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ABSTRACT 

This study is intended to demonstrate the applicability of using the parameters derived 

from analysis of X-ray diffraction (XRD) profiles for characterizing the ageing behaviour 

of two precipitate strengthened alloys, viz., 17-4 PH steel and M250 grade maraging steel.  

These two materials, under solutionized condition, are known to have high dislocation 

density.  On ageing, hardness increases due to precipitation. While coherent precipitates 

increase the microstrain in the matrix, annihilation of dislocations reduces the 

microstrain.  

The XRD peak profile broadens, when the crystallite size is small or when the material 

contains lattice defects. When the crystallite shape or strain is anisotropic, the broadening 

does not change linearly with diffraction angle.  To account for the anisotropic strain 

broadening, Ungár and Borbély proposed a modified Williamson-Hall (mWH) plot and a 

modified Warren-Averbach (mWA) analysis, which are based on the contrast caused by 

dislocations to profile broadening. These two approaches are used for estimating the 

changes in microstrain and crystallite size variation due to precipitation and 

microstructural changes that occur during ageing of these two steels.  An approach is 

proposed to determine the precipitate fraction from changes in lattice parameter by using 

the atomic volume occupied by each of the alloying elements. The precipitate fraction 

estimated by this approach is compared with that obtained from changes in hardness.  

In 17-4 PH steel, the changes in crystallite size were found to be consistent with the 

microstructural investigations carried out with scanning electron microscope.   The 

Avrami exponent and the activation energy for the precipitation process have been 

determined from hardness measurements and they are found to compare well with 

published literature. The changes in hardness in the overaged regime and microstrain in 

the incoherent regime have been uniquely linked with the tempering parameter which links 
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the temperature and duration of ageing.   In maraging steel, the root mean square strain 

as a function of column length has been evaluated from modified WA analysis. The 

changes in microstrain at shorter column lengths are linked to dislocation annihilation 

behaviour.  The similarity of the long range strain with the microstrain estimated from the 

modified WH approach shows the effect of precipitates.   

The increase in strength on ageing of 17-4 PH steel has been attributed to the coherency 

strengthening arising from the Cu precipitates and the modulus strengthening arising due 

to the difference in shear modulus of the precipitates and that of the matrix. In maraging 

steel, the strengthening has been attributed to the order strengthening which arises due to 

the formation of Ni3Ti during initial ageing. The various precipitate strengthening 

mechanisms are theoretically estimated from experimentally determined microstrain and 

precipitate fraction along with calculated precipitate radius. The measured hardness is 

uniquely linked and compared to the precipitate strengthening and grain boundary 

strengthening contributions using a new 3-dimensional planar equation.  

The above proposed approach clearly shows that coherency strengthening, modulus 

strengthening and grain boundary strengthening act in tandem and result in improved 

strength of 17-4 PH steel. In maraging steel, in addition to coherency and modulus 

strengthening, order strengthening acts along with grain boundary strengthening to 

contribute to the observed increase in yield strength.  The Hall-Petch constant determined 

from the planar fit is in agreement with literature. This study clearly shows that the 

parameters estimated from XRD profile analysis, like lattice parameter, microstrain, 

crystallite size and dislocation density can be used to understand the microstructural 

changes that occurs during ageing and enables in-depth understanding of the 

strengthening behaviour of these two precipitation hardenable steels. 
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Chapter - 1 

1 Introduction 

The first X-ray diffraction (XRD) pattern recorded by Friedrich, Knipping and Max Von 

Laue from zinc blende in early 1912 showed the wave nature of X-rays. William Henry 

Bragg and his son William Lawrence Bragg explained the observed reflection of X-rays 

by crystals in a particular direction and proposed the Bragg’s law in 1913 [1]. This law 

explained the direction of coherently scattered radiation from all the atoms arranged in a 

lattice, thus producing diffracted beams. They identified the structure of ZnS to be face 

centred cubic. In the following two years, they determined the structure of many crystals, 

notable among them being diamond. In 1916, Debye and Scherrer showed that powder 

samples also diffracted X-rays [2]. Since then, X-ray diffraction has been playing a critical 

role in materials research and development because many materials and minerals are not 

available in single crystal form. Although the technique is termed “powder diffraction”, 

any polycrystalline specimen and powders may be studied using this technique. The 

following are the major applications of XRD technique: 

 Crystal structure determination by estimation of unit cell metrics, i.e. size and 

shape of the unit cell of any crystalline material from peak positions and 

intensities.  

 Qualitative identification of the phases present in a material using the peak position 

and intensities of a powder pattern, as a fingerprint of the phase.  

 Quantitative analysis of the concentration of each phase present in a multiphase 

material.  
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 Determination of full orientation distribution functions that describe the crystalline 

orientation in polycrystalline materials.  

 Assessment of surface residual stresses in components.  

 Determination of microstructural features of a polycrystalline material like 

crystallite size, microstrain within crystallites and defect densities from XRD 

profile broadening.  

1.1 X-ray diffraction line profile analysis 

In order to evaluate the above mentioned microstructural parameters, it is essential to 

obtain the XRD profile parameters like peak position, width and shape. The peak width of 

XRD profile is influenced by two important factors, namely the contributions from the 

instrument and from the specimen. The instrumental factor includes wavelength 

distribution and geometric aberration. The specimen factor arises from the microstructural 

features of the material. Hence, it is essential to deconvolute the specimen related profile 

from measured profile. The specimen-related profile is believed to be mainly a 

convolution of strain-related and size-related profiles. To separate the size and strain 

components, certain analytical profile functions are fitted to the observed profile within 

the structure refinement tools based on Rietveld method [3]. The whole-pattern least-

squares fitting method developed by Rietveld was extended by Young et al. in 1977 for 

use with X-ray powder diffractometer data to refine structure parameters [4]. This 

approach is called the top-down approach [5] or Whole Profile Pattern Fitting (WPPF) [6] 

or line-profile decomposition [7]. This fitting approach yields the characteristics of the 

peaks, namely, peak position, full width at half maximum (FWHM), integral breadth and 

the Fourier coefficients of the profiles. The information thus obtained can be used to 

derive the microstructural features based on the relevant model of size-strain separation 
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which is appropriate to the system under study. The results can also be compared with 

results from different models available for size-strain separation and also with other 

analytical techniques. 

Another approach is called the bottom-up approach [5] wherein XRD profiles are 

calculated based on microstructural features like crystallite size/shape and its distribution, 

and based on the various models of strain which depend on lattice defects. The calculated 

data is thus compared with experimental data and this is called as Whole Profile Pattern 

Modelling (WPPM) [6] or line-profile synthesis [7] or Multiple Whole Profile (MWP) 

fitting [8]. However the challenge in this method is to model the profiles using theory that 

is relevant to the system under study. The analysis of the XRD line profiles or peak 

profiles to obtain the microstructural parameters of the specimen by both the above 

approaches is generally known as XRD line profile analysis, and is well known as 

XRDLPA or as Diffraction peak profile analysis (DPPA).  

1.2 Influence of microstructural features on profile broadening 

The XRD peak profile broadens when the particle size is small or when the material 

contains lattice defects. Broadening of XRD line profiles due to small crystallite size was 

first recognized by Scherrer (1918) [9]. However, the broadening of individual peaks in a 

powder pattern is produced by small domains diffracting incoherently with respect to one 

another and by strain within the domains. Strain broadening is due to the displacement of 

the atoms in the lattice from their ideal positions in the lattice.  Strain can be from point 

defects, linear defects like dislocations, planar defects like stacking/twin faults and volume 

defects causing misfits between coherent precipitates and the matrix. The strain fields in 

each of the above cases decays differently with respect to the distance from the defect (r) 

as a function of 1/r
2
, or 1/r as in the case of point and line defects. Due to the reciprocity 
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of the Fourier space (diffraction pattern) with real space of the crystal, the 

diffraction/scattering effects of 1/r
2
 dependent term would be observed far away from the 

Bragg reflections in diffracted pattern and this is called as Huang scattering. Similarly, 

linear defects cause long range strain fields and their diffraction effects cluster around the 

Bragg reflections and cause broadening. The strain fields of planar defects are 

homogeneous and space independent causing the peaks to shift.  However, these defects 

are bound by partial dislocations leading to peak broadening and asymmetry. Volume 

defects when they are very small would be equivalent to point defects, but as they grow, 

would have misfit dislocations causing long range strain fields, leading to preak 

broadening, similar to that of dislocations [10].  

The effect of volume misfit between finely dispersed misfitting inclusions and the matrix 

on the strain fields has been considered by Berkum et al. [11]. In this study, they assumed 

that all crystallites of the matrix are spherical and of uniform size with spherical shaped 

precipitate at the centre. They increased the radius of the precipitate to increase the volume 

fraction of the precipitates.  This approach was applied to model the broadening of XRD 

peaks in AlSi alloys with different compositions of Si, ranging from 2 to 16 wt%. The 

strain fields that are existent in this alloy are due to the large difference in thermal 

expansion between Si precipitates and Al matrix. The deviation of the experimental profile 

with simulated profile at higher vol % of Si was attributed to the assumption of uniform 

size and shape of the inclusions, matrix crystallites and the misfit parameter. The above 

approach, to the best of the scholar’s knowledge has not been applied to study any 

material system wherein initial precipitation is very fine and precipitate size changes 

rapidly.  It is also known that precipitation occurs at dislocations or at grain boundaries 

most often than at the centre of the crystallites in the matrix. 
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 Ungár [12] considered the effect of common sources of strain, on the aberrations they 

cause to XRD peak profiles in the form of peak shift, broadening, asymmetry, anistropic 

peak broadening and peak shape. He had shown typical correlation between various 

aspects of the aberrations caused to XRD profiles and the sources of strain in a tabular 

form, as shown in Table 1.1.  It is also clear from the table that dislocations and planar 

faults like stacking faults and twinning only cause anisotropic peak broadening in addition 

to small crystallites. Microstresses cause peak broadening and coherency strains may show 

some peak asymmetry in addition to broadening.  

Table 1.1 Effect of various sources of strain on XRD peaks [12] 

 

1.3 Developments in analyzing profile broadening 

From the deconvoluted specimen related profile, two procedures are widely used for 

separating the size and strain contributions to XRD profile broadening.  The method 

proposed by Williamson - Hall in 1953 [13] is based on the width of the reflections and 

assumes that the size dependency is diffraction order independent and strain is order 

dependent. The second method proposed by Warren – Averbach in 1952 [14] is based on 

the Fourier-coefficient analysis of multiple orders of same reflection. Herein, the Fourier 

coefficients of the Bragg reflections are written as a product of size and distortion 

coefficients, which is diffraction order dependent. The size coefficients can, in principle, 
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give information on the column length distribution of the diffracting domains based on the 

column length model of Bertaut (1952) [15]. The distortion coefficients can be solved for 

determining the mean-square strain <
L

2
> as a function of column length. 

In 1993, Balzar & Ledbetter [16] proposed the double-Voigt method wherein the Cauchy 

and Gauss contents of the individual peaks are used to separate the size and strain 

contributions to broadening. Further, analytical solutions to the Fourier size and strain 

coefficients have been determined and are used for estimating the surface and volume 

weighted column length distribution and size of the particles. However, this method 

depends on the accurate partitioning of Cauchy and Gauss contents of the XRD peak 

profiles.   

The Williamson-Hall (WH) and Warren-Averbach (WA) procedures are valid, if the XRD 

profile broadening is isotropic in different directions of a crystal.  When the crystallite 

shape or strain is anisotropic, the broadening doesn’t change linearly with diffraction 

angle.  To account for the anisotropic strain broadening, Ungár and Borbély [17] proposed 

a modified Williamson-Hall (mWH) plot and a modified Warren-Averbach (mWA) 

analysis by using the dislocation model, which is based on the mean square strain of the 

dislocated crystals. This model has been applied to solve the anisotropic line broadening 

observed in samples of copper grains deformed by equal channel angular pressing [17], 

nano crystalline copper formed by inert-gas condensation and hot compaction [18,19], and 

in cold-worked Pb-Bi alloys of different compositions [20]. In a review of integral breadth 

methods, Scardi et al. [21] concluded that these methods are beneficial to identify the 

changes in microstructural features in a series of analogously treated samples.  Vermeulen 

and Delhez [22] made a systematic ranking of the various line profile analysis methods 

based on the basic assumptions in each of them and ranked the modified Williamson Hall 

plot and the modified Warren Averbach method better than other methods of analysis 
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when multiple reflections and anisotropic broadening are considered. The results of their 

analysis are shown in Fig. 1.1. 

 Fig. 1.1 Quality of the assumptions made to handle the size-strain contribution to 

broadening [22] 

1.4 Changes in lattice parameter – implications 

X-ray diffraction is a well known technique for estimating the lattice structure and lattice 

dimensions of alloys and compounds.  The lattice dimensions depend on the size of the 

solute and solvent atoms which form the lattice. The size of the atom is either defined 

based on the distance of closest approach or based on the effective atomic volume of the 

solute atoms in the solid solution. The distance of closest approach can be estimated from 

the dimensions of the lattice in the direction of close packing.  In fcc structure, the 

distance of closest approach of these elements is along <110> direction and in bcc, it is 

along <111> direction.  Matching these length scales gives the lattice dimension of these 

materials in bcc structure as              . The size thus obtained is exactly equal to 

the Goldschmidt radius for fcc and is 3% less for bcc [23]. The atomic volume of an atom 

is defined as the volume of the unit cell divided by the number of atoms in the cell. In 
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metallic systems, effective atomic volume of the solute has been calculated by King for 

many substitutional solid solutions from lattice parameter measurements [24].  

The capacity for forming solid solutions in metallic systems is dependent on the 

differences in the size of the constituent atoms. The  atomic  size  is not  a unique  value, 

as  it  depends  on  the type  of  bonding  and  co-ordination  in the  particular  crystal  

structure.  Hume-Rothery [25] had analyzed the concept of favourable size factors for the 

formation of solid solutions. He predicted that if the diameter of the solvent and solute lie 

within a range of ±14% as the favorable zone for forming solid solutions. It is to be noted 

that solid solutions may not form even if the elements lie within this size factor. In many 

binary alloy systems, the size factors have been used to determine the lattice dimensions.  

Various elements in different weight percentages are melted together to form different 

alloys.  In an alloy system with i alloying elements, the volume of a unit cell (V) can be 

determined from  

    
    

                - - ( 1.1 ) 

where Z is the number of atoms per unit cell, xi and Vi are the atom percentage and volume 

of the i
th

 element respectively. From the above equation, the volume of unit cell is 

estimated which can be used to estimate the lattice parameter of an alloy with many 

elements. However, the alloy under study crystallizes into a crystal structure depending on 

its stability at room temperature, despite presence of different elements which prefer to be 

in different crystal structures.   When these alloys are aged to form precipitates, the matrix 

gets depleted of alloying elements, leading to changes in lattice dimension which could be 

used to quantify the precipitate fraction.   

Guo et al. [26] used the volume occupied by different alloying elements based on the data 

available in literature. They used this data to estimate the changes in lattice parameter due 
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to precipitation of different intermetallics in maraging steel. Based on the data presented 

by Guo et al. [26], the changes in lattice parameter due to precipitation of Ni3(Ti,Mo) and 

Fe2Mo are shown in Fig. 1.2. Based on this formalism, the authors had estimated the 

precipitate fraction.  However, in their approach, they had not taken into account the 

change in volume occupied by the element, which depends on the crystal structure (bcc or 

fcc) in which the element is present in the alloy. Among the major alloying elements 

present in the steels that are under study, Cu and Ni are normally stable in fcc structure. In 

this study, it is proposed to use the crystal structure dependent size for theoretically 

estimating the precipitate fraction.   

 

Fig. 1.2 Change in lattice parameter of maraging steel due to precipitation of Ni3Ti, Ni3Mo 

and Fe2Mo [26] 

The following section would dwell on the two precipitation hardenable materials that 

would be studied in this thesis with emphasis on understanding the microstructural 

evolution during ageing of these two steels. 
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1.5 Precipitation hardenable steels 

Precipitation hardened steels are a class of steels wherein the steels gets strengthened on 

ageing for different durations at different temperatures due to formation of precipitates.  

The general principle of precipitation hardening is to produce super cooled solid solution 

from which, on ageing, compounds precipitate. These precipitates nucleate during early 

stages of ageing and grow in size leading to microstructural changes that result in an 

improvement of certain properties of these steels. Precipitation hardened stainless steels 

are widely used as structural materials in chemical and power plants because of their 

balanced combination of good mechanical properties and adequate corrosion resistance. 

The precipitation hardenable steels considered in this thesis are 17-4 PH stainless steel 

where Cu precipitates form and M250 grade maraging steel where intermetallic 

precipitates form on ageing at appropriate temperatures for sufficient duration. The effect 

of precipitation in these steels has been studied by evaluating the changes in hardness [27], 

resistivity [28,29], ultrasonic velocity measurements [30], differential scanning 

calorimetry [31], X-ray diffraction [32,33] and by dilation experiments [34].   

1.5.1 Studies on precipitation hardenable 17-4 PH steel 

The 17-4 PH (precipitation hardening) stainless steel, used for the present study is a 

martensitic stainless steel containing approximately 3-4 wt.% Cu and is strengthened by 

the precipitation of highly dispersed copper particles in the martensite matrix. 17-4 PH 

steel shows excellent wear resistance, corrosion resistance and mechanical properties.  

This steel is used in different heat treated conditions in nuclear, aerospace, naval and 

chemical industries where high strength, toughness and good fabrication characteristics are 

required. The good mechanical properties of this material are achieved by age hardening 

the solution annealed specimens. Optimum ageing time and temperature combinations are 



11 

 

employed to obtain maximum strength and hardness. However use of lower temperature 

for shorter time or higher temperature for longer time would respectively lead to under 

ageing or over ageing conditions with the associated reduction in strength and hardness. 

This material has been studied extensively by various authors using different material 

characterization techniques [27,35,36,37,38]. 

Viswanathan et al. [28] discussed the kinetics of precipitation in 17-4 PH stainless steel 

using changes in electrical resistivity and microstructures. In solution treated condition, 

the microstructure of the alloy is found to have parallel lath martensites having high 

dislocation density. On ageing the alloy at 395, 455 and 499 °C, the resistivity decreased 

drastically and reached a steady value on prolonged ageing. When the alloy was aged 

above 500 °C, the resistivity changed at a slower rate with a higher value of final 

resistivity on prolonged ageing, as compared to the lower temperature heat treatments. On 

ageing at 599 °C for 1 h, they found an interlath fcc precipitate with ribbon like 

morphology, in addition to the fine copper rich precipitates. This interlath precipitate was 

identified as austenite.  

Murayama et al. [39] reported that the solution annealed specimen of 17-4 PH stainless 

steel consists of largely martensite with a small fraction of  ferrite. However, Hsiao et al. 

[35] found that on solution treatment, the steel produces a uniform matrix, which consists 

chiefly of lath martensite with micro-twins.  A peak hardness (450 Hv) is reported at 480 

°C after an hour of ageing and remains constant up to 10 hours of ageing. At 565 °C and 

620 °C, the peak hardness attained is relatively lower and the peak hardness occurs at 

shorter durations. The transmission electron microscopy (TEM) investigations by the 

authors [35] on specimens aged at 620 °C for 4 h revealed Cu rich precipitates with an 

average particle size of 30 nm with fcc structure. In addition to the formation of copper 

rich precipitates, the formation of reversed austenite has also been noticed. The 
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phenomenon of reversed austenite is suggested to be related with the pre-existing copper 

particles. Miller and Burke [37] studied the microstructural features of 17-4 PH stainless 

steel with the help of atom probe field ion microscopy and TEM studies at various stages 

of heat treatment. By field ion microscopy, they could image precipitates in specimens 

aged for 0.5 h at 482 °C.  

Wang et al. [38] showed that, when the steel is aged at 595 °C, the bulk hardness of the 

specimen attains its peak value (42.5 HRC) at about 20 min, and then decreases 

continuously on further ageing. Under peak hardness condition, the TEM studies revealed 

a microstructure with fine spheroid-shaped copper with fcc crystal structure and fiber-

shaped secondary carbides M23C6. These precipitates were attributed as the reasons for 

strengthening of the alloy at this temperature. Bhattacharya et al. [36] studied the age 

hardening behavior in 17-4 PH steel by using magnetic Barkhausen emission (MBE) 

technique and inferred that MBE peak heights reduce in presence of copper precipitates on 

isochronal ageing for 1 hour at 475, 510, 575 and 620 °C and correlated well with 

hardness. 

1.5.2 Studies on M250 grade maraging steel 

M250 grade maraging steel, wherein the term  “maraging”  is  derived  from  “martensite  

age  hardening”  and  denotes  age  hardening  of  a  low-carbon  martensite  matrix. 

Carbon,  in fact,  is  an  impurity  in  maraging steels  and  kept  at  the  lowest  possible  

concentration. The  absence  of  carbon,  and  the  use  of  intermetallic  precipitation  to  

achieve  hardening produces several unique characteristics of maraging steels that set them 

apart  from  conventional  steels. This class of steels has excellent mechanical properties 

i.e. ultra-high yield strength combined with good fracture toughness [40,41], is used in 

aircraft, aerospace and nuclear industries. The high strength to weight ratio, good 
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weldability, ease of machining in the solution annealed condition and dimensional stability 

during ageing make this material an ideal choice for critical rocket motor casing 

applications in aerospace industries.   

Maraging steels are strengthened by the precipitation of intermetallic compounds at 

temperatures of about 480 °C.     The ageing behaviour of various grades of maraging 

steels has been extensively studied by various authors [29,30,40,41]. The microstructure of 

Maraging steel is characterized by high density of dislocations in the solution annealed 

condition. It has been reported that, depending on the ageing conditions, the steel 

undergoes systematic microstructural changes. The reported studies revealed that 

strengthening of the steel occurs due to the combined presence of hexagonal Ni3(Ti,Mo) 

and Fe2Mo intermetallic precipitates. During initial ageing, formation of Ni3Ti takes place 

rapidly due to fast diffusion of titanium atoms, followed by precipitation of Fe2Mo phase, 

which is responsible for the peak strength and for maintaining high strength on prolonged 

ageing [42]. The intermediate ageing duration (e.g. ~10 to 40 hours at 755 K) is 

characterized by reversion of austenite accompanied by precipitation of hexagonal Fe2Mo 

intermetallic phase along with Ni3Ti. As precipitation of these intermetallic phases and 

reversion of austenite have opposite effects on hardening, the overall hardening achieved 

levels off after reaching a maximum in this regime [29]. The decrease in the hardness, 

observed at longer ageing durations has been attributed essentially to the formation of 

reverted austenite rather than due to coarsening of the intermetallic precipitates. The 

amount of reverted austenite has been reported to increase with increase in the ageing time 

and temperature [30].  

Peters and Cupp [43] studied the precipitation hardening behaviour of this steel and 

established a correlation between variation of electrical resistivity and microhardness as a 
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function of ageing time and temperature. The variation of these properties was used to 

study the kinetics of precipitation by Vasudevan et al [29].  Similarly, kinetics of 

precipitation in various grades of maraging steel was investigated using differential 

scanning calorimetry [31], by carrying out hardness measurements in isothermally heat 

treated specimens [42] and from dilation data acquired during heating and cooling [34]. 

Sha [44] carried out quantification of age hardening from hardness data in maraging steels 

and Ni-base superalloys, which followed the classical growth and coarsening theories.   

1.6 XRDLPA to study ageing behaviour 

The studies on application of XRD technique to study ageing behaviour dates back to 

1938 with the first observation by Preston [45] of two or three weak but sharp satellites in 

the oscillating crystal photographs of single crystal alloy of aged Aluminium alloy with 4 

wt% copper. Around the same time, Guinier [46] observed streaking in X-ray small angle 

scattering experiments carried out on aged Aluminium alloys and he determined the size 

of the copper platelets to be in the range of 5-10 nm. This work was instrumental in 

coining the name GP (Guinier-Preston) zone, which is known to form during the early 

precipitation process. Kuhn et al. [47] were able to estimate small misfits <2x10
-3

 that 

occurs between  and ʹ phases in nickel base alloys using XRD technique. Rai et al. [33] 

studied the microstructural evolution in Inconel 625 during ageing for large durations up 

to 500 h at 1123 K. The estimated microstrain and crystallite size from WH approach and 

lattice parameters are shown in Fig. 1.3. They were able to demonstrate that these three 

parameters could be used in a complementary way to study precipitation/dissolution of 

intermetallic precipitates in this alloy. The anisotropic broadening observed was not 

addressed by these authors. 
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Fig. 1.3 Variation of lattice parameter, microstrain and crystallite size with post heat 

treatment [33]. 

Mahadevan et al. [32] had applied the modified WH approach for studying the ageing 

induced precipitation behaviour of M250 grade maraging steel. The estimated microstrain 

was used to determine the Avrami exponent of the precipitation process. The study 

revealed that the anisotropic broadening observed on ageing of this steel could be 

addressed using the dislocation contrast model.  Assuming that the increase in mean 

square strain arises from precipitation, the kinetics of the precipitation process was also 

determined by Mahadevan et al. [32].  The application of the modified WH approach, 

which is based on contrast caused by dislocations has to be applied to other precipitation 

hardenable systems like 17-4 PH steel and validated. This is necessary since the strain 

field created by the precipitates which is a volume defect would be different from the 

strain fields of line defects like dislocations. The modified WA approach for determination 

of dislocation density was not carried out. 

1.7 Motivation and objectives of the thesis 

Based on the brief introduction presented, it is clear that a study of age hardening 

behaviour of two precipitation hardenable materials viz., 17-4 PH steel and M250 grade 
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maraging steel by XRDLPA would provide an insight into the microstructural evolution. 

To summarize, these two materials are known to have high dislocation density under 

solutionized condition.  Ageing of these steels results in coherent precipitation with 

simultaneous reduction in dislocation density due to annihilation of dislocations. On 

ageing, while annihilation of dislocations reduces microstrain, coherent precipitation of 

intermetallics in M250 grade maraging steel and Cu in 17-4 PH steel increases 

microstrain.  

 In order to establish XRD profile analysis as a viable tool to characterize the 

ageing behaviour, it would be worthwhile to apply the parameters derived from 

XRDLPA like normalized mean square strain and crystallite size to correlate with 

the microstructural evolution that takes place during ageing. Hence, evaluating the 

changes in microstrain and crystallite size using XRDLPA would provide an 

insight into these microstructural changes. 

 To meet this objective it is essential to develop (in-house) profile analysis tools and 

implement the mWH and mWA approaches.  While, many WPPM tools are 

available in the open domain, a suitable model incorporating the microstructural 

changes during precipitation is not well tested in many metallic systems. Hence, 

this thesis work is based on the top-down approach in combination with WPPF. 

Similarly, to evaluate the strengthening due to precipitation, a detailed knowledge of the 

evolution of precipitate fraction and size of precipitates is required. As the fraction of 

precipitates formed is small, it would be very difficult to estimate the fraction using 

conventional quantitative analysis by measuring the intensity of the XRD peaks from the 

precipitates. 
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 Hence, fraction of precipitates formed needs to be evaluated from changes in 

hardness [43], from which the Avrami exponent can also be determined. As briefed 

in §1.4, the change in lattice parameter due to precipitation can be used to 

evaluate the precipitate fraction. 

 The above approach of determining precipitate fraction is first validated in 17-4 

PH stainless steel where Cu precipitates form during early ageing.  This approach 

is also adapted to M250 grade maraging steel where different types of precipitates 

are known to form. 

 Finally, the hardness measured at different ageing durations and temperatures 

need to be linked suitably. In cases where the physical phenomenon driving the 

kinetics is same, Larson-Miller or tempering parameter [48], which connects the 

time and temperature of ageing has been used. Hence, an attempt would be made 

to link hardness with tempering parameter.  

Determination of radius of precipitates especially in early stages requires atom probe or 

TEM investigations wherein the sampled volume is very small.  To estimate the radius of 

precipitates, the activation energy of the precipitation process is required which can be 

evaluated from the changes in hardness.  

 Hence, the activation energy for the precipitation process determined from 

hardness measurements is used along with the diffusion coefficient to theoretically 

estimate the radius of precipitates.  However, this approach of estimating radius of 

precipitates needs to be validated with well known theoretical models and 

experimental observations.  

The increase in hardness/strength achieved on ageing is due to the intrinsic strength of the 

matrix and due to the finely dispersed precipitates in the matrix.  The intrinsic strength of 
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the matrix is due to intrinsic resistance offered by the lattice and to the strengthening 

effects of atoms that form the solid solution. This is the strength that is achieved in the 

solutionized condition.  Among the two materials chosen, increase in strength of 17-4 PH 

steel occurs due to the precipitation of fine copper particles. The increase in strength on 

ageing of Fe-Cu alloys has been analysed in various studies, and attributed to different 

strengthening mechanisms, like coherency strengthening based on Gerold’s model [49] 

and modulus strengthening arising from the difference in shear modulus of the precipitates 

with that of the matrix based on Kelly’s theory [50] or based on Russel and Brown model 

[51].  For theoretically determining the various strengthening mechanisms discussed 

above, the microstrain, radius of precipitates and volume fraction of precipitates are the 

important variables required.  

 Hence it is proposed to use the microstrain and precipitate fraction estimated from 

XRDLPA along with theoretically estimated precipitate radius for estimating the 

above mentioned strengthening mechanisms. Finally the calculated strength should 

be correlated with the mechanical property namely hardness.  

Similarly, in Maraging steel, the strength increase has been attributed to intermetallic 

precipitation of Ni3Ti during initial ageing, followed by Ni3Mo. On further ageing, Fe2Mo 

precipitates form with simultaneous formation of austenite [32].  Herein, the strengthening 

has been attributed to the order strengthening which arises during the formation of Ni3Ti 

during initial ageing.   

 The contribution of the order strengthening mechanism to hardening of M250 

grade maraging steel is to be evaluated along with other strengthening 

mechanisms. Similar to 17-4 PH steel, the required variables to determine the 

strengthening are derived from XRDLPA.   
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During ageing, annihilation of dislocations causes substructural changes by modifying the 

grain size.  The increase in strength due to grain size is well related by the Hall-Petch 

relation.  

 Finally, it is interesting to correlate the observed variation in hardness, by adding 

the contributions from various strengthening mechanisms along with the grain 

boundary strengthening in these two precipitation hardenable steels. The grain 

boundary strengthening is estimated from crystallite size derived from XRDLPA. 

Hence, this attempt of correlating the hardness with strengthening mechanisms is 

unique as most of the parameters are derived from XRDLPA. 
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Chapter - 2 

2 Literature survey 

2.1 Preamble 

The introductory chapter provided a glimpse of the developments in the field of XRDLPA 

and presented the need for this study. However, the mathematical approach and the basis 

of various size-strain separation methods were not presented. Hence, for the sake of 

completeness, this chapter starts by highlighting the basics of diffraction, causes of XRD 

profile broadening and introduces profile fitting. An exhaustive literature survey of the 

approaches available for separating the contributions of crystallite size and microstrain to 

XRD peak profile broadening is presented. The mathematical formalism of the approaches 

adapted in this thesis is presented in detail. The application of XRDLPA thus far to study 

other microstructural changes (non-ageing induced) would be elucidated.  These studies 

are presented to further highlight the importance of the objectives presented in §1.7. 

2.2 Basics of X-ray diffraction 

When X-rays interact with matter, they primarily interact with the electrons in the atoms. 

When the incident X-rays transfer some of their energy to the electrons, the scattered X-

rays have different wavelength than the incident x-rays, which is known as inelastic 

scattering (Compton Scattering). However, some of the photons are deflected away from 

their original path much like billiard balls bouncing off one another. If these deflected 

photons are of the same energy as the incident photons (wavelength does not change), the 

process is known as elastic scattering (Thompson Scattering) wherein transfer of 

momentum takes place. When such scattering occurs from a periodic array of atoms, as in 

a lattice, each of these atoms scatters radiation coherently leading to concerted 
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constructive interference in specific angles and is called diffraction. Diffraction is 

essentially, reinforced coherent scattering.  

The direction (angle between the incident and the diffracted rays, given as 2θ) in which 

diffraction occurs is linked to the wavelength (λ) and the interplanar spacing (d) by the 

Bragg’s law given by  nd sin2  where n is an integer representing the order of the 

diffraction peak.  Experimentally, the Bragg’s law can be applied in two ways. By using X-

rays of known wavelength λ and by measuring θ, we can determine the spacing d of various 

planes in the crystal: which is structure analysis. Alternatively, we can use a crystal with 

planes of known spacing d, measure θ, and thus determine the wavelength λ of the radiation 

used: which is X-ray spectroscopy. 

A polycrystalline sample or bulk metal is composed of billions of tiny crystallites. When 

monochromatic X-ray beam interacts with a polycrystalline sample, enhanced intensity is 

observed at certain angles due to diffraction. During the measurement of the X-ray 

diffraction pattern, each d-value is represented by a reflection at the appropriate Bragg 

angle. This pattern, which is a graph with 2θ along x-axis and diffracted intensity along y-

axis, is analyzed to reveal the nature of the lattice. The x-axis can be converted to d scale 

or d
*
=1/d=2sinθ/λ scale such that the data becomes wavelength independent. The multiple 

peaks in a spectrum may be from a single phase or from multiple phases present in the 

sample under study. The analysis of peak location leads to an understanding of the crystal 

structure. However, the peaks obtained are not sharp and some broadening is observed due 

to various factors.  

2.3 Factors influencing profile broadening 

The two important factors that influence the peak broadening are instrumental and 

specimen factors. The instrumental factor includes wavelength distribution and geometric 
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aberration. The specimen factor includes the defect i.e. crystallite size and microstrain 

present in the material. Any observed profile h(x) contains the contribution from 

instrumental factors g(x), the specimen factors f(x) and the background acquired during the 

experiment. To obtain microstructural parameters of the specimen, the physically 

(specimen) broadened profile f(x) must be extracted from the observed profile h(x). Thus, 

the observed line profile is a convolution of g(x) and f(x): 

                                     - - ( 2.1 ) 

The instrumental profile g(x) is obtained using a standard material, free from defect such 

that the line broadening in the observed profile is only due to the instrumental factors. 

From the observed profile, the contribution of line broadening due to specimen f(x) can be 

extracted after deconvolution using the instrumental profile g(x). 

The geometrical properties of the spectrometer modify the diffraction profile in three 

ways. The profile is rendered asymmetrical, broadened, and shifted in position from its 

theoretical angle of deviation, 2θ. The various instrumental factors that influence the 

diffraction line profile are axial divergence of the beam, X-ray source profile, width of the 

receiving slit and errors due to flat specimen and displacement of the specimen from the 

diffractometer axis. The above factors which cause broadening depend on the diffraction 

angle. The variation of peak width with diffraction angle has been shown to depend on 

tanθ, and has been represented by a quadratic equation given by [52], 

                                    - - ( 2.2 ) 

where FWHM denotes full width at half maximum, U, V and W are the parameters 

describing the instrumental function. When the profiles from the standard are asymmetric, 

then the half width at half maximum on the low and high angle sides of the profile is 

chosen and fitted independently for two sets of U, V and W. The above equation for 
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analyzing the angle dependent features of profile broadening is incorporated in to whole 

pattern fitting structure refinement methods by Young et al. [4] and some corrections were 

added later [53]. Howard and Snyder adapted the above equation for deconvoluting the 

instrumental contribution in their code SHADOW [54]. The instrumental parameters are 

generally ascertained for the instrument under use by using a standard powder specimen 

like Lanthanum hexaboride (LaB6).  

The specimen contribution to broadening arises due to the finite size, microstrain arising 

from lattice imperfections and fault components of a crystal. Hence the intensity profile, 

Ispec from the specimen (earlier deconvoluted as f(x) in Eq. 1) is a convolution of the 

contributions to broadening from crystallite size, microstrain and faulting of the 

crystallites and is given as [55] 

                                        - - ( 2.3 ) 

Diffraction peaks, when deconvoluted for all non-Bragg components, i.e. background, 

instrumental contribution etc., bear information about crystallite size, mean-square strain 

and other microstructural parameters. The deconvoluted profile is usually termed as purely 

sample-related profile. To determine the size and microstrain components from the 

observed profile, certain analytical functions are used to fit the profile and to extract the 

peak position and peak width. On the basis of certain experimental and theoretical 

evidence, Warren [56] pointed out that Gaussian function can model strain distribution 

reasonably well and Cauchy function can model domain size variation well.  

2.4 Profile functions in X-ray diffraction profile analysis  

A variety of profile shape functions (PSFs) have been tried or suggested for fitting X-ray 

powder diffraction profiles. While no simple analytical presentation of the diffraction peak 

profile exists, it can be approximated by a suitable analytical function. In order to achieve 
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better fitting, it is essential to look for an analytical function with a shape that can vary 

between a Lorentzian and Gaussian function. Three such functions are extensively used in 

profile fitting, i.e., Voigt function, the pseudo-Voigt function and the split Pearson VII 

function. The Voigt function is the result of an analytical convolution of a Gaussian and a 

Lorentzian [57]. The split Pearson VII function can vary in shape from a purely Gaussian 

to Lorentzian function and is given by: 

 mp maxIxI )/(1)( 22             - - ( 2.4 ) 

where, a and m are adjustable constants and x= 2θ-2θp and 2θp is the exact Bragg angle. 

At m=1 and m=∞, the function tends to be Lorentzian and Gaussian respectively.  

Another function which is often used for fitting XRD profiles is the pseudo-Voigt (pV) 

function. The pV function is a linear combination of Lorentzian and Gaussian with a 

mixing parameter (η) which denotes the Lorentzian content [58]. The pseudo-Voigt 

function [15] for any profile is given as: 

  )()1()()( xGxCIxpV p               - - ( 2.5 ) 

where  
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2θp = peak position or exact Bragg angle 

Г = FWHM of the profile 

η = Cauchy content of the pV function 

(1-η) = Gaussian content of the pV function and 

Ip = Intensity at the Kα1 peak maximum.  

A comparison of different PSFs were carried out by Young and Wiles [16] in Rietveld 

refinements with data sets from different specimens.  They showed that most promising 

results were obtained by using a pseudo-Voigt function and a Pearson type VII function. 

They stated that these PSFs will yield in Rietveld refinements the best separation of the 

background and, hence, the best Bragg intensity values and structural parameter results. 
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The pV function has been used to analyze the X-ray diffraction data from synchrotrons 

[59]. Recently, Sanchez et al. fitted a pseudo-Voigt function to XRD peaks and proposed 

an analytical model to determine the size distribution of nano crystalline materials [60]. 

Prabal Dasgupta [61] has carried out Fourier transform of pseudo-Voigt functions and 

concluded that if the Cauchy content is more than 0.328, meaningful results can be 

obtained from the analysis and hence pseudo-Voigt function can be used to fit the profile. 

2.5 Metrics in profile fitting  

Rietveld [3] proposed a profile refinement method to solve neutron diffraction data. This 

method is based on the profile intensities obtained during step scans in neutron diffraction 

measurements and is used to refine the structural parameters of the specimen. This method 

is primarily for structure determination and is called as the whole-pattern-fitting structure 

refinement method [53] or the Rietveld method. However, profile fitting generally aims to 

fit the above discussed PSFs (§2.4) with the measured profile so as to obtain accurately the 

profile parameters like the peak position, profile width and peak intensity or the integrated 

intensity.  The fitting procedure appropriately fits and minimizes the difference between 

the observed profile and the analytic function which has been chosen to fit the observed 

XRD profile. The advantage of profile fitting is that all of the intensity measurements 

defining the profile are used to determine the best way of fitting an analytical function to 

the observed envelope. Thus, the estimate of the peak location in 2θ, as well as its FWHM 

and integrated intensity will be determined by all measurements rather than just a few. In 

general, peak locations from profile fit data are twice as precise as those given by the 

second derivative technique. It is this second type of procedure which can be regarded 

more properly as profile fitting because here the fit is carried out on experimental data 

without imposing any structural constraint [62]. This method requires, in the first stage, an 

accurate determination of the instrumental function, which is subsequently convoluted 
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with a parametric function adjusted to fit the diffraction profile intensities of the specimen 

investigated.  

To evaluate the fit obtained between the observed (obs) and calculated (calc) profiles 

certain R factors have been defined. Rwp is a measure of how well the entire pattern 

matches with the calculated pattern. The weighing factor, wi is inversely proportional to 

the variance of the quantity in square brackets. The R factor, Rwp [53] is determined from 

the relation 
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            - - ( 2.6 ) 

where, Ii(obs) and Ii(calc) are the observed and calculated intensities at i
th

 location in 2θ 

scale and the summation is over all the points in the pattern.  Similarly, RBragg compares 

the integrated intensities (IB) of all the reflections being considered and is given by 
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             - - ( 2.7 )  

Rwp is statistically most meaningful indicator of overall fit in the sense that its numerator is 

the residual that is minimized in the least-squares procedure. However, Rwp is inflated both 

by contributions from background statistics and by shape differences between calculated 

and observed profiles even if they are adjusted to have nearly equal areas. Difference plots 

also provide unique information, such as systematic trends in the differences and aid in 

easy identification of any second phases which act as inflators of Rwp. 
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2.6 Microstructural causes of profile broadening  

2.6.1 Crystallite size 

Smaller crystallite size is the first microstructural feature that was observed by Scherrer to 

cause broadening of X-ray diffraction line profiles [9]. Broadening due to smaller 

crystallite size can be understood as follows:  Generally, the plane participating in 

scattering a ray exactly out of phase with the ray from the first plane lies deep within the 

crystal, as the path difference between rays scattered by the first two planes differs only 

slightly from an integral number of wavelengths.  In case, where the crystal is small, 

complete cancellation does not occur. As the number of planes decreases, the width of the 

diffraction curve increases.  Hence, the observed broadening can be used to determine the 

crystallite size of the material and it is assumed that the broadening is only due to the size. 

The apparent crystallite size Dv, is related to the width of the peak at a height half-way 

between background and peak maximum (βfwhm) and is given by the famous Scherrer 

formula [9]  





cosfwhm

v

K
D              - - ( 2.8 ) 

where λ is the wavelength, θ is the half of diffraction angle and Kβ is the Scherrer constant 

[63]. If Eq. (2.8) is used with integral width (s), defined as the total area under the 

diffraction maximum divided by the peak intensity [64], then the size determined is the 

volume average of the thickness of the crystallites along the direction of the diffraction 

vector and is actually denoted as Lv and is called the volume weigthed mean column 

length [21]. The constant Kβ in eqn. (2.8) depends on the shape of the crystallites and the 

reflections being considered. The Kβ values for different shapes and reflections have been 

listed in the review of Scherrer equation published by Langford and Wilson [65]. 
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Assuming spherical crystallites, Kβ value of 0.9 and 1 are generally used for FWHM and 

integral width based equations, whereas the actual values are 0.83 and 1.07 respectively. 

In a polycrystalline material, if a grain is broken into smaller incoherently diffracting 

domains by dislocation arrays (small-angle boundaries), stacking faults, twins, large-angle 

boundaries (grains) or any other extended imperfections, then domain size broadening 

occurs. In the literature of XRD analysis, crystallite size and domain size are used in 

tandem. 

The variance method proposed by Wilson is a single peak method, and is based on the 

second moment of the intensity distribution. The variance is taken over a region ±σ of a 

diffraction line, where σ is measured from the centroid of the profile and σ is normally 

taken in the g space where g=2sinθ/λ [66]. In the variance method, variance is estimated 

over a range of truncated profile widths ranging from σ1 to ∞ and is plotted as a function 

of σ.  As the intensity varies asymptotically as the inverse square of the range, the variance 

is a linear function of range in the tail region of the profiles. From a plot of variance as a 

function of range, the crystallite size can be estimated. Further details about the variance 

method are detailed in literature [67,68]. This method has been applied for estimating the 

size of ZnO powder wherein strain effects were minimal [68].  

2.6.2 Microstrain 

Strain generally is defined as the ratio of change in dimension with the original dimension 

and if it is estimated in one dimension, it is called as longitudinal strain. Further, the strain 

may be classified as uniform strain where the strain extends over large distances or at least 

over many grains causing peak shifts in XRD patterns. These are called as macro stresses. 

Non-uniform strain arises due to systematic shifts of atoms from their ideal positions due 

to defects, like point, line, planar and volume defects. This arises due to a number of 



29 

 

sources like vacancies, interstitials, dislocations, thermal expansion and contraction, etc. 

Each of these defects, except point defect, causes profile broadening and planar defects 

may be accompanied with peak shifts. These defects which cause broadening are due to 

the non-uniform distribution of the lattice strains which extend over a range which is 

dependent on the defect (see §1.2, pg. 3). Stokes and Wilson [69] connected broadening 

with lattice strains. They defined an apparent strain (N) and considered how different 

distributions of strain (distortion) would affect the integral breadth, βD. In cases where a 

complete strain range from zero to maximum is equally likely, then the upper bound for 

microstrain max is given by  






tan4
max

D             - - ( 2.9 ). 

However, when the strain distributions are Gaussian, the rms microstrain rms was 

estimated by Stokes and Wilson as  






tan22

D
rms              - - ( 2.10 ). 

The above two contributions by Scherrer and Stokes and Wilson have been the basis of 

understanding XRD profile broadening. 

With the assumption of Gaussian strain distribution, the well known Warren-Averbach 

method is used to estimate the mean square strain and this method would be dealt in the 

following section (§2.7).  However, it is worthwhile to mention about the alternate strain 

field model developed by van Berkum et al. [70] wherein a flexible model considering 

various distributions of lattice defects and their distortion fields were presented. In this 

model, the lattice defects were parameterized based on the distance between the defects, 

the amplitude of the strain fields, by mean square strain and the extent or width of strain 

fields. From these model parameters, the diffraction profiles were calculated. This model 
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was applied to study ball milled tungsten powder and the results indicate that wide 

component strain fields produce order dependent broadening. The order dependence of the 

shape and width of line profiles can be studied from this model.  

2.7 Approaches in separating the size-strain effects 

2.7.1 Williamson-Hall approach 

In most of the polycrystalline materials, broadening of XRD profiles occurs due to size 

and strain related effects.  When both these effects are present, the diffraction profile is a 

convolution of size and strain broadened profile.  Assuming that the size and strain profile 

components are Lorentzian profiles, a linear addition of breadths is used in the Williamson 

and Hall method to separate the components of broadening.  Herein, the fact that strain 

induced diffraction peak broadening follows a tanθ function whereas crystallite size 

broadening has 1/cosθ dependence allows us to separate these effects. Hence the measured 

breadth β is given as DS   . Using Eqns. 2.8 and 2.9, β is written as  







sin4cos 
D

K
            - - ( 2.11 ). 

This equation is the well known Williamson-Hall (WH) [13] equation for estimating the 

crystallite size D from the intercept and the microstrain ε from the slope of a plot between 

βcosθ vs. 4sinθ. Scherrer constant Kβ as listed in [65] may be used depending on shape of 

the crystallite and a value of 1 is generally used when integral widths and spherical 

crystallites are considered as briefed in §2.6.1. The estimated D, actually is a measure of 

the volume weighted average column length Lv. This equation is based on the Cauchy-

Cauchy approximation. Converting the integral breadths into reciprocal space units, 

 /cos*   and  /sin2K  leads to an equation of the form 

KD  2/1*              - - ( 2.12 ). 



31 

 

The first term ‘1/D’ is replaced with ‘0.9/D’ if full width at half maximum (FWHM) value 

is used for breadth β.  Also the above equation shows that size broadening is angle 

independent whereas strain broadening depends on diffracting angle. It should be noted 

that a large crystallite size results in a line with an intercept very close to zero. An 

uncertainty in large crystallite size values was occasionally observed, leading to negative 

intercept values.  

Similarly, Cauchy-Gauss and Gauss-Gauss approximations can be used to add the 

breadths of the size and strain broadened profiles to give the following two equations: 

    2241 sD              - - ( 2.13 ) 

   2222 41 sD               - - ( 2.14 ) 

Equation 2.13 assumes the Cauchy size-broadened and Gaussian strain broadened profile, 

while Gaussian function is assumed for both size and strain in eqn. 2.14 [16]. 

2.7.2 Warren-Averbach method 

The theoretical background of size-strain separation was laid out initially by Warren and 

Averbach (WA) by plotting the variation of Fourier coefficients with column length which 

is the length perpendicular to the diffracting planes [71]. This is based on the Fourier line 

shape analysis of XRD profiles, as briefed below. The convolution of the size and strain 

broadened profiles in reciprocal space (XRD profile) can be estimated from the product of 

their Fourier transforms in real space. Hence, the cosine Fourier transform of the 

broadened profile A(L) due to microstructural features is given by 

                               - - ( 2.15 ) 

where A
S
(L) denotes the order-independent size Fourier coefficient and A

D
(L,g) is the 

order dependent strain Fourier coefficient (or distortion coefficient) and L is the Fourier 
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variable: L=na3, n are integers and a3 the unit of Fourier length in the direction of the 

diffraction vector g:  

   
 

              
            - - ( 2.16 ) 

 wherein the diffraction profile has been measured within the angular range 2θ2 and 2θ1. 

Eqn. (2.15) maybe written as  

                                      - - ( 2.17 ) 

The distortion coefficient is a cosine function which is approximated to an exponential for 

small values of L and hence lnA(L) can be written as:  

       2222 /2lnln hkl

S dLLLALA              - - ( 2.18 ) 

where  L2 is the mean square of the strain component perpendicular to the reflecting 

planes averaged over the length L and g=1/d.  Eqn. (2.18) is known as the Warren-

Averbach method of size-strain separation [14]. If at least two reflections from the same 

crystallographic-plane family are available, it is possible to separate the crystallite size and 

microstrain contributions (distortion effects) to profile broadening from pure-specimen 

broadening.  From the plot of   LAln  vs. 2/1 hkld , the size coefficient is estimated from the 

intercept and  L2  is evaluated from the slope for each value of L. From the plot of the 

size coefficient, )(LAS
vs. L, the area-weighted average column length

area
L can be 

obtained from the initial slope 
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            - - ( 2.19 ). 

The volume-weighted average column length can be obtained by integrating the size 

coefficient as proposed by Krill & Birringer [72] and is given as  
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The second derivative of the size coefficients is proportional to the surface-weighted 

column-length distribution function, 
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            - - ( 2.21 ). 

The column-length distribution function is related to the true crystallite-size distribution 

function, but it also depends on the shapes of crystallites and the order of reflection [73]. 

Fourier analysis of the peak profiles can in principle give information on the column 

length distribution of the diffracting domains based on the column length model of Bertaut 

[15]. Figure 2.1 shows typical columns of 5 unit cells arranged in spherical particles of 

various sizes. The XRD analysis provides information about the column length average 

and its distribution. This information has been used by Mahadevan et al. [74] to assess the 

shape of the nano particles and the size estimates were compared with Dynamic light 

scattering measurements. 

 Fig. 2.1. Typical representation of columns with 5 unit cells are shown in particles with 

different sizes and shapes 
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2.7.3 Other approaches 

Langford [57] used the Voigt function and derived the Cauchy (βC) and Gaussian (βG) 

components of profile broadening from FWHM (Γ) and integral breadth (β) of XRD 

profiles. De Keijser et al. [75] used the components of Voigt function (of each of the 

peaks) to estimate the crystallite size and microstrain by using βC and βD in Eqns. (2.8) and 

(2.9) respectively. They analyzed the errors that can occur in such a single peak analysis 

and concluded that the error in crystallite size and microstrain are more if the g 

(instrumental) and f (specimen) profiles are of the same order of magnitude.  Balzar and 

Ledbetter [16] proposed the double-Voigt method wherein the size and strain broadened 

profiles are assumed to be Voigtian. They obtained the Fourier transformation of the Voigt 

function and were able to express the Fourier coefficients in terms of βC and βG and is 

given by: 

                     
              - - ( 2.22 ). 

They derived expressions for the volume weighted domain size DV,  L2  and the 

column length distribution from the various components of the profile parameters. This 

approach showed that this alternative Fourier approach using Voigt function with the 

assumption of the Gaussian strain distribution leads to Warren and Averbach method of 

separation of the size and strain distribution.  

It is also worthwhile to mention that the methods based on variance are also in use for 

separating the contribution to size-strain broadening. When XRD profile broadening is 

dominated due to size effects, Wilson proposed that, mean-square breadth (variance) of a 

truncated profile (§2.6.1) is a measure of mean crystallite size [66].  Wilson by 

considering negligible broadening of XRD profiles due to size effects, derived relations to 

estimate strain from variance of diffraction peaks [76]. He concluded that strain adds a 
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contribution to the variance that increases with the square of the order of reflection but is 

independent of the range of integration as stated in §2.6.1. These two contributions were 

incorporated by Bajo et al. [77] to propose a method for determining variance from the 

profile parameters of a pseudo Voigt function. The variance thus obtained is used for 

determining mean crystallite size and root-mean square strain.  

2.8 Modified approaches for separating the size-strain effects 

The approaches presented in §2.7  are valid when the observed profile broadening is 

isotropic along various crystallographic directions.  The anisotropy arises from crystallite 

shape being non-uniform or strain being anisotropic.  All experimental evidence showed 

that strain,  gL,2  is dependent on L as well as on diffraction order g. To explain the 

order dependence, few phenomenological models were proposed based on the anisotropic 

elastic constants, by Stokes and Wilson in 1942 [69] and by Stephens in 1999 [78]. 

Similarly, the order dependence was explained by Krivoglaz [79] on the basis of 

dislocation model of mean square strain. The dislocation model of strain,  gL,2 , is 

based on the effect of dislocations to strain broadening and depends on the relative 

orientation of the Burgers vector b and diffraction vector g. This implies that if b.g = 0, 

the dislocation is invisible and has no contribution to profile broadening. This is similar to 

the contrast effects in electron microscopy. The dislocation model was used by Ungár and 

Borbély [17] to address the anisotropic broadening observed in XRD profiles and 

proposed the modified Williamson-Hall and Warren-Averbach approaches. 
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2.8.1 Modified Williamson-Hall (mWH) approach 

When the contribution to strain broadening is caused by dislocations, the WH plot 

discussed in §2.6.1 is not linear and a modified Williamson-Hall equation has been 

derived by Ungár and Borbély [17,18] and is given by  

)()(/1 22/1* CKOCKD               - - ( 2.23 ) 

where,   2/12/122 2/  bA  is called the hkl independent or normalized mean square 

strain and O  indicates non-interpreted higher-order terms.  The variable A is a constant 

depending on the effective outer cutoff radius of dislocations (Re), b is the Burgers vector, 

ρ is the dislocation density and C  is the average contrast factor of the dislocations. The 

average contrast factor C  takes into account the relative orientation between diffraction 

vector and Burgers vector. The Eqn. (2.23) shows that, if dislocations are the primary 

source of strain, the scaling factor for breadths is 
2/1

CK instead of K.  The third term in 

eqn. (2.23) is important if there is local fluctuation in the dislocation density [20]. For 

brevity, the normalized mean square strain (α) would be mentioned as microstrain (α) at a 

few locations in this thesis, as the microstrain ε derived from WH plot is not reported in 

this study. 

The estimation of average contrast factor C  is important for making these modified 

Williamson-Hall plots. It has been shown by Ungár et al. [80] that, in an untextured cubic 

polycrystalline specimen or one with randomly populated Burgers vectors (slip systems), 

the values of average contrast factors are simple fourth order polynomials of hkl and are 

given by  

)1( 2qHCC hoohkl              - - ( 2.24 ) 
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where, 
22222222222 )/()( lkhhllkkhH   and q=B/A with A and B as constants 

which depend on the elastic constants of the crystal. The value of A is the average contrast 

factor corresponding to the indices h00: AChoo  . Ungár et al. [81] proposed methods for 

estimating the theoretical and experimental ‘q’ factors and hooC for cubic crystals and 

described them in detail. For brevity, it is sufficient to indicate that the procedure for 

estimating q follows from the quadratic form of Eqn. (2.23) which is given by 

222222* )()()/1()( CKOCKD               - - ( 2.25 ). 

Substituting Eqn. (2.24) into (2.25) yields 

)1(/])/1()[( 22222* qHCKD hoo               - - ( 2.26 ). 

The parameter ‘q’ can be estimated from experimental data by using linear regression of 

left hand side of equation (2.26) by varying the value of D versus H
2
.  The ‘q’ factor thus 

determined is used to estimate the average contrast factors of various planes as per 

equation (2.24) which is used to draw the modified Williamson-Hall plot. 

2.8.2 Modified Warren-Averbach (mWA) method 

In a crystal with dislocations, for small L values,  gL,2  was arrived at by Krivoglaz 

[79]  and is given by: 

     
   

     

  
   

  

 
             - - ( 2.27 ) 

where Re, b and ρ are the effective outer cut-off radius of dislocations, modulus of the 

Burgers vector and dislocation density respectively. C , the average contrast factor takes 

into account the relative orientation between diffraction vector and Burgers vector. 

Substituting eqn. (2.27) in to (2.18) yields the modified Warren-Averbach equation and is 

given as: 
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                             - - ( 2.28 ) 

where O  stands for higher order terms, details of which can be found in [17] and [10] with 

B=πb
2
/2. The scaling factor here is K

2
   instead of K

2
. A plot of lnA(L) vs. K

2
   yields the 

size coefficient from the intercept, and the coefficient of the first order term gives the 

estimate of ρBL
2
ln(Re/L) for each value of L and is termed as X(L). The average 

dislocation density ρ and Re can be estimated from a plot of X(L)/L
2
 vs. lnL based on the 

equation below:   

                                - - ( 2.29 ). 

It is to be noted that the outer cut-off radius of dislocations, Re has nothing to do with the 

crystallite size, but is basically a parameter characterizing the distribution and the 

interaction of the dislocations in the analyzed region [18]. 

The apparent size value determined from the FWHM and the integral breadth using Eqn. 

(2.23) and the area weighted column length estimated from Fourier coefficients reflect the 

largest, medium and smallest lengths in the specimen since they are related to the central 

part, the integral and the outer-most tails of the profiles, respectively. 

2.9 Application of XRDLPA in materials 

This section would focus on studies which were focused towards size-strain separation 

using XRDLPA but are not related to ageing induced precipitation. 

2.9.1 Studies using WH and WA approaches  

Williamson and Hall [13] studied the effect of annealing the filings of Aluminium and 

Wolfram by the size-strain separation method (§2.7.1) proposed by them. They concluded 

that a smaller density of dislocations persists even after annealing.  Similarly a single 

crystal of Cu with 2% Si, was studied by Warren and Averbach [14] by rolling it up to 
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50%, and concluded that, distortion is the major cause of broadening with little influence 

from changes in crystallite size. Turunen et al. [82] studied the recovery process of cold 

rolled aluminium during isochronal ageing at different temperatures from the variation of 

 L2  as a function of column length L. They were able to identify the characteristic 

sharpening of the cell boundaries that occurs during type I recovery from an increase of 

the averages of the derivatives of mean squared strain.  The decrease observed at higher 

annealing temperatures was attributed to the annihilation and movement of cell walls that 

occur during type II recovery. Jayan et al. [83] studied the effect of long term ageing on 

size of carbide precipitates in 2.25Cr–1Mo steel tubes using WH and WA techniques. The 

crystallite size estimated by these techniques compared well with each other and the size 

of the carbides increased with increase in the ageing duration from 74,000 to 160,000 

hours. In Fe-Al alloys prepared by mechanical alloying, the crystallite size and mean 

lattice strain were estimated for various milling times using the Williamson-Hall plot, 

without accounting for the anisotropic broadening [84]. The domain size, microstrain 

within the domain and dislocation density were estimated by the simplified breadth 

method, Williamson–Hall technique and the modified Rietveld method in deformed poly-

crystalline Zr alloys [85]. These authors found that anisotropy of domain shape exists 

along different crystallographic directions.  

2.9.2 Studies using modified WH and WA approaches  

Ungár et al. [18] applied the modified WH and WA approaches to address the anisotropic 

broadening observed in inert gas condensed nanocrystalline copper. They determined the 

particle size and the dislocation structure using these approaches. The particle size was in 

the range of 14 to 30 nm with a dislocation density of 5x10
15

 m
-2

. Ungár et al. [86] studied 

the variation in grain size and dislocation density in nanocrystalline electrodeposited Ni 
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foils by these approaches. The average grain size ranges from 50 to 12 nm, as determined 

from FWHM and Fourier analysis which were in good agreement with TEM observations. 

They determined the average dislocation density to be 4.9x10
15

 m
-2

, and also inferred that 

the dislocations were mostly of screw character. The modified WH and WA procedures 

were applied and tested on a nanocrystalline powder of silicon nitride and a severely 

plastically deformed bulk copper specimen [19]. They found good agreement between X-

ray and TEM data for nanocrystalline loose powders. Ungár et al. [87] carried out 

XRDLPA analysis of SiC specimens sintered at 1800 °C at pressures of 2 and 5.5 GPa. 

Their study was able to provide quantitative numbers for crystallite or sub-grain size, 

dislocation densities, and planar fault densities or frequencies. M300 grade 18Ni maraging 

steel deformed by equal channel angular pressing was studied by modified WH and WA 

approaches for understanding the microstructural evolution [88]. The study revealed an 

increase in dislocation density on severe plastic deformation with relative increase in 

screw dislocations. Dey et al. [20] applied the modified approaches to study the effect of 

cold work in Pb-Bi alloys. The WH plot and modified WH plot for annealed Pb, 15% Bi 

alloy is shown in Fig. 2.2. The anisotropic broadening observed in Fig. 2.2(a) is addressed 

by the modified approach as shown in Fig. 2.2(b) [20]. Their analysis revealed that 

annealing leads to a decrease in dislocation density and is dependent on the wt% of Bi in 

the alloy. 

  
  
  
  
β

*
 

(a) (b) 

Fig. 2.2. (a) Williamson-Hall plot and (b) modified WH plot for Pb 15 wt% Bi alloy [20]. 
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2.9.3 Implications 

The literature presented above clearly shows that the modified approaches have been 

mostly used for studying nanocrystalline materials, ball milled powders, in cold rolled 

materials and in deformation carried out using equal channel angular processes. Hence, it 

is clear that application of XRDLPA for studying ageing behaviour would widen the scope 

of profile analysis and improve the understanding of precipitation induced microstructural 

changes to the matrix.  
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Chapter - 3 

3 Experimental methods 

In this study, age hardening behaviour of 17-4 PH steel and M250 grade maraging steel is 

planned. In this chapter, the chemical composition and the ageing treatments carried out 

on these two steels would be briefed.  The details of the experimental techniques used to 

study the microstructural changes like X-ray diffraction and scanning electron microscopy 

would also be presented. The details of hardness measurements carried out to evaluate the 

increase in strength would also be briefed.  

3.1 Sample details 

3.1.1 17-4 PH steel 

Specimens of 17-4 PH stainless steel with dimensions 10 mm x 10 mm x 3 mm were cut 

from mill annealed plates. The chemical composition (in wt. %) of the 17-4 PH stainless 

steel used in this study is shown in Table 3.1.  

Table 3.1 Chemical composition of 17-4 PH steel (wt. %) 

Cr Ni Cu Si Mn Nb S P C Fe 

16.3 4.5 3.75 0.32 0.5 0.2 0.01 0.02 0.040 Bal 

The specimens were solution annealed at 1040 °C (1313 K) for one hour and followed by 

water quenching. These solution annealed specimens were isochronally heat treated at 

various temperatures ranging from 430 to 530 C (703 to 803 K) for different durations, as 

shown in Table 3.2 followed by air cooling. The lower temperature heat treatment at 

380 °C (653 K) for durations of 0.5 and 1 h were carried out to understand early 

precipitation behaviour. It is to be noted that precipitation kinetics is generally studied 

isothermally, and the results of precipitation kinetics would be presented based on the 

isothermal representation. 
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Table 3.2 Heat treatment details of 17-4 PH steel 

Ageing duration in hours (h) Temperature in °C (K) 

0.5 380 (653) 430 (703) 480 (753) 530 (803) 

1 380 (653) 430 (703) 480 (753) 530 (803) 

3 - 430 (703) 480 (753) 530 (803) 

3.1.2 M250 grade maraging steel 

The chemical composition (wt. %) of the M250 grade maraging steel used in this study is 

given in Table 3.3. A 15 mm thick plate of maraging steel was solution annealed at 820 °C 

(1093 K) for 1 h followed by air cooling. The specimens of approximate dimensions 30 

mm x 25 mm x 7 mm extracted from the solution annealed plates, were encapsulated in 

quartz tubes under vacuum and aged at 482 °C (755 K) for different durations of 0.25, 1, 

3, 10, 40, 70 and 100 h followed by water quenching. 

Table 3.3 Chemical composition of M250 grade maraging steel (wt. %) 

Ni Co Mo Ti Mn Cr Si Cu Al C Fe 

17.89 8.16 4.88 0.43 0.05 0.05 0.05 0.05 0.096 0.003 Bal 

3.2 Hardness measurements 

The hardness measurements in 17-4 PH steel specimens were carried out using 423D 

digital Vickers hardness tester manufactured by M/s Innovatest with a load of 1kg. 

Similarly, hardness measurements in M250 grade maraging steel specimens were carried 

out with 10 kg load. Five measurements were done on each sample and the average value 

was taken. The observed maximum scatter in hardness for each sample was found to be 

within  5 VHN.  
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3.3 X-ray diffraction measurements 

3.3.1 Details of diffractometer 

The XRD profiles of all the samples were recorded using MAC Science MXP18 X-ray 

diffractometer with Cu K radiation. The X-ray tube is evacuated to a vacuum level of 

1x10
-7

 mbar using a combination of turbo-molecular pump and rotary pump. The 

instrument which has a fixed tube is set up in the Bragg - Brentano geometry with a line 

focus and a graphite monochromator in the diffracted beam arm. The diffractometer has a 

2 scan range extending from -3 to 130. The diffracted X-ray beam is then detected 

using the scintillation detector. The system has suitable holders to hold powder specimens 

and solid samples. The experimental parameters and acquisition of data are automated and 

can be adjusted using an interfaced computer system.  

3.3.2 Experimental conditions used for XRD data acquisition 

X-ray diffraction profiles of all the 17-4 PH steel specimens were obtained with Cu Kα 

radiation in the angular range of 40 - 120° with a step size of 0.02° and dwell time of 4 

seconds per step. The tube was operated at a power level of 35 kV x 80 mA. Similarly 

XRD spectra of M250 grade maraging steel specimens were recorded in the angular range 

of 36 - 122° with a step size of 0.02° and dwell time of 4s. Both the divergence slit (DS) 

and receiving slit (RS) were set at 0.5°. The slit width at the monochromator was 0.15 

mm. For obtaining the instrumental function, data from LaB6 powder was obtained. 

3.3.3 Analysis of diffraction data 

The individual XRD peak profile corresponding to each plane was extracted for all the 

samples by fitting a suitable background along with a pseudo-Voigt function [58] after 

accounting for instrumental broadening. The profile refinement was carried out using the 

software XPRESS available along with the diffractometer. The profile refinement is based 
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on the approach of Howard and Snyder used in the program SHADOW [54]. The 

refinement gave the parameters of the pseudo-Voigt function like peak position, full width 

at half maximum (FWHM) and Gauss content of these peaks. The values of FWHM and 

integral breadth used in the analysis were estimated from the extracted individual profiles.  

3.4 SEM investigations 

The heat treated specimens were polished metallographically and etched using Fry’s 

reagent for microstructural studies using the CamScan 3200 Scanning Electron 

Microscope (SEM). The etched specimens were observed in the secondary electron (SE) 

mode. The microscope is operated at an accelerating voltage of 20 kV with an emission 

current of ~65 μA. The working distance between the lens and the sample were adjusted 

according to the requirement of the investigation. Larger working distance results in 

higher depth of focus, whereas smaller working distance results in higher resolution. As 

and when required, the specimens were tilted at an appropriate angle to properly observe 

the microstructure. 
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Chapter – 4 

4 Studies on ageing behaviour of 17-4 PH steel 

In this chapter, the changes in hardness on ageing would be presented first and the kinetic 

parameters derived from the change in hardness would be elucidated.  This would be 

followed by the results from XRD analysis. The crystallite size and microstrain estimated 

from the modified WH approach [§2.8.1] would be presented and explained.  The results 

of the changes in lattice parameter would be presented and used for estimating the 

precipitate fraction. Finally, the strengthening mechanisms active in this steel would be 

discussed. The calculated strengthening would be compared with experimentally measured 

hardness by using an unique approach.  

4.1 Hardness changes on ageing 

The variation of hardness with ageing temperature at various ageing times is shown in Fig. 

4.1. (The dotted lines act as a guide to the eye in following the changes.) In this figure and 

all figures henceforth, the legend SA in the abscissa indicates solution annealed specimen. 

The specimens aged for 0.5 h shows an increase in hardness as the temperature is 

increased to 380 °C (653 K) and reaches a peak hardness of 434 VHN at 480 °C (753 K). 

On further increasing the temperature to 530 °C (803 K), the hardness decreased to a value 

which is still higher than that observed in solutionized sample. Similarly, on ageing the 

specimens for 1 h at various temperatures, it is seen that the hardness peaks at 430 °C (703 

K). As the temperature is increased to 480 °C (753 K), the hardness decreases marginally 

to 431 VHN from 435 VHN. Further increase in the temperature reduces the hardness. On 

ageing the specimens for 3 h at 430 °C (703 K), a peak hardness of 460 VHN is achieved 

and decreases with increasing ageing temperature. A similar peak hardness value of 450 

VHN has been reported for this steel in other studies [35,37].  The increase in the hardness 
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follows the typical age hardening behaviour. The decrease in the hardness on increasing 

the temperature is in agreement with that reported by Wang et al. [38] wherein, with 

increase in holding time, the copper precipitates grow and lose their coherency with the 

matrix leading to reduction in hardness. 

 Fig. 4.1. Variation of hardness with ageing temperature of 17-4 PH samples isochronally 

aged for durations of 0.5, 1 and 3 h 

4.1.1 Precipitation kinetics in the age hardening regime 

The ageing kinetics is studied based on the Avrami equation [89] wherein the fraction of 

precipitates (f) transformed at a given temperature is given by 

                          - - ( 4.1 ) 

where t is the ageing time (s), k is the reaction rate constant and n is the Avrami exponent. 

The kinetics of precipitation has been studied by calorimetry, variations in hardness and 

resistivity by various authors [27,28,31]. In earlier studies, the fraction transformed has 

been assumed to be linearly dependent on hardness or resistivity. However, a more 
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appropriate relationship has been derived by Robino et al. [90] and has been shown to be 

proportional to H
3/2 

where H is the hardness.  

Hence, to study the kinetics during the age hardening regime, the hardness changes on 

ageing at 430 °C (703 K) are used. The measured hardness at 430 °C (703 K) for varying 

durations are normalized with respect to the peak hardness (H
3/2

) achieved at this 

temperature. The variation of hardness (H
3/2

) (equivalent to the precipitate fraction) with 

ageing time at 430 °C (703 K) is shown in Fig. 4.2.  The fit obtained for the Avrami 

equation (eqn. 4.1) gives an n value of 0.52 (at 430 °C) which is in close agreement with 

the values of 0.44 and 0.46 obtained by Mirzadeh and Najafizadeh [39] at temperatures of 

400 and 450 °C respectively for this steel. A theoretical n value of ~2/3 has been predicted 

from the Avrami equation for precipitation on dislocations [90]. Hence, the value of n 

obtained herein points to enhanced nucleation of Cu due to the high density of dislocations 

present in this steel. 

  Fig. 4.2. Fit of the Avrami equation using normalized hardness
3/2

 (the Avrami equation is 

conventionally fitted on a time scale in seconds, hence the legends show the ageing 

duration in h) 
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4.1.2 Precipitation kinetics in the overaged regime 

Once peak hardness is achieved, on further increasing the ageing time the hardness 

decreases. The change in hardness is related to the ageing time (t) through an equation 

proposed by Wilson [91] which is based on the Orowan mechanism and is given as; 

 
 

  
 
 

          
 

   
 
 

             - - ( 4.2 ) 

where     is the increase in hardness at the commencement of coarsening time to, which 

is equal to the difference between peak hardness and hardness in solutionized condition, 

   is the difference between the hardening of the overaged sample and the solutionized 

sample. M is a constant which is dependent on temperature.  

In the overageing regime, wherein the hardness decreases with time, the change in 

hardness is analysed based on the Wilson model briefed above. The variation of       

with ageing time at temperatures of 480 and 530 °C is shown in Fig. 4.3. The data is fitted 

to eqn. 4.2 and is also shown in Fig. 4.3. The correlation coefficient is better than 0.99, 

which indicates that the observed changes in precipitation hardening on overageing are 

due to Orowan bowing and the yielding is isotropic [91]. Though measurements were 

conducted at two different temperatures in the over ageing regime, the intercept (M in eqn. 

4.2) of the two curves shown in Fig. 4.3 were used to estimate the activation energy using 

the Wilson approach based on a plot of ln(MkT) versus 1/T [91], which gives an activation 

energy of 143 ± 20 kJ/mol. Viswanathan et al. [28] estimated an activation energy of 112 

kJ/mol from resistivity measurements in 17-4 PH steel. The above values are lower than 

the activation energy of 186 kJ/mol determined by Hornbogen and Glenn [92] for Cu 

diffusion in alpha iron. The lower value was attributed to enhanced diffusion of copper 

through the matrix assisted by dislocations. Large variation in activation energy ranging 

from 71 to 240 kJ/mol has been reported for Fe-Cu alloys with different alloying elements 
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[93]. Hence the activation energy arrived at in this study points to an assisted diffusion 

process. 

 Fig. 4.3. Variation of change in overaged hardness with ageing time 

4.1.3 Variation of hardness with tempering parameter  

Since ageing of the material has been carried out at various temperatures and durations, it 

is necessary to correlate the observed variation in the hardness under different ageing 

times and temperatures through a single variable. This is possible by adapting the 

Hollomon-Jaffe parameter [48] which is commonly known as the tempering or Larson-

Miller parameter (P) which is given by  

                               - - ( 4.3 ) 

where T is absolute temperature in K, t is the tempering time in hours and C is a material 

constant. Mirzadeh and Najafizadeh [94] collated the age hardening data of 17-4 PH steel 

carried out by different authors and correlated the relative percentage of hardening 

achieved with tempering parameter by using artificial neural network approach.  They 

used a single curve to fit the variation of hardness with tempering parameter in both the 
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age hardening and overageing regimes by using a C value of 20. It is to be noted that the 

Hollomon-Jaffe parameter was determined based on the fact that softening results from 

diffusion phenomenon. Gomes et al. [95] by comparing different tempering parameters 

felt that Hollomon-Jaffe parameter is valid only if the physical phenomenon leading to 

softening is the same over the whole temperature range and if temperature only impacts 

the kinetics. In the age hardening regime at lower temperatures and times, dislocation 

annihilation and precipitation compete with each other.  

The variation of hardness with tempering parameter (with C=20) is shown in Fig. 4.4. In 

Fig. 4.4, the hardness values in the age hardening regime are shown as open circles and in 

the overaged condition as filled circles. Once peak hardness is achieved at each of the 

temperatures, the kinetics is mostly driven by precipitate coarsening and hardness 

decreases with time. In the overaged condition, a linear fit is obtained to the data and the 

  
2
 value is shown in the figure. Since the hardness decreases from a peak hardness value 

of 459 VHN, this data is also included, to fit the reduction in hardness observed in 

overaged condition.  Such linear behaviour has been observed while studying softening of 

die steels [96]. A decrease in hardness with tempering parameter was fitted to a third 

degree polynomial by Vasudevan et al. [97] while studying softening of different % cold 

worked stainless steels.  
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 Fig. 4.4. Variation of hardness with tempering parameter 

From the data presented in the age hardening regime (open circles), a linear fit appears to 

be appropriate. However, analysis of hardness data published by Viswanathan et al. [27] 

and Hsiao et al. [35] points to an S type curve similar to the JMA equation (4.1) would 

give a better fit.  Mirzadeh et al. [94] had used a hyperbolic tan function to fit the data in 

the age hardening regime.  Shin et al, [98] carried out microstructural investigation of 

precipitation hardenable martensitic steel and plotted the variation of hardness with 

tempering parameter without any fit.  Their data in the age hardening regime does not 

indicate a linear behaviour in the age hardening regime. Hence, with the limited data 

presented herein, it cannot be conclusively proven that a linear fit is appropriate.  Hence 

the data in age hardening regime is left as open circle.  

4.2 XRD analysis and SEM investigations 

X-ray diffractograms of all the specimens used in the study were obtained with the 

experimental parameters mentioned in §3.3.2. The X-ray diffractograms of the specimens 

aged at 380 and 480 °C (653 and 753 K) for 0.5 h along with that of solution annealed 
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specimen are shown in Fig. 4.5. The reflections from the solution annealed specimen 

revealed pure bcc structure and they are indexed in Fig. 4.5.   The widths of the bcc 

reflections increase marginally on ageing for 0.5 h at 380 °C (653 K), and no additional 

reflections are seen. However on ageing for 0.5 h at 480 °C (753 K), additional reflections 

corresponding to an fcc phase are identified and indexed. The full width at half maximum 

(FWHM - β) corresponding to the bcc phase and peak location were determined for all the 

specimens using the procedures mentioned in §3.3.3.  

 Fig. 4.5. X-ray diffractograms of 17-4PH samples aged for 0.5 h at 380 and 480 °C along 

with solution annealed sample 

4.2.1 Size-strain analysis in 17-4 PH steel 

The WH plots (based on eqn. 2.11, p.30) and mWH plots (based on eqn. 2.23, p.36) for 

specimens aged for 0.5 h at 380 and 480 °C (653 and 753 K) conditions are shown in Fig. 

4.6a and b respectively. It is clear from Fig. 4.6a that the WH plot shows anisotropic order 

dependent broadening. This feature was observed for all the specimens used in the study. 

Hence, mWH plots (Fig. 4.6b) have been made for all the specimens and the normalized 

mean square strain (α) and crystallite size have been estimated from the slope and 
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intercept of these plots. The observed linear fit for all the specimens showed a 
2R  value of 

0.98 or better. The observed linear fit shows that there is no local variation of dislocation 

density and hence makes the variable Ο of eqn. 2.23 small [20]. Such linear behaviour has 

also been reported in ball milled iron powder [80] and in aged Maraging steel specimens 

[32]. The observed variations in normalized mean square strain (α) and crystallite size 

with ageing temperature are shown Fig. 4.7 (a) and (b) respectively. 

                                      (a)                                                      (b) 

Fig. 4.6. (a) WH plot and (b) modified WH plot for the samples heat treated for 0.5 h at 

380 and 480 °C (the axis in units of Å
-1

) 
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(a) 

(b) 

Fig. 4.7. Variation of (a) normalized mean square strain and (b) crystallite size with 

temperature in isochronally aged samples of 17-4 PH SS for different durations of 0.5, 1 

and 3 h. 

4.2.1.1 Ageing for 0.5 h 

From Fig. 4.7a, it is clear that the normalized mean square strain (α) increases as the 

temperature is increased from 380 °C (653 K) and reaches a peak value at 480 °C (753 K). 
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It is to be noted that annihilation of dislocations and precipitation occurs simultaneously 

on ageing. The initial precipitation starts with the formation of copper rich zones with bcc 

structure which is coherent with the matrix [27]. Supersaturated copper precipitates during 

ageing at lower temperature, as the incubation period for precipitation is insignificant in 

this steel [28].  Hence, the increase in α is attributed to the precipitation induced strain in 

the matrix. On further increasing the temperature to 530 °C (803 K), α decreases to a value 

of 0.0132 which is close to the value of 0.0126 obtained for the solutionized sample. This 

indicates that the precipitates have become incoherent with the matrix. The apparent 

crystallite size increased from the lowest value of 60 nm in the solution annealed condition 

to 130 nm at 380 C (653 K) for ageing duration of 0.5 h. The smaller crystallite size 

obtained in solutionized condition is consistent with the high density of dislocations 

reported in the solutionized condition [35,39].  However, on subsequent increase in 

temperature, the crystallite size decreases continuously to a value of ~100 nm at 530 °C 

(803 K).  The observed decrease will be discussed in the following section (§4.2.1.2). 

Several authors inferred early precipitation of copper in these steels using change in 

hardness and conductivity [28,35]. Miller et al. [37] successfully observed copper 

precipitates in specimen aged at 482 C for 1h aged using TEM. At this ageing 

temperature, though precipitates were not detected in specimen aged for 0.5 h by TEM, 

they were successful in detecting copper precipitates using field ion microscopy. 

Similarly, Viswanathan et al. [28] also reported copper precipitates using TEM in a 

specimen aged for 2 h at 499 C. In the present investigation, the initial increase in  (after 

ageing at 380 °C for 0.5 h) is attributed to the formation of coherent precipitates in the 

matrix which is in agreement with hardness change, as shown Fig. 4.1. This shows that 

changes in normalized mean square strain can be used to detect early precipitation. 
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4.2.1.2 Ageing for 1 h 

On ageing the specimens for 1 h at various temperatures, it is seen from Fig. 4.7a that the 

 peaks at 430 °C (703 K). As the temperature is increased to 480 °C (753 K),  decreases 

significantly from 0.018 to 0.0145. The reduction in the microstrain occurs when the 

precipitates become incoherent with the matrix. Hence, the reduction in the microstrain is 

analyzed from theoretical considerations. It is known that, above a critical precipitate 

radius         , the Orowan mechanism becomes operative and the precipitates 

become incoherent [49]. Herein,  and b represent the misfit strain and Burgers vector 

respectively. When the microstrain reaches a maximum value of 0.018, the estimated 

radius of copper precipitates is ~ 4.7 nm. Hence, it is inferred that under peak microstrain 

conditions (aged at 430 °C (703 K) for 1 h), the precipitates are coherent and with 

subsequent reduction in microstrain, the coherency between the matrix and the precipitate 

is partially lost.  

It is also known that the lattice misfit  is given by [99]  

  
            

           
 

where amat and appt are the lattice parameters of the matrix and the precipitate phase 

respectively. The lattice parameter of bcc Cu reported in A710 type steel is 2.96 Å [100]. 

This value has been used in simulations [101]. The solution annealed specimen of 17-4 PH 

used in this study has a lattice parameter of 2.88 Å which gives a misfit value of 0.027. It 

is to be noted that the misfit and misfit strain are also related with ~2/3 [102] which 

gives a ε value of 0.018. The maximum normalized mean square strain, α estimated in this 

study is 0.018. It is to be noted that the microstrain estimated would include some 

contributions from the dislocations present in the material.  An α value of 0.0126 is 
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estimated in solutionized condition. The difference in the microstrain between peak 

strained condition and solutionized condition is 0.0054. In previous studies [103,104], a 

value of 0.0057 has been used as the misfit strain assuming that the precipitates contain 

1/3 of Fe and 2/3 of Cu. An analysis of misfit strain values used in Cu added steels was 

done by Isheim et al. [105] and they found that values in the range of 0.032 to 0.003 have 

been used in various studies. Hence, the microstrain estimated herein is consistent with the 

above studies. It is to be noted that a hardness of 435 VHN is measured under peak 

microstrain conditions. The hardness decreases marginally to 431 VHN from 435 VHN on 

increasing the temperature to 480 °C (753 K).  

On ageing for 1 h at 380 °C (653 K), the crystallite size increases to 250 nm and remains 

almost same at 430 °C (703 K) as seen from Fig. 4.7. Ungar had reported that the 

crystallite size estimated from bulk specimens including ferritic/martensitic steels is closer 

or almost equal to the subgrain or dislocation cell size [106]. Hence, to confirm these 

changes, microstructural studies using SEM were carried out. SEM images of the 

specimens heat treated for 1 h at various temperatures along with the solution annealed 

specimen are shown in Fig. 4.8. The specimen details are marked below the figure.  
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a) Solution annealed b) 380 °C (653 K) – 1 h 

c) 430 °C (703 K) – 1 h  d) 480 °C (753 K) – 1 h  

Fig. 4.8. SEM images of samples aged for 1 h at different temperatures along with solution 

annealed sample. 

The microstructure of the solutionized steel consists of lath martensite with size ranging 

from 300 to 1000 nm. The misorentation of lath boundary is known to be ~ 5° or lower.  

As a result, the microstructural changes within the lath could not be revealed when the 

specimen is perpendicular to the primary beam. Hence, specimens were oriented at an 

angle of 18° to reveal the underlying microstructure. From Fig. 4.8b and Fig. 4.8c it is 

clear that there is an increase in the size of the subgrains from the solutionized condition to 

the aged condition (380 and 430 °C for 1 h). However, on subsequent ageing at higher 
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temperature (480 °C), refinement takes place which is evident from Fig. 4.8d. The 

observed microstructural changes are in qualitative agreement with the crystallite size 

estimated from the peak profile analysis, as shown in Fig. 4.7b. The increase in the 

crystallite size with ageing time at lower temperature is attributed to annihilation of 

dislocations. Similar increase in crystallite size on initial ageing of maraging steel for 

0.25 h at 482 °C (755 K) has been observed [32].  

The observed decrease in crystallite size at higher temperatures is due to the competing 

mechanisms of annihilations of dislocations (which would increase the crystallite size) and 

other mechanisms which would lead to a decrease in crystallite size.  It is to be noted that 

at higher temperature, the precipitation process gets accelerated due to increased diffusion, 

however, the matrix can accommodate more of the Cu at this temperature due to higher 

solubility, leading to a complex behaviour. The possible alternative mechanisms which 

would lead to grain refinement are sub-boundary pinning by dislocations or due to the 

formation of misfit dislocations which would be reflected as a decrease in subgrain size. 

Ghosh et al. [93] studied the effect of Cu precipitation in thermomechanically processed 

low carbon microalloyed steel.  They found that the softening process during ageing is 

significantly reduced by the sub-boundary pinning caused by the Cu precipitates. Hwang 

et al. [107] studied the effect of direct quenching on the microstructure of copper-bearing 

high-strength alloy steels. They also found the effect of sub-boundary pinning due to 

precipitates of Cu. Huang et al. [108,109] studied the influence of different initial amounts 

of Mn (0.4 and 1.0 wt%) on the softening behaviour of Al–Mn–Fe–Si alloys using 

conductivity, hardness and electron backscattered diffraction measurements. Their study 

showed that precipitation in presence of fine dispersoids influences the recrystallization 

behaviour of this material. They concluded that the effect of preexisting dispersoids (or 

formed by concurrent precipitation) had an impact on the size of the matrix crystals by 
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providing a pinning effect. It is also known that, when the precipitates become partially 

coherent (semicoherent) as seen by the reduction in microstrain, some interface 

dislocations may form, leading to apparent reduction in crystallite size [50]. It is observed 

that, under the ageing conditions being discussed (480 °C and 1 h), there is a reduction in 

microstrain as shown in Fig. 4.7a.  Hence, it is possible that the misfit dislocations which 

form lead to an apparent decrease in subgrain size. Rozenak [110] had suggested misfit 

dislocations at the semicoherent interfaces in Si structures. In M250 grade maraging steel, 

on ageing for 40 h (peak hardness condition), increase in positron life time has been 

observed which was attributed to the misfit dislocations arising from the incoherent nature 

of the precipitates by Rajkumar et al.  [111]. In maraging steel, peak microstrain was 

observed on 10 h of ageing [32]. 

4.2.1.3 Ageing for 3 h 

The variation of normalized mean square strain with temperature shows that α peaks at a 

ageing temperature of 430 °C (703 K). On increasing the temperature, the microstrain 

decreases continuously and reaches a value of 0.0119 which is lower than the value 

obtained in the solutionized condition. The peak microstrain observed at 430 °C (703 K), 

is lesser than the value observed in peak microstrain condition (aged for 1 h at 430 °C). 

The lower microstrain in this condition leads us to conclude that the precipitates are 

incoherent with the matrix. Similarly, the crystallite size increases on ageing at 430 °C 

(703 K), but decreases with further increase in temperature. The decrease in the crystallite 

size has been explained in the earlier §4.2.1.2. 

4.2.2 Influence of coherency strain on hardness 

In the present study, a peak hardness of 460 VHN is observed on ageing for 3 h at 430 °C 

(703 K). The peak microstrain is seen on ageing for 1 h at 430 °C (703 K). Similar 
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behavior is reported while ageing M250 grade maraging steel at 482 °C [32] and these 

results would be discussed in the following Chapter. In maraging steel, hardness peak is 

reported after 40 h of ageing while the microstrain peaked at 10 h of ageing. These results 

can be understood from the fact that the precipitation process (growth) completes much 

ahead of peak hardness which is similar to the modeling results reported by Guo et al. 

[31]. Subsequent growth is attributed to coarsening which minimizes the interfacial energy 

leading to incoherency and reduction in microstrain. Similarly, hardness decreases on 

further ageing as discussed in §4.1.2. 

Based on the results presented here, a preliminary attempt is made to relate the observed 

increase in hardness with the microstain in the matrix. Hardness has been directly related 

to the flow stress by various authors [90,94]. The increase in the strength due to coherency 

has been shown to be proportional to 3/2
(rf)

1/2
, where r is the radius of the precipitate, f is 

the volume fraction of precipitate and  is the misfit strain [49]. These authors had 

suggested that  would reduce with smaller size particles as the thickness of the interface 

plays a significant role. Since the change in misfit strain () with size of precipitates is 

reflected in the normalized mean square strain (), this variable, determined from mWH, 

is used to link with the hardness. Hence, a plot of α
3/2

 vs Hardness (with ageing condition 

marked as legends) is shown in Fig. 4.9. It is to be noted that the 2 points which lie away 

from the linear fit are the one hour aged specimens wherein the crystallite size had 

increased significantly as discussed earlier. All the specimens aged for 3 h at different 

temperatures were shown to be in incoherent in §4.2.1.3. Hence these specimens were 

excluded from the analysis. The plot given in Fig. 4.9 shows a clear dependence of the 

increase in strength due to coherency strains. For correctly estimating the magnitude of 

increase in strength due to coherency hardening requires values of radius of precipitates 
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and fraction of precipitates which would be presented in the following section after 

estimating the fraction and radius of precipitates. 

 Fig. 4.9. Variation of Hardness with α
3/2

 

4.2.3 Variation of microstrain with tempering parameter 

The hardness in the overaged regime correlated well with tempering parameter, as 

explained in §4.1.3. Similarly, as explained in §4.2.2, the strain in the matrix due to 

precipitation had an impact on the strength which was reflected in the hardness. Hence, to 

correlate the normalized mean square strain (α) measured at different ageing temperatures 

and times, a plot of  with tempering parameter is shown in Fig. 4.10. In this figure, the  

values in the regime when the precipitates are coherent are shown as open squares and in 

the incoherent regime as filled squares. Similar to hardness, the sample with peak 

microstrain is included in the fit. It is clear from Fig. 4.10 that the 3 points excluded from 

the fit correspond to specimens which have not crossed the peak microstrain conditions. 

This aspect can be verified by looking at Fig. 4.7a. All the excluded points in Fig. 4.10 lie 

on the rising part of Fig. 4.7a. A linear fit is obtained for all the specimens that have 
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crossed the “peak microstrain” condition, as shown in Fig. 4.10. This indicates that the 

precipitate coarsening is the dominant factor. Hence, the analysis presented above clearly 

demonstrates that the observed change in microstrain in the overaged regime can be 

effectively linked with the tempering parameter. It would be worthwhile to validate this 

linear behaviour in the future by studying other precipitation hardenable materials 

wherein the softening mechanism may be different.  

 Fig. 4.10. Variation of mean square strain with tempering parameter 

4.3 Determination of precipitate fraction 

4.3.1 From changes in lattice parameter 

The literature presented in §1.4 showed the applicability of using changes in lattice 

parameter for determining precipitate fraction.  Based on the distance of closest approach 

determined in fcc structure, the calculated lattice parameter (a) of bcc Cu and bcc Ni are 

2.9516 Å and 2.8772 Å respectively.  From these values of ‘a’, the volume occupied by 

these atoms in a unit cell of bcc structure are 1.28575E-29 and 1.19088E-29 m
3
/cell for Cu 

and Ni respectively.  The value of 1.09389E-29 m
3
/cell for Ni used by Guo et al. [26] is 
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based on the volume arrived at considering the fcc structure. For validating the distance of 

closest approach for determining lattice parameter and thereby arriving at volume 

occupied by atoms in crystals, a survey of Fe-Cu and Fe-Ni binary systems with bcc 

structure is carried out. The lattice parameters of Fe-Cu and Fe-Ni binary systems are 

collated from Powder Diffraction Files (PDF) available from International Centre for 

Diffraction Data – ICDD and shown in Fig. 4.11a and b respectively. A straight line is 

drawn between the lattice parameter of pure Fe and calculated a value of pure bcc Cu and 

bcc Ni and is shown in Fig. 4.11a and b respectively.  The data presented in Fig. 4.11 

shows that deviations from Vegard’s law exist, which are similar to that reported by Teng 

et al. [112]. 

(a) 
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(b) 

Fig. 4.11. Variation of lattice parameter of (a) Fe-Cu bcc alloys with Cu concentration and 

(b) Fe-Ni bcc alloys with Ni concentration based on ICDD data (The legends indicate the 

Powder diffraction file available from ICDD) 

The volume/unit cell of each of the major alloying elements present in 17-4 PH steel is 

presented in Table 4.1. From the values of volume given in Table 4.1 along with the 

volume of Cu and Ni mentioned in the previous paragraph, a lattice constant of 2.8774 is 

estimated. The measured lattice parameter of 17-4 PH steel in solutionized condition is 

2.8807±0.0007. The lattice parameter is underestimated by 0.0033 Å by this approach. 

However, a detailed calculation by Teng et al. [112], overestimated the lattice parameter 

by 0.0025 Å in NiAl precipitate strengthened Fe-based alloy.  A reduction in the lattice 

parameter of 17-4 PH steel is expected due to the precipitation of Cu. The change in the a 

value of the matrix due to depletion of Cu, gives a slope of da/dx of -7.9714E-4 Å/at%. 

This value is very close to the ∆a of 7.2E-4 computed theoretically by Harry and Bacon 

[101]. The precipitate fraction is estimated by multiplying the slope (da/dx) with the 

difference in lattice parameter at different ageing conditions with that of the lattice 

parameter in solutionized condition (aSA).   It is to be noted that 2 atoms of Cu are required 
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to form an unit cell of bcc precipitate and hence the precipitate fraction is half the atom 

fraction. This approach of estimating precipitate fraction is valid if no other precipitates 

form by depleting the matrix. In 17-4 PH steel, Cu precipitation has been the main source 

of strengthening. However in some studies presence of NbC has been reported [39] in the 

solution annealed condition. Kobayashi et al. [113] studied the effect of Nb addition on Cu 

precipitation in ferritic steels and it was shown that Nb addition only delays the nucleation 

of Cu rich zones. Nb has lower diffusivity in Fe matrix and Nb contributes to the solid 

solution strengthening of these steels. Nb enriched precipitates were observed at higher 

ageing temperatures than those considered in this study [113,114]. Hence the influence of 

NbC formation on lattice changes is neglected in this study. 

Table 4.1 Volume of major alloying elements present in 17-4 PH steel 

Element Volume (m
3
/cell) PDF card from ICDD 

Fe 1.17755E-29 00-006-0696 

Cr 1.19925E-29 00-006-0694 

Nb 1.80175E-29 00-034-0370 

Si 2.0014E-29 00-005-0565 

Mn 1.22043E-29 00-032-0637 

 

The lattice parameters of all the samples used in this study were estimated by Rietveld 

refinement. Due to ageing, reduction in the lattice parameter was observed. The estimated 

increase in precipitate fraction arrived at from lattice parameter changes for the three 

different temperatures is shown in Fig. 4.12. The plots show typical features of increase in 

precipitate fraction with ageing time.  However, marginal increase in lattice parameter 

leading to a reduction in precipitate fraction is observed in samples aged for an hour at 430 



68 

 

and 480 °C. Similar observation was made by Holzer et al. [104] during their computer 

simulation of 1.4% Cu added steel. Their simulations showed that there is a region in 

which the total precipitate fraction decreases during ageing. This coincides with the 

reduction in the volume fraction of bcc Cu and initiation of formation of fcc Cu. A 

structural transformation of bcc to fcc Cu is reported.  Increase in the phase fraction on 3 h 

ageing at 480 °C (marked as a circle in Fig. 4.12) is attributed to the fact that phase 

fractions have been calculated assuming a bcc structure (with 2 atoms), whereas a 

structural transformation to fcc (with 4 atoms) is well reported [35,104,115].  

 Fig. 4.12. Estimated precipitate fraction (from lattice parameter changes) as a function of 

ageing time at different temperatures 

4.3.2 From hardness measurements 

In order to compare the estimated precipitation fraction from changes in lattice parameter, 

an alternative approach is followed.  In the age hardening regime, the precipitation kinetics 

has been studied from changes in hardness and the results were presented in §4.1.1. The 

hardness measured at each of the ageing temperatures and durations is normalized with the 

peak hardness of 459 VHN achieved on ageing at 430 °C for 3 h. It is also known that the 
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same peak hardness will not be achieved at each of the temperatures. This approach has 

been used for estimating the precipitate fraction, thereby determining the Avrami exponent 

and activation energy of the precipitation process by various authors [90,94]. The 

observed variation in precipitate fraction with ageing time at different temperatures is 

shown in Fig. 4.13.  The curves show typical age hardening characteristics at each of the 

temperatures. The sample aged at 480 °C for 3 h shows lesser hardness indicative of over 

ageing (marked as a circle in Fig. 4.13).  This is consistent with the structural 

transformation of the precipitate to fcc as discussed at the end of §4.3.1.   

 Fig. 4.13. Variation of precipitate fraction estimated from Hardness
1.5

 with ageing duration 

at different temperatures 

4.3.3 Comparison of precipitate fractions 

The precipitate fractions determined from changes in lattice parameter are in the absolute 

scale.  However, the precipitate fraction obtained from hardness changes are in relative 

scale and has been normalized to 1. Ideally, both the approaches should lead to same 

results.  This is achieved when the precipitate fraction determined from hardness is 

normalized to a peak fraction of 0.013, which is close to the peak precipitate fraction 
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observed from changes in lattice parameter.  Table 4.2 shows the precipitate fractions 

determined from changes in lattice parameter and hardness along with the difference 

between them. 

The difference between the precipitate fraction (0.004) estimated by both the approaches is 

more at 480 °C (0.5 h). In this condition, the precipitate fraction estimated from the lattice 

changes is the maximum. The deviation could arise from two possibilities. At this 

temperature, the kinetics would be faster leading to higher fraction of precipitates. An 

increase in precipitate fraction when the precipitates are in bcc structure is also reported 

[104]. Alternatively, the precipitate fraction estimated from changes in hardness could be 

underestimated. This is a distinct possibility considering the fact that precipitate fractions 

have been obtained by normalizing with the peak hardness of 459 VHN achieved at 430 

°C (3 h). At, 480 °C (0.5 h), the hardness is 434 VHN, which could be the start of 

overageing at this temperature.  

Table 4.2 Precipitate fraction determined from the two approaches and their difference 

Ageing condition 

Temperature - 

duration 

Precipitate fraction 

from changes in 

lattice parameter 

(±0.00125 max) 

Precipitate fraction 

from changes in 

hardness 

Difference 

380 °C – 0.5 h 0.0056 0.0049 0.0007 

380 °C – 1 h 0.0075 0.0054 0.002 

430 °C – 0.5 h 0.0091 0.0098 -0. 0007 

430 °C – 1 h 0.0071 0.0106 0.0035 

430 °C – 3 h 0.0092 0.0126 -0.0034 

480 °C – 0.5 h 0.0147 0.0105 0.004 

480 °C – 1 h 0.0095 0.0102 0.0007 
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4.4 Precipitation strengthening of 17-4 PH steel 

4.4.1 Strengthening in Fe-Cu alloys 

Increase in strength of 17-4 PH steel during ageing is attributed to the precipitation of fine 

copper particles.  Similarly, strengthening behaviour of Fe-Cu alloys by Cu precipitates 

has been studied experimentally and theoretically by various authors 

[51,92,101,103,104,115,116]. The strengthening of  iron by a softer phase like Cu was 

attributed by Hornbogen and Glenn [92] to the following possibilities: coherency stresses 

in the matrix due to the particles, energy necessary to shear the particles or to the spacing 

between the particles. Russel and Brown [51] proposed a model to estimate the yield 

stress, considering the interaction between a slip dislocation and a precipitate with a lower 

shear modulus than that of the matrix. This model was applied to iron-copper system with 

Cu up to 4% and was able to explain the observed increase in strength with volume 

fraction of precipitates.  Harry and Bacon [101,116], from their computer simulations of 

strengthening of bcc-iron with copper precipitates, concluded that the strengthening is due 

to the effect of screw dislocation core on bcc Cu structure of the precipitate rather than the 

elastic interaction. This interaction causes the bcc Cu structure to change to a close packed 

structure. Fine and Isheim [103] considered the contributions of various strengthening 

mechanisms like misfit strengthening, chemical strengthening, modulus difference 

strengthening and dislocation core-precipitate interaction strengthening. The change in the 

screw dislocation core energy as the dislocation traverses the precipitate was seen as a 

major cause of strengthening similar to that reported by Harry and Bacon [116].  However, 

they also felt that the accuracy of the interatomic potentials is limited and further 

theoretical work is required to conclude about the active strengthening mechanism.  

Holzer and Kozeschnik [104] carried out computer simulations taking into account the 

variable nucleus composition that occurs during early precipitation.  They found that the 
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coherency strain and modulus strengthening effects contribute to the precipitation 

strengthening. Together with intrinsic strength of the matrix and solid solution 

strengthening contribution, they were able to qualitatively compare the calculated and 

experimental results of lower yield strength of Fe-1.4% Cu alloy.  Recently, Takahashi et 

al. [115] considered the strengthening mechanisms in Fe-1.4% Cu steel and studied the 

same by atom probe tomography. They studied the effect of particle diameter on the 

interaction force of a dislocation with an obstacle. From this, they concluded that the main 

mechanism of particle strengthening is due to the difference in the elastic modulus of the 

particle and the matrix.  

4.4.2 Strengthening studies in other alloys 

The above studies were on steels with Cu as the only major alloying element.  However, 

17-4 PH steel has many alloying elements, notable among them being Cr and Ni in 

addition to Cu.  Seetharaman et al. [102] studied the precipitation hardening behaviour of 

PH 13-8 Mo SS. They considered the contributions of various strengthening mechanisms 

like coherency, modulus and order strengthening and estimated that the increase in shear 

strength is due to the collective influence of these three mechanisms. Knipling et al. [117] 

studied the precipitation strengthening of binary Al-0.1Sc, Al-0.1Zr and ternary Al-0.1Sc-

0.1Zr alloys and considered the various strengthening mechanisms. Their analysis of 

increase in yield stress of ternary alloy aged at three different temperatures was based on 

additive nature of the strengthening mechanisms.  However, they proposed ‘order 

strengthening’ as the cause for the increase in strength.  Hence, in the following sections, 

the strengthening mechanisms active in 17-4 PH steel would be analyzed. This would 

enable comparing the measured strength with theoretical estimates.  



73 

 

4.4.3 Strengthening mechanisms 

As discussed in the previous section, the increase in the hardness/strength on ageing is due 

to the combined effect of the intrinsic strength of the matrix and strengthening 

contributions from the finely dispersed precipitates in the matrix.  The intrinsic strength of 

the matrix is due to the solid solution strengthening achieved from the constituent alloying 

elements present in 17-4 PH steel. The strengthening contribution of precipitates in this 

class of steel is due to the coherency strains (between the matrix and the precipitate) and 

the difference in modulus between precipitate and matrix. The theoretical formulation of 

these strengthening mechanisms is briefed further.  

4.4.3.1 Coherency strengthening 

Coherency strengthening arises from the elastic coherency strains that exist surrounding a 

particle that does not fit in the matrix. Gerold and Haberkorn [49,118] estimated the 

increase in yield stress (∆τcoh) caused by coherent precipitates and is given by  

               
  

 
 
   

            - - ( 4.4 ) 

 where G, ε, r, f and b denote the shear modulus of the matrix, misfit strain, radius of the 

precipitate, volume fraction of precipitates and Burgers vector respectively.  The constant 

Φ depends on the type of the dislocation and a value of 6 has been used [119,50]. 

Considering the variation in  values reported in literature and discussed in detail in 

§4.2.1.2, p.57, it is felt that the experimentally measured normalized mean square strain 

can be used to estimate the coherency strengthening.  Gerold et al. [49] clearly concluded 

that when the precipitates are of small size, the ε may be different.  Hence the normalized 

mean square strain estimated in this study would be used to evaluate the coherency 

strengthening, similar to the usage of  to link with the tempering parameter.   
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4.4.3.2 Modulus strengthening 

The energy of a dislocation is a function of the shear modulus of the lattice in which the 

strain field of the dislocation exists, leading to a decrease or increase in energy as it passes 

through the particle (precipitate). The increase in strength (∆τmod) due to the difference in 

modulus between the precipitate and the matrix was given by Kelly [120] as 

      
  

   
 
   

  
 
   

                                        - - ( 4.5 )       

where ∆G is the difference in modulus between matrix and precipitate, G is matrix shear 

modulus, b is the Burgers vector, r is the radius of the precipitate and f is the volume 

fraction of the precipitate.  A modulus of 77 GPa for the matrix and 48 GPa for the Cu 

precipitate were assumed [51,121,112]. 

4.5 Estimation of radius of precipitates 

For theoretically determining the contributions of various strengthening mechanisms 

discussed above (as given in eqn. 4.4 and 4.5), the microstrain, precipitate fraction and 

radius of precipitates are the important variables required. The microstrain and fraction of 

precipitates have been estimated from XRDLPA and the constants in these equations are 

available from literature. Determination of radius of precipitates especially in early stages 

requires atom probe or TEM investigations wherein the sampled volume is very small.  

The radius of precipitates can be estimated from Zener’s theory of growth of spherical 

precipitates from solid solutions [122]. The growth of spherical precipitates follows the 

equation              where r is the particle radius after time t, D' is the atomic 

diffusion coefficient at a given temperature and ʹ is the growth coefficient which is a 

function of concentration and is taken as 10
-2

 [92]. The temperature independent pre-

exponential Do is determined from the data available from literature while studying Cu 
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precipitation in -iron [92]. The diffusion coefficient, Dʹ is dependent on the activation 

energy of the precipitation process.  The activation energy for the precipitation process 

determined from hardness measurements is 143 kJ/mol as given in §4.1.2 [123]. The 

radius of precipitates estimated in each of the ageing conditions is shown in Table 4.3 

along with microstrain, crystallite size and hardness.  

Table 4.3 Estimated radius of precipitates, normalized mean square strain (α), crystallite 

size and Hardness at different ageing conditions 

Ageing 

condition 

Estimated 

radius from 

Zener’s 

equation  (Å) 

Normalized 

mean square 

strain from 

mWH approach 

(eqn. 2.23) 

Crystallite size 

(D) of the matrix 

from mWH plot 

(eqn. 2.23)  

(nm) 

Hardness 

(VHN) 

± 5 VHN 

Solution 

annealed 

Nil 0.0126 62 319 

380 °C – 0.5 h 10 0.0143 136 375 

380 °C – 1 h 14 0.0172 248 380 

430 °C – 0.5 h 26 0.0146 119 427 

430 °C – 1 h 36 0.0179 242 436 

430 °C – 3 h 62 0.0159 139 459.5 

480 °C – 0.5 h 59 0.0156 101 434 

480 °C – 1 h 84 0.0145 154 431 

 

It is necessary to evaluate the consistency of the theoretical estimates of radius with other 

experimentally measured parameters. Hence, a brief recap of the discussions presented in 

§4.2.1.2 (p. 57) is given first. From theoretical considerations, it is known that above a 

critical radius (  
 

    
  of the precipitate, the precipitates become incoherent [49]. As 

discussed earlier, a misfit strain value of 0.0179 gives a critical radius of 47 Å.  Above this 
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radius, the precipitates are incoherent with the matrix.  A closer analysis of the data 

presented in Table 4.3 shows that the microstrain is maximum when the radius is less than 

47 Å. The peak hardness is observed when the radius is slightly larger than this value. This 

is consistent with the earlier findings [32,31] wherein it has been shown that growth of 

precipitates completes much ahead of peak hardness and subsequent growth is due to 

coarsening.  This is also consistent with the marginal reduction in microstrain. The 

analysis presented above clearly shows that the radius of precipitates estimated is 

consistent with theoretical and experimental observations. However, it would be 

worthwhile to use the above estimated precipitate radius values to evaluate the 

strengthening contributions. 

4.6 Estimation of strengthening contributions 

The strengthening mechanisms active in this class of steel have been discussed in §4.4.3.  

All the parameters required for estimating the contributions to coherency strengthening 

and modulus strengthening have been estimated and these can be linked to increase in 

strength observed on ageing. Hardness has been semiempirically linked linearly to flow 

stress by Tabor [124] and to shear modulus by Clerc and Ledbetter [125].  Hence an 

attempt is made to correlate the strengthening contribution directly with hardness. Since 

the precipitate fractions obtained from changes in lattice parameter and hardness were 

different, both the fractional estimates would be used to evaluate the strengthening 

contributions based on equations 4.4 and 4.5 (p. 73). The strengthening contributions can 

be added linearly or by pythogorean superposition [50,104]. Hence, the hardness (H) at 

different ageing conditions is linked to the modulus and coherency strengthening 

contributions as 

              
       

              - - ( 4.6 ) 
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where Ho is the intrinsic hardness arising due to the alloying elements and the quenched-in 

dislocations present in the steel under solutionized condition. The intercept of a plot 

between hardness and the strengthening contributions would yield Ho and the slope is k1. 

The variation of the theoretically estimated strengthening contribution with hardness is 

shown in Fig. 4.14 and Fig. 4.15. In Fig. 4.14 the strengthening contributions have been 

estimated with precipitate fractions determined from changes in lattice parameter (as 

discussed in §4.3.1).  Similarly, Fig. 4.15 depicts the strengthening contributions estimated 

with precipitate fractions obtained from hardness changes (as discussed in §4.3.2). The 

legends in these figures show the ageing condition of the sample. The linear fit obtained in 

each case and the ad usted R 
2
 values are shown in these figures. The correlation is better 

when the fractional estimates are obtained from hardness changes, as compared to the 

estimates from lattice parameter. The intercepts obtained in each case are 311 ±23 VHN 

and 309 ±12 VHN respectively which is close to the hardness of 320 VHN obtained in the 

solutionized condition. Similarly, the slopes are 1.26e-6 and 1.36e-6 with an error one 

order less.  Though the estimated precipitate fractions showed minor deviations based on 

the approaches used to estimate them, the strengthening contributions and the constants 

determined are in good agreement with each other.   
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 Fig. 4.14. Variation of hardness with coherency + modulus strengthening (precipitate 

fraction estimated from changes in lattice dimensions) 

 Fig. 4.15. Variation of hardness with coherency + modulus strengthening (precipitate 

fraction estimated from changes in hardness) 

It is well known that during ageing, microstructural changes take place with annihilation 

of dislocations causing increase in crystallite size and refinement of substructure at 

elevated temperatures [50,123]. The observed changes in crystallite size with ageing have 
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been well explained in §4.2.1.2. Hence, the contribution to strengthening arising from 

changes in grain size caused by the microstructural changes should also be included.  The 

effect of grain size on strengthening is well related by the Hall-Petch equation. Hence, 

eqn. 4.6 (p. 76) is modified by incorporating the effect of grain size (d) on strengthening 

and the variation in hardness is given by   

              
       

                      - - ( 4.7 ). 

Herein, kH is the Hall-Petch constant (in hardness scale) and k1 is a constant to the 

strengthening term. A least square refinement of the planar equation would yield the 

constants Ho, k1 and kH. In martensitic steels, the accepted measure of grain size is the size 

of the crystallographically coherent block, which is the packet size or block size [126]. 

Ungar et al. [127] had reported that the crystallite size estimated in ferritic/martensitic 

steels is closer or almost equal to the subgrain size. Hence, the crystallite size D estimated 

from XRDLPA based on equation 2.23 (p. 36) has been used as the size in equation 4.7 (p. 

79). The variation of hardness with contributions from strengthening due to precipitates 

(term 2 of eqn. 4.7 in x-axis) and due to the subgrain size changes (term 3 of eqn. 4.7 in y-

axis) are shown in Fig. 4.16 and Fig. 4.17.  These two figures are based on strengthening 

contribution estimated from changes in precipitate fraction obtained from lattice changes 

and hardness respectively. The planar fit obtained is also shown along with the projection 

of the hardness values on x-y plane as square filled dots. The correlation coefficient   
2
 is 

0.75 and 0.93 for the case of fractional estimates based on changes in lattice parameter and 

hardness respectively. The correlations are better than that obtained in the 2-d plots shown 

in Fig. 4.14 and Fig. 4.15. The deviation of the plane shown in Fig. 4.16 from the 

measured hardness is within 30 VHN. In Fig. 4.17, the deviation of the plane at each of the 

locations in the 3-dimensional space is within 10 VHN at all the points except 16 VHN at 
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one of the locations. The intercepts are 280 and 250 VHN and the coefficient k1 has values 

of 1.42e-6 and 1.51e-6 for each of the above approaches with an error one order less.  

When the planar fit is obtained by considering only the strengthening contributions due to 

coherency, the R 
2
 values were low and the Ho values were substantially higher than the 

hardness obtained in solutionized condition.  It was also reflected with a negative kH 

coefficient.  This clearly showed that all the strengthening contributions were not 

included.  The maximum strengthening observed due to coherency strengthening is ~ 70 

MPa, which is consistent with the observations of 75 MPa reported by Holzer et al. [104]. 

 
Fig. 4.16. Linking hardness with the strengthening mechanisms based on eqn. 4.7, x axis 

in (Pa) and y axis in (m
-1/2

) (precipitate fraction estimated from changes in lattice) 
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 Fig. 4.17. Linking hardness with the strengthening mechanisms based on eqn. 4.7, x axis 

in (Pa) and y axis in (m
-1/2

) (precipitate fraction estimated from changes in hardness) 

4.6.1 Discussions on the estimated constants 

The Hall-Petch constant kH is determined by linking with the hardness scale.  To compare 

the value of kH determined by this approach with existing literature, a conversion of scales 

is required.  By studying many materials, it has been shown that the hardness (H) in 

Vickers hardness number scale and flow stress are related by H = 3σf [124]. Converting 

the hardness in VHN scale to flow stress in MPa scale is done by multiplying the hardness 

with 3.2. Converting the hardness to yield strength, the plots shown in Fig. 4.17 were 

redrawn but are not shown here.  From the planar fit of the converted plot, the constants k1 

and k (the Hall-Petch constant) are estimated.  The value of Hall-Petch constant thus 

obtained is 57 MPa.μm
1/2

.  A value of k in the range of 0.04 to 0.16 MPa.m
1/2

 has been 

reported for various materials with fcc structure [128]. In low carbon steel, a Hall-Petch 

coefficient of around 600 MPa.μm
1/2

 is reported, whereas it is between 130-180 MPa.μm
1/2

 

in interstitial free steel [129]. While considering the average spacing between the low and 
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high angle boundaries as Dav, a Hall-Petch coefficient of 310 MPa.μm
1/2

 has been 

estimated for shot-peened low carbon steel specimens deformed to different strains [130].  

The lower value of k obtained in the present study is attributed to the use of subgrain size 

estimated from XRDLPA measurements [131].  Similarly, the intercept of the plane to the 

z-axis occurs at a value of 0.7967±0.11 GPa.  This value is close to the 0.2% proof stress 

of 670 MPa reported for 3.95% Cu added Fe-Cu alloy [51]. Similarly, yield strength of 

tempered 17-4 PH steel has been reported as 0.895 GPa [39]. 

Iso-hardness contours are derived from the projection of the plane shown in Fig. 4.17 

which is depicted in Fig. 4.18.  From these contours, it is possible to estimate the 

combination of crystallite size and strengthening contribution required to achieve a given 

strength in the material.  This would be beneficial to improve the strength, under a given 

ageing condition (precipitation strengthening is known) by modifying the grain structure 

by cold working or by any other process.   

 Fig. 4.18. The plan view of the iso-hardness contours corresponding to the strengthening 

from the precipitates and grain boundaries 
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In this study, the influence of depletion of the matrix due to Cu precipitation would reduce 

the solid solution strengthening contribution, and was not considered. However, while 

addressing the solid solution strengthening of -iron, Schmauder et al. [132] found that 

the strengthening increases drastically to 60 MPa when the Cu concentration increases to 

1% and later slowly increases from 80 to 140 MPa when the Cu concentration increases 

from 2 to 5%.  Holzer et al. [104] had reported a solid solution strengthening contribution 

of Cu in Fe as kCu.xCu
0.5

 with kCu as 40 MPa/(wt% Cu) and xCu as the Cu content of the 

matrix in wt%.  A reduction in Cu content in the matrix from 4 to 2.5 % (due to 1.5% Cu 

precipitate formation as estimated earlier) would reduce the solid solution strengthening 

contribution by 17 MPa. Hence, ignoring the effect of depletion of the precipitating 

element from the solid solution strengthening is marginal.  However, the results would 

improve if this effect is also considered. 

4.7 Summary 

 The Avrami exponent determined is 0.52 which is marginally higher than the 

published literature value of 0.45 for this class of steel. 

 In the overaged regime, the kinetics follows the Wilson model showing that the 

Orowan mechanism is predominant. 

 The activation energy of the precipitation process is estimated as 143 ± 20 kJ/mol 

which also matches with published literature. 

 The observed anisotropic broadening in WH plot has been addressed using the 

modified WH approach which takes into account the contrast caused by 

dislocations to address the anisotropic broadening. The application of the modified 

WH approach to study ageing behaviour is able to identify early precipitation and 

addresses the anisotropic broadening.  
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 The normalized mean square strain estimated shows good correlation with changes 

in hardness indicating the contribution of coherency strain to hardening. 

 The crystallite size changes are consistent with microstructural observations. 

 The hardness and normalized mean square strain have been correlated linearly to 

the tempering parameter in the over aged and incoherent regime. 

 A simple approach is presented for theoretically determining the lattice parameter 

and is used to estimate precipitate fractions below 2%.  

 The parameters derived from XRD profile analysis, namely lattice parameter, 

microstrain and crystallite size in 17-4 PH steel have been uniquely used to 

understand the age hardening behaviour of 17-4 PH steel.  

 Studies using this unique approach clearly show that coherency strengthening, 

modulus strengthening and grain boundary strengthening act in tandem and result 

in improved strength of this steel. This approach would be used to evaluate the 

strengthening mechanisms active in maraging steel in the following chapter.   

 The values of constants namely H
o
 and k determined in this study matches well 

with the published literature [51,129,130,39]. 

 Iso-hardness curves have been generated and they can be used for determining the 

appropriate contributions to strengthening from grain boundaries and precipitates. 
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Chapter - 5 

5 Ageing behaviour of M250 grade maraging steel 

In this chapter, the studies carried out on isothermally aged (at 482 °C, 755 K) M250 

grade maraging steel are to be presented. First, the changes in hardness on ageing and the 

kinetic parameters derived from the change in hardness would be presented.  The results of 

the XRD analysis carried out using modified WH approach and modified WA analysis 

would be explained.  A comparison of the results obtained by the two approaches would 

be made. The approach adapted for using the observed changes in lattice parameter for 

estimating precipitate fraction would be presented. Finally, the parameters estimated from 

XRDLPA are used to explain the observed increase in strength of maraging steel using an 

unique approach.  

5.1 Precipitation kinetics from hardness 

The variation of hardness with ageing time of M250 grade maraging steel samples aged at 

482 °C (755 K) is shown in Fig. 5.1a. The hardness variation shows typical age hardening 

features, i.e. the hardness in solutionized condition (329 VHN) increases to a peak value of 

600 VHN on ageing for 40 h. On further increasing the ageing time to 70 and 100 h, 

hardness decreases, which implies over ageing.    As explained in §4.1.1, the kinetics 

during the ageing regime is studied using the Avrami equation (eqn. 4.1). The hardness is 

normalized with the peak hardness using the approach of Robino et al. [90] as detailed in 

§4.1.1.  The variation of normalized hardness which is equivalent to precipitate fraction 

with ageing duration is shown in Fig. 5.1b. The fit of the Avrami equation obtained from 

the normalized hardness is also shown in Fig. 5.1b.  The Avrami exponent (n in eqn. 4.1, 

p. 47) estimated from this fit is 0.34 ± 0.04 which matches well with the published data of 

0.35 [29] and 0.39 [43] arrived at from resistivity measurements at this temperature. An 
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exponent value in this range has been attributed to initial precipitation on dislocations, 

followed by growth on these dislocations [29]. A value of 0.34 is determined from 

microstrain based on the assumption that the increase in coherency strain is due to growth 

of precipitates [32]. This result would be presented in the following section (§5.2.1.2, p. 

90). 

(a) (b) 

Fig. 5.1 (a) Variation of hardness with ageing time (h) and b) Fraction of precipitates 

transformed with ageing time (s) (legends indicate the ageing time in h) 

5.2 XRD studies in maraging steel 

The XRD spectra of samples aged at 482 °C (755 K) for 0.25, 70 and 100 h along with the 

solution annealed specimen is shown in Fig. 5.2. The peaks in the spectrum of the solution 

annealed sample have been marked and indexed, which correspond to body centred cubic 

(bcc) matrix. All the peaks show similar features except for changes in full width at half 

maximum (FWHM). In addition to the matrix peaks from bcc structure, the peaks due to 

austenite are indexed in the XRD profile of 100 hour aged sample. Evolution of reverted 

austenite is clearly seen in samples aged at 70 and 100 h.   The volume percent of austenite 

(γ) formed by reversion of martensite during ageing, was determined by direct comparison 

of the integrated intensities of the (111) and (200) planes of the γ phase with the intensities 

of the (110) and (200) planes of the bcc phase [55]. The percentage of austenite has been 
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estimated as 5 and 30% in 70 and 100 h samples respectively.  The reduction in hardness 

observed on ageing for 70 and 100 h (Fig. 5.1a) is consistent with the austenite formed.  

 Features of an additional peak seen at an angle of ~42° (as identified in 100 h aged 

sample) is found to match with the PDF (Powder diffraction files from ICDD) cards of 

Ni3Ti (05-0723) and Fe2Mo (06-0622). Clearly distinguishable peaks corresponding to 

intermetallic phases are observed in the samples aged for 70 h and more. However all the 

peaks corresponding to these intermetallic phases could not be identified as some of the 

intense peaks coincide with the peaks of the matrix that has both martensite and austenite. 

The full width at half maximum (FWHM - β) corresponding to all the phases and peak 

locations were determined for all the specimens using the procedures mentioned in §3.3.3. 

These values are used in further analysis of XRD data.  

 Fig. 5.2 XRD spectra of solution annealed M250 samples along with 0.25, 70 and 100 h 

aged samples  
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5.2.1 Modified WH approach 

The WH plots (as per eqn. 2.11, p.30) and modified WH plots (as per eqn. 2.23, p.36) of 

samples aged for 0.25, 10 and 100 hours at 482 °C (753 K) are shown in Fig. 5.3a and b 

respectively.  Similar feature of anisotropic broadening with diffraction angle is observed 

for all the samples. The typical features of all the plots were that reflections corresponding 

to (200) and (310) had higher values of βcosθ as compared to (110), (211) and (220) 

which almost followed a linear increase with diffraction angle owing to the uniform 

contrast factor ( C ) (eqn. 2.24, p.36) arising from the same H
2
 value. 

The observed anisotropic broadening is treated using the modified Williamson-Hall 

(mWH) approach which takes into account the strain anisotropy caused by dislocations. 

All the samples showed similar linear fit with a correlation coefficient better than 0.99.  

The observed linear fit also validates the assumption that there is no local variation of 

dislocation density and hence makes the variable O of eqn. 2.23 small. Such linear 

behaviour has been observed in ball milled iron powder (Fig. 8 of Ref. [80]) and Rb-doped 

Rb3C60 fullerite powder specimens (Fig. 5(b) of Ref. [81]). Similar linear fits were 

obtained in 17-4 PH steel samples reported in the earlier chapter.  

(a) (b) 

Fig. 5.3 (a) WH plot (b) modified WH plot for samples heat treated at 482 °C for 0.25, 10 

and 100 h 
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5.2.1.1 Changes in microstrain on ageing 

The normalized mean square strain (α) is estimated from the slope of the mWH plots 

shown in Fig. 5.3b. The variation of normalized mean square strain (microstrain) with 

ageing duration is shown in Fig. 5.4. Among all the samples, α is the lowest for the 

solution annealed sample. On initial ageing, recovery of martensite [26,133] takes place in 

this steel which should ideally reduce the strain in the matrix. However, the rapid increase 

in the strain by ~ 100% after 0.25 hours of ageing is attributed to the formation of fine 

intermetallic precipitates causing coherency strains. The TEM studies carried out by 

Vasudevan et al. [29] on 1 h aged C250 samples showed pronounced streaking indicative 

of precipitation. The elemental composition of commercial C250 grade steel and M250 

grade steel used in this study are almost similar. Rajkumar et al. [133] reported precipitate 

reflections from selected area diffraction (SAD) patterns of 3 h aged M250 steel samples, 

similar to the observations of Vasudevan et al. [29].  Peters and Cupp
 
[43], from their 

resistivity measurements
 
have found that no incubation period is required for precipitation 

in maraging steels. Hence, the increase in the microstrain after 0.25 h of ageing can be 

used to detect early precipitation. Novelo-Peralta et al. [134] carried out characterization 

of Al-Mg-Cu alloys using WH method and by estimating the attenuation factor. The 

authors found negligible change in microstrain during early ageing (up to 0.5 h) but found 

significant changes after 6 h of ageing. However, change in attenuation factor during early 

ageing was reported by these authors [134]. In this study, early precipitation induced 

microstrain has been detected using mWH approach in both 17-4 PH steel and maraging 

steel.  
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Fig. 5.4 Variation of normalized mean square strain with ageing time 

The peak microstrain is observed in samples aged for 10 h at 482 °C as shown in Fig. 5.4 

This indicates that the precipitates are still coherent with the matrix. The decrease in the 

microstrain on ageing above 10 h is attributed to the coarsening of precipitates which 

causes reduction in coherency strains. Optimum size and distribution of the precipitates is 

essential to achieve optimum hardness.  It is clear from Fig. 5.1 and Fig. 5.4. that the 

increase in the hardness of this material on ageing is related to the increased microstrain 

(α) in the matrix which increases due to the formation of fine intermetallic precipitates. 

5.2.1.2 Microstrain for precipitation kinetics 

The shape of the normalized mean square strain () curve with ageing (Fig. 5.4) suggests 

that the kinetics of precipitation can be represented by the Avrami equation. The fraction 

of precipitates transformed can be obtained by normalizing  and is given by

)/()( max SASAt   , where ,t  ,SA  and max  indicate the  values at ageing time t, 

solution annealed condition and the maximum value of  achieved here at 10 h of ageing 

respectively.  The use of  value of sample aged for 10 h duration as max  is also based on 

the fact that size increment of precipitates during ageing occurs due to coarsening rather 
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than growth kinetics, once precipitation growth completes [31]. The reduction in 

microstrain on further ageing is attributed to the coarsening of precipitates causing the 

coherency strains to reduce. This normalization procedure is valid provided the increase in 

 is due to the formation of precipitates. The value of Avrami exponent thus determined 

using the above normalization procedure is 0.34±0.08 which matches with the value 

determined using hardness measurements as detailed in §5.1. The fit of the above equation 

clearly showed that the changes in microstrain on ageing can be used as the basis to model 

the kinetics of precipitation. For this approach to be valid, the increase in the microstrain 

due to precipitation should clearly dominate the reduction in microstrain expected due to 

annihilation of dislocations. This approach of using microstrain to study precipitation 

kinetics could not be validated in 17-4 PH steel as peak microstrain was achieved as early 

as 1 h at the temperature and time ranges considered in this study. 

While peak hardness in maraging steel is observed at 40 hours (Fig. 5.1a), normalized 

mean square strain peaks at 10 hours. These results are consistent with the findings of Guo 

et al. [31] 
 
that, growth of precipitates completes ahead of peak hardness at various 

temperatures in C250 steel. Similar observations were made while studying ageing 

behaviour of 17-4 PH steel as reported in §4.2.2. 

5.2.1.3 Crystallite size changes on ageing 

Table 5.1 gives the variation of crystallite size with ageing duration. A lower value of 

crystallite size (38 nm) observed in the solution annealed specimen is consistent with the 

high density of dislocations observed in this condition in various studies [29,133]. It is 

well known that dislocation substructure fragments the grains of polycrystalline materials 

into small domains. Also, the drastic increase in crystallite size to (125 nm) observed after 

0.25 hours of ageing at 482 °C stems from the annihilation of dislocation substructures, 
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notwithstanding the initiation of precipitation of intermetallics. Annihilation of 

dislocations has been inferred by Rajkumar et al. [111] from positron annihilation studies 

under these conditions.  The crystallite size estimates of the samples aged for 10, 40, 70 

and 100 hours are almost same, which shows that the internal substructure of the 

martensite matrix remains unchanged.  

Table 5.1 Changes in crystallite size estimated from the intercept of mWH plot shown in 

Fig. 5.3 along with the correlation coefficient 

Ageing 

duration  

Crystallite size 

estimated from modified 

WH plot (nm) [32] 

Correlation coefficient 

of modified WH plot 

Solution 

annealed 

38±2 0.998 

 0.25 h 125±25 0.999 

1 h 71±22 0.995 

 3 h 153±35 0.999 

10 h 70±18 0.997 

40 h 76±14 0.998 

70 h 90±15 0.999 

100 h 83±9 0.993 

5.2.2 Modified WA analysis 

The Fourier transformation of each of the 5 peaks was carried out to estimate the Fourier 

coefficients (A(L)) based on the procedures mentioned in §2.7.2 (p. 31). A typical plot of 

lnA(L) vs. K
2
   of 1 h aged sample is shown in Fig. 5.5 along with the fits obtained based 

on eqn. 2.28 (p. 38). The size coefficient A
S
(L) is estimated from the intercept of the fit.  

The coefficient of the first order term gives the estimate of ρBL
2
ln(Re/L) for each value of 

L and is denoted as X(L).  
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Fig. 5.5 Plot of lnA(L) vs. K
2
   of 1 h sample at L values of 10, 30, 50, 70 and 100 Å 

5.2.2.1 Dislocation parameters derived from mWA analysis 

The dislocation density   , and outer cutoff radius of the dislocations Re are estimated 

based on procedures mentioned in §2.8.2 by plotting X(L)/L
2
 vs. lnL as per eqn. 2.29 in 

p.38.  The values obtained under different ageing conditions are listed in Table 5.2. The 

slope of the )(LAS
vs. L plot has been used to determine the area weighted size LS, as per 

eqn. 2.19. The dislocation density, ρ
S
 determined by this approach shows continuous 

increase and peaks at 10 h. However, Williamson and Smallman [135] had shown that the 

average dislocation density, ρ=(ρ
S
*ρ

D
)
0.5

 where the subscripts S and D denote the 

contributions from strain and domain size respectively.  The contribution to dislocation 

density from domain size can be estimated from 3/D
2
 where D is the domain size [135]. In 

studies based on WA approach, the area weighted size LS has been used as the value of D 

[85,136].  Based on this approach, the average dislocation density is determined and the 

values are listed in the fifth column of Table 5.2.  The dislocation arrangement parameter 

or the Wilkens arrangement parameter is defined as        [137]. The Wilkens 

parameter M is listed in the last column of Table 5.2.  
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Table 5.2 Variation of the various parameters determined from modified WA approach 

with ageing duration is shown below 

Ageing 

duration  

Dislocation 

density (ρ
S
) 

from mWA 

(m
-2

) 

LS 

(Å) 

Re 

(Å) 

Average 

dislocation 

density 

ρ=(ρ
D* ρ

S
)
0.5

  

(m
-2

) 

Wilkens 

Parameter 

M 

Solution 

annealed 
8.38E15 118 250 1.34E16 2.29 

0.25 h 1.08E16 140 361 1.28E16 3.76 

1 h 1.06E16 120 388 1.48E16 4.01 

3 h 1.08E16 118 395 1.52E16 4.11 

10 h 1.55E16 112 280 1.92E16 3.5 

40 h 1.12E16 106 344 1.73E16 3.65 

The value of dislocation density determined in solution annealed condition is close to the 

value of 1x10
16

 m
-2

 reported for 18Ni maraging steel [88] from XRD studies. A 

dislocation density of 6x10
14

 m
-2

 has been determined for 6Cr-3Ni low carbon steel under 

solutionized condition [138].  The ρ value decreases marginally on ageing for 0.25 h and 

increases to a peak value on ageing for 10 h.  It is well known that, on ageing, annihilation 

of dislocations takes place and dislocation density would reduce. TEM studies on the steel 

used in this study had revealed reduction in dislocation density in 3 h aged specimens 

[111].  The variation of the average dislocation density with ageing duration is shown in 

Fig. 5.6. However, the observed changes in average dislocation density (on ageing) 

determined based on the XRD analysis needs to be understood and validated.  It is to be 

noted that the WA analysis carried out is also sensitive to the effect of coherency strain 

due to precipitates. 

Hence, a survey of literature clearly shows that magnetic Barkhausen emission based 

studies [36,133] and nonlinear ultrasonic techniques [139] are sensitive to both 

precipitation and dislocation induced effects. The nonlinear ultrasonic (NLU) parameter 
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(), which is the ratio of the amplitudes of the second and first harmonics of the ultrasonic 

wave is a strong function of dislocation density and coherency strains due to precipitates 

[140,141,142]. The variation of relative β parameter (β of each sample normalized with 

the β measured in solutionized condition) with ageing is also shown in Fig. 5.6. Viswanath 

et al. [139] had separated the observed variation of the relative β parameter with ageing in 

to 3 regimes [32].  The authors explained the initial decrease to annihilation of 

dislocations.  In the regime above 0.25 h, up to 10 h, a linear increase was explained based 

on the increase in microstrain estimated from the mWH approach presented in this thesis 

[32]. Above 10 h of ageing, the observed decrease in relative β parameter was attributed to 

the coarsening of precipitates and formation of austenite. The average dislocation density 

determined based on mWA analysis is in agreement with the changes in β parameter. In 

the following section, an attempt would be made to separate the contributions of 

precipitates and dislocations to XRD profile broadening.  

 
Fig. 5.6 Variation of dislocation density and relative beta parameter [139] with ageing 

duration (SA indicates solution annealed condition) 
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The outer cut-off radius of dislocations (Re) drastically increases on ageing for 0.25 h and 

on further increase in duration up to 3 h, increases marginally. The domain size increased 

considerably as reported in Table 5.1. The variation of Wilkens parameter M with ageing 

follows the trend of Re. Shin et al. [138] observed an increase in Wilkens parameter 

accompanied by increase in domain size while studying the annealing behaviour of 

precipitation hardenable 6Cr-3Ni martensitic steel. Similar observations were made by 

Dey et al. [20] in cold-worked Pb-Bi alloys. The results observed here are consistent with 

these observations. It is to be noted that Re is a parameter, having statistical–physical 

meaning which characterizes the interaction of dislocations and its distribution in an 

ensemble [86,137]. The Wilkens parameter, signifies the effectiveness of the screening of 

the strain fields of the neighbouring dislocations. If the value of M is smaller or greater 

than unity, the screening effect is strong or weak. Alternately, if the M parameter is large, 

the dislocations are randomly located and the tails of the XRD profile converge to a 

Gaussian function [137].  

On increasing the ageing duration to 10 h, a reduction in M and Re is accompanied by an 

increase in dislocation density. This indicates that the screening effect of dislocations 

increases. Similar reduction in Wilkens parameter, accompanied by increase in dislocation 

density has been observed by Garabagh et al. [143] during deformation of 18 Ni maraging 

steel.  On ageing for 10 h, a reduction in volume weighted crystallite size determined from 

mWH analysis (Refer Table 5.1) with an increase in dislocation density (Refer Table 5.2) 

is observed. During deformation of maraging steel, Garabagh et al. [143] estimated a 

decrease in M value, and inferred that the dislocation arrangement goes towards the 

formation of low-energy dislocation structures, acting as an initial step in the formation of 

dislocation cells and ultra-fine grains. Dey et al. [20] observed a decrease in Wilkens 
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parameter accompanied by a decrease in domain size. The reduction in crystallite size 

observed in this study is consistent with the reported observations.   

5.2.2.2 Mean square strain as a function of column length 

The value of  gL,2  can be determined from X(L) as per eqn. 2.27. Due to the 

reciprocity of column length L (Refer Fig. 2.1 in p. 33) with d space, the tail regions 

correspond to effects at shorter column lengths, and the regions near the peak correspond 

to longer column lengths. The inferences that are drawn from the variation of   L2  as 

a function of column length L are discussed further. The variation of  L2  vs L for the 

(200) plane is shown in Fig. 5.7a and b as filled square and circle.   Fig. 5.7a shows the 

variation of  L2  of solution annealed sample along with that of 3 h aged sample. It is 

clear from Fig. 5.7a that the strain  L2 , at shorter column lengths is more for the 

solution annealed sample.  While the strain is lower at shorter column lengths, it is more at 

longer column lengths in the 3 h aged sample.  This is indicative of annihilation of 

dislocations affecting strains at shorter column lengths and precipitate induced effects 

having long range effects.   

Similarly, Fig. 5.7b depicts the variation of  L2  of 10 and 40 h aged samples. From 

Fig. 5.7b it is seen that the strain is lower at shorter and longer column lengths in 40 h 

aged sample as compared to the 10 h aged sample.  The normalized mean square strain (α) 

(estimated using mWH analysis by using the FWHM as the breadth β) of the 40 h sample 

showed a reduction in microstrain (α) as compared to the 10 h sample.  A marginal 

increase in strain (of 10 h aged sample) at shorter column lengths is observed as compared 

to that of the solution annealed sample. This is indicative of formation of fresh 

dislocations, as some of the precipitate particles reach their critical size to form interface 
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dislocations which is also reflected in the apparent reduction in crystallite size [50] of 10 h 

aged sample, as shown in Table 5.1 p. 92. The changes in ρ and M parameter are also 

consistent with these observations. 

(a) (b) 

Fig. 5.7 Variation of  L2  as a function of column length L a) for solutionized and 3 h 

aged sample b) 10 and 40 h aged sample 

5.2.3 Comparison of the strain estimated by mWH and mWA methods 

The observed variation of  L2  as a function of column length L has been analyzed by 

various authors. According to Rothman and Cohen [144], the mean square strain due to 

dislocations follows an inverse relation with column length and is given as 

          
 

 
             - - ( 5.1 ). 

A detailed derivation of the variation of mean square strain has been carried out by 

Krivoglaz [79] and Wilkens [137] and had been shown to be proportional to ln(Re/L) and 

the detailed expression is given in eqn. 2.27 (p.37). Balzar and Ledbetter [16] formulated 

an empirical relation for strain           from the Cauchy and Gaussian components of 

broadening due to distortion and their relationship (eqn. 19 of [16]) can be written of the 

form  
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            - - ( 5.2 ). 

The parameters P0 and P1 represent broadening due to Gaussian and Cauchy components 

respectively.  

Expanding the logarithmic expression (eqn. 2.27, p.37) into Taylor series and limiting the 

same to second order term, the mean square strain is given as  

             
  

 
 

  

  
            - - ( 5.3 ). 

The fit of the above equation to the data obtained at various L values for different samples 

is shown in Fig. 5.7. The adjusted R
2
 is better than 0.97 in all the samples.  However, the 

solution annealed sample which is known to have high density of dislocations shows the 

best fit in the entire L range which is consistent with the fact that the equations have been 

derived for dislocated crystals.  In other samples, the fit of the data to the eqn. 5.3 is closer 

at column lengths up to 100 Å.  Berkum et al. [145] analyzed the validity of WA analysis 

and other approaches and found that if the strain distributions deviate more from the 

Gaussian, the smaller the L range for which the WA analysis is valid. These authors also 

showed the applicability of WA analysis in the L range up to 100 Å.   

From the fit, the values of P0, P1 and P2 are determined.  The parameter P0 corresponds to 

the strain observed at larger column lengths. The strain is estimated as P0
0.5

. The strain 

thus estimated from P0 as a function of ageing duration is shown in Fig. 5.8 as filled 

squares. In the same figure, the normalized mean square strain (), estimated from 

modified WH analysis and presented in §5.2.1, is redrawn. Though there are minor 

variations, the trend of the variation of strain estimated from both the approaches remains 

similar. It is clear from this comparison that the long range strain estimated from the 

mWA analysis matches well with the normalized mean square strain (α) estimated from 

mWH analysis. The variation of P1 is indicative of dislocation annihilation effects. 
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However, the physical interpretation of the parameters, P1 and P2 determined from the 

fitting requires further analysis and validation.   

 Fig. 5.8 Variation of strain estimated from P0 based on modified WA analysis and 

normalized mean square strain  estimated from mWH analysis with ageing duration 

5.2.4 Precipitation fraction from lattice changes 

Based on the literature presented in §1.4 (p. 7) and further elaborated in §4.3.1 (p. 64), the 

fraction of precipitates formed could be evaluated from changes in lattice parameter.  

However, in maraging steel, it is well known that strengthening of the steel occurs due to 

the combined presence of hexagonal Ni3(Ti,Mo) and Fe2Mo intermetallic precipitates 

[29,30]. Detailed literature on the precipitation behaviour of maraging steel was presented 

in §1.5.2 (p. 12). The matrix becomes lean of Ni due to the formation of precipitates, and 

their impact on changes in lattice parameter was presented in §4.3.1. The effect of Ni 

addition on lattice parameter of Fe-Ni alloys was presented in Fig. 4.11b. Similarly, Ti 

present in the matrix joins with Ni to form Ni3Ti making the matrix lean of Ti.  Since, Ti is 

available as a high temperature phase in bcc structure, the atomic volume of Ti can be 

arrived at from the lattice parameter of this phase.  The effect of addition of Ti to Fe-Ti 
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binary alloy systems is shown in Fig. 5.9.  The inset to the figure shows the changes in 

lattice parameter at lower concentrations of Ti.  A linear relationship is valid in this Fe-Ti 

system. Hence, the volume occupied by each atom of Ti in a unit cell is estimated as 

1.86e-29 m
3
/cell.  The value of 1.76e-29 m

3
/cell used by Guo et al. [26] is arrived at based 

on volume occupied in hexagonal closed pack (hcp) structure. Molybdenum being stable 

in bcc structure, the atomic volume has been assumed to be same in maraging steel.  

Cobalt is found in fcc structure and from the PDF card 00-015-0806, the volume occupied 

by each atom is estimated as 1.11e-29 m
3
/cell.  However, as per the distance of closest 

approach, the volume occupied by Co atom in bcc structure of maraging steel is 1.21e-29 

m
3
/cell.  Since Co is an alloying element, the modified volume of Co has been used to 

estimate the theoretical lattice parameter of M250 grade maraging steel. However, Co 

does not have any influence on the changes in lattice parameter during precipitation.  

 Fig. 5.9 Variation of lattice parameter of Fe-Ti bcc alloys with Ti concentration (The 

legends indicate the Powder diffraction file available from ICDD) 
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Based on the chemical composition of maraging steel presented in Table 3.3 (p.43), and 

the volume occupied by each of the alloying elements as listed in Table 4.1 (p.67) along 

with the volume of Ti and Co presented above, the lattice parameter of solutionized 

maraging steel is estimated as 2.8840 Å.  The measured lattice parameter of solution 

annealed maraging steel used in this study is 2.8843 Å, well in agreement with theoretical 

estimates.   

Theoretical estimates of changes in lattice parameter due to these 3 different types of 

precipitates have been obtained. The calculated decrease in lattice parameter due to 

precipitation of these precipitates is shown in Fig. 5.10a. The precipitate fractions have 

been estimated based on the assumption that these precipitates form with hcp structure 

with 4 atoms per unit cell.   (PDF card No. 00-051-1169 for Ni3Ti, PDF card No. 00-006-

0622 for Fe2Mo and PDF card No. 00-050-1094 for Ni3Mo with hcp structure) These 

calculations are at variance with the findings reported by Guo et al. [26] and shown in Fig. 

1.2 (p. 9).  This is due to the changes in atomic volume considered in this study.   

The measured changes in lattice parameter of maraging steel samples heat treated for 

various ageing durations is shown in Fig. 5.10b. The observed decrease in lattice 

parameter during initial ageing is consistent with the theoretical estimates based on the 

formation of Ni3(Ti,Mo).  In maraging steels various studies have shown that in early 

stages of precipitation Ni3Ti forms and Fe2Mo is reported in later stages of precipitation 

[42,146]. The marginal increase in lattice parameter on 10 h of ageing is due to dissolution 

of initial precipitates, which occurs before the formation of austenite [34,146]. The large 

change in lattice parameter observed on ageing from 10 to 40 h is consistent with the 

formation of Fe2Mo (as seen by the blue line in Fig. 5.10a). The more or less constant 
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lattice parameter observed between 40 and 100 h of ageing shows that increase in 

austenite fraction from 2 to 30% does not influence the lattice parameter.  

(a)                                     (b) 

Fig. 5.10 (a) Calculated variation of lattice parameter for different types (Ni3Ti, Ni3Mo 

and Fe2Mo) of precipitates (b) Measured variation of lattice parameter with ageing time 

Vasudevan et al. [29], in their energy dispersive X-ray microanalysis of precipitates 

obtained on long term ageing of C250 grade steel found substantial amount of Mo 

substituting Ti in the Ni3Ti.  Similar inferences were recorded by Viswanathan et al. [42] 

in their studies on 350 grade maraging steel. Hence, the change in the a value of the matrix 

due to the depletion of Ni, Ti and Mo to form intermetallics, gives an average slope of 

da/dx of -4.09E-3 Å/precipitate fraction. Based on this slope, the precipitate fraction is 

estimated from changes in lattice parameter and is shown in Fig. 5.11 as blue filled circles.  

It is to be noted that the precipitate fraction estimated on 40 h of ageing from lattice 

parameter changes would be larger.  However, considering the fact that the normalized 

mean square strain decreases on 40 h of ageing due to the precipitates becoming 

incoherent, the precipitate fraction has been normalized to the maximum change in lattice 
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parameter observed in 3 h condition.  As discussed earlier, the large decrease in lattice 

parameter from 10 to 40 h is due to the formation of Fe2Mo. To confirm the estimates of 

precipitate fraction, the precipitation kinetics studied from hardness measurements and 

shown in Fig. 5.1b is redrawn in Fig. 5.11 as black filled square.  As discussed in §4.3.3 

(p. 69), hardness based study of kinetics of the precipitation process would provide 

information in a normalized scale of 1. The hardness changes have been converted to 

precipitate fractions based on the results obtained from lattice parameter changes.  Despite 

the presence of 3 different precipitates, the agreement between the fractional estimates 

based on the 2 different approaches is reasonable.  

 Fig. 5.11 Variation of precipitate fraction estimated from changes in lattice parameter 

(blue dots) and from hardness changes (black filled square) 

5.3 Precipitate radius from activation energy 

Similar to the approach followed in the studies on 17-4 PH steel, the estimate of 

precipitate radius can be carried out from activation energy §4.5 (p.74). Since the study 

carried out herein is limited to isothermal ageing at one temperature, activation energy for 

the precipitation process cannot be deduced from this data.  Hence, the activation energy 
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of precipitation process of similar steels has been analyzed and accordingly chosen from 

literature.  Peters and Cupp [43] had analyzed the kinetics of various 18% Ni maraging 

steels including the 250 grade with and without Co using hardness and resistivity 

measurements.  Using the time to reach 80% of peak value of resistivity or hardness, the 

authors estimated an activation energy of 42.8 kcal per mole (180 kJ/mol) for the 3 alloys. 

Vasudevan et al. [29] estimated an activation energy by determining the time to reach a 

particular fraction which was arrived at from resistivity measurements. A value of 101 

kJ/mol at a fraction of 25%, which increased to 181 kJ/ mole at a fraction of 75% was 

arrived at in T250 and C250 grade (T-250 grade steel has more of Ti and has very little 

Co) maraging steels. Guo et al. [26] studied the phase transformation kinetics of C250 

grade maraging steel from differential scanning calorimetry measurements and compared 

the same with modeling and estimated an activation energy of 205 kJ/mol for the 

precipitation process. Hence this value of activation energy is used along with the 

diffusion coefficient of Ni [147] to estimate the radius of precipitates based on Zener’s 

law. The estimated radius of precipitates and the normalized mean square strain with 

ageing condition are listed in Table 5.3. The estimated precipitate radius is 25 Å on ageing 

for 10 h.  Similar to the observations made in 17-4 PH steel, the theoretical estimates are 

compared with the critical radius (  
 

    
  of the precipitate above which the precipitates 

become incoherent [49]. For a peak microstrain of 0.026 (10 h), the critical radius is 32 Å. 

The estimated radius is below this value.  Studies by Vasudevan et al. [29] had estimated 

the average precipitate diameter as ~ 4.5 nm after 3 h of ageing, from TEM evaluations.  

This value is close to the value estimated here. As the precipitate size grows to 50 Å, the 

microstrain decreases indicating that the precipitates are incoherent with the matrix. 

The lattice mismatch between the close packed directions of the matrix and the Ni3Ti 

precipitates is 2.22 % [29]. The microstrain estimated herein is close to this value. This 
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misfit could be accommodated by an edge dislocation spaced 25 atomic planes apart. 

From this analysis, the authors [29] had suggested that precipitates with size less than 10 

nm would be coherent, while larger ones become semicoherent. The geometric criterion 

for coherency to exist between the matrix and the precipitate is given by the condition ∆t. 

≤ |b| where ∆t,  and b represent the precipitate-matrix interface length, misfit strain and 

Burgers vector respectively [102]. In M250 steel, for a b value of 2.5 Å, leads to an 

interface length of 10 nm and it is felt that, the critical radius is a better parameter for 

determining whether the precipitates are coherent or incoherent. 

Table 5.3 Estimated radius of precipitates and normalized mean square strain under 

different ageing conditions 

Ageing duration Estimated 

radius from 

Zener’s 

equation  (Å) 

Normalized mean square 

strain from mWH 

approach (eqn. 2.23) 

±0.001 max 

Solution annealed Nil 0.0123 

0.25 h 4 0.023 

1 h 8 0.0237 

3 h 14 0.0257 

10 h 25 0.0258 

40 h 50 0.0242 

 

Viswanathan et al. [42], found that the average precipitate size was ~40 nm in length and 

2.5 nm in thickness in samples of M350 grade maraging steel aged at 510 °C (783 K) for 

3 h. These precipitates were identified as rod shaped. Yi He et al. [148] studied the 

microstructure of 2000 MPa Co-free maraging steel aged at 753 K using TEM 

investigations.  They found Ni3Ti precipitates of diameter 5 nm, and length around 15 nm 

in 3 h aged specimens. The radii estimated in this study are similar to these observations, 
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though the grades are different.  However, the theoretically estimated radius, microstrain 

and precipitate fraction arrived at from XRD profile analysis would be used to evaluate the 

various precipitate strengthening mechanisms in the following section. 

5.4 Strengthening in M250 grade maraging steel 

Vasudevan et al. [29] attempted to analyze the increase in strength of T250 grade steel by 

means of Orowan relationship by estimating the interparticle spacing from precipitate 

fraction and diameter.  They found reasonable agreement between the measured (1723 

MPa) and calculated value (1540 MPa) for samples aged at 482 °C (753 K) for 6 h.  

However, the authors further concluded that the increase in strength is governed by the 

coherency stresses and internal ordering of precipitates. It is to be noted that the Orowan 

relationship that was adapted by them is valid at longer ageing times.  Similarly, 

Viswanathan et al. [42] suggested that under peak aged condition, order hardening and 

coherency strain hardening make significant contributions to strengthening and hence they 

need to be considered. Pereloma et al. [149] in their studies on Fe-20Ni-1.8Mn-1.5Ti-

0.59Al maraging steels aged at 550 °C using 3D atom probe propose that the 

strengthening arises from the extra energy required for dislocation to cut a diffuse 

antiphase boundary formed by the pairing of solute species. Seetharaman et al. [102] 

analyzed the various precipitation strengthening mechanisms active in PH 13-8 Mo 

stainless steel. The NiAl precipitates which strengthen this material were having ordered 

structure. Hence, the strength increase on ageing was analyzed by including the coherency, 

modulus and order strengthening, but they found significant differences between the 

measured strength and calculated strength. Hence, it is proposed to evaluate theoretically, 

the strengthening contributions due to coherency, modulus and order strengthening. 
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5.4.1 Order strengthening 

As the name implies, the ordered nature of the coherent precipitates causes order 

strengthening. An antiphase boundary (apb) forms on the slip plane of the precipitate 

phase, when a matrix dislocation shears an ordered precipitate, The energy contained in 

the apb γapb, leads to an increased resistance to dislocation motion. In materials with 

ordered precipitates, the dislocations move in pairs, as the dislocation which first created 

the apb, disturbs the order and a second dislocation is necessary to maintain order 

[50,150]. Hence the increase in yield stress due to order strengthening is given by 

      
    

  
  

         

   
 
   

               - - ( 5.4 ) 

where, f and r denote precipitate fraction and radius. T = 1/2Gb
2
, where G and b are shear 

modulus and Burgers vector respectively [50,150].  

5.4.2 Hardness and Yield strength 

Based on the formalism explained in §4.6.1 (p.81), the hardness is converted to yield 

strength and both the values are given in Table 5.4. Rajkumar et al. [151] had estimated 

the yield strength of a few samples with similar heat treatment conditions studied here and 

these values are listed in the last column of Table 5.4. The converted yield strength and 

measured yield strength compare well with each other and the maximum deviation is 

100 MPa. Hence, the converted yield strength is used further to compare with the values of 

the different strengthening mechanisms in the following section. 

 

 



109 

 

Table 5.4 Values of hardness, converted yield strength and measured yield strength [151] 

under different ageing conditions 

Ageing condition Hardness (VHN) Converted YS (MPa) Measured YS (MPa) 
[151]

 

SA 329 1053 920 

0.25 h 481 1539 1433 

1 h 503 1609 -- 

3 h 552 1766 1791 

10 h 581 1859 1795 

40 h 603 1929 -- 

5.4.3 Estimation of strengthening contributions 

Based on the literature presented on the active strengthening mechanisms in this class of 

steel, the coherency strengthening (§4.4.3.1, p. 73), modulus strengthening (§4.4.3.2, 

p. 74) and order strengthening (§5.4.1) contributions are estimated. The variables in these 

equations ε, r and f have been estimated and were presented in Table 5.3 and in Fig. 5.11 

of §5.2.4.  Since the fraction of precipitates (f) estimated was almost similar from both the 

approaches (based on hardness and changes in lattice parameter), the strengthening has 

been estimated using precipitate fraction estimated from changes in lattice parameter only.  

(It may be recalled that, in 17-4 PH steel, the precipitate fractions estimated from change 

in hardness and lattice parameter were different in a few of the ageing conditions as shown 

in Table 4.2, p. 70. Hence, the strengthening contribution was calculated using precipitate 

fractions estimated by both the approaches in 17-4 PH steel and compared.)   

Towards estimating the various precipitate strengthening contributions, the shear modulus 

of the matrix in solution annealed condition and the precipitate modulus are required. For 

the maraging steel samples used in this study, Rajkumar et al. [30] had estimated a shear 

wave velocity (vs) of 2853 m/s in solutionized condition.  A shear modulus (G) of 65.5 

GPa is estimated by using this velocity along with the measured density using the relation 
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G=ρvs
2
 [152]. This value is in agreement with the shear modulus (G) of 66 GPa estimated 

for 250 grade maraging steel [152]. The modulus of Ni3Ti, reported in literature is 96 GPa 

[153,154]. This value is used for estimating the modulus strengthening using eqn. 4.5 in 

p. 74.  

Similarly, another variable that is required is the energy of the apb formed in the ordered 

precipitate namely Ni3Ti. The energy of the apb is [102,155] given as 

     
      

           
            - - ( 5.5 ) 

where Tc is the critical temperature for the order-disorder transition, N is the Avogadro 

number, R is the gas constant, a is the lattice parameter and s is a constant close to unity.  

Seetharaman et al. [102], while considering NiAl precipitates in PH 13-8 Mo SS, assumed 

Tc to be the melting point of NiAl to estimate γapb.  Similarly, assuming Tc as the melting 

point of Ni3Ti, which is 1583 K as estimated by Nunomura et al. [156] yields a value of 

γapb as 186 mJ/m
2
. Due to the difficulties that exist in accurately determining γapb, Ardell 

[150] compared the γapb values used in various alloy systems.  A value of 135 mJ/m
2
 is 

reported for Ni3Al precipitates by Ardell [150] in Ni-16%Al alloy. The author also 

concluded that γapb increases with increasing Ti content of these precipitates. In an iron 

based alloy strengthened by Ni3Ti precipitates, a value of 190 mJ/m
2
 has been arrived at 

by fitting the experimentally measured increase in strength with precipitate diameter 

[157].  Hence, the value of 186 mJ/m
2
 is in agreement with this value and is used for 

estimating the order strengthening contribution.   

As presented in §1.5.2 (p. 12), order and coherency strengthening play a key role in these 

class of steels.  Hence, the strengthening contribution due to these two strengthening 

mechanisms in addition to the modulus strengthening are estimated and compared with the 

converted yield strength.  Hence the yield strength YS is given by 
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              - - ( 5.6 ) 

where YSo corresponds to the yield strength when none of the strengthening mechanisms 

act and this value should be close to the YS of the solution annealed sample.  The variation 

of calculated increase in strength (as given by term 2 on the RHS of eqn. 5.6) with 

measured strength is shown in Fig. 5.12.  The observed linear fit in the ageing regime is 

shown in the figure. The intercept of the plot is ~ 1390 ± 40 MPa.  This value is higher 

than the YS of the solution annealed sample.  If coherency strengthening and order 

strengthening are only considered, the intercept is 1460 MPa.  Hence, it is shown that 

modulus strengthening also plays a role in the strengthening behaviour of maraging steel.   

 

Fig. 5.12 Variation of converted yield strength (from hardness) with coherency + modulus 

+ order strengthening 

Similar to the observations made in 17-4 PH steel, microstructural changes take place in 

maraging steel during ageing. The microstructural changes were reflected by the changes 

in crystallite size (Table 5.1) and from the observed variation in dislocation density as 

presented in Table 5.2. Hence, in addition to the precipitate strengthening effects, the 
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effect of changes in dislocation density is considered and the change in yield strength is 

given as 

                 
       

       
                         - - ( 5.7 ). 

The above equation is a planar equation, with the third term representing the Hall-Petch 

strengthening contribution due to changes in dislocation density.  αʹ is a constant with a 

value in the range of 0.15 to 0.5 [50].  The variation of yield strength with the precipitate 

strengthening and dislocation strengthening is shown in Fig. 5.13. The planar fit obtained 

is also shown in the figure. The plane deviates from the measured strength with a residue 

less than 20 MPa in all the ageing conditions except by 40 MPa in the 1 h aged condition. 

The adjusted R 
2
 value is 0.96 with an intercept of 998 MPa.  The constant αʹGb is 

estimated as 3.6 Pa.m.  

By considering order and coherency strengthening contribution (excluding modulus 

strengthening) along with dislocation strengthening, the intercept obtained is 1126 MPa 

which is higher than the value obtained when modulus strengthening is considered.  
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 Fig. 5.13 Variation of yield strength with precipitate strengthening and dislocation 

strengthening based on eqn. 5.7. x and z axis in (Pa), y axis in (m
-1

) 

5.4.4 Discussions on estimated constants 

The intercept (YSo) value decreased from 1390 MPa to 998 MPa when the contribution 

from dislocations to strengthening is considered. This value is close to the YS obtained in 

the solution annealed condition.    Hence it is clear that the change in microstructure of the 

matrix which occurs during ageing in addition to precipitation plays a significant role in 

strengthening of maraging steel. By substituting the G value of the matrix as 66 GPa (p. 

109) and Burgers vector as 2.5 Å, to the constant αʹGb determined yields αʹ as 0.21.  An αʹ 

value in the range of 0.1 to 0.3 has been arrived at for various alloy systems [126].   

In 17-4 PH steel, the analysis included the solution annealed sample and an intercept lower 

than the strength of solution annealed sample was observed. In maraging steel, it is to be 

noted that the solution annealed sample is not included in the fit. Further, the higher value 

of intercept is analyzed from the literature available on order strengthened alloys.  Martin 
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[50] has presented the order strengthening behaviour of Co-Ni-Cr superalloy based on 

studies carried out by Chaturvedi et al. [155] and had shown that a positive intercept is 

arrived at when order strengthening is considered based on eqn. 5.4 (p. 108).  Fig. 5.14, 

reproduced from Chaturvedi et al [155], shows the variation of observed strengthening 

with theoretically estimated strengthening evaluated based on order strengthening. More 

clearly, the observed strength (∆ symbols) is more than the theoretically estimated 

strength, similar to the behaviour observed here.  

 

Fig. 5.14 Variation of observed vs. theoretical values of ∆τ during ageing of Co-Ni-Cr 

superalloy, ∆ (using 2.16) indicate order strengthening estimated based on eqn. 5.4 in 

p.108, while ○ (using 2.16) indicate coherency strengthening estimated based on eqn. 4.4 

in p.73 (Figure 9 of Chaturvedi et al. [155]) 

Based on the analysis carried out herein, it is clear that the increase in strength of 

maraging steel during ageing is due to the combined effect of precipitation strengthening 

and dislocation strengthening or grain boundary strengthening.  The contribution of 

precipitation strengthening arises from the coherency strain between the matrix and the 

precipitate, the ordered precipitates and due to the difference in modulus between 

precipitate and matrix. 
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5.5 Summary 

 The Avrami exponent is determined as 0.34 from changes in hardness and from 

changes in microstrain which match well with the published value of 0.35 [29] and 

0.39 [43].  

 The anisotropic broadening observed in Williamson-Hall plot is addressed using 

the modified WH approach which is based on the contrast caused by dislocations.  

The slope of the modified WH plot is used to arrive at the normalized mean square 

strain and is found to be a better parameter to estimate the coherency strains arising 

due to precipitation. A drastic increase in microstrain by ~100% has been observed 

upon ageing to 0.25 h.  This is attributed to the coherency strains caused by early 

precipitation of intermetallics. This observation assumes significance as early 

precipitation is reflected only as streaking in TEM up to 1 h of ageing [29] and 

clear XRD peaks of precipitates are observed only after 40 h of ageing. The small 

crystallite size estimated from intercept of modified WH plot in solution annealed 

condition is associated with the dislocation substructure. 

 The average dislocation density determined based on the modified WA analysis is 

in agreement with the nonlinear ultrasonic (NLU) parameter (), which is the ratio 

of the amplitudes of the second and first harmonics of the ultrasonic wave. It is 

known that the β parameter is a strong function of dislocation density and 

coherency strains. 

 The Wilkens parameter (M) and effective cut-off radius of dislocations (Re) have 

been determined and used to comment on the changing nature of the strain fields 

due to dislocations. 
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 The variation of mean square strain  L2  as a function of column length, L has 

been used to understand the strain fields due to dislocations and precipitates. The 

variation has been fitted to an equation of the form P
0
+P

1
/L+P

2
/L

2
 to determine the 

coefficients. 

 The variation of long range strain (P
0
) estimated from the plot of  L2  vs L is 

shown to be analogous to the normalized mean square strain estimated from the 

mWH plot. 

 The simple approach of determining precipitate fraction from changes in lattice 

parameter has been adapted to maraging steel where 3 different types of 

precipitates form. The precipitate fraction estimated matches with the estimation 

based on changes in hardness.  

 Similar to the studies carried out in 17-4 PH steel, the strengthening contribution of 

the precipitates has been estimated by considering coherency strengthening, 

modulus strengthening and order strengthening. The important variables required 

for estimating these strengthening contributions have been arrived at from 

XRDLPA.  The theoretically estimated strength matches well with the measured 

strength when the effect of dislocations to strengthening the matrix is also taken 

into account. 

 The constants to the strengthening terms are determined by the unique approach of 

correlating measured strength with calculated strength due to precipitates and the 

matrix strength that arises due to dislocations. The estimated constants agree well 

with published literature.  
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Chapter – 6 

6 Conclusions and future scope 

The summary provided in §4.7 (p. 83), elucidates in detail the results obtained from this 

study on 17-4 PH steel. Similarly, §5.5 (p. 115) summarizes the key results obtained from 

the isothermal ageing studies carried out on M250 grade maraging steel. The following 

section brings out the salient points and tries to compare the results obtained in the two 

age hardenable materials using XRD line profile analysis. 

6.1 Conclusions 

The studies carried out on two precipitation hardenable systems clearly established that the 

changes in microstrain, crystallite size and lattice parameter derived from XRD profile 

analysis could gainfully be employed to understand the microstructural evolution and to 

correlate them with the hardness changes that occur during ageing of these two materials. 

The major conclusions from this study are: 

 The Avrami exponent has been determined from changes in hardness in both the 

steels and agrees well with the published literature.  In M250 grade maraging steel, 

the Avrami exponent determined from changes in microstrain agrees with the 

exponent determined based on hardness.  

 It is shown that early precipitation can be inferred from increase in microstrain. 

 A simple approach is presented for theoretically determining the lattice parameter 

and is used to estimate the precipitate fraction at volume fractions below 2%. 

 Linking of Larson-Miller parameter with hardness and microstrain in the 

overageing and incoherent regime is consistent with the softening regime, in which 

this approach is adapted, for the first time.  
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 The radius of precipitates has been calculated from diffusion coefficient and 

activation energy.  

 The increase in strength of two precipitation hardenable steels during ageing has 

been uniquely linked with a new 3-dimensional planar equation. The strengthening 

contributions from the precipitates and due to the microstructural changes in the 

matrix are added to compare with the experimentally measured strength. 

Theoretical estimates of increase in strength due to various precipitate 

strengthening mechanisms were evaluated using microstrain and precipitate 

fraction estimated from the XRD profile analysis.  The change in strength due to 

microstructural changes were evaluated from crystallite size variations in 17-4 PH 

steel and dislocation density variations in maraging steel.  

 The unique approach of adding the various precipitation strengthening mechanisms 

and comparing them with measured strength clearly shows that coherency and 

modulus strengthening act in tandem with grain boundary strengthening leading to 

the improved strength of 17-4 PH steel during ageing.  

 In M250 grade maraging steel, order strengthening acts together with other 

precipitate strengthening mechanisms. This approach can be used to evaluate the 

strengthening mechanisms active in other precipitation hardenable steels.  

 The study carried out clearly shows that XRD profile analysis can be used as a tool 

to investigate the microstructural changes that take place during early precipitation, 

coarsening and phase evolution. The parameters estimated from XRD profile 

analysis, like lattice parameter, microstrain, crystallite size and dislocation density 

have been used to understand the microstructural changes that occurs during 

ageing. 
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6.2 Future scope 

The studies carried out in this work have clearly demonstrated the applicability of the 

modified WH and WA approaches to study ageing induced changes in precipitation 

hardenable materials, notwithstanding the approach being based on dislocation contrast as 

the cause of anisotropic broadening.  It would be worthwhile to address the following 

issues for better understanding:  

o The linking of strain and crystallite size estimated from XRDLPA with hardness 

needs validation in materials where other strengthening mechanisms like work 

hardening and stacking fault strengthening play a key role and in materials with 

different crystal structures.  

o In the age hardening regime, further studies with in-situ heat treatment and XRD 

data acquisition using Synchrotron radiation would enable estimating and 

understanding the fine microstructural changes that take place at shorter ageing 

durations.   

o The variation of hardness with the tempering parameter in the age hardening 

regime (with a single value of material constant C) needs to be investigated further 

by studying different precipitation hardenable systems.  

o Studies on systems where dislocation density alone changes would further enhance 

the understanding of profile broadening due to dislocations and precipitation 

induced changes. 

o Theoretical studies on the similarity of precipitation induced strain with that of the 

strain induced due to dislocations would improve the applicability of XRDLPA in 

understanding the precipitation behaviour. 
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