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Abstract 

The “475°C embrittlement” occurring in ferritic and duplex stainless steel is 

considered to be detrimental and it limits the application of ferritic and duplex 

stainless steel at elevated temperatures, i.e., above about 300°C . In this study, the 

effect from alloying elements Ni, Cu and Mn on 475°C embrittlement was examined 

based on microhardness measurement and Charpy V-notch tests as well as atom probe 

tomography (APT). It was found that, after aging for 10h, 3% Ni accelerates the ferrite 

decomposition dramatically, 5% Mn has minor effect and no effect of 1.5% Cu was 

seen. The hardness increase tested at 450°C and 500°C was consistent with the 

observations from APT. The embrittlement based on room temperature Charpy tests 

was observed mainly during the first 10h. The embrittlement in Fe-20Cr-3Ni alloy was 

attributed to ferrite decomposition, while the other three alloys may be influenced by 

other phenomenon as well. A clustering effect of Cu has been observed in Fe-20Cr-

1.5Cu and it was supposed to contribute to the mechanical changes.  

Keywords: ferrite decomposition; 475°C embrittlement; Atom Probe Tomography; 

                 Stainless steels 
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1. Introduction  

Stainless steels are a group of iron alloys which have higher resistance to staining, 

rusting and corroding than normal steels. In order to obtain corrosion resistance, no 

less than 11wt% of Cr is needed to add to the system where a passive, self-healing 

chromium oxide layer is formed on the steel surface. Generally, higher chromium 

content is needed in more hostile environments. Due to combination of high strength, 

ductility, weldability, castability as well as corrosion resistance, stainless steels have 

various applications such as boilers in the chemical and nuclear industries, distillation 

columns, heat exchangers, or pipes [1]. 

According to structure and main constituting phases, stainless steels can be classified 

in four categories which are ferritic, austenitic, martensitic and duplex 

(ferritic+austenitic) stainless steels [2]. 

Ferritic, duplex and martensitic stainless steels will embrittle when exposed at elevated 

temperatures, which limits their application in the temperature range of 280-500°C. 

The phenomenon is known as “475°C embrittlement” since the rate of embrittlement 

most often is highest at 475°C. The embrittlement changes various mechanical 

properties of the stainless steels, including tensile, fracture and fatigue behavior. At 

present, it is widely accepted that, this phenomenon is related to the phase separation 

of ferrite that Cr-rich α’ phase precipitates from ferrite during aging. Secondary 

mechanisms include the precipitation of carbides and G-phase [1, 3-5]. 

In this project, it is aimed at the investigation of chemical composition, microstructure, 

hardness and toughness, and their evolution during isothermal heat treatments in the 

Fe-20Cr and Fe-20Cr-X system (X=Ni, Cu, Mn). 
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2. Background 

2.1 Miscibility gap and mechanisms of phase separation 

Miscibility gap is a region in a phase diagram where two phases, with essentially the 

same structure, do not mix. Inside the miscibility gap, the solution is unstable or 

metastable thermodynamically and thus tends to separate into two phases. The 

decomposition may occur by two different mechanisms, either by nucleation and 

growth or by spinodal decomposition. A schematic summary of these two mechanisms 

is presented in Fig.1.  

 
Fig.1 - (a) A schematic binary phase diagram containing a miscibility gap and the Gibbs-energy curve 

at T2; (b) schematic diagrams of phase separation via (b1) spinodal decomposition at X0 and (b2) 

nucleation and growth at X0’[6]. 

As shown in Fig.1, for a binary system of A and B with composition X0, the Gibbs 

energy of the system is G0 at the temperature of T2. The system is unstable since a 

small variation of the composition would lower the total Gibbs energy. Subsequently 

the system will separate gradually to an A-rich α1 phase and B-rich α2 phase, and 

finally the composition of the α1 phase and the α2 phase will be X1 and X2 respectively. 

It should be noticed that in this mechanism, A or B atoms diffuse in an uphill way 

towards A-rich or B-rich regions. However, for a solution with the composition X0’, 

the Gibbs energy of the system will increase if the solution separates into two phases 

with one composition a little bit higher than X0’and the other lower than X0’, which 

means that a barrier exists and the system is in a metastable state. The second phase, 

which is α2 in this case, is able to precipitate with the composition X2 only when the 

composition variation, with respect to the original composition, X0’ is large enough. 

This new phase exists from the beginning of the phase separation and is termed 

“nuclei”, and thus this mechanism of phase separation is called nucleation and growth. 

For the other mechanism, where the system is unstable and the compositions of the 
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two phases are changing gradually, it is called spinodal decomposition. The boundary 

of these two mechanisms is the composition where d
2
G/dXB

2
=0 and the combination 

of these boundaries at different temperatures denotes the spinodal line inside the 

miscibility gap [6]. 

 

2.2 Fe-Cr binary system 

The iron-chromium system is the basis of the whole stainless steel family and thus the 

Fe-Cr phase diagram has been studied a lot in the past half century. Four stable solid 

phases exist in the Fe-Cr system which are α, α’, γ and σ phase. Both of α and α’ phase 

have body-centered-cubic structure, and rich in Fe and in Cr respectively; because of 

the nature of Cr as a ferrite stabilizer, the face-centered-cubic γ phase exists in a closed 

region, known as γ-loop, where Cr content is lower than 12at% and temperature is 

between approximately 1100K and 1700K; and the complex σ phase, an intermetallic 

compound, locates in the central part of the phase diagram, where the Cr content is 

around 50at% and the temperature is between 800K and 1100 K. Below 800K a 

miscibility gap between α and α’ phase exists [7]. Two phase diagrams for the Fe-Cr 

system simulated by two authors are presented in Fig.2. 

 

Fig.2 - Phase diagrams of Fe-Cr system with bold line simulated by Xiong et al. and dashed red line 

by Anderson and Sundman [8]. 

In the upper part of the miscibility gap, the σ phase is known to precipitate. Its stability 

domain extends from 900°C down to about 500°C. Nevertheless, the formation of σ 

phase is so sluggish. In the experimental part of the work by Hertzman and Sundman 

[9], the number of nuclei of the σ phase was still low after an isothermal aging at 

500°C for 18 months. Thus a metastable phase diagram, as presented in Fig.3 

containing α and α’, has a more practical meaning.  
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Fig.3 - Metastable phase diagram with miscibility gap and spinodal lines where red lines are simulated 

by Xiong et al. and black lines by Anderson and Sundman [8]. 

 

2.3 Ferrite separation 

It is generally accepted that “475°C embrittlement” is mainly due to the formation of α’ 

phase precipitated from ferrite, which forms either through nucleation and growth or 

spinodal decomposition.  

During aging, the structural changes mainly occur in the ferrite while the austenite is 

unsusceptible to phase separation and maintains stable. Weng et al. [10] have shown 

that, the hardness of the austenite phase in a 22%Cr duplex stainless steel was almost 

unchanged during aging up to 67h at 475°C, however, the hardness of the ferrite phase 

increased significantly in a linear relationship with the logarithm of time. 

The transition from nucleation and growth to spinodal decomposition is believed to be 

gradual according to Cr content, and spinodal decomposition is favored by high Cr 

content (up to about 50%Cr) and low temperature. The precipitation according to 

nucleation and growth occurs in Fe-Cr alloys with Cr less than 20%, while the 

spinodal decomposition often takes place when the Cr content exceeds 35%, yet there 

is no clear boundary between these two mechanisms. Hedström et al. [11] reported that 

the decomposed structure changed with increasing Cr content when the Fe-Cr alloy 

was exposed at 500°C, with a more particle-like structure at 25wt%Cr and a more 

spinodal-like structure at 30wt%Cr according to results from TEM.  

Hättestrand et al. [12] argued that the spinodally formed α’ is more embrittling than if 

it forms through nucleation and growth since the former is much finer in morphology. 

They aged a duplex stainless steel containing 25%Cr at 450 and 500°C and found that, 

the mechanism of ferrite separation changed from nucleation and growth to spinodal 

decomposition after the same material was deformed prior aging, and the hardness 

increase was more intensified in the deformed samples where spinodal decomposition 

occurred. 
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Besides of increase in hardness and decrease in impact toughness, other property 

changes due to the ferrite decomposition involve increase in tensile yield strength, 

decrease of corrosion resistance, changes of magnetic property and etc. All of these 

changes are reported to be intensified by prolonging the aging time since the degree of 

ferrite decomposition is increased.   

In addition to aging, radiation may also induce phase separation in the Fe-Cr system 

and has been found to accelerate phase separation and has a pronounced effect on the 

volume fraction and morphology of the decomposition products [13]. 

 

2.4 Methods for detecting  phase separation 

In the Fe-Cr system, the combination of both the similarity of the X-ray scattering 

factors of these two elements, and the high coherency of α phase and α’ phase prevents 

the use of TEM to characterize the fine scale microstructural evolution during ferrite 

decomposition. However, in most cases, mottled contrast still can be observed under 

the TEM, because of the coherency stresses generated by the fluctuations in 

composition (mostly due to Cr), yet the contrast is too low to show the changes in the 

early stage of the decomposition.  

Conversely, the atom probe is a very effective technique to study this ultrafine scale of 

phase separation as it provides both atomic-scale microstructure and micro-chemical 

analysis of the observed areas. Indeed, the resolution of atom probe is higher than the 

extent of the emerging α’ phase, and the mass resolution is sufficient to separate iron 

and chromium. It is, thus, possible to characterize the nature, the spatial extend, and 

the composition of the forming Cr-rich domains [2, 14]. 

Other observation and characterization methods involve Mössbauer spectroscopy [15], 

electrochemical potentiodynamic reactivation (EPR) testing for corrosion resistance 

degradation [16], mechanical testing such as small punch test [17], magnetic testing 

and etc. 

 

2.5 Alloying elements effect 

Alloying elements not only affect the stability of phases, but also influence the kinetics 

of the phase separation.  

Ni is an austenite stabilizer and has a strong effect on ferrite separation. Ni accelerates 

embrittlement and promotes the formation of α’ phase. Nakano et al. [18] reported that 

the tendency for embrittlement would be intensified by increasing Ni content up to 5%. 

The addition of Ni to high Cr content alloys promoted deformation twinning during 

the tensile test, and high Ni alloys exhibited good ductility and strength due to the 

work-hardening effect of deformation twins. Further addition of Ni would encourage 

the formation of austenite and thus decrease the embrittlement. Ni is shown to strongly 

partition into Fe-rich domains [19].  

The 500°C embrittlement in Fe-Cr-Mn system is much less pronounced compared 
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with the Fe-Cr-Ni alloys, but the comparison to the binary system was not mentioned 

[20]. Stainless steels generally contain small amount of Mn, about less than 1%, and 

the purpose of Mn addition is to combine sulphur to prevent deleterious chromium 

sulphides. As a low-cost austenite former, a replacement of Mn to Ni in duplex 

stainless steels has attracted much attention in recent decades [21]. 

Cu seems to be another element speeding up the phase separation. Solomon and 

Levinson [22] applied Mössbauer spectroscopy to a duplex alloy U50 containing 1wt% 

Cu and an alloy with similar composition but without Cu. It was found that, after aging 

at 475°C for 118 hours, the alloy containing Cu has a higher precipitation rate of α’ 

than the one without Cu. However, in the research from Nascimento et al. [23], a 

duplex stainless steel, containing 25%Cr as well as Ni, Mo, Si and Mn, was compared 

with a similar alloy added with 3%Cu. After solution treatment, the Vickers hardness 

for both alloys was about 250 HV30, and later increased approximately 100 HV30 

after aging for 100h at 475°C. The hardness increase was attributed to precipitation of 

ε(Cu) and spinodal decomposition in ferrite, and no significant difference of hardness 

was found between the two alloys before and after aging. 

 

2.6 Ferrite separation in Fe-20Cr system 

Several works have been done specifically on the Fe-20Cr system which is similar to 

the material in this thesis. 

Novy et al. [24] analyzed the composition and structure of a Fe-20at%Cr alloy aged at 

500°C with Energy Compensated Tomographic Atom Probe. In their experiment, the 

model alloy was prepared from high purity iron and expected to achieve C content less 

than 0.004%. Model alloys were isothermally treated at 500°C for different durations 

from 50h to 1067h and the 3D distribution of Cr atoms are shown in Fig.4 where only 

 

Fig.4 - Distribution of Cr-rich precipitates in an Fe-20at%Cr after aging at 500°C for (a)50h, (b)100h, 

(c)240h, (d)480h and (e)1067h from atom probe (V=9×9×50nm
3
) [24]. 
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regions with Cr content higher than 40at% were displayed. From the quantitative study, 

it was suggested that with the increase of aging time, the number density of the 

precipitates, termed as n (m
-3

), is decreasing while the radius r is increasing, and this is 

shown in Fig.5. A coarsening regime overlapping with nucleation and growth was also 

observed.  

 
Fig.5 - Change of number density and radius of the Cr rich precipitate with aging time [24]. 

Mohapatra et al. [25] tested the magnetic property as well as hardness variation of a 

Fe-20wt%Cr model alloy and compared their results with Novy’s work. The material 

was aged at 500°C up to 480h, and it was found that the coercivity Hc is proportional 

to the microhardness HV, and at the same time, Hc as well as HV has a linear 

relationship with n
1/2

r
2
, as shown in Fig.6. Thus, they attributed the hardness and the 

coercivity increase to the precipitation of α’ phase through nucleation and growth. 

Moreover, they suggested that measurements of the magnetic hysteresis loop would be 

a feasible non-destructive evaluation method for the detection of the embrittlement 

procedure due to the possible linear relationship between hardness and coercivity.  

 

Fig.6 - Microhardness HV against (a) n
1/2

r
2 
and (b) coercivity for Fe-20%Cr aged at 500°C [25]. 
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2.7 Embrittlement and hardening 

In several papers, a tanh equation with the Arrhenius relation is applied to describe the 

kinetics of the phase decomposition from mechanical testing values or Atom Probe 

data [5, 14, 26, 27]. 

For example, the relationship between spinodal amplitude Pa and aging time can be 

described with an empirical hyperbolic function: 

Pa = A + B[1 + tanh(
logt − C − Qlog𝑒/TR

D
)] 

where t is the aging time, Q is the activation energy, T the aging temperature, R the gas 

constant and A, B, C, D are variables resulted from fitting. Specifically, the activation 

energy is assumed to be constant in the range of aging temperature, and followed the 

Arrhenius equation, which is: 

t1
t2

= exp[−
Q

R
(
1

T1
−

1

T2
)] 

and this equation can also be written as: 

logt1 − Qlog𝑒/T1R = logt2 − Qlog𝑒/T2R 

which means that the material aged at T1 Kelvin for t1 time will decompose to the 

same level as aging at T2 Kelvin for t2 time. 

Similarly, for the hardening and embrittling procedure, HV or impact energy (or the 

logarithm form accordingly) will replace Pa in the function. It also needs to be 

emphasized that, the hyperbolic function used for fitting is not according to physical 

meaning that it can represent the real kinetics procedure but only because of the 

suitable form and good fitting outcome.  

In Brown and Smith [5], a series of alloys, including commercial CF3 steels and model 

alloys with 26%Cr and 0-8%Ni in ferritic or in duplex structure, was aged at 300-

400°C up to 20,000h, followed by hardness measurements and atom probe 

examinations, and the result is presented as the following figure: 

 
Fig.7 - Hardness versus time with tanh function fitting curves for a Fe-26Cr-3Ni model alloy [5]. 
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Fig.7 shows hardness values as well as fitting curves for the Fe-26Cr-3Ni after aging 

up to 5000h at 300-450°C. Circle points are for fully ferritic structure due to 1250°C 

solution treatment, and dark points for duplex structure introduced by 1060°C solution 

treatment resulted in approximately 10% austenite. From hardness data, the activation 

energy for each Fe-26Cr-(0-8)Ni alloy was calculated which spread in the range of 

225-304 kJ/mol and it was consistent with the activation energy of chemical diffusion 

in ferrite, approximately 230 kJ/mol.  

Similarly, Pumphrey [27] applied the hyperbolic function to fit the result from Charpy 

energy with aging time: 

logCv = A + B[1 + tanh(
logt − C − Qlog𝑒/TR

D
)] 

where Cv represents the Charpy energy. For the alloys with 35% ferrite, the Charpy 

results tested at 70°C and 300°C are shown as the following figure: 

 

Fig.8 - Charpy energy versus aging time with tanh fitting curves for a CF3 duplex grade with 35% 

ferrite aged at different temperatures; Charpy energy was tested at (a) 70°C and (b) 300°C [27]. 

The calculated Q value from Charpy test at 70°C is within the range of 180-207 kJ/mol, 

and at 300°C is within 289-347kJ/mol. Hardness test was also carried out from which 

a Q value ranging from 169kJ/mol to 232kJ/mol was obtained. 

A plot of hardness increase versus Pa for CF3 castings and all model alloys by Brown 

and Smith, and Charpy energy versus Pa for a CF3 grade with 25% ferrite by 

Pumphrey et al. is shown in Fig.9. The two diagrams indicate that the hardness 

increase has a linear relationship with the amplitude of the spinodal decomposition, 

despite the fact that those values are from different composition and different 

structures, and the impact energy exhibited the same pattern. Thus, it suggests that the 

spinodal decomposition in the ferrite phase is responsible for the hardening and the 

embrittling process.  
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Fig.9 - (a) Hardness increase versus Pa for CF3 and Fe-Cr-Ni model alloys [5]; (b) Charpy energy 

versus Pa for CF3 grade with 25% ferrite aged at various temperatures [27]. 

 

2.8 Influential factors on toughness 

2.8.1 Aging effect on DBTT 

The embrittlement introduced by aging may present not only as a decrease of the upper 

shelf energy but also a decrease of the ductile to brittle transition temperature (DBTT). 

Plumtree and Gullberg [28] have shown that the DBTT increased with prolonging 

aging time. In their experiment, a series of Fe-25Cr ferritic steel samples was aged for 

20min, 9h and 500h at 475°C and impact energy curves were examined which 

indicated that aging increased the DBTT. They attributed this shift to the combined 

effect of the precipitation of nitrides which precipitated more rapidly in the beginning 

 

Fig.10 - Impact energy curves for the Fe-25Cr alloy after various isothermal treatments (475°C and 

550°C) and different cooling rates from 850°C [28]. 
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of the aging, and phase decomposition of ferrite which became more significant after 

long aging time (~500h).   

Nichol et al. [29] tested the fracture appearance transition temperature (FATT) for a 

Fe-18Cr ferritic steel and found that the FATT increased with aging time and 

temperature (inside the miscibility gap), which indicated that aging for longer time and 

at higher temperature enhances the embrittlement. 

 

Fig.11 - FATT of Fe-18Cr alloy vs aging time [29]. 

 

2.8.2 Interstitial elements 

As shown in Fig.12, the toughness of Fe-Cr alloys after homogenization is associated 

with the Cr composition and also interstitial elements which relates to carbides (ie., 

Cr23C6), nitrides (ie., Cr2N) or carbonitrides precipitation. The total amount of C and N 

is more essential when the Cr content exceeds approximately 20% where the material 

becomes brittle if the (C+N) content is higher than about 0.04%, however, the 

toughness seems to be less dominated by interstitial elements when Cr is less than 15% 

where the material is always tough even when the C+N exceeds 0.15%. This is 

believed to be caused by the fact that the (C+N) solubility decreases with increasing 

 
Fig.12 - Influence of (C+N) content on the toughness of Fe-Cr alloys [30]. 
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the Cr content that supersaturated C and N would segregate along the grain boundary 

and precipitate out with Cr. And generally, the toughness of ferritic stainless steel can 

be improved by reducing the (C+N) level [30]. 

Grubb and Wright [31] reported the effect of C and N on the brittle fracture of Fe-26Cr 

ferritic steel. Alloys with two levels of (C+N), 67ppm (0.0067%) and 570ppm 

(0.0570%) respectively, were solution treated at 1290°C followed with an annealing 

procedure at different temperatures from 540°C to 955°C. The DBTT for each heat 

treatment was tested from Charpy impact energy curve and the microstructure was 

examined with electron microscopy. Homogenized at 1290°C followed with iced-brine 

quenching, the sample with 67ppm of (C+N) exhibited a DBTT of -130C°, while the 

other one with high amount of interstitial elements showed a DBTT of 100°C, 

however, no considerable difference of upper shelf energy were observed. A summary 

of DBTT resulted from different annealing treatments is presented in Fig.13 for 

samples with low interstitial level. For the annealing temperature of 955°C, no grain 

boundary precipitate was observed and the DBTT was -135°C which was close to the 

sample treated at 1290°C, and thus it is believed that this level of interstitial elements 

was fully dissolved into the base matrix at and above 955°C. Between the annealing 

temperature of 620°C and 870°C, DBTT of the alloy increased with increasing the 

annealing temperature, and intergranular precipitation was observed. In a lower 

annealing temperature of 540°C, plate-like precipitate identified as Cr2N was observed, 

leading to a higher DBTT of about 0°C. 

 

Fig.13 - Effect of annealing temperature on Charpy DBTT and the corresponding type of precipitation 

for the Fe-26Cr with 67ppm of (C+N) [31]. 

 

2.8.3 Grain size 

The conventional Cottrell equation indicates that a smaller grain size will decrease the 

tendency of brittle failure for a certain alloy. Grain size, even though its effect on 

toughness is difficult to isolate because of other accompanying effects, seems to affect 

the toughness that a coarse grain size will elevate the transition temperature and small 

grain size is favorable for good toughness. 
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The effect is shown in Fig.14 from Plumtree and Gullberg [32]. They tested the impact 

energy curves for four Fe-25Cr ferritic steels, named 58, 65, 67 and 68 with different 

C, N or O additions at different temperatures. Each alloy was prepared by different 

solution treatments and resulted in various grain sizes. The figure clearly shows a 

tendency that for each type of alloy, the DBTT was increased with increasing the grain 

size. 

 
Fig.14 - Impact energy transition curves for four Fe-25Cr alloys of different grain sizes [32]. 

Courtnall et al. [33] reported the effect of fine grain size on the embrittlement. A series 

of Fe-25Cr with additions of C, N, Mo, Ti or Nb was aged at 500°C. After aging for 

550h, alloys added with Ti or Nb showed more intense hardening than other three 

alloys, however, according to bend test, after aging for 250h, they were still ductile 

and able to bend 180° without fracture while other alloys embrittled and fractured after 

bending through 120°. The author attributed this fact to the fine grain size in the Ti and 

the Nb alloy which were about half size of the others, and proposed that the 

embrittlement by α’ precipitation might be offset by a grain refinement. 
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3. Experimental Methodology 

3.1 As-received materials 

All as-received alloys were lab-produced and hot rolled to the thickness of about 6mm. 

The following table shows the bulk composition. 

Table I. Compositions for as-received materials 

Alloy Cr Ni Cu Mn C N O Si P S Al 

1 19.8 0.0 <0,01 0.11 0.002 0.0080 0.0057 0.03 0.005 0.004 0.008 

2 19.9 2.9 <0,01 0.09 0.004 0.0074 0.0100 0.03 0.005 0.004 0.006 

3 19.7 0.2 1.450 0.08 0.003 0.0075 0.0120 0.03 0.006 0.004 0.004 

4 19.9 <0,10 0.100 4.42 0.003 0.0075 0.0080 0.04 0.006 0.004 0.003 

The metallic elements with the content lower than 0.01% were eliminated in this table. 

For all samples the (C+N) content is approximately 0.01%. 

Fe-20Cr, Fe-20Cr-3Ni, Fe-20Cr-1.5Cu and Fe-20Cr-5Mn will be noted as a-Cr, b-Ni, 

c-Cu and d-Mn, and without specification, all compositions are in weight percent. 

 

3.2 Homogenization 

To homogenize the composition and structure, and eliminate the effect from previous 

raw material preparation such as hot rolling, a homogenization procedure, also called 

solution treatment, was carried out for all the samples first. The homogenization 

temperature was chosen under the following consideration: (1) the temperature is in 

the sole ferrite phase region; (2) during quenching, austenite phase should be avoided, 

which means that the cooling path should not pass through the austenite or 

austenite/ferrite region in the phase diagram; (3) other phases, such as σ phase or ε(Cu) 

phase and etc., should be avoided during homogenization or quenching.  

According to Thermo-Calc and various phase diagrams, it was chosen to homogenize 

Fe-20Cr and Fe-20Cr-1.5Cu at 1100°C for 2 hours and Fe-20Cr-3Ni and Fe-20-5Mn at 

710°C for 72 hours. The samples for hardness measurement were homogenized in a 

tube furnace in Ar, followed by water quenching to room temperature, and the 

temperature holding zone was measured carefully with thermocouple before 

homogenization or aging and the temperature kept within ±1°C range. Samples for 

Charpy tests were homogenized in a muffle furnace in air. 

 

3.3 Microhardness measurement 

Vickers microhardness was used for hardness measurement in this work. 

All samples were cut to the size of approximately 5×5×3mm from bulky plates 

followed by the solution treatment procedure in tube furnaces. Subsequently, 

isothermal heat treatments were carried out in tube furnaces in the temperatures 500°C 

(773K) and 450°C (723K) for various aging time from 1h to 2000h in air atmosphere. 
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These two temperatures were chosen to achieve a relatively high decomposition rate, 

that is, close to 475°C.  

After aging, samples were water quenched to room temperature. After mounting in 

bakelite, automatic polishing was used to polish the surface with 9µm, 3µm, 1µm and 

final polishing 0.05µm suspensions according to the ordinary polishing instruction. A 

Leitz micro-Vickers hardness tester was used for indentations with a 100g (0.1kgf) 

load applied for 30s. Five indentations were measured for each sample, and diagonals 

for each indentation, denoted as d1 and d2 which were about 30µm, were calibrated 

with light optical microscopy within ×1000 magnification. Finally the hardness of 

each indentation was transferred with the Vickers pyramid hardness formula: 

HV=2Fsin68°/d
2
, where F=0.1kgf load and d=(d1+d2)/2, and the average value with 

standard deviation was calculated for each sample. 

 

Fig.15 - Schematic illustration for the indentation measurements. 

 

3.4 Charpy V-notch test 

Charpy V-notch tests were performed to test impact toughness, which represents the 

ductility of the material, according to the European Standard EN 10 045. As the 

thickness of the rolled plate was approximately 6mm, a reduced section test piece was 

used and it was 55×10×5mm with a V shape notch. The designation of the test samples 

was as presented in table II and figure 16. 

Three samples for each alloy and for each aging time were machined with the long 

direction perpendicular to the rolling direction, followed by homogenization and 

subsequently thermal aging at 500°C (773K) in a muffle furnace in air. Final cooling 

was conducted by water quenching to room temperature. Selected aging durations are 

1h, 10h, 50h and 100h. Specifically, aging for 0h here represents the as-homogenized 

samples without aging. The notch was machined for each sample after aging and then 

the test was carried out at room temperature which was about 20°C. 
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TableII. Designation of V-notch test samples 

Reference No. Designation Dimension Unit 

1 Length of test piece 55 mm 

2 Height of test piece 10 mm 

3 Width of test piece 5 mm 

4 Height below notch 8 mm 

5 Angle of notch 45 degree 

6 Radius of curvature of notch 0.25 mm 

 
Fig.16 - Dimension of V-notch test samples. 

 

3.5 Fractography 

Fracture surfaces for each Charpy sample after failure were photographed with an 

OLYMPUS microscope, and selected samples were characterized with scanning 

electron microscopy (SEM) of Hitachi S3700N. The cross-section of the fracture 

surface, after the sample was mounted and mechanical polished, was also examined 

with the SEM for selected samples. 

 

3.6 Structure 

The structures were examined with SEM and APT. For SEM examination, the samples 

were mounted and polished similar to the sample preparation in hardness tests. 

Needle-shaped specimens tested with APT were cut from Charpy samples, followed 

with a standard two-stage electro-polishing method. Examination was performed in a 

LEAP 3000X HRTM instrument, from Imago Scientific Instruments, and the 

experimental condition was set in voltage pulse mode, with 20% pulse fraction, 200 

kHz and evaporation rate 1.5% at 55K. The data was analyzed with the software of 

IVAS 3.4.3. 
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4. Results  

4.1 As-homogenized materials 

From SEM pictures shown in Fig.17, samples of a-Cr, c-Cu and d-Mn had coarser 

grain size of a few hundred µm, while the grain size of b-Ni was much smaller and 

close to 10 µm. In all samples, the sructure was observed to be homogenized and fully 

ferritic, and without considerable amounts of intermetalic phase or other secondary 

phases. In the b-Ni sample and d-Mn sample which were homogenized at 710°C, areas 

with uneven patterns were observed, and it was caused by deformation probably 

induced from previous sample preparation procedure, i.e. rolling. 

 

 
Fig.17 - Microstructure from SEM for as-homogenized samples, (a) Fe-Cr, (b) Fe-Cr-3Ni, (c) Fe-Cr-

1.5Cu and (d) Fe-Cr-5Mn. 

 

4.2 Aging at 500°C 

4.2.1 Hardness 

With aging up to 2000h, all samples experienced severe hardening as shown in Fig.18. 

The differences of initial hardness among the four alloys were attributed to solution 

hardening from alloying, and specifically grain size for b-Ni. As the indentations in the 

Vickers hardness test were about 30-40µm, those alloys with large grains in the range 

of a few hundreds microns would have relatively lower hardness values than the Ni  
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(a) 

(b) 

Fig.18 - Microhardness versus aging time for four alloys after aging at 500°C (a) absolute hardness 

values and (b) hardness increase. 

Table III. Hardness after aging at 500°C, unit in HV0.1 

Time    Fe-Cr        Fe-Cr-3Ni     Fe-Cr-1.5Cu      Fe-Cr-5Mn 

0 169.64 ±5.13 227.81 ±4.63 186.22 ±9.45 148.11 ±9.70 

1 175.58 ±7.53 239.50 ±11.46 215.29 ±7.66 157.92 ±5.90 

10 187.38 ±7.08 262.28 ±11.70 211.90 ±5.72 157.59 ±7.03 

50 208.50 ±7.15 281.90 ±12.98 249.67 ±13.36 163.64 ±5.64 

100 213.43 ±14.58 320.74 ±8.04 285.06 ±6.94 168.59 ±6.23 

250 214.46 ±15.49 316.56 ±18.50 283.48 ±19.88 192.87 ±3.74 

500 214.19 ±5.65 356.96 ±10.08 317.08 ±7.19 252.00 ±4.38 

1000 245.93 ±9.75 349.82 ±4.08 336.43 ±8.08 222.80 ±5.08 

2000 272.21 ±25.99 328.44 ±8.94 352.05 ±6.89 226.08 ±10.48 
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alloy which has a grain size less than 10µm. For the material alloyed with Ni, a 

continuous decrease of hardness was observed after aging for 500h, which may be 

related to the coarsening state of precipitation. Except for this, all samples underwent 

more severe hardening with prolonged aging time. 

 

4.2.2 Toughness and fractography 

All four alloys underwent severe embrittlement before 100h aging, and the impact 

energy decreased with aging time continuously until the material was totally brittle, as 

shown in Fig.19. Except for d-Mn, other three steels experienced a ductile to brittle 

transition procedure during aging, where the impact energy dropped from about 100J 

to less than 10J. For the Mn alloy, it was quite brittle from the initial as-homogenized 

state, yet it experienced embrittling as well with a drop of the initial toughness of 

about 18J to less than 5J after aging for 10 hours.  

The hardness values were plotted together with impact energy in diagrams, and except 

for the general trend that impact energy decreased while hardness increased, no direct 

correlation between hardness and toughness was observed. 

Fig.20 shows selected microscopic fracture surfaces of four samples.  The notches are 

on the right side of each pictures and the crack paths are from right to left. Fig.20(a) is 

an as-homogenized a-Cr sample with ductile failure, and significant deformation can 

 

 
Fig.19 - Impact energies from half size Charpy V-notch tests at room temprature (~20°C), X represents 

impact energy and solid squares are the hardness, (a) Fe-Cr, (b) Fe-Cr-3Ni, (c) Fe-Cr-1.5Cu and (d) 

Fe-Cr-5Mn. 
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Table IV. Charpy impact energies for samples aging at 500°C, unit in J 

Time Fe-Cr Fe-Cr-3Ni Fe-Cr-1.5Cu Fe-Cr-5Mn 

0 106 95 13 84.9 76.2 81.8 92 93 97 17.8 15.8 18.9 

1 14 12 6 83.6 80 83.8 6 38 20 12.9 11.9 7.5 

10 3 2.7 3.5 29 41 36.3 4 3 3 4.3 6 4.6 

50 2 2.4 2.1 6 3.8 19.8 2 2.3 2.1 6 6 6.5 

100 2 2 2 9 3.8 3.2 1.9 1.9 2 4.8 5.3 3.7 

be seen on the left part of the surface. The fracture surfaces of samples with impact 

energy close to 100J are similar to Fig.20(a) with ductile failure, including a-Cr, b-Ni 

and c-Cu after homogenization and b-Ni after aging for 1h. Fig.20(b) is an as-

homogenized a-Cr sample with brittle failure of which the impact energy was 13J. 

Those samples for a-Cr, c-Cu and d-Mn with impact energy lower than about 10J share 

the similar fracture surfaces as Fig.20(b), with shining facets and little deformation. 

For b-Ni which had tiny grains, samples with brittle failure have similar appearances 

as Fig.20(c), which is a b-Ni alloy after aging for 50h. Fig.20(d) is a c-Cu sample after 

aging for 1h, with obvious deformation and shining facets on the fracture surface, 

showing a mixture mechanims with ductile failure and brittle failure. Samples of 

which the impact energies were between 10J and 100J have a similar fracture surfaces  

 

 
Fig.20 - Fracture surfaces from microscopy for (a) as-homogenized a-Cr with ductile failure, (b) as-

homogenized a-Cr with brittle failure, (c) 50h b-Ni and (d) 1h c-Cu. The right part for each sample is 

the notch and the left part for (a) and (d) is the adjacent other half of the Charpy sample. The 

dimension of the cross-section is 5x10mm. 
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as Fig.20(d). Generally, higher impact energies were related with larger amount of 

deformation, and lower impact energies were related with less deformation and more 

shining facets.  

The fracture mechanisms were further examined with SEM, as shown in Fig.21. 

Fig.21(a) and (c) are from as-homogenized samples of a-Cr and b-Ni with tough 

failure, and both of the pictures show dimpled sturcture, which is the charateristic 

pattern for ductile failure. Fig.21(b) and (d) are for a-Cr after aging for 10h and b-Ni 

after 100h, respectively. The impact energies for both samples were lower than 10J,  

 

 

 
Fig.21 - Fracture surfaces from SEM for (a) as-homogenized a-Cr with ductile failure, (b) 10h a-Cr, (c) 

as-homogenized b-Ni and (d) 100h b-Ni. Cross-sectional pictures for crack paths which are from right 

to left in each pictures, (e) 10h a-Cr and (f) 100h b-Ni.  
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and the fracture surfaces were fully cleavage with river patterns. The cross-section of 

the fracture surfaces for a-Cr after aging for 10h and b-Ni after 100h were also 

examined, as shown in Fig.21(e) and (f), and they clealy showed that the cracks were 

straight and crossed grains. Deformation and twins are also visible in Fig.21(e). An 

examination of the as-homogenized d-Mn, of which the impact energy was about 20J, 

showed a main cleavage appearance with a small portion of dimpled areas. Fig.21(a) 

and (b) would also represent the mechanisms for c-Cu and d-Mn, since their 

microscopic fracture surfaces are similar to a-Cr. 

According to fracture surfaces from microscopy and SEM, cleavage failure was 

promoted by aging, and the fracture mode changed from ductile failure to cleavage 

failure after aging. 

More pictures of fracture surface are presented in the appendix in the end of the report. 

 

4.2.3 Microstructure 

The microstructure in nanometer scale was experimentally examined from the Charpy 

samples with APT. 

Fig.22 shows the composition distribution of Cr and Fe for samples after 

homogenization and after aging for 10h. Black lines denote the ideal binomial 

distribution which assumes that the system is homogeneous and atoms are randomly 

located. The composition distributions for all four as-homogenized samples are 

 

 
Fig.22 - Composition distribution analysis of Cr and Fe for four alloys, (a) Fe-Cr, (b) Fe-Cr-3Ni, (c) 

Fe-Cr-1.5Cu and (d) Fe-Cr-5Mn [34]. 
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approximately binomial, which indicates good homogeneity after solution treatment. 

Deviation from binomial distribution represents composition rearrangement due to 

phase decomposition. After aging for 10h, negligible changes can be observed in a-Cr 

and c-Cu alloys, while minor difference can be seen in d-Mn, yet b-Ni shows intensive 

deviation from binomial distribution. This observation can be further illustrated from 

the method of radial distribution function (RDF). 

The RDF curve of A-B displays average concentration of A as a function of radial 

distance from the selected type of atom B. Fig.23 shows the RDF of Cr-Cr, for Cr with 

Cr as the center atom. The concentration was normalized with the bulk composition, 

which implies that the concentration would be 1 if all atoms are randomly distributed. 

From the diagrams, a-Cr and c-Cu shows little statistical difference between the as-

homogenized and the aged samples, while the nomalized composition increases 

slightly in the d-Mn alloy and remarkably in the b-Ni. 

 

 
Fig.23 - Radial distribution function of Cr-Cr in four alloys, (a) Fe-Cr, (b) Fe-Cr-3Ni, (c) Fe-Cr-1.5Cu 

and (d) Fe-Cr-5Mn [34]. 

From the composition distribution analysis and RDF results, aging up to 10h, no 

detectable phase decomposition was observed in a-Cr and c-Cu samples, slight 

decomposition can be seen in d-Mn and intensive separation in b-Ni. 

The RDF of Cu-Cu in c-Cu alloy is displayed in the Fig.24, as well as Ni-Ni in b-Ni 

and Mn-Mn in d-Mn. Cu exhibited a strong clustering effect that, the relative 

concentration was 1.2 at the distance of 0.1nm for the as-homogenized sample and 
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increased to 1.5 after aging. However, no obvious interaction can be seen between Ni-

Ni or Mn-Mn in the b-Ni and d-Mn samples.  

Moreover, no detectable amount of carbides or nitrides was found in the examined 

samples. 

 

 
Fig.24 - Radial distribution function for (a) Ni-Ni in Fe-Cr-3Ni, (b) Cu-Cu in Fe-Cr-1.5Cu and (c)Mn-

Mn in Fe-Cr-5Mn [34]. 

 

4.3 Aging at 450°C 

The hardening was also examined at 450°C, as presented in table V and figure 25 and 

26. The rate of hardening at 450°C was lower than that at 500°C in a-Cr, b-Ni and c-

Cu alloys, and higher in d-Mn alloy. 

Table V. Hardness after aging at 450°C, unit in HV0.1 

Time       Fe-Cr      Fe-Cr-3Ni      Fe-Cr-1.5Cu      Fe-Cr-5Mn 

0 169.64 ±5.13 227.81 ±4.63 186.22 ±9.45 148.11 ±9.70 

1 

  

233.63 ±5.62 197.64 ±5.13 

  10 191.66 ±5.50 261.32 ±7.98 203.01 ±4.55 176.02 ±7.76 

50 184.60 ±15.68 260.37 ±8.30 191.35 ±9.85 171.10 ±14.44 

100 182.01 ±10.68 289.85 ±10.99 190.91 ±10.00 177.04 ±2.71 

250 185.48 ±14.88 314.25 ±15.16 246.60 ±16.82 240.98 ±17.96 

500 215.62 ±12.28 341.61 ±14.43 256.18 ±12.63 233.02 ±20.13 

1000 203.95 ±11.59 353.81 ±3.14 280.80 ±19.24 260.25 ±9.68 
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Fig.25 - Microhardness versus aging time for four alloys aged at 450°C. 

 

 
Fig.26 - Comparison of hardness for samples aged at 450°C and 500°C, (a) Fe-Cr, (b) Fe-Cr-3Ni, (c) 

Fe-Cr-1.5Cu and (d) Fe-Cr-5Mn. 
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5. Discussion 

5.1 Ferrite separation 

It has been reported from many publications that, at 500°C, the spinodal line lies 

between 25-32%Cr in the Fe-Cr binary system, and the decomposition mechanism is 

via nucleation and growth for Fe-20%Cr [8,11,22,25,35]. Assisted with Thermo-Calc, 

the decomposition mechanism at 500°C was predicted as shown in Fig.27. 

 

 

Fig.27 - Stability function diagrams for four alloys at 500°C, (a) Fe-Cr, (b) Fe-Cr-3Ni, (c) Fe-Cr-1.5Cu 

and (d) Fe-Cr-5Mn. 

From Thermo-Calc, the stability function, which is based on the second derivative of 

Gibbs energy, suggests the possible ferrite separation mechanism, that a positive value 

represents nucleation and growth, and a negative value means spinodal decomposition. 

For a-Cr, b-Ni and c-Cu alloys, the function stability value is about 0.4-0.5 at 20%Cr 

and thus the decomposition mechanism is probably via nucleation and growth. The 

addition of Ni or Cu seems to have little effect on spinodal shifting since spinodal lies 

at approximately 35%Cr in all these three alloys. However, the addition of Mn seems 

to shift the spinodal to a lower Cr content (about 22%Cr), which is quite close to the 

present 20%Cr in the d-Mn system, thus it is difficult to predict which mechanism is 

more possible for this alloy. Moreover, the database utilized in the present calculation 

was from the work of Anderson and Sundman in 1987, while a recent modified 
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description from Xiong et al. indicates that the spinodal is at a lower Cr content of 

30%Cr at 500°C. The metastable phase diagram containing these two works has been 

shown in Fig.3 in the first chapter. Considering the new description, the spinodal 

would locate at about 30%Cr for Fe-Cr, Fe-Cr-3Ni and Fe-Cr-1.5Cu systems, and at 

approximately 17%Cr when 5%Mn is added. Accordingly, the ferrite decomposition is 

probably via nucleation and growth in the present a-Cr, b-Ni and c-Cu alloys, and via 

spinodal decomposition in the d-Mn alloy. Unfortunately, this prediction of the 

possible mechanism is unable to be testified by the present APT results. 

Since the mechanism is via nucleation and growth in a-Cr, b-Ni and c-Cu, the 

precipitation of α’ will be observed heterogeneously and preferentially at grain 

boundaries or other defects such as dislocations or inclusions. The dimmension for the 

examined volum in APT is about hundreds of nanometers, and thus it is rare to detect 

grain boundaries without special and intended preparation. In this experiment, the APT 

data reveals that no grain boundary was detected in any sample. Since heterogeneous 

nucleation progresses more rapidly than homogeneous nucleation, it is resonable to 

speculate that, if bulk ferrite separation is observed, the grain boundary precipitation of 

α’ has been well developed. 

From the present APT data, it can be interpreted that, addition of 5%Ni has a strong 

accelerating influence on ferrite decomposition and 5%Mn exhibits a less positive 

effect than 3%Ni. Since no phase separation has been detected in the Cu alloy as well 

as the binary case, no judgment can be made whether Cu has an accelerating or an 

impeding effect, yet at least, 1.5%Cu has a less positive effect on speeding up the 

phase separation comparing with 3%Ni and 5%Mn. 

The Ni effect has been confirmed by many previous studies. One suggestion from 

Brown [5] is that, Ni does not change the activation energy for the sepration reaction, 

instead it affects the kinetics relating to the diffussion mobility or the thermodynamic 

driving force. 

With Mössbauer study, Solomon and Levison [22] found that, a duplex FU-50 alloy 

containing 1.10%Cu showed a more prominent paramagnetic peak of α’ after aging at 

475°C for 118h, comparing with an alloy with similar compostion but without Cu, and 

thus suggested that Cu would accelerate the α’ formation. Comparing with the present 

study, it indicates that either 10h is not long enough to observe the effect of 1.5%Cu on 

phase separation, or their alloys were also affected by other factors since the two tested 

alloys contained about 6%Ni, 3%Mo and other elements as well.  

Moreover, observed from the Cu-Cu RDF, the Cu alloy exhibited a strong clustering 

effect which may influence the ferrite decomposition. Stiller et al. [36] reported that in 

a 9Ni-12Cr-2Cu maraging steel, Cu started to form clusters as early as 5min of aging 

at 475°C which later served as nucleation sites for a Ni-rich precipitate of type 

Ni3(Ti,Al). Similarly, in the present c-Cu alloy, Cu clusters may be the heterogeneous 

nucleation sites for α’ and promote the ferrite decomposition procedure.  
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5.2 Interstitial elements 

In the present study, no carbides or nitrides were observed, and the C and N content 

observed in the samples is quite low. However, since many publications argued the 

important role of C and N in mechanical and microstructural evolution in some similar 

alloy systems, it is necessary to discuss the probable influence of C and N, or their 

states in the alloys. It needs to be emphasized that the following discussion is based on 

references and speculations. 

Considering the C and N after annealing at 1100°C, there is little doubt that C and N 

are fully dissolved in the solid solution. From Fig.28 which displays the solubility of C 

and N in Fe-26%Cr system, the ferrite is able to dissolve more than about 0.04%C at 

1100°C, and its solubility decreases rapidly to less than 0.005% when the temperature 

descends to 950°C, while the solubility of N is still relatively high down to 850°C and 

also at lower temperatures. This suggests that, due to the decrease of solubility of C or 

N, carbides starts to form due to supersaturation at a higher temperature, i.e., 900-

1000°C, while nitrides would be observed to form at a lower temperature, i.e., 600-

750°C. The C and N content in the present study is about 0.012%, and thus they were 

expected to be fully dissolved at 1100°C and no carbides or nitrides would be observed 

after homogenization in a-Cr and c-Cu alloy. 

 

Fig.28 - Solubility of C and N dependent on temperature of Fe-26%Cr alloy [4]. 

While the Ni and the Mn alloy were annealed at 710°C for 72h, it is reasonable to 

believe that this would introduce slight difference to the microstructure for b-Ni and d-

Mn, with small amounts of carbides able to precipitate after annealing. According to 

Thermo-Calc, at 710°C, the equilibrium Fe-20Cr-3Ni-0.004C-0.008N system contains 

about 0.06wt% of Cr2N and 0.046wt% of M23C6, and the Fe-20Cr-5Mn-0.004C-

0.008N contains 0.01wt% of M23C6. Comparing with Grubb and Wright’s work [31], a 

Fe-26Cr alloy with 0.002% C and 0.0047% N was annealed at a series of temperatures 

between 540°C and 1250°C for 10min, and no precipitation was found if the annealing 

temperature was higher than 950°C, while grain boundary and/or intragranular 

precipitate was observed if the temperature was lower. The probable initial existence 

of carbides and nitrides in b-Ni and d-Mn will bring additional influence on 

embrittlemnt to these two alloys by lowering the initial DBTT for as-homogenized 
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samples. Moreover, these carbides and nitrides preferentially form at grain boundaries, 

since C or N has relatively high mobility at 710°C. A quantitative study by Takahashi 

et al. [37] utilizing APT and TEM revealed that, in a high purity ferritic Fe alloy with 

56 mass ppm C or 54 mass ppm N after annealing at 720°C for 90s, C content reached 

2at% in the C-contained sample while N reached 0.6at% in the N-contained sample at 

grain boundary over a width of 2-3nm. 

During aging, carbides and nitrides are able to form at 500°C or 450°C, and the 

presence of carbides and nitrides after aging at a similar range of temperature has been 

reported by many authors. Continuing on Grubb and Wright’s study [31], tested from 

TEM, the alloys annealed at 1250°C for 1min were observed free of grain boundary 

precipitate, and the samples annealed at 1250°C for 1min and followed with aging at 

540°C for 10min were found to have intragranular plate-like precipitates, identified as 

Cr2N, of a length about 0.1µm. Grobner [35] observed similar type of precipitate in a 

Fe-18%Cr alloy aged at 538°C with 0.002%C and 0.003%N, and such precipitate may 

serve as a crack initiation and thus weaken the grain boundary and increase DBTT.  

Kobayashi et al. [38] annealed a Fe-25Cr-7Ni-0.14N alloy at 1400°C and obtained a 

fully ferritic structure alloy without precipitates. The alloy was further aged at 450°C 

and 500°C, and Cr2N has been found after 1h at 450°C and 10min at 500°C. Besides, 

from Thermo-Calc, for a Fe-20Cr-0.002C-0.008N alloy, the calculation indicates that 

at 450°C or 500°C, approximately 0.075wt% Cr2N and 0.035wt% M23C6 exist in the 

equilibrium state. These facts theoretically or experimentally confirm that carbides and 

nitrides are able to form at 450°C or 500°C, possibly at a short time about several 

hours. 

Concerning the size of intragranular precipitates in Grubb’s work, it was about 100nm 

in length. In his experiment, the temperature was 540°C which was higher than the 

present testing temperature of 500°C, and Cr content was 26% comparing with the 

present 20%, however, the aging time in this study was 10h for APT samples with a 

higher amount of C and N, while his was only 10min. Since these competing factors 

existed, a rough estimation is that the size of possible precipitate in the present study 

was in the similar scale to Grobb’s. Considering that the dimension of APT sample 

was in hundreds nm scale while the precipitate was in the similar magnitude, this 

might be a reason that carbides or nitrides was not observed in the present APT study. 

Another effect related to C and N by decay during aging has been studied by Golovin 

et al. [39] and Golovin [40]. He studied a Fe-24Cr alloy and concluded the aging 

procedure to three stages: (i) interstitial elements decay, leading to dislocation pinning 

and formation of carbides and nitrides; (ii) substitutional-interstitial complexes 

formation and (iii) Cr-rich zones formation related to phase separation. A summary 

was shown in Fig.29 which indicates that the C+N decay completed 75% after aging 

for about 1h at 500°C. The study also implies that phase decomposition begins after 

about 10h, and this is consistent with the present APT result for Fe-20Cr that no 

detectable decomposition occurred after aging for 10h. 
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Fig.29 - Temperature time transformation diagram for Fe-24Cr alloy during aging [40]. 

 

5.3 Hardness 

The initial difference of hardness value among the four alloy were attributed to 

solution hardening. Since the atomic number of Ni or Cu is higher than Fe and Cr, Ni 

or Cu ions have smaller sizes than Fe and Cr ions and thus the alloying of Ni or Cu 

will increase the misfit of Fe and Cr, while Mn is in between of Fe and Cr and as a 

result has a medium size, and accordingly the addition of Mn will balance the misfit 

and lower the hardness comparing with Fe-Cr binary system. The much smaller grain 

size in b-Ni alloy is believed to be an additional benefit for the high hardness 

comparing with the three other alloys with coarse grains.  

The difference between the hardness after homogenization and after aging is 

considered to subtract the effect from solution hardening and grain size effect, and 

represent the microstructural evolution. However, this is only an estimation since this 

process is always accompanied with the hardening from precipitate and the softening 

from depletion of alloying elements. 

In the first 10h of aging, where the APT results were obtained and comparable, the 

hardness for all samples increased 10-40 HV0.1. The Ni alloy was detected with 

considerable phase decomposition, thus a higher increase in this system can be 

expected. In the Cu alloy, the hardness increase can be atributed to Cu clustering effect 

since the clusters are able to hinder the movement of dislocations. In the Mn alloy, 

slight increase of hardness was due to minor ferrite decomposition. For the Fe-Cr alloy, 

no phase separation was observed in the bulk, and the microhardness tested inside the 

grains were not affected by the assumed heterogeneous precipitation of α’ at grain 

boundary, yet the hardness increased about 20 HV0.1. One reason of this increase 

might be due to the subtraction without error bars, and the increase was not so high 

that if considering the overlapping of error bars it may decrease and be atributed to 

experimental error.  
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Long time hardening is considered to mainly relate to ferrite separation. The ferrite 

separation rate was highest in the Ni alloy which lead to the most rapid hardness 

increase, and thus it is not out of expectation that an overaging state due to coarsening, 

accompanied with further hardness decrease, was observed in this alloy.  

In c-Cu, a calculation from Thermo-Calc indicates that, at 500°C, the Fe-20Cr-1.5Cu 

system has an equilibrium state with 1.45wt% fcc ε(Cu) phase which has a 

composition of 99.95% Cu, while for the Fe-1.5Cu system, it will end with 1.41wt% 

ε(Cu), which implies that the solubility of Cu in Fe or Fe-20Cr is approximately 0.05-

0.10%. Barbu et al. [41] tested the hardness for a Fe-1.34at%Cu binary alloy aged at 

500°C, and found that the microhardness HV increased from 125 to 243 after 4.5h and 

then decreased to 178 after about 300h. Due to the similar hardening mechanism, it 

can be expected that the hardness increase due to Cu precipitation is comparable 

between the Fe-Cr-1.5Cu and the Fe-1.5Cu system, and in the present Fe-Cr-1.5Cu  

system, the hardness increase due to Cu clustering may be as high as 100 HV. One 

difference between the present Cu system and the binary Fe-Cu system is that Cu 

clusters may serve as nucleis for α’ without coarsening and softening, and thus the 

hardness will increase monotonically until a long enough time when α’ coarsening 

begins which is similar to the Ni case. 

Even though the APT results showed that ferrite in Mn alloy decomposed ealier than 

the Cr alloy, the hardness increase of d-Mn seems to be most often lower than a-Cr. 

Since the ferrite decomposition in a-Cr was via nuleation and growth, and in d-Mn 

possibly spinodal decomposition, this difference might cause a less hard alloy.  

The comparison between 450°C and 500°C aging indicates that the temprature 

corresponding to the highest ferrite decomposition rate is close to 500°C for a-Cr, b-Ni 

and c-Cu, while to 450°C for d-Mn. No overaging was observed in b-Ni at 450°C, 

while the highest hardness at 450°C was 357 HV0.1, and it was close to the  highest 

hardness at 500°C aging for 500h when the turn began.  

 

5.4 Toughness 

In cleavage, separation occurs along a well-defined crystallographic plane given in 

body-centered-cubic metals on the (100) planes. Twins can often be seen on the 

cleavage surfaces. Face-centered-cubic metals do not cleave under normal conditions. 

Fine-grained materials are less susceptible to brittle fracture than coarse-grained ones, 

since grain boundaries serve as a barrier to crack propagation [42].  

Unlike hardness measurement, the Charpy energy is also strongly influenced, or say 

determined, by testing temperature. To understand the embrittlement, it first needs to 

be mentioned that the fast drop of toughness in the present study is most probably 

caused by the increase of DBTT after aging. The aging effect, which is caused by 

precipitation of α’ or other phases, has a two-fold influence on embrittlement, that is 

either shifting the DBTT to a higher temperature or decreasing the upper shelf energy. 

These two effects can be seen in Fig.30, which is constructed from Fig.10 and Fig.11, 
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and based on the fact that longer aging time will increase the DBTT and decrease the 

uppershelf energy. 

In the diagram, t1, t2 and t3 represent aging time with increasing order. If tested at 

higher temperature, e.g. T2, where all DBTT curves reach their upper shelf, the impact 

energy will not be influenced by testing temperature, the Charpy results will only be 

determined by aging time which reflects the microstructural evolution related to aging 

time. However, at a relatively lower temprature, e.g. T1, where some or all of the 

materials are in their transition region, the results will be determined also by the 

testing tempratue. Tested at T1, the result of impact energy will be relatively high after 

aging for t1 time, while it may decrease to a quite low value close to lower shelf 

energy after aging for t2 time. Particularly, if the DBTT increases rapidly or the 

transition region is narrow and close to the testing temperature by nature, the impact 

energy will decrease rapidly after aging. 

 
Fig.30 - Illustration of influence of aging on DBTT and upper shelf energy. 

Since no DBTT testing has been done in this study, DBTT values of several low 

interstitial Fe-Cr binary alloys were compared as references as shown in Table.VI. In 

the present Fe-Cr alloy, the low level of interstitial elements is beneficial for a lower 

DBTT, i.e. about -50°C, however, the large grain size of 300µm may balance this 

effect and raise the DBTT [32]. Besides, the Charpy results of the three as-

homogenized samples in Fig.19 shows that two samples are quite tough with ductile 

failure while one is brittle with cleavage failure, and this might indicate that the 

transition region is close to the room temperature in the present binary alloy.  

Table VI. DBTT of several Fe-Cr ferritic steels 

Reference Cr(wt%) C+N(wt%) Grain size(µm) DBTT(°C) 

[32] Plumtree     25 0.003+0.012   105  40 

       35 -50 

[35] Grobner  18 0.002+0.003 >100 -50 

[43] Cortie  38 0.009+0.005      -  30 
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According to these facts, it can be interpreted that the fast drop of toughness in the Fe-

Cr alloy was caused by the increase of DBTT from below (or close) to above the room 

temperature after aging for 1h. 

It is the microstructural evolution which causes the shift of DBTT. Considering that 

the Fe-Cr model alloy is a relatively simple system, besides ferrite separation, the 

effect of C and N seems to be the only other possible sauce which may introduce 

changes to the alloy after aging. Since no phase separation or carbides and nitrides was 

observed from APT after aging for 10h, the shift of DBTT would then be explained 

from three possible aspects: 

(1) due to heterogeneous nucleation and growth of α’ precipitates which 

preferentialy located at grain boundaries or defects; 

(2) precipitation of carbides and nitrides is responsible, yet the reason is the same 

as the first; 

(3) segregation of C and N atoms to defects, e.g. dislocations.  

A more thorough discussion of these speculations can be found earlier in this chapter, 

and thus a TEM study is needed for further understanding.  

For the Fe-Cr-3Ni system, the DBTT is affected by the grain size and Ni alloying, 

comparing with the Fe-Cr binary case. It is known that small grain size is beneficial 

for lower DBTT, and the addition of Ni to body-centered-cubic structure steels is 

beneficial in increasing the notch-toughness and decreasing DBTT with 10°C 

reduction for each 1% Ni addition [44], thus the b-Ni alloy will have a much lower 

DBTT than a-Cr. The carbides or nitrides formed during homogenization will increase 

the DBTT of the as-homogenized alloy. According to APT, ferrite separation has been 

detected in the b-Ni system after aging for 10h, which coincide with the time where 

embrittlement began. Thus the ferrite separation is considered to be responsible for the 

DBTT increase after aging in the Ni alloy. 

Comparing with a-Cr alloy, c-Cu was homogenized in the same condition, and had a 

similar grain size of about hundreds µm, thus it is expected that the two systems would 

have similar initial DBTT. The Charpy test for c-Cu exhibited the similar trend as a-Cr 

that the embrittlement occurred in the first hour, and the fracture mechanism is similar 

as well, which suggests that the reason of embrittlement for c-Cu is similar to a-Cr as 

discussed previously. Additionally, in the Cu system, the Cu clustering effect 

introduced a hindering effect to dislocations and thus contributed to the increase of 

DBTT after aging.  

For the d-Mn sample, it was brittle initially. It is known that addition of Mn to a 

ferritic stainless steel will increase the DBTT. Mn seems to segragate rapidly to grain 

boundarise during aging which may cause embrittlement. From Auger electron 

spectropy, Nasim et. al [45] found that in an austenitic Fe-8%Mn alloy, the Mn content 

at grain boundaries increased from 7% to about 18% after aging at 450°C for only 

10min, accompanied with embrittlement. It might be supposed that the brittle property 

of as-homogenized d-Mn is due to the low temperature homogenization of 710°C, 
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coarse grain size and alloying with 5%Mn, and the embrittlement was caused by ferrite 

separation from aging. 

To end the embrittlement discussion, it should be noted that the embrittlement 

mechanisms according to lab-fabricated materials in this study might be different to 

the commercial ones, which often have a certain amount of stablizer elements such as 

Ti and Nb and also more complicated structures with smaller and irregular grains or 

duplex phases. Moreover, according to the present toughness study, it is suggested that 

the Charpy test would be preffered to examine at an elevated temperature, e.g., 300°C, 

not only because higher temprature would minimize the influence of testing 

temprature, but also these materials are practically applied in such enviroment. 
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V. Conclusions 

A mechanical and microstructural examination has been done on the Fe-20Cr and Fe-

20Cr-X (X=Ni, Cu, Mn) alloys after aging at 500°C, it was found that: 

(1) Up to 10h of aging, 3%Ni has an obvious effect on accelerating the ferrite 

decomposition, while 5%Mn has minor and 1.5%Cu has no detectable effect 

compared with the Fe-20Cr binary system; 

(2) Cu exhibited a clustering effect which probably contribute to hardening and 

embrittling besides the phase separation; 

(3) Hardness changing during long time aging mainly reflects the ferrite separation 

and is consistent with the APT observation; 

(4) All alloys suffered obvious embrittlement after short time of 1h to 10h aging. 

The embrittlement in the Fe-20Cr-3Ni alloy is probably caused by ferrite 

decomposition, while the embrittlement in the other three alloys is considered 

to relate to some other faster processes as well. 
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Appendix 

Part A, fracture surfaces from microscope: 

 

 
Fig.A1 - Fe-20Cr (a) as-homogenized with tough failure; (b) as-homogenized with brittle failure; (c) 

aged for 1h. Samples aged longer than 1h have identical fracture surface as (b) and (c). 
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Fig.A2 - Fe-20Cr-3Ni (a) as-homogenized and aged for (b) 1h, (c) 10h, (d) 50h and (e) 100h. 
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Fig.A3 - Fe-20Cr-1.5Cu (a) as-homogenized and aged for (b) 1h and (c) 10h. Samples with longer 

aging time of 50h and 100h are identical to (c). 

 

 
Fig.A4 - Fe-20Cr-5Mn (a) as-homogenized and aged for (b) 1h and (c) 10h. Samples with longer 

aging time of 50h and 100h are identical to (c). 
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Part B, fracture surfaces from SEM: 

 
Fig.B1 - Fe-20Cr after homogenization with tough failure, with different magnification, (a) X300 and 

(b) X1,000. 

 
Fig.B2 - Fe-20Cr after aging for 10h with brittle failure, with different magnification, (a) X35 and (b) 

X200. 

 
Fig.B3 - Fe-20Cr-3Ni after homogenization with tough failure, with different magnification, (a) 

X1,000 and (b) X3,000. 
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Fig.B4 - Fe-20Cr-3Ni after aging for 10h, with different magnification and in different selected areas, 

(a) X18 with areas noted with fracture mechanism, (b) X100, a area with dimpled structure and 

cleavage, (c) X1,000 dimpled area and (d) X1,000 cleavage area.  

 
Fig.B5 - Fe-20Cr-3Ni after aging for 100h with brittle failure, with different magnification, (a) X35 

and (b) X1,000. 
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Fig.B6 - Fe-20Cr-5Mn after homogenization , with different magnification in different selected areas, 

(a) X100 with a small portion of dimpled area, (b) X300 and (c)X1,000. 

 

 


