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Abstract 
Spinodal decomposition is a phase separation mechanism within the miscibility 

gap. Its importance in case of Fe-Cr system, the basis of the whole stainless steel 

family, stems from a phenomenon known as the “475oC embrittlement” which 

results in a ruin of mechanical properties of ferritic, martensitic and duplex stainless 

steels. This work is aimed at a better understanding of the phase separation process 

in   the Fe-Cr system. 

Alloys of 10 to 55 wt.% Cr , each five percent, were homogenized to achieve 

fully ferritic microstructure and then isothermally aged at 400, 500 and 600oC for 

different periods of time ranging from 30min to 1500 hours. Hardness of both 

homogenized and aged samples were measured by the Vickers micro-hardness 

method and then selected samples were studied by means of Transmission 

Electron Microscopy (TEM). 

 It was observed that hardness of homogenized samples increased monotonically 

with increasing Cr content up to 55 wt.% which can be attributed to solution 

hardening as well as higher hardness of pure chromium compared to pure iron.  At 

400oC no significant change in hardness was detected for aging up to 1500h, 

therefore we believe that phase separation effects at 400oC are very small up to this 

time. Sluggish kinetics is imputed to lower diffusion rate at lower temperatures. At 

500oC even after 10h a noticeable change in hardness, for alloys containing 25 wt.% 

Cr and higher, was observed which indicates occurrence of phase separation. The 

alloy with 10 wt.% Cr did not show change in hardness up to 200h which suggests 

that this composition falls outside the miscibility gap at 500oC. For compositions of 

15 and 20 wt.% Cr only a small increase in hardness was detected even after 200h 

of aging at 500oC, which could be due to the small amounts of α´ formed. 

However, it means that alloys of 15 wt.% Cr and higher are suffering phase 

separation. For compositions inside the miscibility gap, hardening effect is a result 

of phase separation either by nucleation and growth or spinodal decomposition. To 

distinguish between these two mechanisms, TEM studies were performed and we 

found evidence that at 500oC the Fe-25 wt.% Cr sample decomposes by nucleation  
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and growth  while that of 35 wt.% Cr  shows characteristics of the spinodal 

mechanism. For compositions inside the miscibility gap, with increasing Cr content 

up to 40% the change in hardness generally increased and for 45% and higher it 

always decreased. This suggests that the composition range corresponding to the 

spinodal region at 500oC is biased towards the Fe-rich side of the phase diagram. At 

600oC only samples of 25, 30 and 35 wt.% Cr were studied because according to 

the previous studies, the spinodal boundary is most probably located in this 

composition range. However, no change in hardness was observed even up to 24h. 

We believe that this means the miscibility line lies below 600oC for alloys 

containing 35 wt.% Cr and lower. Further investigations are needed to confirm and 

explain this result.  

 

 

Keywords : Fe-Cr binary system, phase diagram, miscibility gap, spinodal 

decomposition, nucleation and growth, hardness, TEM, contrast modulations.   
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Chapter 1 

INTRODUCTION 
Miscibility gap is a range of temperature and composition on the phase diagram 

where a phase that is stable at higher temperatures decomposes into two or more 

phases. There are two modes of phase separation inside the miscibility gap, 

nucleation and growth and spinodal decomposition, distinction between which has 

both theoretical and practical importance. 

The Fe-Cr binary system is susceptible to phase separation at intermediate and 

low temperatures.  The Importance of the miscibility gap in this case is due to the 

fact that this system forms the basis for the whole stainless steel family which is 

amongst the most important engineering materials. As will be discussed, spinodal 

decomposition introduces embrittlement in some stainless steels when service 

temperature lies between 200 and 550oC. In fact ferrite or martensite of Fe-Cr 

based alloys suffers a microstructural evolution which results in embrittlement. 

This process leads to the ruin of mechanical properties by decreasing the impact 

toughness and ductility. Accordingly one finds that understanding the phase 

separation mechanism is of great importance to solve the embrittlement problem. 

The current work is aimed at providing more experimental data to characterize 

and further understand spinodal decomposition in the Fe-Cr system. Despite the 

general belief that Transmission Electron Microscopy (TEM) is not effective in 

spinodal studies, because of low mass-thickness and diffraction contrast [1,2,3], it has 

been recently employed by a number of researchers [4,5,6] and proved effective in 

characterizing spinodal mechanism from nucleation and growth. This method is 

used in this study along with the Vickers micro-hardness method which has shown 

quite convenient in following the phase separation events [7]. Results are discussed 

in the view of presented theory and comparison is made with the investigation 

from other researchers to draw reliable conclusions. 

 



 2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 3

Chapter 2 

THEORY 
2.1 What is spinodal decomposition? 

In phase separation by nucleation and growth, first embryos of the stable phase 

with a composition completely different from the matrix nucleate and then grow by 

diffusion of solute atoms until equilibrium is reached. In this process difference in 

the Gibbs energy of new and parent phases is the driving force and the interfacial 

energy acts as a barrier against nucleation, thus a retarding force. Because of the 

latter, embryos of the new phase nucleate on preferred sites such as grain 

boundaries or inclusions which give rise to a reduction in the retarding force. In 

addition, embryos of the second phase need to be larger than a critical size to be 

thermodynamically stable. 

Unlike nucleation and growth, phase separation by spinodal decomposition is 

uniform all over the microstructure since inside the spinodal there is no 

thermodynamic barrier, except a diffusional one, opposing the formation of second 

phase embryos.  

Spinodal decomposition can change the properties of a material to a great extent 

and possesses both positive and negative consequences. Microstructure can 

become brittle and the hardness and strength could increase remarkably. Electrical 

resistivity and corrosion resistance decrease while Curie temperature is enhanced; 

also a significant amount of heat is released. [7] 

Spinodal decomposition can be employed to improve the mechanical or magnetic 

properties, for example in cemented carbide coatings such phase separation is 

favorable because it results in an increased resistance to abrasive wear [8]. Vycor 

glass is another example [9] where fine-scale phase separated microstructure due to 

spinodal decomposition is exploited to produce catalyst substrates and molecular 

sieves.  
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2.2 History  

Back in 1941, in an effort to construct a phase diagram for Cu-Ni-Fe ternary 

system by means of powder X-ray diffractometry, Bradley [10] observed sidebands 

around the X-ray peaks of samples that had been quenched and annealed within 

the miscibility gap. Two years later Daniel and Lipson [11] repeated Bradley’s 

experiments and described these sidebands as a result of periodic variations of 

chemical composition and measured the wavelength to be 90Å.  

Development of concentration gradients in an originally homogeneous system 

translates to uphill diffusion, i.e. a negative diffusion coefficient. In fact, when the 

diffusion coefficient is negative the ordinary diffusion equation becomes ill-posed. 

The first successful explanation for the periodicity of fluctuations was given by 

Hillert [12] in 1956. He assumed the solution to be regular and derived a flux 

equation for one dimensional diffusion in a discrete lattice. His equation included a 

term allowing for the effect of interfacial energy between neighboring planes of 

different composition, on the driving force. Numerical solution of the flux 

equation led to a periodic concentration profile within the spinodal region, also 

wavelength of composition variation was of the same order of what had been 

observed in the case of Cu-Ni-Fe. Subsequently Cahn [13] proposed a continuum 

model, including the effects from coherency strains as well as gradient energy, 

which led to a modified diffusion equation that has so far been the most referred 

tool for quantitative analysis of spinodal decomposition. This will be further 

discussed in section 2.5.  

 

2.3 Miscibility gap and spinodal regions on phase diagram [14] 

Consider a phase diagram with a miscibility gap, see figure 2.1. When an alloy of 

composition Xo is homogenized at T1 and then quenched to T2, originally it has 

uniform chemical composition and its Gibbs energy is equal to Go on the diagram 

in figure 2.1b.  
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          Fig.  2.1 :  (a)  Bold line  designates  the (incoherent)

          miscibility gap and dashed line the (chemical) spinodal  

          regions (b) Gibbs  energy-composition curve at T2. [14]  

 

 

This alloy is unstable at T2 because composition fluctuations, creating regions rich 

in A and rich in B, lead to a decrease in total Gibbs energy of the system. 

Subsequently uphill diffusion occurs and continues until a two phase structure with 

equilibrium compositions of X1 and X2 is achieved (see figure 2.2a). Such 

transformation occurs at any composition for which free energy-composition curve 

has negative curvature, mathematically: 

                                  0
Xd
Gd

2
B

2

<                                     (1) 

Therefore the composition should lie between the inflection points of the Gibbs 

energy-composition curve. Loci of these points on the phase diagram are called the 

chemical spinodal. When the alloy composition lies outside the spinodal 

infinitesimal fluctuations in chemical composition result in an increase in the total 

Gibbs energy, hence the system would become metastable. In this case reduction in 

Gibbs energy of the system is possible only when the nuclei composition is very 
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different from that of the matrix. Therefore outside the spinodal, transformation 

must be conducted through nucleation and growth. See figures 2.2a and b. 

 

 
                   (a) 

 
(b) 

Fig. 2.2: Schematic plot of composition-distance at different times in an alloy (a) inside the spinodal and (b) outside 

the spinodal. [14] 

 

2.4 Thermodynamics of spinodal decomposition [13,14] 

In this section we are going to discuss conditions under which creation of 

composition fluctuations is spontaneous. It has been shown that change in the total 

Gibbs energy of the system due to concentration variations consists of chemical, 

interfacial and mechanical components. 

Consider an initially homogeneous alloy of composition oX . Creation of a 

sinusoidal composition fluctuation of amplitude ∆X and wavelength λ, results in 

the following change in the total Gibbs energy of the system: 

         ( ) ( ) m
22

2
2

2

2

VEΔXη
λ
ΔXKΔX

dX
Gd

2
1GΔ ′+⎟

⎠
⎞

⎜
⎝
⎛+=                                        (2) 
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The first term corresponds to the contribution from chemical energy. Since 

inside the spinodal 22G/dXd  is negative, one finds that the chemical energy is in 

favor of decomposition.  

Second term takes care of interfacial energy. In fact, creation of a chemical 

composition gradient is equivalent to neighboring crystallographic planes of 

different compositions. This indeed translates to an interfacial energy or surface 

tension, γΔG , whose contribution to the total Gibbs energy must be considered. 

The extent of γΔG  depends on the chemical composition gradient across the 

interface; hence it is called “gradient energy”. In eq. 2, K is a proportionality 

constant that depends on the bonding energy difference between similar and 

dissimilar atom pairs.  

Since there is generally a lattice parameter difference between product phases, 

coherency strains at the interface will contribute to the total energy of the system. 

This effect is included by the last term in eq. 2. In this equation parameter η is 

defined as ( )/ada/dXη = , Vm stands for the molar volume, (a) is the lattice parameter 

and ν)E/(1E´ −=  in which ν is the Poisson’s ratio.  

Two important conclusions can be drawn from eq. 2. First is that in order for the 

formation of composition modulations to lead to a decrease in the total Gibbs 

energy, their wavelength must be larger than a critical value, cλ , defined as follows:  

         
1/2

m
2

2

2

c VE2η
dX

Gd/2Kλλ0ΔG ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′+−=>⇔<                                     (3) 

The second conclusion is that the chemical spinodal, which is defined 

as 0G/dXd 22 = , is equivalent to neglecting the coherency strain effects. Therefore 

this concept is not factual and should only be used on equilibrium phase diagrams. 

On the other hand by considering the contribution from elastic energy, a realistic 

temperature and composition range for spinodal region can be calculated. 

Assuming λ=∞ to achieve the spinodal limit we have: 

         m
2

2

2

VEη2
Xd
Gd ′−=                                                                              (4) 
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The boundary defined by eq. 4 is called coherent spinodal and lies inside the 

chemical spinodal on the phase diagram. The same account holds true for the 

miscibility gap concept. In other words coherent and incoherent miscibility gaps 

must be distinguished from each other since the latter does not consider coherency 

strain effects, see figure 2.3. In the Fe-Cr binary system due to the similarity in 

atom size as well as lattice parameter and type, contribution from elastic energy is 

small therefore coherent and incoherent lines are expected to be close to each 

other.    

 

 
Fig. 2.3: Coherent spinodal lies inside the chemical spinodal. [14] 

 

In an equilibrium phase diagram the apex of incoherent miscibility gap, the 

temperature above which system shows complete miscibility, is called the critical 

temperature and is denoted by cT  [15]. Therefore assuming a regular solution, a 

simple relation can be derived for the chemical spinodal line: 

         ( )BBc X1XT4T −=                                                                                (5) 

In other words spinodal boundary is defined by a parabola. Therefore deviation 

from parabolic behavior denotes deviation from regular solution model.  
 

2.5 Kinetics of spinodal decomposition [13,14]  

Considering fig. 2.1b one finds that within the spinodal as concentration of a 

component increases its chemical potential decreases, i.e. diffusion from low 
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concentrations towards high concentrations leads to a reduction in free energy, 

hence uphill diffusion is spontaneous and diffusion coefficient must be negative to 

be consistent with the direction of diffusive flux. Also the equation of diffusion 

needs to be corrected to include the thermodynamic contribution from gradient 

energy as well.  As an example of this, consider the case of a two phase mixture at 

equilibrium, composition gradients are present at the interfaces without any 

corresponding flux. Conceiving this role from the gradient energies Cahn [13] 

suggested an analysis which led to the flux equation.  

Quantity BdG/dX is proportional to AB μμ − in a homogeneous alloy since it is the 

change in free energy when some A is replaced by B. When a composition gradient 

is already present, local change in composition also changes the local gradient. The 

change in free energy associated with a local change in composition is given by:  

         ( ) ( ) CδC2C
C

CCE2η
C
GδG 22

o
2

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
∇−∇

∂
∂

−−′+
∂
∂

= ϕϕ                               (6) 

In which C is composition of the alloy, Co is composition of the homogeneous 

alloy, ϕ  a proportionality constant concerned with the gradient energy and is 

related to K in eq. 2 as 2K/4π=ϕ . Cahn defines a positive quantity M by help of 

which the net flux of B atoms would be expressed as: 

         ( ) ( ) ⎥⎦
⎤

⎢⎣
⎡ ∇−∇

∂
∂

−−′+
∂
∂

−= C2C
C

CCE2η
C
GgradMJ 22

o
2 ϕϕr

                          (7) 

thus 

         ( ) ( )
⎭
⎬
⎫

⎩
⎨
⎧

⎥⎦
⎤

⎢⎣
⎡ ∇−∇

∂
∂

−−′+
∂
∂

=
∂
∂

=− C2C
C

CCE2η
C
GgradMdiv

t
CJdiv 22

o
2 ϕϕr

      (8) 

For initial stages of spinodal decomposition, terms non-linear in C can be 

neglected. Then we obtain: 

         C2MCE2η
C
GM

t
C 422

2

2

∇−∇⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′+

∂
∂

=
∂
∂ ϕ                                                 (9) 

Quantity ( )[ ]E2ηCG/ M 222 ′+∂∂  is actually the interdiffusion coefficient and ϕM−  is 

thermodynamic correction factor for initial interfaces. Effect of coherency strains is 
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also expressed in the interdiffusion coefficient. If we assume the system as one 

dimensional, for sake of simplicity, general solution to eq. 9 is: 

         xβcos)t,(βACC o =−                                                                          (10) 

In which β=2π/λ and )t,A(β is a function that satisfies the following differential 

equation: 

         Aβ2MAβE2η
C
GM

t
A 422

2

2

ϕ−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′+

∂
∂

−=
∂
∂                                                  (11) 

hence 

         [ ]t.)(βRexp0),A(βt),A(β =                                                                 (12)            

where 

         ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′++

∂
∂

−= E2η2β
C
GβM)βR( 22

2

2
2 ϕ                                                       (13) 

As can be seen, rate of spinodal decomposition is determined by the 

interdiffusion coefficient D. Within the spinodal D is negative and chemical 

composition modulations increase exponentially with time. For such development 

of modulations there is a characteristic time constant equal to D/4πλτ 22−= , 

therefore the smaller the λ the higher the rate of transformation. However there is 

an upper limit for this rate, according to eq. 3 below cλ  spinodal decomposition 

does not occur. 

 

 2.6 Phase separation in the Fe-Cr system 

Iron and chromium show complete solubility in the liquid state. On the other 

hand in the solid state there is a miscibility gap within which an iron rich phase (α) 

and a chromium rich phase )α( ′ coexist. The shape and limits of this miscibility gap 

has been the subject of extensive research over the last fifty years.  

A systematic study on the miscibility gap of the Fe-Cr was published by Williams 

and Paxton [7] in 1957. Using hardness, resistivity and magnetic measurements they 

showed the miscibility gap to be broad and symmetric with a critical temperature of 

about 560oC at 50-60 at.% (48-58 wt.%) Cr and then extending down to 5-10 at.% 
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(4.6-9.3 wt.%) Cr on the Fe-rich side and 90-95 at.% (89.3-94.6 wt.%) Cr on the 

Cr-rich side at 300oC. [1] 

An intermetallic phase, called σ, has been known to form from 700oC down to 

400-430oC. Therefore it can simultaneously exist with Fe-rich and Cr-rich phases. 

However, the kinetics of σ phase formation is very slow compared to that of α 

andα′ .[1] In fact, some researchers neglect formation of σ phase at intermediate 

temperatures and extend the miscibility gap to temperatures above the eutectoid 

temperature of αασ ′+→ . This will be discussed later on.  

In 1971 Chandra and Schwartz [16] calculated the boundaries of the spinodal line 

(figure 2.4). Knowing that Cr-rich regions are paramagnetic at room temperature 

they applied Mössbauer Spectroscopy to follow the sequential development of such 

domains and managed to distinguish between spinodal and nucleation mechanisms 

by this method. However Mössbauer Spectroscopy suffers from two drawbacks; it 

is not able to produce any information about the morphology also it can not easily 

track the fluctuations in the composition especially during the early stages of the 

phase separation. [17]  
 

 
                      Fig. 2.4 : Miscibility  gap due to Williams and Paxton and spinodal

                      line due to Chandra and Schwartz shown on the same diagram. [17] 

 

 Brenner et al. [17] applied Field Ion Microscopy (FIM), Atom Probe (AP) and 

Vickers micro-hardness test to study the microstructure evolution in a Fe-32at.%Cr 
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sample aged at 470oC for times up to 11000 hours. They observed that the Cr-rich 

regions grew in size as the aging time increased. Also morphology consisted of thin, 

irregularly shaped veins of α′  that extended through the material bulk. Precipitates 

were interconnected, especially over the initial stages of phase separation and no 

evidence was found to indicate a preferential orientation forα′ , i.e. this phase was 

oriented randomly. The mean center-to-center spacing of α′ regions , λ , and their 

mean thickness , t , grew with time. However, values of λ and t could only be 

accurately measured from the composition profiles produced by the atom probe.  

These profiles are given in figure 2.5 [17]. It can be seen that even the profile of the 

as-quenched microstructure involves fluctuations. Brenner et al. showed that this 

results from small sample size and is consistent with a normal binomial distribution 

of a random alloy. They also mentioned that variation in composition peaks is due 

to simultaneous sampling of the atoms of adjacent α and α′ regions, in addition to 

those variations introduced by the statistical scatter. Another noticeable 

observation was that although the composition of α′ regions reached its equilibrium 

content after about 669 hours, average width of the α′ regions kept increasing up to 

the maximum investigated time of 11000 hours, see figure 2.6. However, 

coarsening rate is very sluggish which indicates that the interfacial energy between α 

and α′ regions is relatively low. In addition, isotropic distribution of α′ regions 

suggests that elastic strain between Fe-rich and Cr-rich regions is small; this was 

further experimentally investigated and proved by Spooner and Brundage [2] 

applying Small Angle Neutron Scattering (SANS). 
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Fig. 2.5: Concentration profiles of Fe-32at.%Cr samples in as-quenched and aged states. Numbers on the upper left 

of diagrams show the aging time in hours. Each data point in the diagrams corresponds to mean chemical 

composition of a volume element of the material 0.8nm thick and 1nm in diameter consisting of 30-50 atoms. [17]   

 

 

Fig. 2.6:  Coarsening of α′ regions. (t)  is  conventionally equal to  the  width  of α′  regions  at  the  mean  

composition  of the alloy    i.e.  32 at.%Cr . Linear regression yields a time exponent of 0.1 for the kinetics. [17] 

 

Low interfacial energy and small strain between α and α′ regions might be 

attributed to the similarity between Fe and Cr atoms which occupy very near sites 

in the periodic table of elements. Some important properties of pure iron and 

chromium are given in table 2.1. As can be seen, low temperature crystal structure 
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of both elements is BCC with a lattice parameter difference of about 1.5 percent 

only. However, it should be mentioned that although the misfit between α and 

α′ regions is small, elastic strain fields at the interface decrease dislocation mobility 

and therefore increase the hardness and reduce ductility, see figure 2.7. 

Experimental evidence provided by Brenner et al. suggests that the Fe-32 at.% Cr 

composition lies within the spinodal region at 470oC and, from the stand point of 

constructing  the Fe-Cr phase diagram, this was in fact the most important 

conclusion of their investigation.   

 
Fig. 2.7: Increase in hardness for Fe-32 at.% Cr under aging at 470oC for different times. [17] 

 

 
                                              Table 2.1: properties of pure iron and chromium [18]  

Property Fe Cr

Atomic number 26 24

Atomic mass (g/mol) 55.845 51.996

Crystal structure at RT* BCC BCC

Empirical atomic radius (pm) 140 140

Calculated atomic radius (pm) 156 166

Lattice parameter (pm) 286.65 291.00

Oxidation states 2,3 
-2,-1,

1,2,3,4,5,6

Electro negativity (Pauling scale) 1.83 1.66

Elastic  Modulus (GPa) 211 279

Poisson’s ratio 0.29 0.21

Vickers  Hardness (MPa) 608 1060

                                              * Room temperature 
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By 1982 the latest version of the Fe-Cr phase diagram was that due to 

Kubaschewski [19], see figure 2.8a. Later on, Andersson and Sundman [20] optimized 

all the available experimental data up to 1987 and constructed another version of 

the Fe-Cr phase diagram. This phase diagram was rather different from 

Kubaschewski’s. However, these two did not issue any comments on the spinodal 

line; this may be due to the fact that the spinodal is not really part of the phase 

diagram. Figures 2.8a and b also contain results of a study by Dubiel and Inden[21] 

which was aimed at further characterization of the miscibility gap line as well as 

eutectoid temperature of the reaction αασ ′+→ . They performed long term 

annealing (2 to 11 years at 460, 500 and 510oC) on Fe-Cr binary alloys of 15, 20, 48 

and 70 at.% Cr and determined the chemical composition of α or α′phases 

applying Mössbauer Spectroscopy (MS). Starting by a fully ferritic structure they 

observed that at 500oC no σ phase was formed even after 4 years. They also 

annealed a sample of 48 at.% Cr, consisting of 100% σ phase by aging in advance, 

and found that no transformation had happened after 2 years of aging at 510oC. 

They predicted the eutectoid temperature to lie within the range 500-532oC as the 

result of their study. 
 

(a) (b) 

Fig. 2.8: Fe-Cr phase diagram due to (a) Kubaschewski and (b) Andersson and Sundman. Numbers in the figures 

denote the initial composition of aged alloys by Dubiel and Inden. Horizontal bars correspond to the composition 

range of α and α′ phases measured by means of Mössbauer spectroscopy. These bars denote the miscibility gap 

boundary. [21] 
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Since deployment of FIM and AP in spinodal studies turned out to be quite 

successful, it received more and more attention by different researchers. To provide 

experimental grounds for a computer simulation study, Miller et al. [3] applied 

APFIM and Vickers micro-hardness measurements to investigate a series of 

17,19,24,32 and 45 at.% Cr alloys aged at 400-650oC for times up to 1000 hours.  

Figure 2.9 shows the evolution in microstructure of Fe-45 at.% Cr alloy aged at 

500oC for different times. The obvious effect is increase in phase separation scale 

as aging time increases. However, quantitative judgment by means of only FIM 

micrographs does not seem to yield reliable results. On the other hand by 

composition profiles produced by the atom probe this is achieved accurately and 

conveniently, see figure 2.10. Miller et al. measured   the   wavelength   of   

composition modulations to be 2 to 4 nm for this case which is in the order of 

figures obtained by Brenner. 

 

 
Fig. 2.9:  Field  ion  micrographs  of  Fe-45 at.% Cr alloy aged at 500oC for (a) 4h (b) 24h (c)100h and (d) 500h, 

where the dark  regions  are  α  and  the bright regions are α′ . Composition changes often lead to a phase contrast 

on the image but no reliable quantitative conclusion regarding the composition can be drawn. [3] 
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Fig. 2.10: composition profiles of Fe-45 at.% Cr alloy aged at 500oC for two different times, produced by Energy 

Compensated Atom Probe (ECAP). [3]  

 

Hardness test results are given in figure 2.11. Two effects are explicit in this 

figure, one is the increase in hardness due to the development of phase separation 

and the other is higher hardness of samples as Cr content increases. This can be 

attributed to higher fraction of α′phase as Cr% is raised. [3] 

 

 
Fig. 2.11: Vickers micro-hardness (200g load) vs. aging time 

at 500oC for samples of 24, 32 and 45 at.% Cr. [3] 

 

Analysis of aged microstructures by means of APFIM also revealed which 

compositions fall into the miscibility gap at the corresponding aging temperature, 

therefore more data points were provided to construct the phase diagram. In figure 

2.12 results of the experimental study and computer simulations by Miller et al. are 

demonstrated along with some results from other sources.  
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Fig. 2.12: Miscibility gap  in the Fe-Cr binary system. Solid symbols denote the  

experimental  data , dotted  line  is  the  result of  a thermodynamic  calculation 

by  Andersson  and  Sundman  and  the  continuous line is due to Monte-Carlo  

simulation by Miller et al. [3] 

 

In 1998 Cieslak and Dubiel [22] claimed that it is possible to distinguish between 

phase separation mechanisms i.e. nucleation and spinodal decomposition by means 

of Mössbauer Spectroscopy and concluded that at 415oC spinodal limit lies 

between 16 and 19.2 at.% Cr.  

What has been described so far is a short review of fifty years of research to 

achieve a reliable phase diagram and spinodal line for the binary Fe-Cr system. 

Nowadays more effort is devoted to optimization of experimental data by means of 

computer calculations and Calphad methods, see figure 2.13. 

 
  Fig. 2.13: Calculated phase diagram of the Fe-Cr system by Andersson and Sundman[20]. 
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Chapter 3 

EXPERIMENTAL PROCEDURE 
3.1 As-received material  

Ten vacuum-cast ingots of iron alloyed with different amounts of chromium 

ranging from 10 to 55 wt.%, each five percent, were received from KANTHAL 

AB. They were cut to pieces and samples were made out of each. After specimen 

preparation they were analyzed by Light Optical Microscope (LOM) and Scanning 

Electron Microscope (SEM) to reveal their as-cast microstructure. Chemical 

analysis of received material is as follows.   
 
  Table 3.1: Chemical analysis of as-received material (wt.%) 

 Ingot 1 Ingot 2 Ingot 3 Ingot 4 Ingot 5 Ingot 6 Ingot 7 Ingot 8 Ingot 9 Ingot 10

Cr 10.05 15.08 20.20 25.28 30.42 36.1 41.09 46.40 51.16 55.8

Ni 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.04 0.02

Mn 0.14 0.11 0.13 0.09 0.111 0.09 0.114 0.09 0.09 0.08

C 0.002 0.002 0.003 0.002 0.004 0.005 0.007 0.006 0.007 0.013

Si 0.02 0.07 0.04 0.09 0.06 0.27 0.105 0.14 0.08 0.15

P 0.006 0.004 0.006 0.004 0.006 0.005 0.006 0.005 0.008 0.005

S 0.008 0.007 0.007 0.006 0.008 0.005 0.006 0.005 0.023 0.005

Fe Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal.

 

 

3.2 Furnace calibration 

Even temperature zones (ETZ) of three resistance furnaces, employed for this 

study, were determined by means of a type K thermocouple in a way that 

temperature difference between hottest and coolest points of this zone was 2oC. 

Samples were always situated in this zone during heat treatments. Thermocouple 

itself was calibrated by means of the reference furnace digital thermocouple.  

Corresponding temperature-distance curves are shown in figures 3.1 to 3.3. 

Furnaces are designated as A, B and C. Samples were always situated along the 

ETZ and considering a maximum error of 1oC for the thermocouple itself, aging 
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temperature has had an accuracy of C3 o± .  It should be mentioned that Tset is the 

setting temperature just for sake of finding the even temperature zone and for each 

heat treatment cycle, relevant settings for each furnace was applied. ETZ was 6, 7 

and 3cm long for furnaces A, B and C respectively. 

 

 
Fig. 3.1: Tset = 490oC, ETZ is 6cm long and is located at 

a distance range of 37.5-43.5cm from furnace mouth. 

Fig. 3.2: Tset = 490oC, ETZ is 7cm long and is located at 

a distance range of 27-34cm from furnace mouth. 

 
                                             Fig. 3.3: Tset = 510oC, ETZ is 3cm long and is located at a 

                                             distance range of 14.75-17.75cm from furnace mouth. 

 

3.3 Heat treatments 

Samples of each composition, except Fe-10wt.%Cr, were homogenized by 

keeping them at 1100oC for 2h under argon atmosphere and then water quenching 

to ensure fully ferritic microstructure, without any carbides or nitrides, as the 

starting point. For Fe-10wt.%Cr composition, homogenization was performed at 

700 oC for 20h to inhibit any austenite formation.  

Isothermal aging heat treatments, under air atmosphere, were conducted at 400, 

500 and 600oC for different times ranging from 30 min to 1500 hours and selected 

compositions. It has to be mentioned that only homogenized samples were used as 

the beginning material all over this investigation.  
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3.4 Hardness tests 

Vickers hardness test was performed on each heat treated sample by means of a 

Leitz miniload microhardness tester, 100g load and a residence time of 30s for each 

indentation. Hardness tester was also calibrated by means of a standard sample at 

the beginning of measurements. The same machine and loading conditions were 

applied all over this study. At least five indentations were done to measure the 

hardness of each sample, and then average and standard deviation were calculated.  

 

3.5 TEM studies 

Using a JEOL JEM-2100F TEM instrument, set on 200kv accelerating voltage, 

microstructural studies were accomplished on samples of 25 and 35 wt.%Cr to 

further characterize the phase separation mechanism. Between compositions falling 

inside the miscibility gap at 500oC it is most suspected that spinodal boundary lies 

between 25 and 35 wt.% Cr contents. This is, in fact, the reason TEM studies are 

limited to these two compositions in this study. Specimens for TEM were prepared 

through the following stages: 

- cutting samples to produce foils of ca. 300μm thick by means of an Accutom5 

Struers precision cut-off machine set on 0.01mm/s  cutting speed. 

- decreasing thickness of foils down to about 100μm through successive polishing 

by abrasive papers (mesh 600 and 1200 respectively). Progression depth has been 

30μm at each step. 

- either dimple grinding followed by ion polishing or electro-polishing. First 

method was performed through a model 656 Gatan dimple grinder (10μm thin film 

remained at the end)  followed by ion-polishing using a model 691 Gatan Precision 

Ion Polishing System (PIPS) set to five degree milling angle. Electro-polishing was 

done by means of a Tenupol5 Struers unit set to 20 volts and 4.5 flow rate, to 

produce an electron transparent area. Electrolyte has been solution of 10 vol. % 

perchloric acid in acetic acid and temperature was kept between 15-20oC through 

water circulation. 
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Chapter 4   

RESULTS 
4.1 Homogenized microstructure 

Figure 4.1 shows the SEM micrograph of homogenized Fe-50 wt.% Cr sample. 

Since all the homogenized alloys had ferritic microstructure, with more or less the 

same microstructural features, only Fe-50 wt.% Cr sample has been shown in here. 

Microstructure consists of a matrix with a dispersion of particles. Chemical analysis 

by means of Energy Dispersive X-ray Spectroscopy (EDS) revealed that the matrix 

is fully ferritic with the target Cr content. Also particles are oxides of Fe, Cr and 

some other elements such as Al and Ti with an average size of 2-5 μm. Further 

study by means of Transmission Electron Microscopy (TEM) confirmed 

homogeneity of the microstructure, see figure 4.2. 

Hardness-composition curve for homogenized samples is demonstrated in figure 

4.3. It can be seen that the hardness is monotonically increasing with increase in Cr 

content up to 55 wt.%.  
 

 
Fig. 4.1: SEM image of the homogenized Fe-50 wt. % Cr sample.  
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Fig. 4.2: Bright field TEM micrograph of Fe-35wt.%Cr alloy in homogenized state. Zone axis is close to [111].
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               Fig. 4.3: Hardness-composition curve for homogenized samples.

 

4.2 Aging at 400oC 

Curves of hardness versus Cr content for aging at 400oC are presented in figure 

4.4. Heat treatments longer than 100 hours are limited to 25, 30 and 35 wt.% Cr 

compositions. This is because transition in phase separation mechanism at 400oC, 

from nucleation and growth to spinodal decomposition, is most suspected to occur 

in this composition range. Figure 4.4 shows that the change in hardness at 400oC is 

very small up to 1500h.  
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Fig. 4.4: Hardness vs. composition curves for aging at 400oC 

 

4.3 Aging at 500oC 

At 500oC, as presented in figure 4.5, an aging effect is obviously observed. Even 

after 10h a notable increase in hardness, for samples of 25 wt.% Cr and higher, was 

detected. However, this effect is more pronounced at longer times. Sample of 10 

wt.% Cr did not show any change in hardness for aging up to 200h. For samples of 

15 and 20 wt.% Cr a small increase in hardness was observed.  Figure 4.5 reveals 

that for samples of 25 wt.% Cr and higher, hardness is monotonically increasing up 

to 200h. Figure 4.6 shows change in hardness (ΔH) versus composition for 

different periods of aging at 500oC. This quantity is defined as ott HHΔH −=  in 

which oH is the hardness in homogenized state and tH  hardness after aging for (t) 

hours. It can be seen that from 25 to 40 wt. % Cr, ΔH always increases with Cr 

content and from 45 to 55 wt.% Cr it always decreases.  
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Fig. 4.5: Hardness vs composition for different times of aging at 500oC. 
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Table 4.1: Hardness numbers for aging at 500oC,  

                                                     different times are denoted with subscripts. 

Wt.% Cr oH 10H  100H 200H
10 97.7 108 99.6 94

15 116 147 132 139

20 152 168 172 166

25 154 183 196 214

30 170 226 271 286

35 211 266 333 335

40 228 298 360 366

45 242 297 361 399

50 277 323 394 430

55 316 349 406 449
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Fig. 4.6: Change in hardness vs. composition for aging at 500oC. 

 

                                                      Table 4.2: Change in hardness for aging at 500oC. 
  

wt.% Cr 10ΔH 100ΔH 200ΔH
10 +10.3 +1.9 -3.7

15 +31 +16 +23

20 +16 +20 +14

25 +29 +42 +60

30 +56 +101 +116

35 +55 +122 +124

40 +70 +132 +138

45 +55 +119 +157

50 +46 +117 +153

55 +33 +90 +133
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4.3.1 Hardness vs. aging time at 500oC 
Hardness versus aging time curves are plotted in figure 4.7 to demonstrate 

temporal change of hardness at 500oC in a more convenient way. As mentioned 

before increase in hardness is quite noticeable for 25 wt.%Cr contents and higher. 
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Fig. 4.7: Hardness vs. aging time at 500oC for different compositions 

 

4.3.2 TEM micrographs 
Results from electron microscopy are presented in figures 4.8 and 4.9. Figures 

4.8a to 4.8c correspond to the Fe-35wt.%Cr sample aged at 500oC for 10,100 and 

200h respectively.  
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Fig. 4.8: TEM micrographs of Fe-35wt.% Cr alloy aged for (a) 10h and (b) 100h and (c) 200h. Scale bar is 10nm in 
all cases. Zone axis is close to [100]. No diffraction pattern corresponding to a second phase was observed. 

 

Fe-35 wt.% Cr alloy aged for 10h at 500oC does not show a modulated contrast 

(fig. 4.8a) while such an effect is observable after 100h of aging at this temperature 

(fig. 4.8b). These modulations are amplified with increase in aging time while the 

observed domain size, which was about 5-10nm, is more or less unchanged. 

Modulation in contrast which is a characteristic of spinodal mode of 

decomposition was not detected in Fe-25 wt.% Cr alloy aged for 200h, instead fine 

particles in the order of 10nm in size were detected. See figure 4.9 and compare 

with figures 4.8b and 4.8c. 
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Fig. 4.9: TEM   micrograph of Fe-25 wt.% Cr sample aged for 200h  at   

500oC, scale bar is 200 nm. Zone axis is close to [111] and no superimposed 

diffraction pattern corresponding to a second phase was detected. 

 

 

4.4 Aging at 600oC 

Hardness measurements did not show any notable change for aging times up to 

24 hours (see figure 4.10). Fluctuations could be attributed to the experimental 

scatter as the error bars of each composition overlap.  
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Fig. 4.10: Hardness versus aging time at 600oC
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4.5 Comparison between experiments and literature phase diagrams 

In figures 4.11 and 4.12 results of this survey are summarized and compared with 

other studies. Figure 4.11 also contains miscibility gap and spinodal lines calculated 

by Xiong [23] as well as that of Andersson and Sundman. These calculations were 

performed using the Thermo-calc software and are based on optimization of the 

experimental data available by their time. At 500oC results of this work are in 

complete agreement with Williams, Chandra and Xiong but regarding the position 

of spinodal line it disagrees with Andersson and Sundman. At 600oC our results are 

consistent with Williams and Chandra, see figure 4.12, but oppose with that due to 

Xiong.  

  

                                            Figure 4.11: Miscibility gap and spinodal lines calculated by 

                                            Thermocalc and compared with experimental studies. [23] 
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Figure 4.12:  Miscibility gap due to Williams and Paxton and spinodal due to Chandra and Schwartz 

            Compared with the results of this study. 
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Chapter 5 

DISCUSSION 
The increase in hardness with increasing Cr content up to 55 wt.% for 

homogenized alloys can be attributed to solution hardening as well as higher 

hardness of pure chromium compared to pure iron (see table 2.1), the latter being a 

reason for increase in hardness while composition exceeds 50 wt.% Cr. 

At 400oC lack of a noticeable increase in hardness up to 1500h suggests that 

reaction development is small up to this time. Although a slight increase is 

detectable, especially for compositions between 30 to 50 wt.% Cr, since error bars 

are always overlapping it cannot prove any phase separation effect. Sluggish 

progression of phase separation at 400oC is due to slower diffusion rate compared 

to the higher temperatures. Therefore to detect the decomposition, longer aging 

times are necessary. Result of this study for 400oC is in agreement with phase field 

calculations by Grönhagen and Ågren [24] which states that “no obvious phase 

separation is seen during the first 2000h”.  

At 500oC lack of hardness change for Fe-10 wt.% Cr sample up to 200h suggests 

that this composition/temperature lies outside the miscibility gap. A small, but 

statistically acceptable, increase in hardness for 15 and 20 wt.% Cr compositions is 

observed which implies that these alloys have suffered phase separation and 

therefore they  are inside the miscibility gap. Since these two compositions are close 

to the miscibility boundary, amount of α´ that can form is small and accordingly it 

cannot result in a remarkable hardness increase. For alloys of 25 wt.% Cr and 

higher phase separation effect is quite significant. In case of Fe-25 wt.% Cr alloy 

TEM analysis suggests that phase separation mechanism  is  nucleation  because  

although  hardness  shows that this sample has started to decompose, there is still 

no modulation in contrast and instead fine particles are present. Lack of any 

superimposed pattern in all diffraction images can be attributed to similar lattice 

parameter for α and α´ phases as well as the small amount of α´. In case of Fe-35 
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wt.% Cr alloy, TEM images of 100h and 200h aged samples are showing modulated 

microstructure and therefore spinodal decomposition is the dominating 

mechanism. Based on this result we conclude that spinodal boundary at this 

temperature lies between 25 and 35 wt.% Cr. TEM micrographs also suggest that a 

domain size of about 5-10nm is formed in case of Fe-35 wt.% Cr which has the 

same order of magnitude with results of Brenner and Miller[17]. This domain size or 

wavelength of modulations was more or less unchanged up to 200h which is not 

far from expectation because of low interfacial energy between α and α´ phases. 

However, amplitude of modulations i.e. contrast between domains was intensified 

as aging time was extended. This is in accordance with the theory discussed in 

section 2.5. Since inside the spinodal )βR( is positive and, according to eq. 12, 

amplitude grows exponentially with time, discretion between domains in figure 4.8c 

is easier than figure 4.8b. 

At 500oC decomposition was noticeable already for 10 hours of aging which is 

due to faster diffusion compared to 400oC. Another interesting observation at 

500oC was that phase separation, which is directly related to hardness change (∆H), 

generally increased up to 40 wt.% Cr and always decreased after 45. This suggests 

that the spinodal center, a composition for which reaction development is highest 

at a certain temperature and time, lies between 40 and 45 wt.% Cr, i.e. it is biased 

towards Fe-rich side of the phase diagram. There are both thermodynamic and 

kinetic descriptions to explain why reaction development is highest at an 

intermediate composition inside the spinodal. At a constant temperature as 

composition moves from spinodal boundary, 0G/dXd 22 = , towards the apex of 

Gibbs energy-composition curve, 0dG/dX = , driving force for precipitation 

increases and decomposition is promoted, see figure 2.1b. Also value of 22G/dXd  

becomes more negative, thus critical wavelength decreases according to eq. 3 and 

probability of thermal fluctuations to create a concentration variation of a 

wavelength larger than cλ  increases which translates to faster kinetics.  

Regarding hardness-aging time curves at 500oC increasing trend of our curves are 

in agreement with previous studies [3,5,6,17], but their curvature is different. Such 
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discrepancy will diminish to a great extent if we draw time axis in logarithmic scale 

and allow a smooth line to pass through data points, instead of connecting 

successive points by straight lines, just as other researchers did. However, since we 

have smaller number of data points and rather shorter investigated times it is still 

preferred to demonstrate the data with a linear time scale.  

At 600oC no change in hardness was observed which indicates that no phase 

separation takes place up to 24h. Since at 500oC a noticeable hardness increase after 

10h was detected, it was expected that any nucleation or spinodal reaction at 600oC 

would initiate earlier because the temperature is higher. Therefore absence of any 

decomposition effect up to 24h indicates that this temperature is above the 

miscibility boundary for alloys of 35 wt.% Cr and lower.  
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Chapter 6 

CONCLUSIONS 
 

1- In a binary solid solution of Fe and Cr, the hardness of the alloy increases 

with increasing Cr content up to 55 wt.%.  

2- At 400oC the hardness does not increase markedly up to 1500h, which means 

that no notable phase separation using the hardness method can be detected.   

3- At 500oC alloy of 10 wt.% Cr does not show hardening effect up to the 

investigated time of 500h. However, those of 15 wt.% Cr and higher are 

demonstrating phase separation.  

4- Alloys of 15 to 25 wt.% Cr decompose by nucleation and growth at 500oC 

while those of 35 wt.% Cr and higher are showing characteristics of spinodal  

mechanism.  

5- Within the miscibility gap at 500oC increasing Cr content up to 40 wt.% is 

generally accompanied by increase in reaction development, but from 45% 

onwards it shows a decreasing trend. This suggests that the centre of spinodal at 

500oC lies between 40 and 45% Cr contents, in other words it is biased towards 

Fe-rich side of the phase diagram. 

6- At 500oC for compositions inside the spinodal of Fe-Cr system hardness 

increased monotonically up to 200h.  

7- At 600oC no phase separation effect was observed by hardness measurements 

up to 24h. It indicates that this temperature is beyond the miscibility gap for 

alloys of 35 wt.% Cr and lower. 

8- Hardness method is able to show the phase separation effects for 

compositions well inside the miscibility gap. For those close to the immiscibility 

boundary more sensitive methods are suggested.  
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Future work 

There is still much research necessary to achieve a comprehensive understanding 

of the Fe-Cr system, the following topics seemed interesting to the author’s 

opinion as a means to approach this goal:  

 

1- Aging at intermediate temperatures for longer times, especially alloys of 10-35 

wt.% Cr. 

2- Following the microstructural changes by means of APFIM, STEM or EDS unit 

loaded in TEM.   

3- Effect of inclusions, applied stress or magnetic field on spinodal decomposition 

in Fe-Cr binary system. 
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