 2 summa- 
rizes the precipitation heat values obtained from a compilation of the data points given 
in Ref. [ 181, where values for y’ and y are also included. 

Therefore, the heat produced during GP precipitation is A HPP 

AHCP = AH’[C- ~$‘(7-:~)] (10) 

where A HFP is the precipitation heat of GP zones. For y” the total precipitation heat 
A H$ per mole alloy is 

AH$‘=AH$‘[c-c&(T:“)] (11) 

where A H$' is the precipitation heat of y”-phase. 
Fig. 2 gives the calculated estimates for AHCP and A HZ as wel1 as the experimental 

values for the heat content A H LG'+ Y) of effect A, as a function of heating rate 4. It can be 
seen that calculated values for y” precipitation are larger than for GP zone precipitation 
because: (1) the precipitation heat of y”-phase is larger than that of the GP zones, and (2) 
beryllium atoms in y”-phase precipitation outnumber those in GP-zone precipitation. 
Fig. 2 shows that the measured values for the heat content ofeffect A always lie between 

Table 2 
Precipitation heats of GP zones, and stable and metastable phases in Cu-Be alloys calculated from Ref. [ 181 

Phase/zone Precipitation heat/(kJ per mol Be) 

GP 16.00 

Y” 28.10 

7’ 34.13 

i> 37.72 
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Fig. 2. Heat content AHLGp+y”’ of effect A for quenched Cu-LBe, as a function of DSC heating rate. The 
calculated curves AH?, AH: and AHLGP+?-) are also shown. 

the limits calculated for GP and y” precipitations. At low heating rates, the experimen- 
tal heat contents show enhanced GP precipitation. For high DSC heating rates, the 
experimental values correspond fairly wel1 to the predominant y” formation, and thus 
beryllium precipitation then proceeds mainly as y”-phase precipitation. The calculated 
values of event A which take into account the relative experimental importante of 
events A, and A, separately can be obtained by computing a combined precipitation 
heat, defined as 

AH;Gp+y”) = ‘I’AHFP + (1 - ‘I’)AH,y” 

where the strengthening factor Y is 

(12) 

(13) 

AHeP and AH: being the heat contents of the deconvoluted thermal effects Ai and A, 
respectively. The factor Y is a function of the heating rate. Both experimental and 
calculated plots are in fairly good agreement in Fig. 2. It is worth noticing that for GP 
zones, the interfacial energy and the energy related to the elastic strains can have 
a significant influence on the total energy of formation of the zones [25]. 

Since the creation of both strains and interfaces requires an energy input to the 
specimen, both strain and interfacial energy reduce the total amount of energy 
associated with the formation of zones. The importante of these contributions is 
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determined by the average size of the zones: the total formation energy of smal1 
zones contains relatively large strain and interfacial energy contributions. For Cu-Be 
alloys it was not possible to get estimates of these contributions, to the best of our 
knowledge. 

The above analysis leads to the conclusion that heat event A corresponds to an 
overlapping sequentia1 precipitation of GP zones and y”-phase, which both nucleate 
and grow independently. 

The right-hand side of Fig. 3 shows a schematic plot of Fig. 2. At a certain heating 
rate $1, corresponding values for AHEP, AH:‘: and AH(,lP+y”) are obtained. On the 
left-hand side, the evolved heats are plotted in terms of the amount of beryllium 
precipitated Ac. Two straight lines with slopes AHgP and A Hg drawn from the origin 
can be used to compute, after their intersection with the horizontals passing through 
AHEP and AHK respectively, the position of the (AH:‘, AEp) and (AH!,, Acu”) data 
points. The intersection of the horizontal passing through AH(,lP+y”) with the line 
connecting the above data points supplies the (A H$GPfYu), Ac\~~+~“)) point on the (AH, 
Ac) plane, based on linear interpolation. If the same procedure is repeated for other 
heating rates, the experimentally observed heat content of effect A can be determined as 
a function of the amount of beryllium atoms precipitated Ac. The resulting curve 
shown in Fig. 4 can be wel1 approximated to a single straight line passing through the 
origin the slope of which gives the average heat of precipitation of beryllium atoms 
contained in the precipitates at the end of effect A: AH$,Gp+y”) = 21 kJ mol- ’ beryllium. 
This value is intermediate between the precipitation heats for GP zones and y”-phase 
(16 and 28.1 kJ mol- ’ beryllium). 

Finally, concerning effect A, Fig. 5 shows the solvus of the combined precipitation 
related to effect A. Solid solubilities for GP zones and for y”-phase (both obtained from 
Ref. [lg]) are also shown. 

-AH 
t 

4 * 
Ac Ac, 0, 0 

Fig. 3. Schematic plot of Fig. 2 shown on the right-hand side and its connection with the calculated and 
experimentally measured heats evolved during the combined precipitation of GP zones and y”-phase 
(left-hand side) as a function of the amount of beryllium precipitated Ac. 
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Fig. 4. Heat evolved during the combined GP-zone and y”-phase precipitation effect as a function of Ac, the 
amount of beryllium precipitated. AHyP and AH:” are calculated curves whereas the experimental curve 
AHLGP+ y’) is based on the procedure used in Fig. 3. 
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Fig. 5. Average matrix composition for the combined precipitation of GP zones and y” as a function of DSC 
heating rate. Solid solubilities for GP zones and y”-phase are also shown. 
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3.3. Precipitation phenomena observed for effect B 

As no endothermic effects occur during each DSC run, no dissolution of GP zones 
and y” takes place. Hence thermal events B, associated with y’, and B, associated with 
stable phase y, cannot correspond to nucleation and growth processes but rather to 
transitions. In fact, if the procedure outlined in the previous section to verify the nature 
of effects A, and A, is now applied to events Bi and B,, then the experimentally 
measured heats AHY+Y’ are always outside the calculated boundaries of y’ and 
y precipitation for al1 heating rates and are far below the calculated heats A HC’+y). This 
feature is actually shown in Fig. 6. Thus, it must be concluded that exothermic effect 
B is attributed to transitions of less stable phases to y’- and y-phases. 

The next task is identifying the phase or phases transformed from their primitive 
state into y’- and y-phases, and their relative contribution to such transitions. To this 
end, the heat evolved in the transition from a less stable to a more stable phase must first 
be calculated. For al1 the possible transitions considered, the heat contents are 

AH~P-Y’=(AH;-AH;~[C-~~P(~P)] (14) 

AHr-f=(AH;-AHr)[c-&z”)] (15) 

AH:mY=(AH;-AH$‘)[c-c&(T$‘)] (16) 

AH:-Y=(AH;-AH~)[c-cK;(T%)] (17) 

Fig. 6. Experimental heat content AH, W+ p, of effect B for quenched Cu-ZBe, as a function of the DSC heating 
rate. Calculated curves AH:, AHC and AH y-ty’ for y’, y and combined y’, y precipitation are also shown. 
Notice that the experimental curve is outside the y’ and ‘J calculated boundaries. 
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where A HCP- y’, A HZ’-“‘, A HZ’-? and A Hiey are the amounts of heat evolved during 
transitions GP+y’, y”+y’, y”-+y and y’+y respectively. The transition GP+y was not 
considered since it leads to irrelevant results. Al1 other terms of Eqs. (16)-( 19) are 
already defined. If the calculated heats A HFPpY’ and A Hx- y’ are plotted as a function of 
the heating rate and are compared with the experimental value A HZ’ measured after 
deconvolution of thermal effect B, shown in Fig. 7, it can be seen in Fig. 7(a) that the 
transition GP+y’ tends to be possible only at high heating rates, while the inverse is 
true for transition y”+y’ shown in Fig. 7(b). In fact, both heat effects associated with GP 
and “J’ (Fig. 1) decrease with increasing heating rate. It is then believed that both GP 
zones and y”-phase contribute to the state with beryllium precipitated as y’-phase. This 
is not surprising for the GP zones concerned, because the possibility of y’ formation 
inherited form GP zones has been experimentally observed and theoretically analysed, 
particularly when the zones have no chance to coarsen and begin to transform into y” 
[4]. This might also explain why the transition GP+’ is only possible at very low 
heating rates, as shown in Fig. 8 where A HFP- y’ and AHC’ are plotted as a function of 4. 
It can be observed that AHFppYn ZZ AH: for heating rates lower than 0.1 K s- ‘. 
Figs. 9(a) and 9(b) show the calculated values of AHgeY and A HilmY and the experimen- 
tal values for A HL At high heating rates, the y” +y transition takes place(Fig. 9(a)). This 
feature is in agreement with an absente of GP zones and y’ for these high values of 4, as 
was shown in Fig. 1, such a mode of transition being, therefore, the only one possible. 
At very low heating rates, y originates from the transition y’+y as observed in Fig. 9(b). 
The above results suggest that y” is partially involved in two of the observed transitions 

(al 

(bl 1 
a5 1.0 1.5 

@ (Ks-’ 1 

Fig. 7. Heat AH: evolved during the transition to the state with y’-phase as a function of DSC heating rate. 
The calculated values AHzPey and AH Tm ?’ for the heat evolved during transitions GP+y’ and y” + y’ are 
also shown in (a) and (b). 
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and thus one can assume that the transitions 

GP, y” -f y’ 

and 

take place. They require that the heat effect associated with y” be partitioned into 
a fraction CI contributing to the transition to the y’-phase state, and a fraction (1 - x) 
contributing to the transition to the y-phase state. As the heat evolved in each thermal 
event of the DSC traces corresponds to a certain amount of the phase associated with 
the event, strengthening factors can be defined as follows 

rl/* = 
AHFP 

AH?” + aAHC 

and 

(18) 

(19) 

and they ponderate the calculated heats of transition AHZ and AHZ involved in 
achieving the states y’ and y. By equating A Hz = AHZ’ and A Hz = A Hz, the following 
expressions for such transitions can be written 

$*AH&P[C-C~~(~-~~)]+(~-~*)AH~~[C-C~(T$’)=AH~’ (20) 

and 

Y*AH$[C-c&(T:“)] +(l -Y*)AH;,[c-c&(T:‘)=AH: 

where 

(21) 

AHgp = AH; - AHgP 

AH;:, = AH; -AH; 

AH$ = AH; _ AH; 

AH;, = AH;- AH; 

Values for $* and Y* are obtained from Eqs. (20) and (21) and are plotted as a function 
of $ in Fig. 10. Values for a($*) and a(Y*) are shown in Fig. ll. It can be observed that 
a($*) = a(Y*) for al1 heating rates employed, thus confirming that the transitions 
formulated in Eqs. (20) and (21) are correct. 

3.4. Activation energy analysis 

Activation energies for thermal events associated with GP zones and y” formation 
as wel1 as those for y’- and y-phase transformations were obtained by employing 
a variant of the Kissinger analysis [26], from the slope of a straight line through 
data points of a ln(T:/&) vs. l/T, plot at certain transformation stages of the 
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Fig. 10. Calculated factors $* and Y* from Eqs. (20) and (21) as a function of DSC heating rates. 
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Fig. ll. Values for a($*) and x(Y*) computed from Eqs. (18) and (19) as function of DSC heating rate 

deconvoluted peaks, Tf being the temperature for a fixed stage of transforma- 
tion. Effective activation energies were calculated at four chosen transformation 
stages: at peak temperature, at lO%, at 50% and at 90% of the total heat evolved 
by effects A,, A,, B, and B,. The values thus obtained did not differ significantly 
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in each case. Average computed values were as follows 

EGP=094+007eV a . _. 

Eg = 1.26 f 0.07 eV 

E,Y’ = 1.31 + 0.08 eV 

Ei = 1.69 f 0.10 eV 

where E?‘, Ei’, EY’ a and Ei correspond to GP zones and y”-, y’-, y-phases. It can be 
observed that the Ea’ value is closely related to the value of vacancy migration, taken 
as about a half of 1.99 eV, the activation energy for beryllium diffusion in copper [17]. 
This means that GP-zone formation is mainly controlled by monovacancy migration 
and that less mobile complexes are likely to be absent. Al1 other values, associated with 
the overall kinetics [30] of the different phases involved, are lower than the activation 
energy for beryllium diffusion in copper. As such diffusion can only proceed via 
a vacancy mechanism, significant amounts of excess vacanties are present in al1 these 
specimens. 

Another reason for the lower values of the activation energies as compared to those 
of beryllium diffusion, is that such overall values are weighted averages of the activation 
energies controlling the kinetics of thickening and lengthening of the y”-, y’- and 
y-plates. Although no specific data were found for Cu-Be alloys with respect to the 
above differences, at least in Al-Cu alloys the rate-dependent step for thickening 
appears to be ledge-formation of the broad surfaces of 6’-plates, whereas the rate- 
dependent step for lengthening was found to be pipe-diffusion. The activation energy 
for thickening was larger than for lengthening [27], but slightly lower than the 
activation energy for copper diffusion in aluminium [28]. If the same arguments are 
applied to copper-beryllium alloys, they strongly suggest that lengthening is relatively 
more important than thickening, as the phases considered become less stable. Typical 
transmission electron micrographs showing y’- and y-plates reveal this feature [15]. 
Hence, the increasing value obtained for activation energy as the phases become more 
stable (GP, y”, y’ and y) can be explained in this way. 

It is interesting to notice that low heating-rate experiments show a smal1 knee in the 
DSC traces preceding the transition to the y’-phase (Fig. 1). An activation energy 
estimate for this knee using the above procedure yields 1.19 eV at 10% transformation 
after deconvolution, which equals the apparent activation energy for cel1 growth during 
discontinuous precipitation [13]. This result suggests the onset of discontinuous 
precipitation. At these temperatures, this precipitation at the grain boundaries is 
rapidly stopped by the y’-plates lying within the grains. Fig. 12 shows a typical optica1 
micrograph of a specimen heated at 0.333 K s- 1 up to 700 K and then water-quenched. 
Discontinuous precipitation is observed at the grain boundaries; in the grain interiors 
a ripple structure revealing continuous precipitation can be discerned [15]. This 
reflects preferential alignment of precipitates along specific directions under the 
influence of tetragonal elastic distortions [27], or simply that more than one variant of 
orientations is present, such as occurs for TX’ elastically constrained precipitation in 
a hyper-eutectoid CuBe alloy [31, 321. 
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Fig. 12. Typical optica1 micrograph of a specimen heated at 0.333 K s- ’ up to 700 K, and then water- 
quenched. 

Also worth noticing is a smal1 knee preceding thermal event A,, associated with 
GP-zone formation in DSC traces appearing at low heating rates in Fig. 1. This effect 
might be due to the formation of smal1 equiaxed clusters of beryllium that nucleate and 
grow as precursors prior to plate-like formation of GP zone [4,8]. 

To summarize, the non-isothermal precipitation sequence in Cu-2Be is shown 
schematically in Fig. 13 where ydisc and ycont are discontinuous and continuous 
precipitations of y. 

4. Conclusions 

Quenched Cu-2Be alloys subjected to non-isothermal DSC runs using a wide range 
of heating rates led to the following findings: 

(1) At low heating rates, GP zones and y”-phase nucleate and grow independently. 
The amount of GP zone decreases with increasing heating rate and is even hindered at 
high heating rates due to inefficiency resulting from excess vacanties. 

(2) The heat content of the combined GP/y”-phase precipitation effect appears to be 
proportional to the number of beryllium atoms precipitated, yielding an average value 
for the heat of beryllium precipitation of 21 kJ mol- ’ beryllium. 

(3) The $‘-phase can be inherited from GP zones only at very low heating rates. 
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T 
Fig. 13. Schematic representation of the phases involved with increasing temperature in non-isothermal 
precipitations in quenched CuP2Be. 

(4) The y”-phase contributes partially to the transitions to states with y’- and 
y-phases. 

(5) Transition to the state with y’-phase arises from the combined contribution of 
GP zones and y”. 

(6) Transition to the state with y-phase arises from the combined contribution of y”- 
and j-phases. 

(7) At the highest heating rates, the state with y’-phase is absent and transition to the 
state with y-phase arises completely from y”-phase. 

(8) The apparent activation energy of GP-zone formation is consistent with the 
activation energy for vacancy migration. Apparent activation energies associated with 
y”-, y’- and y-phases show increasing values respectively. Two factors can influence this 
feature: the mobility of the dissolved atoms and the growth direction (either normal, or 
perpendicular to the plates). The relative importante of these factors may depend on 
temperature. 
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