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Abstract: Precipitation hardening is one of the most important strengthening mechanisms in 

metallic alloys, and thus controlling precipitation is often critical to optimize performance. Not 

only mechanical performance are affected by precipitation but also performance controlled by, 

for example, functional or degradation properties of the material. In the development of these 

materials nowadays, it is common to apply an integrated approach, including theory, 

computations and experimental characterization, to study the precipitation behavior. An 

empirical understanding is essential to build physical models and quantitative experimental data 

is needed for building databases as well as for calibration of the models. The most versatile tool 

for this experimental characterization is transmission electron microscopy (TEM). The TEM 

has sufficient resolving power to conduct microscopy on even the finest precipitates and when 

combined with microanalysis, quantification of particle size distribution, volume fraction and 

number density as well as particle structure, defects and chemistry, is feasible. TEM based 

analysis of precipitation has made significant progress over the last decade, largely stimulated 

by the widespread application of aberration corrected microscopes and accompanying novel 

analytics. The purpose of this report is to review these recent developments in instrumentation 

and methodology, including sample preparation, for precipitation analysis in alloys. Application 

examples are provided for engineering of precipitation in steels, and, future challenges and 

opportunities are discussed.  
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1. Introduction  

      Precipitation hardening that generates an increased hardness and/or strength of an alloy due 

to fine particles precipitated from a solid solution was first discovered by Wilm and, thereafter, 

explained by Merica et al. in the beginning of the 20th century [1]. Since then a lot of attention 

has been directed towards precipitation and precipitation hardening. Precipitation is not only 

important for mechanical properties but also contributes to e.g. functional and degradation 

properties. The understanding of precipitation was accelerated significantly when the 

application of transmission electron microscopy (TEM) became more widespread. TEM is one 

of the few techniques with sufficient resolution to resolve nano-scale precipitates and 

dislocation-precipitate interactions [2]. With the continuous efforts of the materials community 

to study precipitation and precipitation hardening, nowadays, about one century after the 

discovery of precipitation hardening, various strategies of precipitation engineering in high-
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performance alloys have been developed. Examples are: the facilitation of high number density 

nanoscale precipitates to achieve ultra-high strength with negligible reduction in ductility by 

co-precipitation [3] or by lowering the nucleation barrier of ordered intermetallics [4];  or the 

lowering of the coarsening rate of precipitates to increase the lifetime of high temperature 

aluminum alloys utilizing a core-shell precipitate structure where the shell structure inhibits the 

diffusion of core-forming elements [5, 6]. The recent focus on reduced time for the development 

cycle with lowered design costs for materials means a strong focus on computational methods 

[7]. Integrated computational materials engineering (ICME) [8] is an important concept in this 

work. A well-developed ICME framework can facilitate a transition from the traditional 

materials design into a more efficient computationally driven process. In such an ICME 

framework, experimental analysis are also key. They are needed to build physical knowledge 

on mechanisms from which the models are based, acquire data for e.g. thermodynamics and 

kinetics databases and for model calibration. In fact, the need for advanced quantitative 

experimental techniques considering the 3D microstructure may be even larger today when 3D 

models are to be setup and calibrated. In the case of precipitation, high-resolution techniques, 

capable of resolving the nano-scale precipitates, are needed. The tools that can be used for this 

purpose includes TEM, atom probe tomography (APT) and small-angle scattering (SAS). Out 

of these tools TEM is the most versatile, capable of quantitatively characterizing, for example, 

structure, chemistry, morphology and dispersion of precipitates (see Fig. 1). By controlling 

these precipitation parameters it is possible to tune and optimize properties of the material, not 

only the simple mechanical properties such as strength and ductility but also creep resistance 

[9, 10], wear resistance [11], functional property [12] and corrosion resistance [13, 14]. 

     TEM based precipitation analysis has been significantly advanced during the last decade 

with more widespread implementation of aberration corrected microscopes and improved 

analytics instrumentation as well as novel methods to fully benefit from the new capabilities of 

these superior microscopes, see e.g. Refs. [15-17]. The purpose of this report is to review this 

recent development of TEM instrumentation and methodology that has bearing on precipitation 

analysis in metallic alloys. Furthermore, application examples are provided where TEM based 

analysis of precipitation is applied to tackle challenges in steels. The application examples treat 

general precipitation challenges in alloys and sufficient detail is provided to try and ensure 

transferability to other alloy systems. To summarize, the aim of the report is to provide a 

comprehensive view of the state-of-the art in precipitation analysis, exemplified for steels, but 

widely applicable for alloys. After this introductory section; section 2 describes sample 

preparation methodologies for precipitation analysis in TEM; section 3 describes state-of-the-

art in TEM instrumentation and methodology; Section 4 gives recent application examples for 

precipitation analysis in steels; Section 5 provides the authors’ viewpoints on existing 

challenges and opportunities; and, finally, the report is concluded with a summary (section 6).  
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Fig. 1 Precipitation engineering in metallic alloys comparing the traditional trial-and-error 

(loop I), calculation-driven materials design calibrated by experiments (loop II) and efficient 

computational materials design with only very limited experimental support (loop III). 

2. Sample preparation for analysis of precipitation 

2.1 Efficient bulk preparation 

      The samples prepared from bulk materials for TEM characterization have stringent 

requirements of electron transparency, thickness below 100 nm [18] and much thinner for 

optimized high-resolution analysis, contamination avoidance and representativeness of the bulk. 

These requirements are often complicated to meet and thus sample preparation is a critical step 

for successful TEM analysis. It also directly determines the reliability of the experimental data. 

Thin-foil is the most widely used sample for the characterization of bulk metallic materials as 

well as precipitates within them. When site-specific analysis is not needed, for example when 

bulk information about precipitate morphology, size, structure and orientation relationship, 

twin-jet electro-polishing is the most efficient and economical preparation method. The general 

procedure for twin-jet electro-polishing are: cutting the bulk material into ~ 0.3-0.5 mm 

thickness; grinding and polishing on silicon carbide paper to ~ 50-100 μm, while ensuring that 

the damaged thickness can be removed in the subsequent electro-polishing;  punching out 3 

mm diameter discs; and, finally twin-jet electro-polishing using appropriate conditions for the 

studied material, i.e.  proper electrolyte, , voltage and temperature in a dedicated electro-

polishing equipment, for instance Struers Tenupol-5 (the procedure is shown schematically in 

Fig. 2a). In order to ensure absence of contamination, ion polishing and/or plasma cleaning is 

usually employed to clean the sample surface before the sample is inserted into the high-vacuum 

TEM chamber. 

      Another conventional methodology for thin-foil TEM sample preparation is broad ion beam 

(BIB) polishing using, for example, solely a precision ion polishing system (PIPS) with argon 
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ions or a combination of FIB with post-processing in a PIPS [19, 20]. This method is widely 

used for materials such as hard metals and multiphase materials where it is hard to get 

sufficiently large uniform area with electro-polishing [21] or when electrical conductivity is 

low. In materials with a second phase distributed as fine particles or precipitates, new problems 

can arise during the electro-polishing. For example, the precipitates can be lost in electro-

polishing. Certain carbides in steels, and engineered materials such as SiC whiskers in a metal 

matrix are some examples. In this case, a combination of techniques can be employed.  For 

example, the foils can be electro-polished to perforation, followed by ion beam milling for few 

minutes. The ion milling is likely to result in uniform thinning of the edges of the hole and 

therefore minimizes the artifacts arising out of differential thinning. Electro-polished specimens 

sometimes have re-deposited debris of polished material and exhibit differential etching. 

Preferentially thinned electro-polished specimens not suitable for TEM characterization can be 

further thinned in PIPS-2 system which will expose a damage-free area appropriate for TEM 

examination [19, 21, 22].  

2.2 Site-specific bulk preparation 

      For the cases where the study of interest is on specific regions of the bulk material (e.g., 

chemical study of precipitates nucleated at grain boundaries), or where accurate control of 

sample thickness condition is needed (e.g., chemical study around precipitate-matrix interface), 

or where the sample preparations for the studied materials are challenging to prepare by twin-

jet electro-polishing method (e.g., cemented carbide where the binder and the carbide have 

different polishing behaviors), FIB can be used for the preparation of TEM thin-foil samples. 

The conventional FIB–TEM specimen preparation methodology is readily applicable under 

many circumstances. The thin-foil sample preparation by FIB is usually conducted in a scanning 

electron microscope (SEM) equipped with two beam columns, i.e. one focused beam of 

electrons for imaging and one focused beam of ions (usually gallium) for sputtering or milling. 

The procedure for thin-foil sample preparation by FIB include: i) a first protection layer 

deposition on the area of interest, ii) peripheral and bottom cutting around the area of interest 

(AOI) but leaving a micro-bridge connecting the AOI and the bulk, iii) fixing the 

micromanipulator probe by deposition, to be used in the extraction of the sample, before the 

final cutting of the micro-bridge, and (iv) transferring the sample by the micromanipulator to a 

TEM grid and fixing it to the grid by deposition (see Fig. 2b).  

      TEM specimens can either be prepared perpendicular or parallel to the sample surface 

(plan–view lift-out). Despite its advantages, FIB has a major disadvantage when it comes to 

materials characterization – beam damage. During the milling/sputtering with gallium (Ga) ion 

beam, a number of defects can be formed in the sample: vacancies, interstitials, and defect 

clusters. In addition, the material can undergo a crystalline-to-amorphous transition when the 

number of accumulated defects or the critical amount of deposited energy exceeds a threshold 

value [23-27]. To avoid or minimize the heating induced artifacts due to the continuous transfer 

of kinetic energy of neutrals/ions to the sample, either cooling the specimen using a liquid 

nitrogen stage, or employing the ion beam modulation feature in which the sample is not 

exposed to the ion beam continuously, can be applied. Lower accelerating voltages are known 

to produce a shallower amorphous layer and thus minimize FIB damage. Therefore a low-

energy cleaning step is imperative in preparation of high-quality samples with minimal 

surface artifacts. It is well accepted that reduction of ion energy and milling angles in bulk 

specimen milling minimizes formation of ion beam damage and specimen heating, and low 

https://www.sciencedirect.com/topics/engineering/characterisation
https://www.sciencedirect.com/topics/engineering/gallium
https://www.sciencedirect.com/topics/physics-and-astronomy/ion-beams
https://www.sciencedirect.com/topics/physics-and-astronomy/ion-beams
https://www.sciencedirect.com/topics/engineering/interstitials
https://www.sciencedirect.com/topics/engineering/accelerating-voltage
https://www.sciencedirect.com/topics/physics-and-astronomy/minimal-surfaces
https://www.sciencedirect.com/topics/physics-and-astronomy/minimal-surfaces
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angles of incidence facilitate uniform thinning of dissimilar materials. Recently, a combination 

of FIB-based lift-out technique with post-processing in PIPS-2 has been reported for nuclear 

materials, which allows preparation of high-quality specimens without any ion beam-induced 

artifacts. An additional advantage of combining these two techniques is the reduction of 

specimen preparation time. For more details of various FIB-TEM specimen techniques see 

references [21, 28]. 

2.3 Chemical extraction 

     Carbon extraction replica is a traditional methodology for the study of precipitates in steels 

[29-31]. In comparison with the mentioned thin-foil samples, the carbon extraction replica 

sample has the following benefits: (i) elimination of the influence of the matrix during chemical 

analysis of precipitates, (ii) increase of the contrast between particle of interest and background 

during TEM imaging, (iii) increase of thin area penetrable by the electron beam, (iv) elimination 

of the magnetic effect from the matrix on the electron beam; and the following disadvantages: 

(i) impossible to study orientation relationship between precipitated phases and matrix, (ii) 

impossible to study the interface between the precipitated phases and the matrix, (iii) fine 

precipitates, in the order of a few nanometers, is challenging to extract. The carbon extraction 

replica samples are usually prepared by first grinding, polishing and slightly etching, before a 

carbon coating of ~ 20 nm thickness is deposited on the etched surface using carbon coating 

instrument, e.g., Gatan 682 PECSTM (precision etching and coating system) [32]. Thereafter, 

the coated carbon film is cut into ~ 2×2 mm2 grids by a razor blade and then these smaller films 

are floated off in an etchant, suitable for the studied material. The carbon films are cleaned by 

ethanol for several times and unfolded in a mixture of distilled water and ethanol. Finally, they 

are collected on a support grid of e.g., Cu or Mo and dried thoroughly (see Fig. 2c). Depending 

on the nature of the material and what should be analyzed, various coatings such as Au, Au/Pt, 

Ag, Cr, Ti, Al can also be used instead of carbon. To extract representative features of the 

studied material, careful cleaning of the sample surface and proper etch depth are highly 

important. 

2.4 Electrolytic extraction 

      In addition to the thin-foils and chemical extraction replicas, electrolytic extraction is also 

one method to prepare TEM samples in order to obtain quantitative information of precipitates 

in bulk materials. This method is based on an electrochemical procedure, selectively dissolving 

the steel matrix and separating the undissolved particles from the matrix by filtration. The 

filtered precipitates are then used for the preparation of TEM samples in a similar way as for 

power materials [33]. The aforementioned chemical extraction is a relatively simple method to 

separate the particles from the matrix, but because of the concentrated acid solution, small 

particles may be lost via dissolution. Hence, electrochemical dissolution procedures can be a 

better choice in certain cases, since more diluted solutions are used which means that fine 

particles are less likely to be dissolved. The main variables involved in the procedure are the 

electrolyte used, the setting parameters for electrolytic experiments and the subsequent 

treatment of the residues after the particle separation from matrix [34, 35]. The challenges here 

are e.g. to find a proper electrolyte for a specific type of material and precipitate. In order to 

study the residues under TEM, a suspension of residues with solvent may be prepared after the 

filtration procedure before transferring to the carbon film TEM grid by using a pipette (see Fig. 

2d). In addition, electrolytic extraction have advantages in studying the precipitate volume 
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fraction, and identification of multiple precipitate phases by combining with X-ray diffraction 

(XRD) [36, 37]. 

      Since successful preparations of TEM samples are key for both microstructure and 

precipitation analysis, a deep understanding of advantages and limitations associated with each 

sample preparation technique is required depending on the nature of the materials of interest. 

 

Fig. 2 Overview of TEM sample preparation procedures by twin-jet electro-polishing, focused 

ion beam, carbon extraction replica and electrolytic extraction methods.  

3. TEM-based methods for precipitation analysis 

      Conventionally, diffraction contrast based imaging techniques such as bright field and dark 

field imaging are widely used in characterizing and quantifying precipitates. These are also 

combined with other complementary techniques such as CBED and EELS techniques for 

sample thickness measurements in order to perform volume based quantification of precipitates. 

The combination of these techniques with conventional EDS has been providing a great 

spectrum of opportunities in characterizing precipitates in metallic systems. In the identification 

and accurate analysis of crystallographic information, nano-beam diffraction and CBED has 

been offering suitable tools. With scanning possibilities in TEM, the conventional STEM based 

imaging techniques such as ADF, HAADF and bright field imaging provides conditions with 

removal of artifacts such as bend contours.  

      With the advent of new instrumentation, the speed of TEM development has recently been 

accelerated due to the integration with novel technologies, such as chromatic aberration 
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correction (Cc) and spherical aberration correction (Cs), which significantly improves the 

signal-to-noise ratio and achieves a sub-Ångström spatial resolution. This largely improves the 

capability of TEM based techniques like in-situ characterization [38, 39], EDS-STEM [40, 41] 

and HAADF-STEM [42]. Among these advanced techniques, atomic-resolution HAADF-

STEM imaging technique in Cs- or/and Cc-corrected TEM, or combining with EDS and EELS 

mapping, has received considerable attention in recent years for characterization of precipitates 

with size in the order of only a few nanometers [43-46]. 

      High-resolution imaging techniques includes high-resolution TEM (HRTEM) and high-

angle annular dark-field (HAADF)-STEM [42]. Using a parallel electron beam in CTEM mode 

and phase contrast, HRTEM is an efficient technique to study atomic scale structure of 

precipitates. Before imaging, the samples are usually accurately tilted to align the atomic 

column of the crystal with a low index zone axis along the electron beam direction to achieve 

good atomic resolution in the imaging plane. Compared to SAED, HRTEM imaging together 

with fast Fourier transformation can be suitable for structure determination of fine precipitates. 

Using convergent beam in STEM mode and Z-contrast, HAADF has excellent atomic 

resolution and provides chemical information, thus HAADF shows benefits over HRTEM for 

studies of elemental distribution in fine precipitates. 

      Spectroscopy techniques includes electron energy loss spectroscopy (EELS) [43-46] and 

energy dispersive X-ray spectroscopy (EDS) [40, 41, 47]. The EELS works on the principle of 

identification and separation of inelastically scattered electrons of different energy that has 

transmitted through the specimen after interactions with the sample material, resulting in a 

spectrum of electron intensity against the energy lost in the interaction [48]. Whereas the EDS 

works on the principle of detecting characteristic X-rays which are emitted from different 

elements in the material after the electron-atom interaction. These two techniques are 

complementary to each other: EELS has its strength on analysis of low-Z elements and clearly 

identifying the differences in electronic states of the element in the compounds. Different parts 

of the EELS spectrum such as Low loss spectrum, Zero loss peak, Plasmon peaks and core loss 

edge and near-edge spectroscopy (ELNES) can be used to analyze various material 

characteristics. In the case of EDS, it applies mostly to high-Z elements, whereas with the 

introduction of windowless and solid state detectors low–Z elements can also be identified, 

while quantification is still an issue for some of the ambiguous elements such as C. With the 

introduction of multiple EDS detectors which enhance the collection efficiency through large 

collection angle, the EDS scenario has been improved in TEM. Within a relatively short time, 

high resolution EDS spectral maps can be obtained, without the need of tilting the sample to 

improve detection, which was the case in the conventional systems. 

      The conventional ex-situ characterization of precipitates in materials at room temperature 

is inevitably affected by factors such as stability of the precipitates during cooling and 

ambiguity in temperature of initiation of precipitation, since all examinations are performed 

post mortem at room temperature. Additionally, there are unknown factors of influence such as 

thermal stresses and their effect on precipitates during cooling, and artefacts introduced through 

mechanical strain during sample preparation. In-situ heating and cooling in TEM possibly 

avoids these factors and enable monitoring of the precipitation process also under environments 

of radiation, deformation, etc. [38, 39, 47, 49]. The possible applications could be in-situ studies 

of nucleation-growth-coarsening [50-53], precipitate impingement, precipitate splitting 
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(reversal coarsening) [54], structural transformation of precipitates during heat treatment or 

deformation, and precipitate-dislocation interaction during deformation [55]. 

      Precession electron diffraction (PED) based crystal orientation and phase mapping 

technique enables automatic mapping, similar to EBSD, but with resolution of 1-3 nm. It is a 

high-end technique for orientation mapping and phase identification of nanoscale precipitates 

[56-58]. An example of an application that would benefit tremendously from this technique is 

precipitation in CrMoV-alloyed carbon steels [59-61], where multiple carbides, including MC, 

M2C, M3C, M6C, M7C3 and M23C6, can precipitate and transform depending on the thermal 

conditions and contents of alloying elements. PED would be efficient to determine the types, 

size, orientation, etc. of these multiple carbides if combined with the carbon extraction replica 

sample preparation. 

      Usage of Moire fringes based techniques for identifying crystal structure of precipitates and 

other nanoscale features were demonstrated in NiAl and aluminum alloys in the literature [62, 

63], while the same technique can be employed in the identification of carbide precipitate types 

in steels as well. This technique is based on the interference patterns that are generated due to 

the overlapping patterns of precipitate and matrix.  

      3D tomography for the morphology and interconnectivity of precipitates is another 

important technique that is valuable in precipitate analysis [64]. The 3D electron tomography 

conventionally applies the diffraction contrast for imaging, while advances in EDS such as 

multiple detectors with high collection angle and efficiency has enabled the use of EDS signals 

for 3D tomography [65]. Use of needle shaped samples instead of thin foils avoid the projected 

thickness variation while tilting. This method suits very well for the precipitates of size range 

less than 100 nm.  The results are as comparable to that of the atom probe tomography analysis. 

4. Precipitation engineering in steels aided by TEM analysis 

4.1 Performance optimization through detailed precipitation analysis 

      Detailed characterization of precipitation as shown in Fig. 1 is necessary to be able to 

optimize the performance of metallic materials. With the improved TEM methodologies 

quantitative analysis is now feasible by thorough application of the methods described in this 

report. To exemplify this we show some examples from the literature. The structure of the 

precipitates and the interface with the matrix directly determines the mechanism of precipitate-

dislocation interactions and subsequently the contribution to precipitation strengthening. Cu is 

a widely used element to increase strength of various steels by precipitation strengthening. A 

high number density of coherent bcc Cu precipitates is sought for, but the Cu will firstly form 

as bcc Cu in the bcc Fe matrix due to the low mismatch and favorable nucleation conditions. 

However, after some time these bcc Cu precipitates will transform to semi-coherent 9R Cu 

before they finally transform to the stable incoherent fcc Cu structure. This process is size 

dependent and the first systematic study of the crystal structure transformation in binary and 

ternary systems dates back several decades and was carried out by Othen [66, 67] using TEM. 

Recently, the crystal structure transition of Cu precipitate in multicomponent systems is further 

unveiled taking the advantage of the advancements of TEM instrumentation [46, 68-73].  Heo 

et al. [68] used a Cs-corrected TEM and were able to identify untwinned 9R Cu precipitate and 

twinned fcc Cu precipitate and suggested that beam-orientation-dependent moiré fringes could 
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generate stray diffraction spots. This may have been misinterpreted as diffraction spots from 

3R Cu precipitates previously reported by Othen. These results facilitates the understanding of 

nucleation-growth-coarsening of the Cu precipitates and is helpful to guide the development of 

Cu precipitation-hardened materials where creep properties are critical. The key aspect for 

creep properties is to inhibit precipitate coarsening, where a lower precipitate coarsening rate 

means longer service life. One way to inhibit coarsening is to make use of core-shell structure 

of precipitates [6]. The shell that has a different composition and structure from the core can 

inhibit the diffusion of elements from the matrix to the core of the precipitates. With the 

capability of high-resolution structural and chemical analysis resulting from the aberration 

corrected microscopes, the nanoscale core-shell structure can be resolved. For instance, the bcc 

Cu core + B2 NiMnAl shell structure, where the B2 NiMnAl shell acts as obstructions for the 

diffusion of Cu atoms and subsequently inhibit the growth and coarsening of the Cu core [46] 

(see Fig. 3 and Fig. 4). 

The understanding of precipitates as exemplified above has aided the understanding of the 

microstructure-property relationship for precipitation-hardened materials. However, in order to 

enable a more computationally driven development of alloys quantitative characterization of 

precipitation data is needed to develop and validate physically based modelling of precipitation 

kinetics and strengthening. This will be explained in the next application example. 

 
Fig. 3 HADDF images of bcc Cu core-B2 Ni(Al, Mn) shell nanoprecipitates in the (a) as-

quenched, (b) 1 h and (c) 5 h tempered alloy at 500 ºC [46]. (Copyright permission from 

Elsevier) 
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Fig. 4 (a) EELS and (b) EDS elemental mappings of the bcc Cu core-B2 Ni(Al, Mn) shell 

nanoprecipitates in the 5 h tempered alloy at 500 ºC [46]. (Copyright permission from Elsevier) 

4.2 Modelling of precipitation kinetics 

      Most of the databases, models and setups for precipitation modelling need to be calibrated 

and validated by experimental data before predictive modelling is feasible. Thus, the 

development of experimental techniques can facilitate the development and improve accuracy 

of computational modelling. For instance, the quantitative characterization of local chemical 

information around precipitates, particularly interstitial and substitutional elements at the 

matrix/precipitate interface during the early stage of precipitation is critical for shedding light 

on the nucleation and growth mechanisms, and thus improve understanding and modelling of 

precipitation kinetics. For a long time, the quantitative chemical analysis of precipitates by 

TEM was limited due to some factors influencing the analysis accuracy, e.g., sample condition, 

influence of surrounding matrix phase, correction factors of each element during data 

processing [54]. With the development of sample preparation methods and the resolution of 

TEM-EDS/EELS, a reliable chemical composition analysis by high resolution EDS or EELS 

analysis on FIB lamellae is now possible.   

      Fig. 5 shows TEM image and corresponding EDS mapping and line scans on tempered Fe-

1Cr-1C samples tempered for 5 s and 30 min at 500 oC. The results show that the 5s tempering 

sample has no obvious segregation of Cr atoms at the precipitate-matrix interface and the Cr/Fe 

atomic ratio within the precipitate is similar to that of the alloy matrix, although some chemical 

fluctuation exists. However, the 30 min tempering sample shows Cr enrichment at the interface 

zone. The Cr/Fe atomic ratio around precipitate-matrix interface in the 30 min tempering 

sample is far from the calculated equilibrium value of cementite, and the Cr/Fe atomic ratio at 

the center of precipitate is equal to that in the matrix phase. These results indicate that only 
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carbon diffusion occurs without long distance diffusion of substitutional elements (para-

equilibrium) at the very early stage of cementite precipitation (5 s). With the progress of 

tempering (at least 30 min), substitutional elements start to diffuse but the composition of 

cementite precipitate is still far from full equilibrium [74] (ortho-equilibrium) and also far from 

the spike composition in negligible partitioning local equilibrium (NPLE). This study indicates 

that the formation of cementite during tempering of Fe-Cr-C alloy does not follow the full 

equilibrium composition as implemented in the software TC-Prisma simple model. The actual 

composition of cementite is more close to para-equilibrium composition at the early stage of 

precipitation. Fig. 5 shows ortho-equilibrium (full equilibrium) and para-equilibrium 

assumptions significantly influence the precipitation kinetics of cementite. This study on 

precipitate-matrix interface composition via analytical TEM on lamella samples prepared by 

FIB suggests that the precipitation modelling software need to be modified aiming to enable 

predictive modelling of cementite precipitation kinetics.   

 

Fig. 5 TEM imaging of cementite on thin-foil samples with EDS mapping and EDS line 

scanning analyses of cementite in Fe-1Cr-1C alloy tempered at 500 oC for 5 s and 30 min, with 

a comparison of volume fraction evolving with aging time under assumptions of ortho-

equilibrium and para-equilibrium compositions. 

4.3 Improved modelling of precipitation strengthening through enhanced understanding of 

strengthening mechanisms 

      Precipitation strengthening is related to the size, structure, composition and chemical 

ordering of precipitate; interface coherency and orientation relationship of precipitate and 

matrix; 3D features of precipitate: number density, inter-particle displacing and particle size 

distribution. Based on if a dislocation can penetrate the precipitate, strengthening mechanism 

is usually divided into two types: shearing and Orowan looping. For impenetrable (incoherent 

and large coherent) precipitates, precipitation strengthening by the Orowan looping mechanism 

mostly depends on the size, volume fraction and inter-particle displacing. In contrast, for 
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penetrable (small coherent) precipitates, precipitation strengthening by the shearing mechanism 

is much more complicated, including lattice misfit strengthening, modulus difference 

strengthening, ordered domain strengthening, chemical strengthening, etc., and also depends on 

coherency, composition and chemical ordering except the parameters in the Orowan looping 

mechanism. As explained previously, all these quantitative information can be characterized 

with the state-of-the-art techniques: high-resolution imaging and spectroscopy, precession 

electron diffraction, 3D tomography, etc. The collection of all these information for 

optimization of precipitation strengthening modelling are as important as for aforementioned 

optimization of performance and precipitation kinetics modelling. Thus, the impact on 

precipitation strengthening modelling that TEM techniques exert is here exemplified by another 

TEM technique, in-situ TEM. Ex-situ TEM characterization cannot present a detailed picture 

of the evolution of precipitate-dislocation interactions, and may easily cause misinterpretation 

of strengthening mechanism. In-situ TEM incorporated with the advancements of aberration 

correction and displacement controlled straining stage, is able to provide evidence of 

precipitation strengthening mechanisms [55, 75, 76] and is invaluable for guiding precipitation 

strengthening modelling. The contribution of in-situ TEM characterization to the precipitation 

strengthening modelling is exemplified by the study of interactions between dislocations and 

nanoscale interphase precipitates. 

 

Fig. 6 In-situ TEM study of compression test of an nanopillar with nanoscale interphase 

precipitates [77]. (Copyright permission from Elsevier) 
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      Interphase precipitation, taking place during austenite-to-ferrite transformation, largely 

contribute of the strength of ferritic steels due to precipitation of high number density of 

nanoscale carbide. The previous study [78-80] suggest that the combined alloying with Mo and 

Ti is able to inhibit carbide coarsening and enhance carbide precipitation. To study the 

strengthening mechanism of interphase-precipitated carbide, a recent study [77] combining in-

situ compression tests and preparation of nanopillar samples under TEM was performed for 

understanding of interactions between interphase precipitates and dislocations during 

deformation (see Fig. 6). By comparison of samples with different density of interphase 

precipitates, the effect of the interphase-precipitated nanoscale carbides on the deformation 

behavior was clarified and the Orowan looping mechanism for interactions between interphase 

precipitate and dislocations was suggested. Although some challenges were faced during this 

in-situ study, including the unstable focus condition due to fast dislocation motions and 

instability of nanopillar, and the difficulty to observe the interactions between so fine 

precipitates and dislocations due to the influence of strain contrast around dislocation, this study 

is good start to study of interactions of nanoscale precipitates and dislocations in real-time. This 

method is able to directly reveal the strengthening mechanism of nano-sized precipitates and 

guide the setup of precipitation strengthening modelling. 

5. Outlook 

      Analytical techniques STEM-EDS and STEM-EELS, particularly in aberration-corrected 

instruments, are effective for the qualitative composition analysis of precipitate with size of 

several nanometers in bulk materials, but quantitative analysis of precipitate is challenging due 

to the influence from surrounding matrix. Carbon extraction replica and electrolytic extraction 

are effective methodologies to extract precipitate out of matrix, but these methods are usually 

much more challenging for extracting particles with several nanometers size [81]. It should be 

mentioned here that even though APT holds capability of chemical analysis with atomic 

resolution, quantitative analysis of fine precipitate is still far from satisfactory due to factors 

like evaporation field difference of various elements. To address these problems, one possible 

way is to find the etchant or electrolyte that can dissolve the matrix of the investigated material 

but cannot dissolve the fine precipitates. Solving this problem will largely facilitate the 

understanding of precipitation during the nucleation stage, for the current understanding of 

nuclei composition are mostly based on theoretical understanding and the nuclei composition 

during kinetic modelling is under specific assumptions. An atomic scale understanding of 

precipitation mechanism is able to validate and guide the theories and assumptions being used 

in kinetic modelling of precipitation. 

      In-situ TEM is the state-of-the-art technique to study nanoscale size precipitate in real-time 

under various environments. The instability in measurements caused by influences of 

temperature, deformation, etc. is limiting the resolution of in-situ TEM study. This inhibits the 

application of in-situ TEM on study of nanoscale precipitate, while these nanoscale precipitates 

are the most important concern for precipitation-strengthening. Further developments in sample 

stages, sample preparation methodologies to achieve better stability during measurements will 

facilitate the applications of in-situ TEM techniques on study of nanoscale precipitates.  
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6. Summary 

      TEM, a versatile technique, has historically been facilitating the understanding of 

precipitation and precipitation-hardening, and also the continuous optimization of steel 

performance. Even during the current focus on computational materials science, TEM still plays 

an indispensable role in guiding, calibrating and validating the precipitation modelling kinetics 

and property modelling. The recent advancements in high-resolution imaging, high-resolution 

spectroscopy, 3D tomography, in-situ study, etc. has made TEM an irreplaceable and 

indispensable instrument for precipitation-related research. TEM development is also ongoing 

to become even better for precipitation studies by integrating advancements in TEM, sample 

preparation methodologies, and high-end analytical techniques.  

References 

[1] A. Ardell. Precipitation hardening, Metallurgical Transactions A 16 (1985) 2131-2165. 

[2] A. Kelly, R.B. Nicholson. Precipitation hardening, Progress in Materials Science 10 

(1963) 151-391. 

[3] Z. Jiao, J. Luan, M. Miller, Y.-W. Chung, C. Liu. Co-precipitation of nanoscale particles 

in steels with ultra-high strength for a new era, Materials Today 20 (2017) 142-154. 

[4] S. Jiang, H. Wang, Y. Wu, X. Liu, H. Chen, M. Yao, B. Gault, D. Ponge, D. Raabe, A. 

Hirata, M. Chen, Y. Wang, Z. Lu. Ultrastrong steel via minimal lattice misfit and high-

density nanoprecipitation, Nature, 544 (2017) 460-464. 

[5] V. Radmilovic, C. Ophus, E.A. Marquis, M.D. Rossell, A. Tolley, A. Gautam, M. Asta, 

U. Dahmen. Highly monodisperse core–shell particles created by solid-state reactions, 

Nature Materials 10 (2011) 710-715. 

[6] C. Booth-Morrison, D.C. Dunand, D.N. Seidman. Coarsening resistance at 400 C of 

precipitation-strengthened Al–Zr–Sc–Er alloys, Acta Materialia 59 (2011) 7029-7042. 

[7] G.B. Olson. Computational Design of Hierarchically Structured Materials, Science 277 

(1997) 1237-1242. 

[8] J. Allison, D. Backman, L. Christodoulou. Integrated computational materials 

engineering: a new paradigm for the global materials profession, JOM Journal of the 

Minerals, Metals and Materials Society 58 (2006) 25-27. 

[9] S.-I. Baik, S.-Y. Wang, P.K. Liaw, D.C. Dunand. Increasing the creep resistance of Fe-

Ni-Al-Cr superalloys via Ti additions by optimizing the B2/L21 ratio in composite nano-

precipitates, Acta Materialia 157 (2018) 142-154. 

[10] G. Song, S.J. Hong, J.K. Lee, S.H. Song, S.H. Hong, K.B. Kim, P.K. Liaw. Optimization 

of B2/L21 hierarchical precipitate structure to improve creep resistance of a ferritic Fe-

Ni-Al-Cr-Ti superalloy via thermal treatments, Scripta Materialia 161 (2019) 18-22. 

[11] G. Purcek, H. Yanar, O. Saray, I. Karaman, H. Maier. Effect of precipitation on 

mechanical and wear properties of ultrafine-grained Cu–Cr–Zr alloy, Wear 311 (2014) 

149-158. 

[12] S. Sun, F. Yin, Y. Liu, W. Zhang, A. Zhao, Q. Han. Deformation-induced dissolution of 

copper precipitation in 1.5 wt% Cu-bearing antibacterial Fe-17wt% Cr alloy during 

plastic deformation process, Materials & Design 157 (2018) 469-477. 

[13] K.H. Anantha, C. Örnek, S. Ejnermark, A. Medvedeva, J. Sjöström, J. Pan. In situ AFM 

study of localized corrosion processes of tempered AISI 420 martensitic stainless steel: 

effect of secondary hardening, Journal of The Electrochemical Society 164 (2017) C810-

C818. 



15 
 

[14] K.H. Anantha, C. Örnek, S. Ejnermark, A. Medvedeva, J. Sjöström, J. Pan. Correlative 

microstructure analysis and in situ corrosion study of AISI 420 martensitic stainless steel 

for plastic molding applications, Journal of The Electrochemical Society 164 (2017) C85-

C93. 

[15] H. Zheng, Y. Zhu. Perspectives on in situ electron microscopy, Ultramicroscopy 180 

(2017) 188-196. 

[16] B. Kuei, M.P. Aplan, J.H. Litofsky, E.D. Gomez. New opportunities in transmission 

electron microscopy of polymers, Materials Science and Engineering: R: Reports  (2019) 

100516. 

[17] A.E. Goode, A.E. Porter, M.M. Kłosowski, M.P. Ryan, S. Heutz, D.W. McComb. 

Analytical transmission electron microscopy at organic interfaces, Current Opinion in 

Solid State and Materials Science 21 (2017) 55-67. 

[18] J. Westraadt, E. Olivier, J. Neethling, P. Hedström, J. Odqvist, X. Xu, A. Steuwer. A 

high-resolution analytical scanning transmission electron microscopy study of the early 

stages of spinodal decomposition in binary Fe–Cr, Materials Characterization 109 (2015) 

216-221. 

[19] A. Aitkaliyeva, J.W. Madden, B.D. Miller, J.I. Cole, J. Gan. Comparison of preparation 

techniques for nuclear materials for transmission electron microscopy (TEM), Journal of 

Nuclear Materials 459 (2015) 241-246. 

[20] B. Winiarski, A. Gholinia, K. Mingard, M. Gee, G. Thompson, P. Withers. Broad ion 

beam serial section tomography, Ultramicroscopy 172 (2017) 52-64. 

[21] D.S. Rao, K. Muraleedharan, C. Humphreys. TEM specimen preparation techniques, 

Microscopy: Science, Technology, Applications and Education 2 (2010) 1232-1244. 

[22] C. Addiego, W. Gao, X. Pan. Thickness and defocus dependence of inter-atomic electric 

fields measured by scanning diffraction, Ultramicroscopy 208 (2020) 112850. 

[23] R. Anderson, S.J. Klepeis. Practical Aspects of FIB Tem Specimen Preparation. in: 

Giannuzzi LA, Stevie FA. Introduction to Focused Ion Beams: Instrumentation, Theory, 

Techniques and Practice. Springer US, Boston, MA, 2005. pp. 173-200. 

[24] B. Prenitzer, L. Giannuzzi, K. Newman, S. Brown, R. Irwin, F. Stevie, T. Shofner. 

Transmission electron microscope specimen preparation of Zn powders using the focused 

ion beam lift-out technique, Metallurgical and Materials Transactions A 29 (1998) 2399-

2406. 

[25] R. Langford, A. Petford-Long, P. Gnauck. Focused ion beam based sample preparation 

techniques, Microscopy and Microanalysis 8 (2002) 46-47. 

[26] P. Gasser, U.E. Klotz, F.A. Khalid, O. Beffort. Site-specific specimen preparation by 

focused ion beam milling for transmission electron microscopy of metal matrix 

composites, Microscopy and Microanalysis 10 (2004) 311-316. 

[27] J. Li, K. Maaz. Advanced techniques in TEM specimen preparation. In: The transmission 

electron microscope (2012) 69-84. 

[28] J. Li, T. Malis, S. Dionne. Recent advances in FIB–TEM specimen preparation techniques, 

Materials Characterization 57 (2006) 64-70. 

[29] J. Janovec, A. Kroupa, M. Svoboda, A. VY'ROSTKOVÁ, H. Grabke. Evolution of 

secondary phases in Cr-V and Cr-Mo-V low alloy steels, Canadian Metallurgical 

Quarterly 44 (2005) 219-232. 

[30] B. Sonderegger, E. Kozeschnik, H. Leitner, H. Clemens, J. Svoboda, F. Fischer, P. Staron. 

Kinetics of precipitation in a complex hot‐work tool steel, Steel Research International 

81 (2010) 64-73. 

[31] M. Taneike, K. Sawada, F. Abe. Effect of carbon concentration on precipitation behavior 

of M 23 C 6 carbides and MX carbonitrides in martensitic 9Cr steel during heat treatment, 

Metallurgical & Materials Transactions A 35 (2004) 1255-1262. 



16 
 

[32] T. Zhou, R. Prasath Babu, J. Odqvist, H. Yu, P. Hedström. Quantitative electron 

microscopy and physically based modelling of Cu precipitation in precipitation-

hardening martensitic stainless steel 15-5 PH, Materials & Design 143 (2018) 141-149. 

[33] D.B. Williams, C.B. Carter. Transmission electron microscopy: a textbook for materials 

science, Springer, 2009. 

[34] A. Rivas, E. Vidal, D. Matlock, J. Speer. Electrochemical extraction of microalloy 

carbides in Nb-steel, Revista de Metalurgia 44 (2008) 447-456. 

[35] M.A. Asadabad, S. Kheirandish, A.J. Novinrooz. Microstructural and mechanical 

behavior of 4.5 Cr–2W–0.25 V–0.1 C steel, Materials Science and Engineering: A 527 

(2010) 1612-1616. 

[36] Z. Hou, R.P. Babu, P. Hedström, J. Odqvist. Early stages of cementite precipitation during 

tempering of 1C–1Cr martensitic steel, Journal of Materials Science  (2018) 1-13. 

[37] T. Zhou, R.P. Babu, Z. Hou, J. Odqvist, P. Hedström. Precipitation of multiple carbides 

in martensitic CrMoV steels - experimental analysis and exploration of alloying strategy 

through thermodynamic calculations (unpublished). 

[38] M.L. Taheri, E.A. Stach, I. Arslan, P.A. Crozier, B.C. Kabius, T. LaGrange, A.M. Minor, 

S. Takeda, M. Tanase, J.B. Wagner. Current status and future directions for in situ 

transmission electron microscopy, Ultramicroscopy 170 (2016) 86-95. 

[39] Y.Z. Haimei Zheng. Perspectives on in situ electron microscopy, Ultramicroscopy 180 

(2017) 188-196. 

[40] Z. Chen, D. Taplin, M. Weyland, L.J. Allen, S. Findlay. Composition measurement in 

substitutionally disordered materials by atomic resolution energy dispersive X-ray 

spectroscopy in scanning transmission electron microscopy, Ultramicroscopy 176 (2017) 

52-62. 

[41] F. Krause, A. Rosenauer, J. Barthel, J. Mayer, K. Urban, R. Dunin-Borkowski, H. Brown, 

B. Forbes, L. Allen. Atomic resolution elemental mapping using energy-filtered imaging 

scanning transmission electron microscopy with chromatic aberration correction, 

Ultramicroscopy 181 (2017) 173-177. 

[42] X. Xu, P. Liu, Z. Tang, A. Hirata, S. Song, T. Nieh, P. Liaw, C. Liu, M. Chen. 

Transmission electron microscopy characterization of dislocation structure in a face-

centered cubic high-entropy alloy Al0. 1CoCrFeNi, Acta Materialia 144 (2018) 107-115. 

[43] C. Liu, H. Chen, H. Liu, X. Zhao, J. Nie. Metastable precipitate phases in Mg–9.8 wt% 

Sn alloy, Acta Materialia 144 (2018) 590-600. 

[44] E.L. Solomon, A.R. Natarajan, A.M. Roy, V. Sundararaghavan, A. Van der Ven, E.A. 

Marquis. Stability and strain-driven evolution of β′ precipitate in Mg-Y alloys, Acta 

Materialia 166 (2019) 148-157. 

[45] Y. Zhao, H. Chen, Z. Lu, T. Nieh. Thermal stability and coarsening of coherent particles 

in a precipitation-hardened (NiCoFeCr) 94Ti2Al4 high-entropy alloy, Acta Materialia 

147 (2018) 184-194. 

[46] Y.R. Wen, A. Hirata, Z.W. Zhang, T. Fujita, C.T. Liu, J.H. Jiang, M.W. Chen. 

Microstructure characterization of Cu-rich nanoprecipitates in a Fe–2.5 Cu–1.5 Mn–4.0 

Ni–1.0 Al multicomponent ferritic alloy, Acta Materialia 61 (2013) 2133-2147. 

[47] Q. Ding, Y. Zhang, X. Chen, X. Fu, D. Chen, S. Chen, L. Gu, F. Wei, H. Bei, Y. Gao, M. 

Wen, J. Li, Z. Zhang, T. Zhu, R.O. Ritchie, Q. Yu. Tuning element distribution, structure 

and properties by composition in high-entropy alloys, Nature 574 (2019) 223–227. 

[48] R. Egerton. TEM-EELS: a personal perspective, Ultramicroscopy 119 (2012) 24-32. 

[49] J. Du, F. Mompiou, W.Z. Zhang. In-situ TEM study of dislocation emission associated 

with austenite growth, Scripta Materialia 145 (2018) 62-66. 



17 
 

[50] B. Rashkova, M. Faller, R. Pippan, G. Dehm. Growth mechanism of Al2Cu precipitates 

during in situ TEM heating of a HPT deformed Al–3wt.% Cu alloy, Journal of Alloys and 

Compounds 600 (2014) 43-50. 

[51] S. Gao, Z.Q. Liu, C.F. Li, Y. Zhou, T. Jin. In situ TEM investigation on the precipitation 

behavior of μ phase in Ni-base single crystal superalloys, Acta Materialia 110 (2016) 268-

275. 

[52] C. Liu, S.K. Malladi, Q. Xu, J. Chen, F.D. Tichelaar, X. Zhuge, H.W. Zandbergen. In-

situ STEM imaging of growth and phase change of individual CuAl X precipitates in Al 

alloy, Scientific Reports 7 (2017) 2184. 

[53] L. Chen, W. Wu. In situ TEM investigation of dynamical changes of nanostructures, 

Materials Science and Engineering: R: Reports 70 (2010) 303-319. 

[54] Y. Chen, T.J. Slater, M. Bai, R. Mitchell, O. Ciuca, M. Preuss, S.J. Haigh. An 

investigation of diffusion-mediated cyclic coarsening and reversal coarsening in an 

advanced Ni-based superalloy, Acta Materialia 110 (2016) 295-305. 

[55] B. Clark, I.M. Robertson, L. Dougherty, D. Ahn, P. Sofronis. High-temperature 

dislocation-precipitate interactions in Al alloys: An in situ transmission electron 

microscopy deformation study, Journal of Materials Research 20 (2005) 1792-1801. 

[56] E. Rauch, M. Véron, J. Portillo, D. Bultreys, Y. Maniette, S. Nicolopoulos. Automatic 

crystal orientation and phase mapping in TEM by precession diffraction, Microscopy and 

Analysis-UK 128 (2008) S5-S8. 

[57] E. Rauch, M. Véron. Automated crystal orientation and phase mapping in TEM, Materials 

Characterization 98 (2014) 1-9. 

[58] D. Viladot, M. Véron, M. Gemmi, F. Peiró, J. Portillo, S. Estradé, J. Mendoza, N. Llorca‐
Isern, S. Nicolopoulos. Orientation and phase mapping in the transmission electron 

microscope using precession‐assisted diffraction spot recognition: state‐of‐the‐art results, 

Journal of Microscopy 252 (2013) 23-34. 

[59] J. Janovec, M. Svoboda, A. Výrostková, A. Kroupa. Time–temperature–precipitation 

diagrams of carbide evolution in low alloy steels, Materials Science and Engineering: A 

402 (2005) 288-293. 

[60] A. Výrostková, A. Kroupa, J. Janovec, M. Svoboda. Carbide reactions and phase 

equilibria in low alloy Cr–Mo–V steels tempered at 773–993 K. Part I: Experimental 

measurements, Acta Materialia 46 (1998) 31-38. 

[61] A. Kroupa, A. Výrostková, M. Svoboda, J. Janovec. Carbide reactions and phase 

equilibria in low-alloy Cr–Mo–V steels tempered at 773–993 K. Part II: Theoretical 

calculations, Acta Materialia 46 (1998) 39-49. 

[62] S. Joseph, S. Kumar, R.P. Babu. Compressive flow behavior of Al–Si based alloy: Role 

of heat treatment, Materials Science and Engineering: A 629 (2015) 41-53. 

[63] M. Klimenkov, S. Nepijko, H. Kuhlenbeck, H.-J. Freund. Transmission electron 

microscopic investigation of an ordered Al2O3 film on NiAl (110), Surface science 385 

(1997) 66-76. 

[64] J. Sosa, J. Jensen, D. Huber, G. Viswanathan, M. Gibson, H. Fraser. Three-dimensional 

characterisation of the microstructure of an high entropy alloy using STEM/HAADF 

tomography, Materials Science and Technology 31 (2015) 1250-1258. 

[65] J. Sosa, D. Huber, B. Welk, J. Jensen, R. Williams, S. Lambert, H. Fraser. 3D 

chemiSTEM™ tomography of nano-scale precipitates in high entropy alloys, Microscopy 

and Microanalysis 20 (2014) 764-765. 

[66] P. Othen, M. Jenkins, G. Smith. High-resolution electron microscopy studies of the 

structure of Cu precipitates in α-Fe, Philosophical Magazine A 70 (1994) 1-24. 



18 
 

[67] P. Othen, M. Jenkins, G. Smith, W. Phythian. Transmission electron microscope 

investigations of the structure of copper precipitates in thermally-aged Fe—Cu and Fe—

Cu—Ni, Philosophical Magazine Letters 64 (1991) 383-391. 

[68] Y.U. Heo, Y.K. Kim, J.S. Kim, J.K. Kim. Phase transformation of Cu precipitates from 

bcc to fcc in Fe–3Si–2Cu alloy, Acta Materialia 61 (2013) 519-528. 

[69] M. Sun, W. Zhang, Z. Liu, G. Wang. Direct observations on the crystal structure evolution 

of nano Cu-precipitates in an extremely low carbon steel, Materials Letters 187 (2017) 

49-52. 

[70] G. Han, Z. Xie, Z. Li, B. Lei, C. Shang, R. Misra. Evolution of crystal structure of Cu 

precipitates in a low carbon steel, Materials & Design 135 (2017) 92-101. 

[71] G. Han, Z. Xie, B. Lei, W. Liu, H. Zhu, Y. Yan, R. Misra, C. Shang. Simultaneous 

enhancement of strength and plasticity by nano B2 clusters and nano-γ phase in a low 

carbon low alloy steel, Materials Science and Engineering: A 730 (2018) 119-136. 

[72] G. Han, C. Shang, R. Misra, Z. Xie. Solid phase transition of Cu precipitates in a low 

carbon TRIP assisted steel, Physica B: Condensed Matter 569 (2019) 68-79. 

[73] T. Zhou, R.P. Babu, J. Odqvist, H. Yu, P. Hedström. Quantitative electron microscopy 

and physically based modelling of Cu precipitation in precipitation-hardening martensitic 

stainless steel 15-5 PH, Materials & Design 143 (2018) 141-149. 

[74] M. Hillert, J. Ågren. On the definitions of paraequilibrium and orthoequilibrium, Scripta 

Materialia 50 (2004) 697-699. 

[75] J. Stinville, E.R. Yao, P.G. Callahan, J. Shin, F. Wang, M.P. Echlin, T.M. Pollock, D.S. 

Gianola. Dislocation dynamics in a nickel-based superalloy via in-situ transmission 

scanning electron microscopy, Acta Materialia 168 (2019) 152-166. 

[76] J. Liu, M. Hou, H. Yang, H. Xie, C. Yang, J. Zhang, Q. Feng, L. Wang, L. Meng, H. 

Wang. In-situ TEM study of the dynamic interactions between dislocations and 

precipitates in a Cu-Cr-Zr alloy, Journal of Alloys and Compounds 765 (2018) 560-568. 

[77] M.Y. Gao, S.P. Tsai, J.R. Yang, Y.L. Chang, T. Ohmura, C.Y. Chen, S.H. Wang, Y.T. 

Wang, C.Y. Huang. In-situ transmission electron microscopy investigation of 

compressive deformation in interphase-precipitated carbide-strengthened α-iron single-

crystal nanopillars, Materials Science and Engineering: A 746 (2019) 406-415. 

[78] J.H. Jang, C.H. Lee, Y.U. Heo, D.W. Suh. Stability of (Ti, M) C (M= Nb, V, Mo and W) 

carbide in steels using first-principles calculations, Acta Materialia 60 (2012) 208-217. 

[79] J. Jang, Y. Heo, C. Lee, H. Bhadeshia, D.W. Suh. Interphase precipitation in Ti–Nb and 

Ti–Nb–Mo bearing steel, Materials Science and Technology 29 (2013) 309-313. 

[80] C. Chen, H. Yen, F. Kao, W. Li, C. Huang, J. Yang, S. Wang. Precipitation hardening of 

high-strength low-alloy steels by nanometer-sized carbides, Materials Science and 

Engineering: A 499 (2009) 162-166. 

[81] J. Rao, X. Zhang, V. Ocelik, D. Vainchtein, J.T. De Hosson, S. C. Liou, W.A. Chiou. A 

novel technique for in-situ TEM characterization of precipitates in alloys, Microscopy 

and Microanalysis 24 (2018) 12-13. 

 


