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Abstract 
The morphology and growth kinetics of the discontinuous precipitate in a 
deformed and undeformed Ni-7.5at.%In alloy have been investigated at tem-
peratures ranging from 667 K to 1030 K using light and scanning microscopy. 
Also, the dependence of the growth rate on some diffusion parameters was 
experimentally and theoretically studied. The investigation is observed that at 
all aging temperatures the alloy was observed to decompose completely by 
discontinuous precipitation into a fine lamellar structure of nickel-rich solid 
solution and β (Ni3In) precipitate phase. The precipitation rate depends 
strongly on the degree of deformation, this dependence being identical for 
each of the aging temperatures under investigation. Analysis of the growth 
rates, lamellar spacing and phase compositions for the discontinuous precipi-
tation reaction showed that they were controlled by grain boundary diffusion. 
Moreover, a generally applicable procedure for calculating the driving force is 
presented. The driving forces, calculated in this way, should be more reliable 
than those calculated with the approximations based on Peterman and Horn-
bogen laws. 
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1. Introduction 

The plastic deformation of metals and alloys is of high significance since it is the 
main component of many engineering processes. Precipitation-hardened mate-
rials are used in structural high-temperature applications because of their supe-
rior deformation properties. A typical example is the use of nickel-based su-
per-alloys in the construction of turbine blades for aircraft engines. The micro-
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structure of these materials consists of a dispersion of Ni3Al (β) precipitates in a 
nickel-rich matrix that is often highly resistant to coarsening [3] [4]. 

Investigation of the effect of plastic deformation on the discontinuous preci-
pitation reaction (DPR) is necessary to analyze the influences of rolling percen-
tage, aging temperature, and time on the mechanical properties of the alloy [5] 
[6] [7]. 

During the aging process, supersaturated nickel alloys containing 1.4 upto 
6.2at.%In have been observed to decompose completely by discontinuous preci-
pitation (DP) into the lamellar mixture of a face-centered cubic (FCC) nick-
el-rich α solid solution and β (Ni3In) precipitation [5] [6] [7]. 

The precipitation phenomena play an important role in metal solutions, be-
cause they modify the alloy properties, sometimes in a favourable way leading to 
an increase in hardness and load breaking. The final state of the precipitation 
process takes place over several phases [8]. 

Generally, the reaction of precipitation consists of the decomposition of a su-
persaturated solid solution 0α  (mother phase) into a mixture of two phases of 
different compositions [3], according to the following reaction: 

0α α β→ +  

where α is the girl phase, depleted in the alloy element and with the same struc-
ture as α0, the mother phase, and β is the precipitated phase rich in the alloy 
element and can be one of the following: a mixed crystal with the same structure 
in the case of discontinuous precipitation in the alloy system Au-Ni [2], a mixed 
crystal with a different structure in the case of the alloy system Pb-Sn [1], an in-
termetallic phase in the case of the alloy system Al-Zn [9], or a liquid phase in 
the case of the alloy system Pb-Bi [5]. 

However, two types of cellular reactions were observed by Spenger and Mack 
[10] in this alloy system, one fine and the other coarse, in both cases the lamellas 
are uniformly distributed. Predel and Gust [11] have shown also the same ob-
servation, Figure 1, where the formation of the coarse lamella proceeds mainly 
between two fine lamellas and in both cases, the process is controlled by the dif-
fusion on the grain boundaries. The fine lamellas are uniformly distributed; in 
contrast, the distribution of thick lamellas is disordered. So, there is a competi-
tion between the primary reaction of precipitation and the coalescence of the 
lamellas [12]. In old work, one could not observe the coarse lamellas, because 
probably they appear only after long annealing time. This is the same pheno-
menon that was observed in many alloys such as Al-Cu [13], Au-Fe [11], Cu-Ag 
[14] [15], Fe-Zn [16]. However, the equilibrium state is not reached in the 
transformation products as manifested by the presence of a solute concentration 
profile across the α lamellae. This excess of solute is diminished or even removed 
owing to the discontinuous coarsening (DC) reaction. Discontinuous coarsening 
is a reaction during which a fine-lamellar structure is transformed into a coarser 
one containing the same α and β phases according to the reaction: 
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(a)                                       (b) 

Figure 1. Schematic drawing of (a) discontinuous precipitation and (b) discontinuous 
coarsening [7]. 

 
( ) ( )fine coarseα β α β+ → +  

Experimentally, it was shown that a pre-deformation with the ageing anneal-
ing affects considerably the mechanism and the kinetics of precipitation [17]. 
Williams [17] confirmed that under the influence of the deformation, the speed 
of continuous precipitation increases consequently, the degree of supersatura-
tion in solute atom decreases, which implies a reduction in the driving force of 
the cellular reaction. 

The growth rate, lamellar spacing and α-phase composition of the products of 
the first reaction have been measured and the reaction has been shown to be 
controlled by grain boundary diffusion of indium at the advancing reaction 
front. The driving force of discontinuous precipitation reaction, which is asso-
ciated with the change of free energy introduced by plastic deformation, is posi-
tively affected by the plastic deformation of a quenched solid solution. 

This problem has been expressed quantitatively by Hornbogen [18] who 
stated that in the case when the cellular precipitation preceded recrystallization, 
the driving force of the transformation was equal to the sum of the driving force 
of precipitation and driving force resulting from the increase of lattice defects in 
the solution. 

However, the occurrence of discontinuous precipitation in pre-deformed 
Ni-3at%In alloy has been studied by Fatmi and Boumerzoug [19]. They found 
that this reaction is stimulated by prior cold rolling before anisothermal treat-
ments, but below the critical deformation, which is 30% of reduction. 

In the present study, the growth kinetics of the discontinuous precipitation 
reaction in a deformed and undeformed nickel containing 7.5at.%In alloy have 
been studied for determining the rate controlling process. Also, the aim of the 
present work is the presentation of a modified form of the dependence the 
growth rates on of some diffusion parameters taken into the consideration the 
plastic deformation percentages. 

2. Experimental Details 
2.1. Materials 

The ingots of Ni-In alloy were prepared by melting nickel and Indium, each of 
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purity 3N2. The melting was carried out in an alumina crucible in an induction 
furnace under argon atmosphere. The cast alloy was homogenized at 1593 K, 21 
days in evacuated quartz under a vacuum of 10−3 Pa and then water quenched. 
The homogenized alloy is subjected to cold plastic deformation, in a range from 
5% to 30%, using CNC rolling machine at room temperature. 

2.2. Heat Treatment 

The discontinuous precipitation and coarsening reactions were performed in a 
horizontal muffle furnace at a temperature ranging from 667 K to 1030 K. The 
specimens were sealed and then aged in a quartz tube under high vacuum of 10−3 
Pa. For aging times, less than one hour the aging was performed in a lead bath. 
To avoid any reaction with the molten lead, the samples were wrapped in a tan-
talum foil. 

2.3. Metallography 

For the microscopic studies, samples were prepared by wet grinding, 
pre-polishing and “minimet” polishing through 7 µm down to 1 µm diamond 
paste using a Nylon polishing cloth. They were etched with a solution 10% FeCl3 
in ethanol. The etching time was 30 - 90 sec. Sometimes the samples were heated 
before etching in hot water to improve the etching effect. 

2.4. Hardness Test 

The hardness was measured using Standard Vickers hardness (HV) testing ma-
chine with a load of 5 kg, loading speed of 100 mm/s and 15 seconds holding 
time. The reported hardness measurements are based on an average of mini-
mum four different locations indentations on each of the tested samples. 

3. Results and Discussion 
3.1. Morphology 

In agreement with previous studies [5] [6] [7] the supersaturated FCC α-phase 
of the solution treated and water quenched Ni-7.5at.%In alloy decomposed 
completely during aging into a lamellar mixture of depleted α solid solution and 
β (Ni3In of DO19 structure ) precipitate, Figure 2. Generally, the discontinuous 
precipitation reaction (DPR) occurs by migrating grain boundaries between two 
supersaturated grains boundary from one grain into the other leaving behind the 
lamellar mixture. Abdou et al. [7] show that the discontinuous cells consist of 
the same two phases (depleted α and β precipitate) as the discontinuous precipi-
tation cells into which they are growing. Figure 2(c) showing that the disconti-
nuous coarsening reaction occurred after deformation around the grain boun-
dary, not on subgrain. 

3.2. Microhardness Analysis 

Figure 3 shows the relationship between the Vickers microhardness of 
Ni-7.5at.%In alloy versus the deformation percentage before and after  
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(a)                                       (b) 

 
(c)                                       (d) 

Figure 2. Light and SEM micrographs of discontinuous precipitation and growing the 
discontinuous precipitation and coarsening for undeformed and deformed Ni 7.5%In al-
loy. Undeformed (a) (b) and Deformed (c) (d). (a) Undeformed aging at 450˚C/1h; (b) 
Undeformed aging at 602˚C/3h; (c) Deformed alloy aging at 450˚C/195h; (d) Deformed 
alloy at aging 510˚C/210h. 

 

 
Figure 3. The relationship between the Vickers hardness versus the 
plastic deformation in Ni-7.5 at.%In alloy (before and after reaction). 

 
discontinuous precipitation reaction for deformed and undeformed alloy. The 
curve reflects the effect of hardening by plastic deformation [9]. 

3.3. Cell Growth Rates 

The reaction front migration rates for discontinuous precipitation (DP) were 
determined from the slopes of the plots of the true cell width as a function of the 
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aging time. The true cell width w  was taken to be π/4 times the arithmetic av-
erage of the apparent cell width w′  measured statistically on a photomicro-
graph [7]. The values w′  were obtained by measuring the distance from the 
start of a cell to its leading edge. About 35 measurements were performed for 
each aging condition. The migration rates for discontinuous precipitation in de-
formed and undeformed Ni-7.5.at%In alloy are shown in Figure 4. The values of 
the growth rate due to the plastic deformation for the discontinuous precipita-
tion and coarsening reactions are presented in Table 1 and Table 2. The inter-
lamellar spacing, λ1, λ2 of precipitates in cells of DP was obtained by measuring 
15 - 32 regions of the apparent lamellar spacing λ′ . The following equation 
holds true 4λ πλ′ =  [7]. 

Figure 5 demonstrates clearly states that the plastic deformation has no effect 
on the interlamellar spacing for the discontinuous precipitation. 

The activation energy (Q), for the discontinuous precipitation reaction in un-
deformed alloys, can be calculated from the following equation. 

e Q T
o

Rv v −=                             (1-a) 

where R is the universal gas constant and T absolute aging temperature. Q may 
be calculated from the logarithm of the growth factor resulting from deforma-
tion. It has been found that the definitely affects the values of the pre-exponential 
factor vo Christian [20] forwarded the following equation; 

e Q RTGv
RT

δ −∆
=                           (1-b) 

where δ  is the thickness of the reaction front and ΔG is the net free energy 
change for the transformation one mole of the supersaturated solid solution by 
the DP to depleted solid solution and precipitate phase. The value of the driving 

 

 
Figure 4. The growth rate for discontinuous precipitation in 
Ni-7.5at,%In alloy versus the aging temperature at different rolling per-
centage. 
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Figure 5. The interlamellar spacing for discontinuous precipitation (DP) 
versus the aging temperature in deformed and undeformed Ni-7.5at% In 
alloy. 

 
Table 1. The growth rate and interlamellae spacing values for the discontinuous precipi-
tation due to the plastic deformation in a Ni-7.5at% In alloy at different aging tempera-
ture. 

λ1 
(μm) 

V1 (m/s) X1 
at. (%) 

Xe 
at. (%) 

T (K) 
20% 10% 5% 0% 

0.070 1.00 × 10−10 5.62 × 10−11 3.55 × 10−11 2.51 × 10−11 1.38 0.38 650 

0.080 3.16 × 10−8 5.62 × 10−9 1.78 × 10−9 5.02 × 10−10 1.45 0.46 750 

0.085 1.80 × 10−6 1.7 × 10−7 5.01 × 10−8 6.31 × 10−9 1.72 1.31 850 

0.090 1.78 × 10−5 3.98 × 10−6 5.60 × 10−7 1.78 × 10−7 2.48 1.50 950 

0.130 1.73 × 10−5 5.62 × 10−6 1.00 × 10−6 3.16 × 10−7 3.17 2.68 1000 

0.190 1.70 × 10−5 5.01 × 10−6 1.26 × 10−6 3.55 × 10−7 4.28 4.32 1050 

0.210 1.60 × 10−5 4.32 × 10−6 1.10 × 10−6 1.26 × 10−7 6.30 5.96 1100 

 
Table 2. The growth rate and interlamellae spacing values for the discontinuous coar-
sening due to the plastic deformation in a Ni-7.5at%In alloy at different aging tempera-
ture. 

λ2 
V2 (m/s) X2 

(at%) 
Xe 

(at%) 
T (K) 

20% 10% 5% 0% 

0.42 5.65 × 10−12 1.26 × 10−12 1.00 × 10−12 6.31 × 10−13 0.33 0.38 650 

0.45 1.20 × 10−10 5.62 × 10−11 2.50 × 10−11 4.47 × 10−12 0.34 0.46 750 

0.46 3.16 × 10−9 6.31 × 10−10 3.16 × 10−10 2.24 × 10−11 0.90 1.31 850 

0.51 5.62 × 10−9 4.47 × 10−9 1.00 × 10−9 5.01 × 10−10 1.65 1.50 950 

0.68 3.16 × 10−8 1.58 × 10−9 1.78 × 10−9 5.62 × 10−10 2.65 2.68 1000 

0.95 3.55 × 10−8 5.62 × 10−8 1.75 × 10−9 4.47 × 10−10 2.90 4.32 1050 

1.16 3.50 × 10−8 5.60 × 10−9 1.71 × 10−9 1.41 × 10−10 3.20 5.96 1100 
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force, ΔG of transformation in an undeformed alloy was determined from the 
relationship given by Cahn [21]; 

2
m

c
VG P G α β

λ
σ

∆ = ∆ +                        (2) 

where; cG∆  is the chemical free energy for the reaction, P is the fraction of the 
total chemical free energy, βασ  of the free energy per unit area of the α β  
interface, mV  the molar volume for the α β+  mixtures and λ  is the inter-
lamellar spacing. 

The increase of the plastic strain by rolling increases the driving forces for 
occurrences the discontinuous precipitation and discontinuous coarsening reac-
tions. Otherwise, the factor δ  remains constant with the increase the degree of 
deformation and small changes of the width of the grain boundary can be 
achieved [22]. 

The relationship between the growth rate and the degree of plastic strain for 
Ni-7.5%In alloy is shown in Figure 4. The method of the determination the val-
ue cG∆  was verified employing Hornbogen’s statement noting that the value of 
the driving force of recrystallization RF∆  cannot exceed the value of ΔG. Oth-
erwise, recrystallization would precede the process of DP. Thus, by applying the 
above rule, it is found that regularity is retained below the 20% of strain and for 
small changes of the factor λΨ . Where δΨ  is a factor dependent upon the 
shape and behavior of the interlamellae growth and equal GB REλ λ  ( GBλ  is the 
interlamellae spacing at the grain boundary and REλ  is the interlamellae at the 
reaction front). To introduce a correction resulting from the changes of λΨ , a 
modified relation was applied that relation express the effect of plastic deforma-
tion on the changes of the driving force of cell transformation this correction 
describes the increase in the pre-exponential factor resulting from deformation. 
It is a product of the acceleration parameter ZP  of the transformation and of 
the change of the deformation degree [23]. The parameter ZP  expressed by the 
relation; 

( ) ( )1
1

1 ln ln
1Z o

o

P v v
z z

=
−

                    (3) 

The modified relation expressing the dependence of the transformation rate 
upon the aging temperatures is as follows; 

( )ZP ΔZe e Q RTGv
RT

δ −
Ψ

∆
=                         (4) 

The values of v, as determined from Equation (4), are smaller than those de-
termined experimentally as shown in Figure 4. Such discrepancy is due to the 
assumption that the driving force of recrystallization equals the driving force for 
the discontinuous precipitation reaction at the whole of plastic strain. 

3.4. Analysis of First Cell Growth Kinetics 

The growth rate, lamellar spacing and phase composition data for first cell 
growth are presented in Table 1, Table 2, Figure 4 and Figure 5 have been  
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Table 3. The grain boundary diffusion (sδDb) for discontinuous precipitation reaction in 
deformed and undeformed Ni-7.5 at.%In alloy at different rolling percentage. 

Log sδDb (m3/s) 

Reaction Discontinuous Precipitation 

Model 
T (K) 

Turnbull Analysis Aaronson & Liu Analysis 
Petermann & Hornbogen 

Analysis 

0% 5% 10% 20% 0% 5% 10% 20% 0% 5% 10% 20% 

650 28 25.7 24.8 23.5 26.5 25 24 22.4 26 25 21.6 19.5 

750 25.1 23.8 23 21.7 24.8 23.4 22 21.3 23.7 21.5 19.9 19 

850 23.1 22.5 21.7 21 23 21.8 21 20.2 21.7 19.7 18.9 17.6 

950 21.5 21.2 20.7 20.3 21.4 20.5 19.6 19 20 19.3 18 17.3 

1050 21.1 20.6 20 19.8 20.8 20 19.5 18.7 19.4 17.8 17.5 17.1 

1100 20.5 20.1 19.8 19.2 19.5 19 18.1 17.8 18.1 17.5 17 16.1 

 
Table 4. Arrhenius parameters (Qo and (sδDb)o) from different diffusion theories at dif-
ferent rolling percentage for the occurring the discontinuous precipitation and coarsen-
ing reactions in deformed and undeformed Ni-7.5at.%In alloy. 

Log sδDb (m3/s) 

Reaction Discontinuous Precipitation 

Model 
T (K) 

Turnbull Analysis Aaronson & Liu Analysis 

0% 5% 10% 20% 0% 5% 10% 20% 

650 28 25.7 24.8 23.5 26.5 25 24 22.4 

750 25.1 23.8 23 21.7 24.8 23.4 22 21.3 

850 23.1 22.5 21.7 21 23 21.8 21 20.2 

950 21.5 21.2 20.7 20.3 21.4 20.5 19.6 19 

1050 21.1 20.6 20 19.8 20.8 20 19.5 18.7 

1100 20.5 20.1 19.8 19.2 19.5 19 18.1 17.8 

 
analyzed according to the theories of Tu and Turnbull [1] and Aaronson and Liu 
[2]. The theories assume that cell growth is controlled by boundary diffusion Db, 
in the advancing cell interface. Therefore, analysis of the data involves substitut-
ing the measured quantities into the theoretical growth rate equations, calculat-
ing the unknown values of ( bs Dδ ) and comparing them with the values deter-
mined by Gust et al. [24] for Indium tracer diffusion in stationary grain bounda-
ries. All calculations have been assured that the composition of the α-phase is as 
given in Table 1 and Table 2, show the β-phase and α-equilibrium values given 
by Chuang et al. [25] [26] considering the effect of continuous precipitation can 
be neglected. 

3.5. Turnbull Analysis 

According to Turnbull and Tu [1], who modified Zener’s volume diffusion con-
trol theory for eutectoid decomposition to boundary diffusion controlled growth 
for discontinuous precipitation; the growth rate of first cells is given by: 
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(a)                                                         (b) 

Figure 6. Grain boundary diffusion (sδDb) (sδDb)o migrating grain boundaries for discontinuous precipitation reaction in unde-
formed (a) and deformed (b) Ni-7.5at.%In alloy, according Turnbull and Aaronson and Liu models [1] [2]. (a) Undeformed; (b) 
Deformed. 

 

2
1

1o b

o

x x s D
v

x

α α

α

δ
λ

 −
=  

 
                        (5) 

where s is the segregation factor, δ is the interlamellar spacing and Db is the 
grain boundary diffusion. In Equation (5) 1xα , the concentration of In the α la-
mellae of the first cells, was used rather than the equilibrium solvus composition 

oxα . The values ( bs Dδ ) obtained by substituting the values of v1, λ1 and concen-
tration values into this equation are presented in Table 3 and Figure 6(a). The 
diffusion parameters ( )bs D oδ  and Qo  obtained from them are given in 
Table 4. 

4. Conclusions 

 Supersaturated solid solution of Ni-7.5 at.%In alloy deformed and unde-
formed is decomposed completely by discontinuous precipitation and coar-
sening into a lamellar mixture of depleted α and β phases during aging at 
temperatures ranging from 667 to 1030 K. 

 The precipitation rate depends strongly on the degree of deformation, this 
dependence being identical for each of the aging temperature under the sol-
vus line. 

 The plastic deformation is highly affected the mechanism of occurring dis-
continuous reactions. 

 Analysis of the growth kinetics using Aaronson and Liu, Turnbull gives sim-
ilar results, which suggest that both reactions are controlled by grain boun-
dary diffusion in the reaction front. 

 The driving force of discontinuous transformation in a deformed alloy is in-
creased continuously as a result of plastic deformation which introduces mi-
cro-twins. 
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