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Abstract
For the first time, the analytical electron microscopy has been used to determine the solute concentration profiles left behind 
the moving reaction front (RF) of the discontinuous precipitation (DP) reaction in a Fe-13.5 at.% Zn alloy. These profiles 
have been converted into grain boundary diffusivity (sδDb) values, using Cahn’s diffusion equation in its original form and 
the data of the growth rate of the discontinuous precipitates obtained from independent measurements. This approach has 
essentially removed existing difference in comparison to sδDb values obtained from Cahn′s simplified and Petermann–Horn-
bogen models relevant for the global approach to the DP. Simultaneously, the local values of sδDb have been up to 8–10 
orders of magnitude higher than the data for volume diffusion coefficients and much greater than for diffusion at the stationary 
grain boundaries of Zn in pure Fe. This is clear indication that the rate controlling factor for DP reaction in the Fe-13 at.% 
Zn alloy is diffusion at the moving RF.

1 Introduction

Discontinuous precipitation (DP) belongs to a group of 
solid state diffusive phase transformations occurring at the 
moving interface called the reaction front (RF). During DP 
reaction, a supersaturated solid solution α° decomposes into 
colonies of alternate lamellae of a new solute-rich β phase 
and solute-depleted α phase. The DP is relevant example 
of nano-phase transformations as the solute redistribution 
leading to creation and growth of the lamellar product takes 
place at the moving RF which is ca. 0.5 nm in width and 
maximal diffusion distance is equal to half width of the α 
lamella. Moreover, the thickness of α phase lamellae is usu-
ally in order of 100–500 nm and the thickness of β lamellae 
even 7–10 times smaller.

Fe–Zn system is very suitable for the examination of 
mechanism and kinetics of DP reaction as it shows a large 
range of solid solubility (up to 42 at.% Zn) and DP occurs 
in a wide range of ageing temperatures and solute con-
centrations. According to Predel and Frebel [1–3], only at 

relatively high temperatures located ca. 20–50 °C below sol-
vus line, continuous precipitation (CP) is the only one way 
of precipitation. On the other hand, a competition between 
CP and DP occurred at relatively low temperatures for the 
Zn content more than 25 at.%. Therefore, iron alloys with 
different content of Zn were the subject of extensive studies 
in the past. One of the first information, showing the typical 
DP morphology, was delivered by Schramm and Mohrn-
heim [4] and Hornbogen [5]. A few years later, Speich [6] 
performed systematic studies for four FeZn alloys focus-
ing mainly on kinetic aspects associated with verification 
of Cahn′s [7] theory of DP while Predel and Frebel [1–3], 
Parthiban and Gupta [8] extended the studies to discontinu-
ous coarsening (DC).

A detailed examination of Fe-13.5 at.% Zn alloy with 
scanning electron microscopy (SEM) made by Chuang et al. 
[9, 10] revealed the go- and -stop motion and formation of 
so-called “ghost images” of the former successive posi-
tions of the RF and the places where the zin-rich phase was 
previously located during discontinuous dissolution (DD). 
Chuang et al. [10] summarized all the data concerning dif-
fusivity at the moving RF of three main discontinuous reac-
tions, namely DP, DC, DD with the conclusion that there is 
no substantial differences between the rate of diffusion pro-
cesses at the stationary and migrating grain boundaries pro-
viding that the data for the stationary boundaries are selected 
properly. Some years later, similar approach was used by 
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Gupta [11] who additionally investigated diffusion induced 
grain boundary migration (DIGM) and grain growth. Apply-
ing different models of kinetics of discontinuous reactions, 
he predicted that the diffusion of Zn occurs through grain 
boundaries during DP, DC, DD, DIGM and grain growth in 
Fe–Zn system.

Most of the examinations, summarised above, were per-
formed using light and scanning electron microscopy on 
etched specimens applying also surface replica technique. 
A few results were obtained also with transmission electron 
microscopy (TEM) [5, 6] but without any information con-
cerning the chemistry of DP product. Therefore, the present 
study was undertaken to get more details about the solute 
concentration profiles accompanying the growth of discon-
tinuous precipitates in a Fe-13.5 at% Zn alloy.

2  Experimental

The Fe-13.5 at.% Zn alloy was obtained with iron (99.8% 
purity) and zin (99.99% purity) in an autoclave under an 
argon pressure of 1.5 GPa. The grain size (~ 1–2 mm) of 
obtained rods (10 mm × 9 mm in diameter) was too large 
for TEM studies. Therefore, the samples were subjected to 
thermal cycling at 723 K for 40 h followed by 5 h at 1073 K 
in quartz capsules under vacuum of 10 Pa. This procedure 
enabled to reduce the grain size down to 50–250 μm. Then, 
the rods were cut into slices of 1.5 mm in thickness and aged 
in an evacuated silica capsule.

The foils for the TEM examinations were prepared from 
the slices mechanically thinned to 0.25 mm from which discs 
3 mm in diameter were cut through a spark erosion. The 
final operation was dimpling and ion beam thinning using a 
GATAN Duomill instrument. The microstructure investiga-
tion was carried out using a Philips CM 20 Twin transmis-
sion electron microscope operated at 200 kV and equipped 
with a EDAX Phoenix energy-dispersive X-ray spectrometer 
(EDX) enabling a high spatial resolution chemical analysis 

of the solute content in the DP products. Some of the results, 
specifically selected area electron diffraction patterns, were 
obtained by using TECNAI G2 FEG super TWIN (200 kV) 
TEM.

The local reaction front velocities for the DP were 
assessed from TEM images. To accomplish this, a two-step 
ageing was applied. After the first step, the DP was pre-
sent in most of the grain boundaries. The second stage was 
performed at a temperature 50 K higher than the previous 
one for further growth of discontinuous precipitates but with 
significantly larger inter-lamellar spacing. Then, the growth 
distance of the second stage was measured neglecting the 
transition period associated with the change of interlamellar 
spacing. Only those colonies, in which the arrays of cells 
were perpendicular to the growing front of discontinuous 
precipitates were taken into account. For such colonies, the 
thickness of the α lamellae was also measured and the EDX 
analysis of the zinc concentration was performed across the 
α lamellae.

3  Results and discussion

Figure 1a presents a colony of Zn-depleted (α) and Zn-
rich lamellae growing into a supersaturated solid solution. 
The nearly constant lamellar spacing over a long distance 
proves that the steady-state period of growth has already 
been reached. The selected area electron diffraction (SAED) 
patterns revealed that the Zn-rich lamella is the intermetal-
lic phase Γ(Fe3Zn10) (Fig. 1b, c). Simultaneously, the exist-
ence of Γ1(Fe5Zn21) phase at temperatures below 823 K was 
excluded. This result was of importance as the EDX analysis 
in this case was inconclusive, i.e. the high scatter of zinc 
concentration made presence of both phases possible.

Figure 2a shows the results of two-step ageing used for 
assessment of the growth rate. The colonies with much larger 
inter-lamellar spacing are growing from primary colonies of 
DP developed at lower ageing temperature. Further ageing 

0.5 µm

(a) (b) (c)

Fig. 1  a TEM micrograph showing microstructure of Fe-13.5 at.% Zn alloy aged at 673 K for 4 h followed by 723 K for 2.5 h, b, c SAED pat-
terns taken from the region occupied by the α and Γ lamellae



Archives of Civil and Mechanical Engineering (2020) 20:76 

1 3

Page 3 of 7 76

leads to an impingement of the colonies growing from differ-
ent segments of the original grains (Fig. 2b) and termination 
of the DP process.

The decisive role of the grain boundary diffusion in the 
occurrence of DP reaction was confirmed by measuring the 
Zn-concentration profile across the reaction front (solid line 
in Fig. 3a). The characteristic abrupt change of Zn content 

(Fig. 3b) is the proof that the diffusion process leading to 
formation of the Γ phase is limited to a few nanometers or 
even less.

On the other hand, the measurements of Zn-content pro-
files within the α lamellae showed a characteristic reverse 
“U” shape, symmetrical with respect to the central axis of 
the α lamella (Fig. 4). This means that the growth of the 

Fig. 2  TEM micrograph of 
Fe-13.5 at.% Zn alloy aged 
at 673 K for 4 h followed by 
723 K for 2.5 h (a) and 8 h (b)

1 µm 1 µm

(a) (b)

Fig. 3  TEM micrograph show-
ing the reaction front (RF) of 
single set of α and Γ lamellae 
(a) and corresponding Zn-con-
centration profiles taken across 
RF along solid line (b). Fe-13.5 
at.% Zn alloy aged at 673 K for 
8 h followed by 723 K for 2.5 h

0.1 µm

(a) (b)

Fig. 4  Examples of Zn-con-
centration profiles across the 
α lamellae for Fe-13.5 at.% Zn 
alloy aged at 573 K for 200 h 
followed by 623 K for 14 h 
(a), 623 K for 14 h followed 
by 673 K for 6 h (b), 673 K for 
8 h followed by 723 K for 2.5 h 
(c) and 723 K for 3 h followed 
by773 K for 1 h (d)
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single set of α and Γ lamellae was not disturbed by any crys-
tallographic or chemical perturbation. Such measurements 
were made in five randomly selected α lamellae which did 
not belong to the same colony or grain. One should note that 
Zn content in the middle of the α lamella was noticeably 
higher than the concentration according to the solvus line 
in the equilibrium phase diagram [12]. The solid lines in 
Fig. 4 represent the least squares fit of the experimental data 
to the solution the solution of Cahn’s [7] diffusion equation 
relevant for the DP reaction:

in which the dimensionless C parameter is expressed by:

Here, xo is the original solute content in the alloy, xe is the 
solute content in the α lamella in contact with the Γ lamella 
(assumed to be an equilibrium value), vins is the instantane-
ous growth rate of the discontinuous precipitates, λα is the 
thickness of the α lamella, and y is the normalised co-ordi-
nate measured from the edge of the Γ lamella and running 
perpendicular to the α lamella.

(1)x(y) =
�

xe − xo
�cosh

�

(y − 0.5)
√

C
�

cosh

�
√

C∕2
� ,

(2)C =
vins

(

�
�

)2

s�Db

.

The fitting procedure delivers values of the Zn-content 
at the α/Γ interface (xi) and C parameters given in Table 1. 
The acquired data indicate that the Zn content at the α/Γ 
interface (xi) does not correspond with the value for the α 
phase in equilibrium with the Γ phase (xe). This result is 
compatible with those obtained for the DP reaction in some 
other systems, like Al–Zn [13, 14], Mg–Al [15] and Ni–In 
[16]. One should emphasize here that all the EDX measure-
ments were performed in the sufficient distance from α/Γ 
interfaces so that no X-rays were excited from the Γ phase. 
Moreover, the larger difference between xi and maximum Zn 
content in the middle of α lamellae (y(x = 0.5)) the higher 
C parameter. This means that an increasing part of each α 
lamella can form and grow at a smaller change in the com-
position from the initial state. In principle, the larger value 
of C parameter is attributed to the larger α lamella thickness 
(λα) which is in accord with the results obtained for Cu-4.5 
at.% in alloy [17].

The scatter of the C values at the same temperature, 
changes of the α phase lamellae and growth rate indicate that 
the DP has to be considered as the local process relevant for 
an individual set of α and Γ lamellae which moves into the 
supersaturated solid solution with the instantaneous velocity 
vins. This confirms that the Cahn model can be applied in the 
form expressed by Eq. (1) with ultimate goal which is the 
determination of the diffusivity at the moving RF in terms 
of the triple product sδDb.

Table 1  Details of lamellae 
in Fe-13.5 at.% Zn alloy after 
ageing at different temperatures

T (K) Lamella 
analysed

xe (at.% Zn) xi (at.% Zn) y(x = 0.5) 
(at.% Zn)

C λα (nm) vins (nm/s) sδDb
(m3/s) 

623 1 1.3 1.47 6.32 4.88 210 16.0 1.45 × 10–22

2 1.53 6.27 4.74 192 12.3 9.55 × 10–23

3 1.55 6.52 5.12 247 5.29 6.31 × 10–23

4 1.61 6.68 5.33 265 2.40 3.16 × 10–23

5 1.68 6.93 5.69 330 1.31 2.51 × 10–23

673 1 2.0 2.37 6.83 4.85 301 69.1 1.29 × 10–21

2 2.54 7.09 5.11 327 29.5 6.17 × 10–22

3 2.21 6.64 4.69 298 23.6 4.47 × 10–22

4 2.17 7.22 5.72 351 14.5 3.39 × 10–22

5 2.27 7.03 5.28 342 14.2 3.16 × 10–22

723 1 3.4 4.11 7.89 4.87 389 508 1.58 × 10–20

2 3.68 7.70 5.01 430 206 7.59 × 10–21

3 3.55 7.75 5.24 458 62.7 2.51 × 10–21

4 3.87 8.21 5.82 511 34.5 1.55 × 10–21

5 3.44 7.78 5.43 487 35.5 1.26 × 10–21

773 1 5.6 5.76 9.60 6.83 780 979 8.72 × 10–20

2 6.03 9.56 6.31 726 930 7.77 × 10–20

3 5.88 9.68 6.92 797 546 5.01 × 10–20

4 5.92 9.19 5.42 589 621 3.98 × 10–20

5 5.70 9.12 5.56 601 157 1.02 × 10–20
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Until now, the information concerning the sδDb values 
in Fe–Zn system was derived applying global approach to 
the DP in which it is assumed that the it proceeds with an 
average velocity (vav) for an average α lamellae thickness 
(λα) and an average solute concentration (xav) within the α 
lamellae [2, 6, 10, 18–20]. This means that all the param-
eters represent average values for the whole population of 
the cells in the sample. In such a treatment, quantitative 
metallographic techniques are applied for the estimation 
of vav and λα, while X-ray diffraction analysis is used to 
estimate the value of the concentration xav.

The most frequently model which was used for the 
global approach to the kinetics of DP process in Fe-Zn sys-
tem was that of Petermann–Hornbogen [21] who consid-
ered the dynamic equilibrium between the atomic jumps 
from one side of the RF to another. It means that the trans-
fer of the atoms directly across the RF into α and Γ lamel-
lae occurs much faster than that along the RF. This equi-
librium is disrupted by the existence of a driving force. 
Statistical mechanical consideration of the jumps across 
the RF means that the velocity in the Petermann–Hornbo-
gen (P–H) model describes the time-averaged behaviour 
of the system. This model leads to the following equation 
for the grain boundary (GB) diffusivity at the steady state 
period of the DP reaction:

where ∆G is the total driving force of the DP reaction, R 
is the gas constant, and T is the temperature of the process.

The second model departs from the integration of Eq. (1) 
for the average solute concentration xav in the α lamella.

After integration, the final result is given in the follow-
ing form:

with

where QR is the saturation released due to DP reaction. Note, 
that right now the values of the α lamella thickness and the 
growth rate in Eq. (6) refer to the average values. Know-
ing xav from X-ray diffraction measurements, it is possible 
to find the parameter C by an iteration procedure and, in 
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a consequence, the global value of the diffusivity for the 
average values of the growth rate and α lamellae thickness.

Determination of a local value for sδDb is straightfor-
ward once an optimum, local value of the parameter C has 
been determined by the fitting. The input data and results 
thus obtained are listed in Table 1. One can notice that the 
local diffusivities can vary up to a factor of 10 at the same 
temperature, whereas the experimental accuracy is expected 
to be 10–15% relative. This is mainly due to the fact that 
the kinetics of DP process is very sensitive as it concerns 
the GB characteristics. Recent examination revealed [22] 
that a large fraction of GBs did not undergo DP process, 
even with misorientations above 19°. Moreover, growth in 
one direction occurred for a relatively large fraction of GBs 
including all the GBs with special Coincidence Site Lattice 
misorientation. There was also no evidence that the GBs 
close to the special Σ misorientations exhibited a very low 
DP reaction rate. Last but not least is that determination of 
vins from in situ experiment failed due to Zn-evaporation 
from Γ lamellae during foil heating in the TEM which was 
confirmed by the EDX analysis. Therefore, the values of 
growth rate calculated based on the procedure applied in the 
present paper, even if it was done for short distance, may be 
influenced by the go- and -stop motion of the RF.

The calculated local sδDb values as well as data for the 
global approach using P–H [2, 10] and Cahn′s [6, 10] models 
are graphically presented in the form of an Arrhenius plot in 
Fig. 5. One can see that the local values of sδDb are located 
below the diffusivities calculated from the P–H model by 
Chuang et al. [10] for the alloy of the same composition. We 
should remark that the sδDb values reported by Chuang et al. 
[10] for the Fe-13 at.% Zn alloy are higher than for the alloys 
containing 17.6 [17], 20.0 [2], 22.16 [20] and 30 at.% Zn [2]. 
Therefore, they look to be rather overestimated and the trend 
set by the data for Fe-10 at.% Zn [6] alloy is more realistic.

Simultaneously, the local sδDb values are even two orders 
of magnitude higher than the diffusivities calculated by the 
use of global Cahn′s approach (Eq. 5) and the data for the 
Fe-13 at.% Zn alloy [10]. The discrepancy between the 
results of the global and local analysis using Cahn′s model 
is attributed to experimental errors. There are two main 
sources of errors. First one, is that the incubation period 
preceding the nucleation of Γ lamellae as well as non-coop-
erative growth of cells are not excluded in the measurements 
of growth distances. Also, it is not possible to distinguish 
still growing cells from those for which the growth was ter-
minated. The second source, of lesser importance is that the 
determination of the average solute concentration in the α 
lamella (xav) obtained by X-ray diffraction included the areas 
of the non-cooperative growth stage.

One should emphasize, that the local sδDb values 
are ca. 10 orders of magnitude higher than the data for 
volume diffusion of Zn in α-Fe [23] after extrapolation 
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to the temperatures less than 830  K and assuming 
δ = 5 × 10–10 m. They are also 2–3 orders of magnitude 
higher than GB diffusivities determined from diffusion 
couple experiments for the temperature range 623–998 K 
[24]-see solid line in Fig. 5. The differences up to four 
orders of magnitude are for the tracer diffusion of Zn 
in the stationary GBs of polycrystalline α-Fe [25] also 
extrapolated from temperatures above 865 K. This means 
that GB diffusion in the α phase of FeZn alloys is much 
faster than in pure iron. Similar tendency was found to 
be in the AlZn alloys containing from 4.33 to 49.4 at.% 
of Zn [26]. However, it does not mean that this diffusion 
is anomalously fast but that the ultimate conclusion can 
be made if the obtained data are compared to Zn tracer 
diffusion in FeZn alloys. Such data, unfortunately, are not 
available, as yet.

Finally, the slope of the curves which can be derived 
from the experimental points referring to the diffusivities 
for DP reported in Refs. [2, 6, 10] and the local sδDb val-
ues show the same tendency (Fig. 5). This means that the 
values of the activation energies for the DP should also 
be similar. Therefore, based on the above discussion, the 
clear message appears that the DP reaction in the Fe-13 
at.% Zn alloy is controlled by the diffusion process at 
moving RF (which is considered as a high angle GB).

4  Conclusions

The application of high spatial resolution energy-disper-
sive X-ray microanalysis helped to determine the changes 
of the Zn concentration accompanying the formation of α 
and Γ lamellae during discontinuous precipitation (DP) 
reaction in the Fe-13.5 at.% Zn alloy.

The detected step-like change of the Zn concentration 
across the reaction front (RF) confirmed that the solute 
redistribution during DP is essentially limited to the RF. 
Furthermore, the measurements the Zn content across 
individual α lamellae in conjunction with a special two-
step ageing procedure for the determination of the growth 
velocity of particular colonies made possible to use the 
Cahn′s diffusion model valid for the local treatment of 
the DP reaction. The resultant values of local diffusivities 
(sδDb) at the RF were more than two orders of magnitude 
higher than those obtained for the same model but using 
average or global values of the kinetic parameters. Simul-
taneously, the values of local sδDb were located just below 
the grain boundary diffusivities calculated based on the 
Petermann–Hornbogen global treatment of DP.

As the local values sδDb were almost ten orders of 
magnitude higher than respective values for volume dif-
fusion and much greater than the rate of diffusion at the 
stationary grain boundaries of Zn in pure iron, one should 
conclude that there is no essential difference in the rate 
of the diffusion processes at the stationary and moving 
boundaries in the Fe-13.5 at.% Zn alloy.
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Fig. 5  Arrhenius diagram for chemical diffusion along moving reac-
tion front of the DP reaction in FeZn alloys determined using Peter-
mann–Hornbogen (P–H) [2, 10] and Cahn′s (C) [6, 10] models in 
comparison with results obtained in the present paper. The solid line 
is for diffusivities at stationary GBs of Zn in α-Fe [24]
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