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Abstract 

There is potential for improving creep properties of stainless steels by reinforcing them with 

tungsten (W) wires. Past studies have shown that a detrimental factor that impairs the 

mechanical properties of tungsten wire reinforced superalloy composites is the formation of 

brittle intermetallic phases due to the interaction between W wire and constituents of the 

alloy matrices. Formation and growth of the intermetallic phases strongly depends on the 

matrix chemistry and for the retention of creep strength, matrix compositions that do not form 

intermetallic phases with tungsten are desirable for fabricating W wire reinforced composites 

for high temperature applications.  

This research investigated the formation and growth of reaction phases in W wire reinforced 

316L (W/316L) stainless steel and HP alloy steel (W/HP) that were fabricated by casting 

method. Additionally, the effect of composition on the evolution and kinetics of reaction 

phases was studied in some W wire reinforced experimental alloys based on Fe-Ni-Cr only 

(W/Fe-Ni-Cr). The fabricated composites were diffusion annealed in the temperature range 

1000-1200°C for 25-500 hours. Microstructure and chemistry of the reaction phases in the as-

cast and diffusion annealed composites were studied using scanning electron microscopy, 

energy dispersive spectroscopy and electron backscattered diffraction techniques. Growth 

kinetics of the reaction layers and average effective interdiffusion coefficients in the layers 

were determined for the composites. 

Results showed that an intermetallic phase isostructural with µ-phase formed in the as-cast 

W/316L and W/Fe-Ni-Cr composites with 1 and 2 Fe:Ni matrix ratios. In W/HP a phase 

M12C with crystal structure similar to η-carbide was formed. These phases developed and 

formed brittle reaction layers around the W wires during diffusion annealing. A parabolic 

relationship between the µ-phase and η-carbide growth and diffusion annealing time 

indicated that the growth of reaction layers was diffusion controlled. In the W/Fe-Ni-Cr 

composites, formation of intermetallic phases did not occur in the matrices with 0.5Fe:Ni 

ratio, instead some isolated tungsten particles were observed in the matrix adjacent to the 

wires after diffusion annealing. In W/Fe-Ni-Cr composites with 1 and 2 Fe:Ni matrix ratio, 

the growth of µ-phase reaction layers during annealing was observed to be dependent on the 
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matrix composition. It was found that with an increase in the Ni content in the matrix, growth 

of µ-phase reaction layer decreased. 

The study presented in this thesis gives first-hand information on phase formation and growth 

kinetics of the reaction layers in W/316L and W/HP composites. It revealed that the 

interaction of W with 316L and HP alloy matrices leads to formation of cracked intermetallic 

and carbide reaction layers which are not desirable in the composites designed for high 

temperature applications. It has also been shown in this study that in W/Fe-Ni-Cr composites, 

intermetallic phase formation can be suppressed by increasing Ni content in the matrix. In the 

composite with high Ni contents in the matrix (0.5Fe:Ni ratio) intermetallic phases do not 

form even after diffusion annealing at 1200°C. This intermetallic free W/Fe-Ni-Cr composite 

can further be studied for its creep strength. 
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Chapter 1. Introduction 

Austenitic stainless steels are an important class of materials that are extensively used in the 

chemical and process industry. Many operations in these industries involve high temperature 

and pressure, which eventually results in service failure of the equipment due to creep. 

Additionally, increasing demand for improving process efficiency has necessitated the 

development of materials with better creep strength that can maintain their structural integrity 

at high temperature. During the last few decades, a better understanding of alloying effects, 

advances in melting technology and development of controlled thermo-mechanical 

processing have led to creep resistant stainless steel grades, like HP 25/35 and HP micro alloy 

steels. However, the property optimization in these alloys has achieved its peak and no 

significant further enhancement is foreseen in these monolithic alloys. Superalloys, another 

class of high temperature materials, have superior creep and oxidation resistance, but their 

high cost and requirements of special fabrication techniques have limited their use to critical 

applications only. Though refractory metals exhibit good creep strength, they have poor 

oxidation resistance and cannot be used in high temperature applications without any 

oxidation protection. 

One novel alternative method to improve creep strength of engineering materials is by 

fabricating them in the form of a composite with suitable reinforcement. The ideal composite 

for high temperature applications requires a ductile and oxidation resistant matrix and a 

reinforcement that can retain its tensile properties at elevated temperature. Stainless steels 

and tungsten wires possess suitable properties of matrix and reinforcement and composite 

formed by these constituents can possess better creep strength.  

There have been a few studies done in past on the reinforcement of superalloys with W wires 

[1-7]. Significant improvement in the short time creep strength was observed in the 

reinforced superalloys. These studies also reported formation of intermetallic phases as a 

result of wire-matrix interaction during the fabrication of the composites. These phases 

further developed as brittle reaction layers at high temperature (1000-1200°C). Intermetallic 

phase formation and growth is considered detrimental to the creep strength of the composites, 
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as the brittle intermetallic layers weaken the bond between the reinforcement and the alloy 

matrix.  

Past studies on W reinforced high temperature alloys are limited to some selected superalloy 

compositions. The scope of these studies was to quickly see the effect of reinforcement on the 

mechanical properties of superalloys in order to access their feasibility in commercial 

applications (mainly as turbine blades in aero engines). Therefore, past work did not study in 

detail the microstructural evolution and growth kinetics of the reaction phases in W wire 

reinforced superalloy matrices. 

This thesis extends the concept of W wire reinforcement to some commercial stainless steel 

grades that are widely used in the petrochemical and chemical and process industries. These 

steels typically operate in the temperature range 500-950°C and any improvement in their 

creep strength due to the reinforcement can increase their service temperature, which could 

be economically beneficial. 

1.1 Research Objectives  

The initial goal of this thesis was to investigate the formation and growth of reaction phases 

in two W wire reinforced stainless steel alloy matrices. Commercial stainless steels grades 

316L and HP alloy were used as matrices for the reinforcement. At the beginning of this 

research, the following objectives were set: 

 fabrication of W wire reinforced stainless steel (W/316L) and HP alloy (W/HP) 

composites by casting method 

 microstructure and chemical characterization of the reaction products in the 

composites 

 assessment of the growth kinetics of the reaction layers  

 calculation of interdiffusion coefficients in the reaction layers 

  

The results from the first series of experiments suggested that growth kinetics of the reaction 

layer in the W/HP was slow compared to W/316L. This quantitative information was useful 

to rank the alloys based on the growth constants of the reaction layers, but the experiments 
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were not sufficient to delineate the reason behind the sluggish growth of reaction layer in 

W/HP composite. Under identical fabrication and diffusion annealing conditions, the growth 

of reaction layers should be a strong function of chemical composition of the matrix. 316L 

and HP alloy steel have multi-elemental composition and in a broader sense, the sluggish 

growth of reaction layer in HP alloy matrix was thought to be related to low iron (Fe) and 

high nickel (Ni) content in the matrix compared to 316L. Therefore, based on first series of 

experiments it was hypothesised that the reaction layer growth in HP alloy matrix was slow 

due to its low Fe:Ni ratio. 

A second series of experiments was therefore planned to study the effect of Fe:Ni ratios on 

the phase evolution and their growth in W wire reinforced Fe-Ni-Cr alloys. For this purpose, 

the following objectives were set: 

 design and cast experimental alloy compositions based on Fe-Ni-Cr only with varying 

Fe:Ni ratios 

 reinforce the experimental Fe-Ni-Cr alloys with W wires by casting method  

 study the microstructure evolution and growth kinetics of reaction phases in the 

fabricated W/Fe-Ni-Cr composites 

 establish a relationship between the growth kinetics of reaction layers and Fe:Ni ratio 

of the composite matrix 

 

The outcome of the second series of experiments indicated that the formation of reaction 

layers and their growth in W reinforced Fe-Ni-Cr alloys is indeed a function of Fe and Ni 

contents in these alloys. It has been established through these experiments that in the matrices 

with 15-21wt%Cr and 0.5 Fe:Ni ratio, the formation of brittle µ-phase reaction layer is 

completely supressed. Higher Fe:Ni ratios (1 and 2) in the composites did favour formation 

of intermetallic phases, but their growth was slow in the matrices with lower Fe:Ni ratio. This 

validated the hypothesis that increased Ni content at the expense of Fe in composite matrix 

reduces reaction layer growth. 
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1.2 Thesis Preview 

This thesis consists of nine chapters and can be broadly classified into four sections. Section I 

comprises the introduction and literature review (Chapter 1-3). Section II covers fabrication 

and reaction layer growth studies in W/316L and W/HP composites (Chapters 4-6). Section 

III covers preparation of the experimental alloys based on Fe-Ni-Cr, their reinforcement with 

W wires and growth kinetics studies of reaction layers in the reinforced alloys (Chapters 7-8). 

Section IV is on conclusions and future work emanating from this research (Chapters 9). The 

contents of each chapter are described below:  

Chapter 1 (present chapter) discusses the introductory aspects of this research and 

rationale behind taking up this study. The objectives of this research are highlighted. 

Chapter 2 gives an overview of the development of W wire reinforced high 

temperature matrices for creep strength. Results on the mechanical properties, 

reaction phase characterization and important findings are reported. 

In Chapter 3 a description of the continuum approach adopted to study diffusion in 

this thesis is presented. The methods used for interdiffusion coefficient measurement 

are discussed with an emphasis on multi-component systems. Finally, data on the past 

studies of diffusion and growth kinetics studies on W wire reinforced alloys is 

summarized. 

Chapter 4 covers the experimental procedures followed in this research. A description 

of materials used to fabricate the composites and their composition is provided. 

Details of the casting method used to fabricate the composites are discussed. The 

procedures followed for sample preparation and diffusion annealing for the intended 

investigations are explained. The procedures of different characterization techniques 

followed to characterize the samples are also detailed. 

Chapter 5 and 6 provide details of the microstructure and chemical characterization of 

the as-cast and diffusion annealed W/316L and W/HP composites, respectively. The 

results on growth kinetics and diffusivity in the reaction layers of the composites are 

presented in terms of growth constants, activation energy for growth, average 
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effective interdiffusion coefficients and activation energy for diffusion in the reaction 

layers. 

Chapter 7 describes the composition design and casting of five Fe-Ni-Cr based 

experimental alloys with different Fe:Ni ratios. The results on chemical analysis of 

the cast alloys are reported.  

Chapter 8 gives details on the microstructure and reaction layer growth studies on 

W/Fe-Cr-Ni composites. The fabricated composites were subjected to similar kinds of 

studies done on W/316L and W/HP composites. The results of these studies are 

presented and discussed in this chapter. 

Chapter 9 lists the conclusions drawn from this research. Future outlook originating 

from the current research is also highlighted. 

In addition to nine chapters, this thesis contains two appendices. Appendix A provides 

details on the working principles of energy dispersive spectroscopy (EDS) and 

electron backscattered diffraction (EBSD) techniques that were extensively used in 

this research. The important factors that affect the analysis while using these 

techniques are also discussed. Appendix B gives detail about the F-test which was 

used to select the reliable data for the determination of average effective interdiffusion 

coefficients in the reaction layers of the composites. 
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Chapter 2. Development of Tungsten Wire Reinforced Composites for 

Creep Strength  

Tungsten wire reinforced high temperature composites have been researched for the last five 

decades. The impetus for this initial work was to develop more creep resistant materials for 

aerospace and space applications and therefore, the majority of past studies were carried out 

utilizing superalloys as the matrix materials for the reinforcement. Because of this fact the 

literature on the reinforcement of stainless steels with W wires is scarce. This chapter 

highlights the past developments on W wire reinforcement of high temperature alloy 

matrices.  

2.1 Selection of Tungsten wires as Reinforcing Phase 

Initial studies on high temperature composite development were started by assessing ceramic 

fibers/whiskers as potential candidates for the high temperature alloy reinforcement. 

Ceramics, in the form of fibers/whiskers possess good specific strength and modulus, but 

they are brittle and have poor thermal shock resistance. Additionally, they are difficult to 

handle because of their small diameter and inherent brittleness. Initial experiments on the 

reinforcement of superalloys with ceramic fibers resulted in the degradation of the 

reinforcements by dissolution/reaction and fragmentation in the matrices. Silicon carbide and 

carbon fibers reacted and dissolved in superalloys at fabrication temperatures above 900°C 

[5]. The initial assessments of ceramic based reinforcements in superalloys showed their 

unsuitability for high temperature composites [4]. 

Although the specific strength of refractory metal wires is inferior to ceramic fibers, their 

ductility and strength retention ability at elevated temperature give them an edge over 

ceramic reinforcements. In earlier studies, superalloy matrices were reinforced with cold 

drawn wires of W, tantalum (Ta), molybdenum (Mo), and niobium (Nb) to identify the best 

reinforcing material. It was found that during composite fabrication, Mo and Nb wires 

dissolved in superalloy matrices due to the formation of low temperature eutectics [1, 5, 8]. 

Ta is expensive and being similar, does not offer properties better than W. Studies indicated 

that W wires have better strength retention and stability above 1000°C in various superalloy 
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matrices and were therefore chosen as the best reinforcing candidate for high temperature 

alloys.  

2.2 Composite Fabrication Methods 

Generally, metal matrix composites can be fabricated by solid state as well as liquid state 

methods. Past studies employed both of these methods to reinforce the alloy matrices with W 

wires. It must be emphasised here that both of these methods have their inherent advantages 

and disadvantages. The liquid state method is appealing because of low cost involved and 

fewer restrictions on casting shapes, but it may cause more damage to reinforcing wires due 

to the high temperature involved (~1500°C) during composite fabrication. Since 

solidification of the alloys proceeds immediately and completes quickly, the time during 

which the reinforcing phase remains in contact with liquid alloy is relatively shorter for liquid 

state fabrication (typically 10 seconds to 1 minute) [5]. But there are opportunities for better 

control on process parameters in this method. The contact time and therefore wire/matrix 

reactions can be minimized by using a better mold design for fast heat extraction during 

solidification and utilizing a controlled superheat temperature.  

Solid state fabrication methods make use of metal powders which are pressed along with the 

reinforcing phase and then sintered. The sintering is done at relatively low temperature 

(~1200°C), but a long contact time (10 min to several hours) is generally required to produce 

a sound composite [5]. The use of the lower temperature may slow down wire/matrix 

reaction, but this advantage is offset by longer time required for optimum sintering. 

Therefore, both these methods have room for optimization and a common factor is that a 

consideration of process parameters is always needed to minimize wire degradation during 

composite fabrication.  

Table 2.1 summarizes the fabrication methods used in past studies for the reinforcement of 

various alloy matrices with W wires. Different variants of solid state methods used to 

fabricate the composites include  powder consolidation by compaction, slip casting followed 

by sintering, hot isostatic pressing (HIP), diffusion bonding, spray forming, electroplating 

and extrusion. In liquid state methods, melt infiltration was used to fabricate the composites. 

It can be noted from Table that the majority of past studies employed Ni-base alloys as matrix 

materials and a few cobalt (Co) and iron (Fe) base alloys. Various grades of W wires with 

diameters ranging from 75-1250 µm were used as reinforcement. Rectangular and cylindrical 
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samples with 20-50% volume fraction of tungsten wires in various matrices were produced 

for testing purpose. 
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Table 2.1: Summary of tungsten wire reinforced composites fabricated by different fabrication methods. 

Fabrication Method 
Precursors 

Sample size Reference 
Matrix Reinforcement 

Liquid state fabrication 
 

Melt infiltration 

Ni-base alloys
1
 W wires (250 µm) 40-50 Vol.% 1.5 cm φ  x 12 cm L [9] 

Ni-base alloys
2
 

W, W-5%Re wires (1000-1250µm) 

20-50 Vol.% 
5 cm φ x 25 cm L [8] 

Ni-base alloys
3
 W wire (100 µm) 30 Vol.% 0.6 cm φ x 3.5 cm L [10] 

Co-base alloy
4
 and variants W-2%ThO2 (75 µm) 42 Vol.% 

Standard tensile test 

samples 
[11] 

                                                
1  NIMONIC 75   0.1C- 5Fe-20Cr-1Mo-1Si (bal. Ni)     NIMOCAST 258  0.2C-3.7Ti-4.8Al-10Cr-20Co 

   EPD 16  6Al-6Cr-11W-2Mo-1.5Nb    NIMONIC 115  0.15C-4Ti-5Al-15Cr-15Co-3.5Mo 

   SM322  1C-0.75Ti-21.5Cr-9W-4.5Ta-2.25Zr 

2 NIMOCAST 713C 12Cr-6Al-4.5Mo-2Nb (bal. Ni) 

3 CMSX3   4Co, 8Cr, 5.7Al, 0.7Ti, 5.7Ta, 9W, 0.1Hf (bal. Ni) 

4 Mar M322   1C-21.5Cr--9W-0.75Ti-4.5Ta-1.5Zr (bal. Co) 
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Fabrication Method 

Precursors 

Sample size Reference 

Matrix Reinforcement 

Solid state fabrication 
 

Slip casting, sintering and hot 

isostatic pressing 
Ni-base alloy

5
 

W, W-1%ThO2, W-2%ThO2, 

W-5%Rh-1%ThO2 
 
, 

(250-500µm) 20-70 Vol.% 

-- [2] 

Vacuum hot rolling Ni-base alloys
6
 W wire (200µm) 25 Vol.% -- [12] 

Thermal spray Fe-base alloy wires
7
 W wire (200 µm) 38 cm x 122 cm [13] 

Hot isostatic pressing and swaging 304 stainless steel W-2%ThO2 (300 μm) 20 Vol.% -- [14] 

Electroplating Ni metal 
W wires (100-300µm) 

Up to 50 Vol.% 

Standard tensile test 

samples 
[15] 

                                                
5    2Al-15Cr-2Ti-25W (bal. Ni) 

6  VZh98 25Cr-15W-0.7Ti     (bal. Ni) 

7  FECRALLOY 4.5Al-15Cr-0.5Y      (bal. Fe) 
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2.3 Mechanical Properties Assessment 

Past studies on W wire reinforced alloys were primarily aimed at fabricating small test 

coupons and assessing their structural stability by evaluating their mechanical properties- 

mainly creep rupture and thermal fatigue. The important findings on these studies are 

summarised below.  

 Reinforced alloys exhibited better rupture strength compared to their unreinforced 

counterparts. Dean [9] studied creep rupture strength of some W wire reinforced Ni-

base superalloys fabricated by liquid metal casting method and found substantial 

improvement in rupture strength at temperatures greater than 900°C. Petrasek et al. 

[2] also reported a two-fold increase in 100 hours stress rupture strength in Ni-base 

superalloy composites. Similarly, improvement in rupture strength was reported in 

Co-base reinforced alloys by Ahmad et al. [11]. Brentell et al. [16] observed 

substantial improvement in rupture strength in Fe-base composites (W/FeArCrAlY) at 

1050°C. 

 Creep studies require elevated temperature exposure of composites for a prolonged 

time and during this time period, considerable reaction between wires and matrix 

takes place. Therefore, creep strength of W wire reinforced composites strongly 

depends on the composition of matrix materials. Past studies showed an overall 

increase in the creep strength of Fe-base composites, while in Ni-base matrices a 

decrease in creep strength was observed after long term exposure to high temperature 

[2, 17]. 

 Thermal cycling of the composites based on Fe and Ni-base matrices resulted in 

distortion and/or cracking of matrices and intermetallic phases [8, 9, 18, 19] with 

exception in W/KOVAR (Fe-29Ni-17Co) composite that did not show adverse 

response to thermal cycling [16, 20]. 

2.4 Reactions Phases in Tungsten Wire Reinforced Alloys 

W wires and a superalloy matrix altogether constitute a thermodynamically unstable system. 

When exposed to high temperature, the reaction between W wires and the matrices leads to 

the microstructural alteration and formation of new phases in the reaction zone. Previous 
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studies have reported stability issues of W wires in superalloy matrices. Three main outcomes 

of the wires/matrix interaction were identified. These were (1) W wire dissolution in matrices 

during fabrication, (2) recrystallization of the wires and (3) development and growth of 

intermetallic phases in the reaction zones of the composites. All these factors led to 

deterioration of creep properties of the reinforced alloys when they were exposed to high 

temperature (>1000°C).   

Because of the fact that in very few cases composites were fabricated via liquid state 

fabrication method, there is limited literature available on wire dissolution during liquid 

metal fabrication of reinforced alloys. The available data on W/Ni superalloy composites 

indicates that little interaction occurs between W and Ni during fabrication, but there is no 

quantitative information available [8, 9]. In the composites fabricated by a powder metallurgy 

method, formation of intermetallic phases and recrystallization of wires were dominant. 

Mirotvorskii at el. [21-23] investigated in detail the interaction of W wires with various 

binary alloys based on Fe, Ni, Co, Ti and Cr. The alloys were prepared by pressing the alloy 

mixtures with W wires at room temperature. The compacts based on Fe, Ni and Co were then 

annealed in vacuum at 1200-1400°C for one hour. The wire/matrix interaction was 

investigated by metallographic analysis of the composite samples.  

Mirotvorskii et al. showed that recrystallization of W wires was dominant in Ni-base matrices 

and it started at a temperature as low as 1200°C. At 1300°C, the wires recrystallized 

completely. Other studies have shown that the recrystallization temperature of  W in Ni 

matrix further decreases (~1100°C) depending on the dilution of the matrix with other 

elements which are less active towards W [24].  Fewer cases of wire recrystallization were 

observed in the Fe and Co-base matrices in the temperature range 1200-1300°C. At 1400°C, 

the wires recrystallized irrespective of the composition of matrix materials. Higher 

recrystallization temperatures (about 1450°C) of W wires were reported in Fe-base matrices 

such as stainless steels with low Ni contents [25, 26]. It can be inferred from these studies 

that recrystallization temperature of W wires is greatly reduced in Ni-base alloy matrices. 

Formation of intermetallics in the reaction zone occurred in all the studied superalloys, 

stainless steels and some binary alloy matrices reinforced with W wires. The intermetallics 

and other phases formed in the reaction zone were identified in very few cases. In most of the 

studies, the phases were identified based on the chemical analysis results generated by 

Energy Dispersive Spectroscopy (EDS) and by arranging the composition to fit the 
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stoichiometric formula of the expected phase from the binary phase diagram. The data 

indicate that the majority of intermetallic layers formed in the reaction zones of the W wire 

reinforced superalloy composites were isostructural with the μ-phase, which is a M7N6 (M: 

Fe, Ni, Co and N: W, Cr) type phase with rhombohedral crystal structure.  

Warren et al. [26] did phase identification in the reaction zones of W/304SS
8
 and 

W/KOVAR
9
 alloy composites by X-ray diffraction and found that the phases present in the 

reaction zone of these systems were isomorphous with μ-phase.  Caulfield et al. [27, 28] also 

reported the isomorphous nature of reaction zone phases with μ in W/INCOLOY 903
10

 

composite system. In another study [29] referenced in [26] , M6C (M: Co, Cr, Ni, W) carbide 

phase was detected in the reaction zone of W/MAR-M200
11

 alloy composite. While no 

details of identification techniques used are available, it can be inferred that in the matrices 

with higher carbon contents, the occurrence of carbide phases in the reaction zone is more 

likely.  

Problems associated with wire stability were addressed to a certain extent by (i) applying a 

diffusion barrier coating on the W wires [29, 31] and (ii) modifying matrix alloy’s chemistry 

[1, 28, 32]. Application of diffusion barrier coatings is promising but difficulties were 

experienced in forming a reproducible and successful barrier coating on refractory metal 

wires [33]. Modification of matrix chemistry may lead to the evolution of undesirable 

precipitates during service that may degrade useful properties of matrix materials [34]. To 

minimize reinforcement damage during fabrication, the only method which seems promising 

is control of processing parameters during composite fabrication. Fabrication by liquid metal 

casting can offer greater flexibility than powder metallurgy in this regard. 

2.5 Probable Phases in W/316L and W/HP Composites 

In order to identify unknown phases in any alloy, it is a pre-requisite to have first-hand 

information of the phases that could form in the alloys during solidification and subsequent 

heat treatment. For the alloys containing two or three components, the information about the 

likely phases can be extracted from the binary or ternary equilibrium phase diagrams. The 

                                                
8 Fe-18Cr-10Ni-1.5Mn (wt.%) 

9 Fe-29.5Ni-17 Co (wt.%) 

10 Fe-32Ni-15Co-1.2Al-1.9 Ti & Nb each (at.%) 

11
 59Ni - 0.15C -9.0Cr -12.5W -10Co -5Al -2Ti -1Cu -0.05Zr (wt.%) [30] 
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wire reinforced alloys under investigation in the current study are fabricated utilizing grades 

316L and HP 25Cr/35Ni stainless steels, and this can lead to the formation of phases in the 

reaction zones with as many as four elements
12

 (Cr, Fe, Ni, and W). The minor (Mo, Mn, Si 

in 316L and Mn, Nb, Si in W/HP) and trace (mainly carbon) elements present in the stainless 

steels further add complexity. Therefore, the information about the unknown phases in multi-

component alloys can not be obtained from the phase diagrams alone. The information about 

the likely phases in such cases can be obtained by searching the published database and 

finding the matching phases those contain approximate composition of the elements 

(identified using EDS) present in the phase/alloy under investigation. If there is no published 

data available on probable phases, calculations based on computational thermodynamic 

databases such as Thermo-Calc, Pandant or FactSage can be used to generate the information 

about the likely phases in multicomponent alloys. 

For the current study, a list of possible phases was generated from the compiled data [35] 

extracted from various studies. The list is presented in the Table 2.2. Most of the steels 

contain carbon and its relatively high concentration (~0.45 wt.%) in HP alloy steel can result 

in the formation of carbides. Therefore, while looking for the probable phases W/316L and 

W/HP alloy composites, the phases containing carbon were also taken into consideration and 

are included in the table. 

 

 

                                                
12 This does not rule out the possibility of the formation of binary and ternary phases that can still be predicted 

from the phase diagrams for different combination of elements in the alloy 
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Table 2.2: List of probable phases used to identify the unknown phases in the current study. 

Phase 
Pearson's 

symbol 

Cell Parameters 

Space group Reference 

a, b, c (Å) α, β, γ (°) 

Fe2W (λ) hP12 4.74, 7.726 90, 120 P63/mmc (194) [36] 

Fe7W6(µ) hR39 4.76, 25.85 90, 120 R-3m h (166) [37] 

(Ni,Fe,W)12C (η) cF104 10.96 90 Fd-3mO2 (227) [38] 

C2Cr2W2 hP4 2.94, 4.66 90, 120 P63/mmc (194) [39] 

C6Cr23 cF116 10.66 90 Fm-3m (225) [40] 

C2Cr3 oP20 5.53, 2.83, 11.47 90 Pnma(62) [41] 

CFe6W6 (κ) cF104 10.93 90 Fd-3m (227) [42] 

Ni4W tI10 5.73, 3.55 90 I4/m (87) [43] 

NbC cF8 4.4647 90 Fm-3m (225) [44] 

Cr0.31Mo0.07Mn0.02Fe0.52Ni0.08 (σ)                                   tP30 8.839, 4.597 90 P42/mnm (136) [45] 
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2.6 Summary 

Tungsten wire reinforced high temperature composites have demonstrated superior short term 

creep rupture properties over their monolithic counterparts, but their performance degrades 

with long term exposure at high temperature. This is due to the growth of brittle intermetallic 

phases mainly µ and/or carbides in the reaction zones of the W wire reinforced superalloys 

and stainless steel matrices. There are number of probable intermetallic and carbide phases 

that could form in W/316L and W/HP composites. Since the formation and growth of these 

phases strongly depends upon matrix composition, nature of phases and the exposure 

temperature, practical applications of W wire reinforced composites require in-depth studies 

of wire/matrix interaction in terms of evolution and growth kinetics of the reaction phases. 
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Chapter 3. Diffusion and Reaction Layer Growth in Alloys 

Diffusion is the most fundamental and elementary process in materials that involves transport 

of atoms or molecules under the influence of a chemical potential gradient. Important 

metallurgical processes like heat treatment, phase transformations in metals and alloys are 

directly related to diffusion. Structural materials when used at elevated temperature can 

undergo diffusion and subsequent microstructural modifications in the vicinity of fiber/matrix 

interface. This often results in the formation and growth of new phases that may degrade their 

performance. Therefore, in order to design materials with better high temperature properties, 

an understanding of diffusion phenomena in materials is essential. 

There are two approaches that are generally adopted to study diffusion in materials: the 

continuum and the atomistic approach. The continuum approach stems from the laws of 

conservation of matter and the diffusing species in this approach are considered as continuous 

media. By its very nature, this macroscopic theory makes no reference to the discrete atomic 

events which give rise to macroscopically observable diffusion. This approach is based on 

Fick’s laws and provides a suitable formalism to quickly quantify the diffusion of moving 

species in materials. The diffusion data generated using the continuum approach can directly 

be applied to optimize the performance of materials. In the atomistic approach, the movement 

and/or jumping of the diffusing species is taken into consideration to gain insight into 

diffusion phenomena. 

Current research makes use of a continuum approach to investigate diffusion phenomena. A 

detailed description of the approach along with various methods used to quantify diffusion is 

provided in the following sections of this chapter. A model describing the growth of 

precipitates as a result of reaction diffusion is discussed. Finally, a summary of the results on 

growth kinetics in of the reaction layers in W wire reinforced alloys compiled from past 

studies is presented. 

3.1 Fick’s Laws of Diffusion 

3.1.1 First Law 

Fick’s first law of diffusion relates diffusion flux       of the species i to the concentration 

gradient       as per Equation: 
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           3.1 

where D is the diffusion constant. Depending upon the frame of reference chosen to calculate 

D,     and    can take different units. For planar diffusion in one dimension, Fick’s first law 

can be written as: 

      
   
  

 3.2 

3.1.2 Second Law 

Fick’s second law of diffusion gives the relationship between the concentration gradient of 

the species i and the rate of change of its concentration   
   

  
   caused by its diffusion at a 

given point in the system  

 
   
  

          3.3 

For planar diffusion along the x direction the equation reduces to: 

 
   
  

  
 

  
   

   
  

   3.4 

When D is independent of position, Equation 3.4 takes the form: 

 
    

  
   

    
   

  3.5 

In most practical situations, diffusion in materials occurs under non-steady state conditions. 

The flux and the concentration gradient at a particular point in the diffusion zone change with 

time, resulting in net accumulation or depletion of diffusing species. 

3.2 Diffusion Measurement in Binary Alloys 

3.2.1 Constant Diffusivity 

Depending on the variation of D with composition, there are two methods to determine 

diffusion coefficients in alloys. If D is constant (or varies very slightly with composition) and 

diffusion distance is small compared to the length of the diffusion couple in the direction of 

diffusion, Equation 3.5 can be solved analytically and the solution can be expressed in terms 
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of error functions by specifying boundary conditions [46]. Considering a binary diffusion 

couple formed by welding two alloys A and B having composition   
  and   

  at the extreme 

ends at the start of the diffusion process, the initial and boundary conditions for such a 

diffusion couple are:  

                
   and                 

  and  3.6 

                
   and                 

  3.7 

The solution to Fick’s second law can be written as: 

         
   

    
  

 
 
   

    
  

 
    

 

    
 3.8 

where Ci the composition at a distance x from the interface, the expression     
 

    
  

represents the Gaussian error function which is defined by the equation: 

         
 

  
         

 

 

       3.9 

The values of the Gaussian error function are given in mathematical tables for various 

arguments. By using the value of the error function from the tables [47] , the diffusion 

coefficient can be calculated using the Equation 3.8. 

3.2.2 Variable Diffusivity 

In a situation where diffusivity is not constant but rather varies with composition, the error 

function analysis given above can not be used to determine the diffusion coefficient. We see 

from Fick’s second law of diffusion that Equation 3.5 is a non-linear partial differential 

equation and its analytical solution for any arbitrary concentration dependence of       is not 

possible. Under such circumstances, it is possible to extract diffusivity from the concentration 

distance profiles by numerical integration. There are two methods to determine       from 

the concentration profiles - classical Boltzmann-Matano method [48] and a related approach 

developed by Sauer and Freise [49]. Both these methods make use of the Boltzmann 

transformation. 
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3.2.2.1 Boltzmann Transformation 

This is a mathematical transformation suggested by Boltzmann and is used to transform a 

non-linear partial differential equation to a non-linear ordinary differential equation if    is a 

function of concentration alone. Boltzmann [50] showed that when    is a function of 

concentration only, for certain boundary conditions, concentration may be expressed in terms 

of a single variable of space and time. Fick’s second law can therefore be reduced to an 

ordinary differential equation by introducing the variable. Boltzmann introduced a variable 

(λ) which is a combination of space (x) and time (t), respectively and is written as: 

   
 

  
 3.10 

Since λ is a function of concentration only, using the definition of λ and differentiating by the 

chain rule, we can write: 

 
  

  
 

  

  
 
  

  
  

 

 
 
 

    
 
  

  
 3.11 

and 

 
  

  
 

  

  
 
  

  
 

 

    
 
  

  
 3.12 

Inserting Equations 3.11 and 3.12 in Fick’s second law (Equation 3.4): 

  
 

 
 
 

    
 
  

  
 

 

  
 
  

  

  

  
  

 

 

 

  
   

  

  
  3.13 

Using definition of the λ from the Equation 3.10, the Equation 3.13 can be written as: 

  
 

 

  

  
 

 

  
    

  

  
   3.14 

This transformation of Fick’s second law into an ordinary differential equation is known as 

Boltzmann transformation and was first used by Matano to extract interdiffusion coefficients 

from the concentration profiles acquired from the diffusion zone of a binary diffusion couple. 
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3.2.2.2 Boltzmann-Matano Method 

Matano proposed a method to calculate concentration dependent diffusion in binary diffusion 

couples [48]. For the derivation of the method we consider an infinite diffusion couple with 

terminal compositions of   
 and   

 . The initial conditions are: 

      
                    

3.15 
      

                   

Since at t=0, the concentration is not a function of distance, the initial and boundary 

conditions for the partial differential equation can be expressed in terms of Boltzmann 

variable as: 

      
            

3.16 
      

           

Equation 3.14 can be integrating between initial composition   
  and   

 , where   
  is any 

concentration between   
  and    

  (  
     

 <   
   

  
 

 
     

  
 

  
 

    
   
  

 
  
 

  
 

 3.17 

The data on   
  is always at some fixed time, so substituting for λ and using  

   

  
=0 at   

  

gives: 

  
 

 
     

  
 

  
 

      
   
  

 
  
 

  
 

     
   
  

 
  
 
 3.18 

From the additional fact that  
   

  
 = 0 at   

 , we have the condition: 

      

  
 

  
 

   3.19 

Equation 3.19 defines the Matano plane at which x=0 and with this definition of x,      
   can 

be determined from the equation: 
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 3.20 

where    is the interdiffusion coefficient at the composition of interest    
   ,  

  

   
  is the 

inverse of the slope of the penetration curve at   
 , and      

  
 

  
  is the area under the 

concentration profile curve  up to the Matano plane. The Matano plane is a plane where the 

net flux of the diffusing species crossing it from either side of the diffusion couple is zero.  

The position of the Matano plane is determined from the concentration distance profiles of 

diffusion couples generated by the EDS or EPMA (Electron Probe Microanalysis) methods. 

This is usually done by evaluating the area under the curve by numerical integration. A 

schematic of the various terms involved in Boltzmann-Matano method for binary diffusion 

couple is shown in Figure 3.1. 

 

Figure 3.1: Schematic of a concentration distance profile showing the terms used in the 

Boltzmann-Matano method to determine interdiffusion coefficient in binary alloys. 

 

The Boltzmann-Matano method is applicable in the case of infinite diffusion couples where 

the concentration change does not reach the ends of the diffusion couples and where the 

diffusion couple does not experience a change in total molar volume after the diffusion 

annealing. The interdiffusion coefficient determined by this method can further be used to 
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study the intrinsic diffusivity of species in binary diffusion couples by tagging the initial 

interface of the diffusion couple with some inert markers (such as particles of ThO2, fine 

wires of W or Mo). By measuring the velocity of the markers (    and using    , the intrinsic 

diffusivities can be calculated from Darken’s equations: 

               3.21 

            
   

  
 3.22 

where DA and DB are the intrinsic diffusion coefficients of components A and B in the binary 

alloy. NA and NB are the mole fractions of A and B in the alloy. The solution of these 

simultaneous equations will give values of DA and DB in the diffusion couples composed of 

binary alloys. 

The method proposed by Boltzmann-Matano is not suitable for the diffusion couples in which 

a considerable change in total molar volume in the diffusion zone occurs upon 

reaction/mixing during diffusion. This is because of the fact that due to a change in overall 

dimension of the diffusion couple, the determination of the exact location of the Matano 

plane is rather vague because it depends upon the reference end of the diffusion couple used 

for the determination of the plane. Depending upon whether it is determined from the left or 

right hand side of the diffusion couple, there will be two different values of the Matano plane. 

In such cases, the method given by Sauer-Freise is used which is described below. 

3.2.2.3 Sauer-Freise Method 

Alloys containing ideal solutions obey Vegard’s law and no change in molar volume takes 

place on diffusion in these alloys. The molar volume of a binary alloy A-B in the ideal case is 

given as 

              3.23 

where VA and VB are the molar volumes of the pure components A and B. NA and NB are the 

mole fraction of components A and B. 

Alloys with non-ideal solutions do not obey Vegard’s law and total molar volume of the alloy 

changes on diffusion. Depending upon the positive or negative deviation from the ideal 
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behaviour, the diffusion couple will swell or shrink due to change in molar volume upon 

diffusion. The partial molar volume of the components A and B in such case can be written as 

           
   
   

  3.24 

and 

               
   
   

  3.25 

These partial molar volumes are related to the total molar volume of the alloy by Equation 

                 and can be obtained graphically from the intersections of the relevant 

tangent with the ordinate as shown in the Figure 3.2. 

 

Figure 3.2: Schematic plot showing Vegard’s Law and a non-ideal case where a deviation 

from the law occurs. 

The Sauer-Freise method [49] is a modification of the Boltzmann-Matano method which 

eliminates the need to identify Matano Plane. This method also takes into account any change 

in the total molar volume of the system that occurs due to diffusion. Sauer and Freise 

introduced an auxiliary variable   
  based on the ratio of mole fraction of component i in a 

diffusion couple 
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  3.26 

Where    
  and   

  are the mole fraction of component i at the extreme right and left ends of 

the diffusion couple.    
  is the mole fraction of i at the point of interest. Using the variable, 

equation for interdiffusion coefficient can be written as:  

         
  
  

 
  

  
 
  
 
        

 

  
     

  
 

  
 

 
   

  

  
 

  
 

    3.27 

 

Molar volume     in the above equation can be calculated from the knowledge of the lattice 

parameter as a function of composition. Equation 3.27 can be derived in the similar fashion 

as explained in Section 3.3.2 for the determination of interdiffusion flux from the 

concentration profiles. Measurement of the interdiffusion flux with the Sauer-Freise method 

requires construction of three graphs as described below: 

 graph of the normalised composition (Y) as a function of diffusion distance (x), 

 graph of   
 

  
  versus x and 

 graph of   
   

  
  versus x 

Using these three graphs and performing numerical analysis, interdiffusion coefficient can be 

determined at any point (composition) of interest in the diffusion zone of a binary diffusion 

couple. 

3.3 Diffusion Measurement in Multicomponent Alloys 

The diffusion process becomes complex in the alloy systems with greater than two 

components. A description of interdiffusion in such systems requires an understanding of the 

interactions between all components. The complexity arises because all the elements interact 

with each other during diffusion annealing and the diffusion of one element is not only due to 

its own concentration gradient, but also due to the concentration gradients of other elements 
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present in the diffusion zone. The different approaches developed to determine diffusion 

under such circumstances are discussed below. 

3.3.1 From Multiple Diffusion Couples 

Following Fick’s law of diffusion, the interdiffusion flux      of component i in a 

multicomponent system can be represented by the following equation [51, 52]: 

            
 

   

   

   
  

                      3.28 

where  
   

  
  is the concentration gradient of component j, n is the total number of 

components in the system and x is position .     
  represents the interdiffusion coefficient of 

component i with respect to the concentration gradient of component j in an n component 

system. 

According to Equation 3.28, there will be (n-1) flux equations and (n-1)
2
 interdiffusion 

coefficients in an n component system. Therefore, for example in a ternary system, one needs 

to solve two flux equations to extract four interdiffusion coefficients. These flux equations for 

a ternary system can be written as: 

          
 
   
  

     
 
   
  

 3.29 

          
 
   
  

     
 
   
  

 3.30 

where     
           

  are the main-interdiffusion coefficients and     
           

  are called as 

the cross-interdiffusion coefficients. 

The experimental determination of these interdiffusion coefficients can be achieved by 

employing either the Boltzmann-Matano or the Sauer-Freise method. For a ternary alloy the 

analyses require setting up two independent diffusion couples having a common composition 

in their respective diffusion zones. Hence, for the composition that corresponds to the 

intersection of diffusion paths, the interdiffusion coefficients can be calculated by solving the 

Equations 3.29 and 3.30. 

Determination of diffusion parameters in quaternary and higher order systems are more 

complex and seldom done employing the methods discussed above. In such cases average 
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interdiffusion coefficients can be determined from single diffusion couples, a method for 

which is described below in detail. 

3.3.2 From Single Diffusion Couple 

3.3.2.1 Main- and Cross-Interdiffusion Coefficients 

There is an alternative method which can be used to determine the average interdiffusion 

coefficients in multicomponent systems from a single diffusion couple [53]. According to this 

method, interdiffusion fluxes of all the components in a multicomponent system can be 

determined directly from their concentration distance profiles measured on a single diffusion 

couple. From the concentration profiles, interdiffusion flux at any position x can be expressed 

by the relation [54]: 

      
    

 

  
       

    
  

  
      

 

                    3.31 

Where t is the diffusion time,   
        

  are the terminal compositions and     is the location 

of the Matano plane. In the above equation, total molar volume change in the diffusion zone 

is considered negligible and calculation of diffusion coefficients by the above method 

requires determination of Matano plane.  

Dayananda et al. [55] further showed that by expressing the concentration in terms of a 

relative concentration variable Yi, the need for determination of the Matano plane can be 

eliminated. This relative concentration variable is defined as: 

   
  

  
    

 

  
    

  3.32 

where Ci  is the concentration of component i in moles.m
-3 

at any section of the diffusion 

zone. Figure 3.3 shows a schematic of relative concentration variable as a function of 

diffusion distance x. 
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Figure 3.3: Schematic plot of the relative concentration variable (Yi) versus distance (x) for 

the diffusing component i in a diffusion couple. 

In Figure 3.3, the position of the Matano plane is x0 , which can be determined by the mass 

balance in terms of area under the curve as: 

         3.33 

for a given section x*, it follows from Figure 3.3: 

 
            

or 

 

                  

From Figure 3.3 we can write: 
 

       

  

  
       

  

  

           3.34 

In terms of Yi and        
    

 
 , Equation 3.31 can be written as: 
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     3.35 

and integrating by parts: 
 

                                 
   
  

          
       

  

  

  3.36 

On substituting Equation 3.34 into the Equation 3.36, the expression for flux at any position 

can be written as: 

      
   

   
  

   
       

  

  
         

       
  

  

  3.37 

Equation 3.37 allows the calculation of interdiffusion flux without the need for determining 

the Matano plane position. For the cases where a change in molar volume with diffusion 

cannot be ignored, Equation 3.37 can be modified to [56]: 

    
      

   
  

   
  

      

  
  

  

  
      

   
  
  

  
  

  

  3.38 

where    
  is the interdiffusion flux of species i based on molar fixed frame of reference.  

In order to determine the main- and cross-interdiffusion coefficients, the interdiffusion flux 

determined from either of Equation 3.31 or 3.38 can be integrated over a selected region of 

interest. On the basis of Equation 3.31 for a ternary system, integration between the position 

   and    yields [53]: 

 

     

  

  

          
 

      

      

         
 

      

      

    

                                     =      
                       

                                        

3.39 

where      
           

  are the average values of the main- and cross-interdiffusion coefficients 

over the composition range along the diffusion path between                  . These 

average interdiffusion coefficients can be defined as: 
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 for i, j = 1,2,3…….n 3.40 

The values of      
   defined in Equation 3.40 are characteristics of the diffusion path; therefore, 

they can be treated as constant over the selected range of composition. On the basis of      
  

and      
  taken as constants, Onsager’s flux equation (Equation 3.28) can be modified to: 

           
 
   
  

      
 
   
  

 3.41 

Multiplying both sides of Equation 3.41 by (x-x0) and integrating between x1 and x2 in the 

diffusion zone, we get: 

      

  

  

                
           

      

      

      
           

      

      

 3.42 

 

      

  

  

                   
                           

                       3.43 

Equations 3.39 and 3.43 provide flux equations involving four interdiffusion coefficients 

(two main and two cross). By solving these equations over the selected composition ranges in 

the diffusion zones, the main and cross-interdiffusion coefficients can be calculated. 

3.3.2.2 Integrated and Effective Interdiffusion Coefficients 

Interdiffusion coefficient determination in multicomponent alloys employing multiple 

diffusion couples with intersecting diffusion paths yields main- and cross-interdiffusion 

coefficients, the number of which depends upon the number of components present in the 

diffusion couple. For more than three components, preparation of multiple diffusion couples 

with common composition in the diffusion zone is quite difficult. The large number of main- 

and cross-interdiffusion coefficients does not give a clear picture of diffusion phenomena in 

the multicomponent alloy systems. Alternatively, using a single diffusion couple we can 

calculate effective interdiffusion coefficients for each element in multicomponent alloys. 
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These effective interdiffusion coefficients give a better idea of the interdiffusion behaviour of 

individual components under investigation. Under such conditions, the Onsager equation can 

be reduced to 

           
 

   
  

   3.44 

For the calculation of      
 , Equation 3.44 requires determination of the concentration 

gradient on the concentration profile curve obtained from the diffusion zone under 

investigation. Some intermediate phases such as intermetallics are characterized by a narrow 

composition range. The concentration gradient over which these phases exist can be very 

small and it is practically difficult and inaccurate to measure such a small gradient on the 

concentration profiles.  In such cases, Wagner [57] suggested the determination of integrated 

diffusion coefficient      
  instead of interdiffusion coefficient, which is essentially the      

  

integrated over the composition range of the phase of interest. The      
  can be related to 

      
  by  

      
         

              

  
 

  
 

 3.45 

where        is the average effective interdiffusion coefficient.   
        

   represent minimum 

and maximum composition of specie i (in mole fraction) in the phase of interest. Using the 

relation    
  

  
 and Equations 3.44 and 3.45, the      

  in terms of the flux of diffusing 

species can be written as [58]: 

      
           

  

  

   3.46 

Where    is the molar volume of the phase of interest and    and    are the positions 

corresponding to the composition range ΔN. Once      
  is determined, the        can be 

calculated from Equation 3.45. For a multicomponent alloy system, there will be a unique  

       for each element present in the interdiffusion zone, and using the above procedure, these 

can be measured from a single diffusion couple. 
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3.4 Diffusion-Controlled Growth of Reaction Phase in Multiphase Systems 

Growth of precipitates/reaction layers in the solid state annealing experiments is controlled 

by thermally activated movement of atoms to the interface and is said to be diffusion 

controlled.  

In most practical cases, diffusion occurs in the presence of more than one phase. Diffusion in 

multiphase system can be understood by considering a diffusion couple made up of two pure 

metals A and B which are not completely miscible in each other [59]. In such a diffusion 

couple an intermediate phase (β) forms in addition to solid solutions of A (α) and B (γ). 

Figure 3.4 shows a hypothetical phase diagram and concentration distance profile developed 

during diffusion annealing of the diffusion couple.  

 

Figure 3.4 Hypothetical phase diagram of a binary system and concentration profile 

developed during diffusion annealing at temperature T1 

Assuming that the concentrations are in local equilibrium at α/β and β/γ interfaces, an 

expression for the rate at which the interfaces move can be obtained. If we consider flux of 

material from left to right, the rate of movement of the interface at  αβ will be: 

          
    

  
         3.47 
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This means that the flux from α phase at the interface must supply the surplus quantity 

              per unit time in order to advance α phase into β phase region. Applying 

Fick’s first law of diffusion (Equation 3.2), Equation 3.47 can be written as:  

 
    

  
 

 

       
    

  

  
 
  

    
  

  
 
  

  3.48 

By expressing concentration as a function of a single parameter λ=x/√t (refer to Section 

3.2.2.1), we can write 

 
  

  
 

 

  

  

  
 3.49 

Since concentration remains constant at the interface, λ and hence  
  

  
  will also be constant at 

the interface. Therefore, Equation 3.48 can be re-written as  

 
    

  
  

             

       
 
 

  
 3.50 

Where  

      
  

  
 
  
    

  

  
 
  

 3.51 

 Integrating Equation 3.50: 

       
             

       
    3.52 

Similarly for     interface 

       
             

       
    3.53 

 

From Equations 3.52 and 3.53, width of the intermediate layer as a function of time is given 

by: 
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            3.54 

or  

         
             

       
   

             

       
   3.55 

or  

         3.56 

This gives a parabolic relation with a temperature dependent rate constant (kβ) which 

involves a complex sum of diffusion coefficients in the adjacent phases as well as in the β 

phase also. 

A special case of above described model was presented by Zener [60, 61] for one 

dimensional growth of precipitates in an alloy matrix. The model is applicable to binary 

systems which have limited solubility in primary phases and no intermediate phase is formed 

during diffusion annealing. It is shown that under diffusion controlled growth, there exists a 

parabolic relationship between interface movement and time. This relationship can be derived 

by considering growth of a planar precipitate β in a matrix α as shown in Figure 3.5(a). 

Initially the concentration of the solute is higher in the precipitates than in the bulk of matrix 

and at the α/β interface the matrix composition is depleted in solute B (Figure 3.5(b)). By 

assuming that the time for the solute atoms to cross the interface is smaller than their 

diffusion up to the precipitate, the concentration of the solute at α/β will be in equilibrium 

(Ce).  

Figure 3.5: (a) Schematic showing diffusion controlled growth of a planar precipitate (b) 

composition variation with distance (c) approximation for the composition profile. 
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For the growth of the precipitate by a distance dx in time dt, the number of moles of B to be 

consumed at the interface per unit area is: 

           3.57 

According to Fick’s first law, this number should be equal to: 

        
  

  
    3.58 

where J is flux of B and D is the diffusion coefficient. Equating Equations 3.57 and 3.58, and 

solving for interface velocity: 

    
  

  
 

 

       

  

  
 3.59 

The solution to the above equation can be obtained by assuming that the concentration profile 

in the matrix is linear as shown in Figure 3.5(c). Noting that conservation of the solute is 

required in the two shaded regions shown in the diagram, we can write:  

          
    
 

 3.60 

where           , and x is the thickness of the precipitate. The growth rate therefore 

becomes: 

   
     

  

                
 3.61 

By assuming constant molar volume (Vm), the concentration in the above equation can be 

replaced by mole fraction (X=CVm). Further assuming that                , and 

integrating Equation 3.61 gives: 

   
   

       
      3.62 

and 
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 3.63 

where ΔX=X0-Xe is the supersaturation prior to precipitation. 

Equations 3.62 and 3.63 indicate that for one dimensional growth, the interface position 

varies as     and its velocity as     . The equations are valid for all the cases where the 

diffusion distance ahead of precipitate/matrix interface increases as the particles grow. The 

equations also suggest that for a given time, precipitate growth is proportional to 

supersaturation of the matrix. Dependence of v on 1/√t means that with increasing time, the 

rate of precipitate growth must decrease. This decrease is due to the fact that as the 

precipitate grows, it continues to draw solute atoms from the matrix resulting in a decrease in 

concentration gradient next to the growing precipitate in the matrix. 

The growth constant described in Equation 3.56 can be calculated from thickness 

measurements of the reaction layer as a function of time at the given temperature. The 

constant also follows similar temperature dependent Arrhenius relationship given for 

diffusion coefficient as:  

 

where    is the pre-exponential factor, QD is the activation energy for diffusion (J mole
-1

), R 

is the ideal gas constant (8.314 J mole
-1

 K
-1

) and T is the diffusion annealing temperature 

(Kelvin). 

By plotting log of growth constant or diffusion coefficients against reciprocal of absolute 

temperature, activation energy for growth (QG) and diffusion (QD) can be determined from 

the slope of Arrhenius plot. 

For the determination of growth constant and therefore QG , two different equations have been 

used in past studies (Table 3.1). These are: 

       3.65 

       3.66 

         
  

  
  

 
 3.64 
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where x is the thickness of the reaction layer developed in time t during diffusion annealing 

and K or k is the growth constant. 

Since Equation 3.65 is equivalent to        used to approximate the penetration depth of 

diffusion species, the relation between two different growth constants can be written as k
2
 = 

K= D. Accordingly, QG calculated from k values using Equation 3.66 will be half of QD. But 

according to Equation 3.56, growth constant in case of multiphase diffusion has complex 

meaning. It depends on diffusivities in the bordering layers as well as on the diffusivity of the 

growing phase, on the concentration gradients on both sides of the interfaces and on the 

solubility limits of the phases. Therefore the activation energy deduced from the growth 

constant also has complex meaning and may not be correlated with activation energy for 

diffusion. 

3.5 Growth of Reaction Layers in W Wire Reinforced Alloys 

Table 3.1 summarises the literature on the diffusion and growth kinetics parameters for the 

reaction layers in W wire reinforced composites. Diffusion coefficients were determined by 

Boltzmann-Matano and moving boundary methods. Growth kinetics of the reaction layers 

were determined by fitting the data to the parabolic growth law. Due to the limited data 

available and the fact that vastly different alloy compositions were used for reinforcement, no 

conclusive trend about the intermetallic growth and diffusion can be predicted from past 

studies. Roughly we can say that measured diffusion coefficients in the temperature range 

1100-1200°C lie between 10
-11

-10
-13

 cm
2
sec

-1
 in all the cases. In the case of INCOLOY 903, 

the activation energy for diffusion increases by approximately 10% when the INCOLOY 903 

matrix was modified by adding 10wt.% tungsten. Two studies on 304 and 316 stainless steel 

matrices were limited to calculation of growth constants only. The data in the latter case is 

limited in the sense that the k value was calculated at 1093°C only. The information is 

insufficient to determine QG over a range of temperature for comparison with W/316L in the 

present investigation. 
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 Table 3.1: Summary of the diffusion and growth kinetics studies in tungsten wires reinforced high temperature alloys. 

Composition (wt.%) 

Diffusion & Growth Characteristics 
 

Ref. Temperature 

°C 
Equation coefficient (cm

2
sec

-1
) Q (kJ mole

-1
) 

W/NIMOCAST 713C 

12Cr-6Al-4.5Mo-2Nb (bal. Ni) 
1100 x

2
=4Dt+C D=1.66E-13 - [8] 

W/65Ni-20Cr-15W 

W/60Ni-20Cr-20W 

1200 

1200 
x

2
=Kt 

K=1.87 E-11
 

0.0071 E-11 

-- 

-- 
[62] 

W/80Ni-20Cr 1100 
x

2
=Kt 

BM method 

     = 4.0 E-11 

    = 2.9 E-11 
K=0.53 E-12 QG=444±25 [63]  

W/304 SS 

0.08C-18Cr-8Ni-2Mn-1Si (bal. Fe) 
1000-1200 x=k√t k=13 [exp (-239.5/RT)]t

1/2
 QG=239.5±20 [64]  

W/INCOLOY 903 

38Ni-15Co-3.1Nb (bal. Fe) 

1100 

1200 Moving boundary 

method 

           = 11 E-12
 

                  47 E-12 

QD =268 

 
[27] 

W/INCOLOY 903 (modified with 

~10%W) 

1100 

1200 

            14 E-12
 

                   80 E-12 
QD= 291 

W/316SS 1093 x
2
=Kt k=4.9E-12  [65]  
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3.6 Summary 

Methods of diffusion coefficient measurement in binary and multicomponent alloys were 

reviewed in this chapter. A model for the diffusion-controlled solid state growth of 

precipitates which is also applicable for the growth of reaction layers was discussed and the 

results on the diffusion and growth kinetics of some studied tungsten wire reinforced 

composites were compiled. 

Determination of interdiffusion parameters in multicomponent alloys is rather difficult. 

Depending on the molar volume change during diffusion annealing, either the Boltzmann-

Matano or the Sauer-Freise methods can be successfully employed to extract diffusion 

coefficients in the diffusion couples composed of ternary alloys. The methods can also be 

used to study interdiffusion in higher order systems; but the fabrication of multiple diffusion 

couples with intersecting diffusion paths is difficult. Also, the number of main- and cross- 

interdiffusion coefficients determined using these methods increase with increasing 

components of the alloy system. Therefore the above mentioned methods are less practical 

for understanding diffusion in multicomponent systems. In such cases, calculation of average 

effective interdiffusion coefficients will be more useful to compare the diffusion behaviour of 

individual components in the multicomponent systems and can be done utilizing a single 

diffusion couple. 

Past studies utilized different equations to determine the growth kinetics of the reaction layers 

in the composites. Based on parabolic growth, these studies suggest that growth of layers in 

the composites is diffusion controlled. There is no previous quantitative data available on the 

growth kinetic and interdiffusion in the composites investigated in this thesis. Therefore, the 

data generated in this thesis will serve as an important source of information for future 

studies on similar composite systems. 
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Chapter 4. Composite Fabrication and Characterization Procedures 

In this chapter a description of materials used to make the composites, fabrication procedure 

and the techniques employed to characterize the composites are presented. The composites 

were fabricated by a casting method and were diffusion annealed at different temperatures for 

different time intervals. Specimens from as-cast and diffusion annealed composites were 

characterized by Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy 

(EDS) and Electron Backscattered Diffraction (EBSD) techniques. All the procedural steps 

from composites fabrication to characterization and data acquisition are explained in this 

chapter. 

4.1 Materials 

4.1.1 Matrix Alloys 

Two commercial stainless steel grades, 316L stainless steel (316L) and HP-35Ni-25Cr alloy 

steel (HP) were used as matrix materials in the present study. Typical chemical composition 

of both the matrix alloys determined by EDS is given in Table 4.1. 

Table 4.1: Chemical composition of 316L and HP stainless steels used in the present study. 

The composition was determined by EDS. Error is standard deviation over five 

measurements. 

Alloy 

Composition (wt. %) 

Cr Fe Ni Mn Si others 

316L 17.6  ±0.2 68.0 ±0.3 9.9 ±0.2 1.9 ±0.1 0.5 ±0.1 Mo-2± 0.2 

HP-35Ni-

25Cr 
25.0  ±0.1 34.6 ±0.1 34.6 ±0.2 0.5 ±0.1 1.7 ±0.1 Nb-1.1 ±0.1 

 

316L stainless steel is a Fe-Ni-Cr based alloy with a fully austenitic microstructure at room 

temperature. It has very low carbon content <0.03 wt.% C, which is necessary to prevent its 
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sensitization at elevated temperature. Addition of 2-3 wt.% Mo in 316L improves its 

corrosion resistance and provides increased strength at elevated temperature. Typical uses of 

316L include exhaust manifolds, furnace parts, heat exchangers, chemical equipment, 

digesters, tanks, evaporators, paper and textile processing equipment and parts exposed to 

marine atmospheres and tubing. 

HP alloy steel is also a Fe-Ni-Cr based austenitic stainless having 25 wt.%Cr and a Fe:Ni 

ratio close to 1. In contrast to 316L, the carbon content in this steel is quite high ~ 0.45 wt.%. 

Because of these compositional attributes this steel exhibits much higher creep-rupture 

strength, carburization and oxidation resistance than 316L. Consequently, it is used at higher 

service temperatures. Typical uses of HP alloy steel are in ammonia, methanol and hydrogen 

reforming operations (furnace parts, tube supports and hangers), ethylene pyrolysis (coils and 

fittings), steam super-heaters and tube sheets. 

4.1.2 Reinforcement 

Commercial purity W wires (AKS grade), procured from Midwest Tungsten Service-USA 

were used for reinforcing the stainless steel matrices. The diameter of the wires was 381µm 

(from supplier’s report), and they were received in as-drawn and cleaned condition. The 

chemical composition of the W wires used in this study is reported in Table 4.2.  

Table 4.2: Chemical composition of tungsten wire (from the supplier’s test report). 

W Al P Si impurities 

99.95 wt.% 

(min.) 

35 ppm 

(max.) 

100 ppm 

(max.) 
40 ppm (max.) 

30-50 ppm C, Cr, Cu, 

Fe, Zn, Mo, Na Ni, O 

 

As seen in the Table 4.2, AKS grade W has deliberate but very small addition of Al, P and Si 

in it. W is doped with aluminium potassium silicate that causes formation of potassium 

bubbles at the grain boundaries of W. The potassium bubbles promote highly interlocked 

grain formation on recrystallization [66]. This interlocking of grains extends creep life of the 

wires by inhibiting grain boundary sliding and diffusional creep. Figure 4.1 shows secondary 

electron (SE) images of the longitudinal and transverse cross-sections of the as-drawn W 

wires. 
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Figure 4.1: Typical microstructure of the tungsten wires used in present study. (a) 

longitudinal cross- section and (b) transverse cross-section. 

The microstructure of the longitudinal cross-section of the wire shows a fibrous appearance 

indicating heavily deformed grains along the drawing direction. 

(a)

(b)
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4.2 Composite Fabrication  

The reinforced alloys (composites) under investigation in this study were fabricated by a 

casting method. A rectangular split mold (160mm x 160mm x 62mm) made of 304 grade 

stainless steel was used (Figure 4.2). The mold had a cavity of size 110mm x 110mm x 

12mm. A thin layer of a refractory coating (Boron Nitride Releasecoat-Blue
®
) was applied 

inside the mold cavity before affixing the wires in the mold. Short lengths of W wires 

(~125mm) were cut, straightened, and arranged longitudinally in the mold. No wire was 

placed in the path of the liquid metal flow into the mold in order to ensure a smooth and 

turbulence-free flow of molten alloy during casting. Closing and fastening of both the halves 

of the split mold facilitated the locking of W wires to their respective positions inside the 

mold. The entire mold setup was preheated to 110°C to eliminate moisture before pouring the 

liquid alloy. 

For composite fabrication, small pieces of the respective alloys were melted in a high purity 

alumina crucible (Size: ID 90mm x H 140mm, procured from Certec-New Zealand) inside a 

bench top resistance furnace that has the capability of attaining 1700°C temperature (heating 

zone Size: 150mm x 150mm x180mm,. make: Ceramic Engineering-Sydney, Australia). 

About 1.2 kg of alloy was melted for making each composite casting. After melting, the 

molten metal was held for 30 minutes at the desired temperature and then poured into the 

stainless steel mold. A 50°C superheat temperature was used for pouring. The melting points 

of the alloys are 1370-1400°C and ~1350°C, respectively for 316L and HP alloy [67]. 

 



46 

 

 

Figure 4.2: Schematic diagram of stainless steel split mold used to cast the composites. The 

tungsten wire arrangement is shown inside the mold. 

 

Once the mold was cooled down to room temperature, the cast plate was removed from the 

mold. Five composite plates were cast using each alloy. The cast plates were then subjected 

to X-ray radiography in order to assess the condition of W wires inside the castings. A typical 

photograph of a cast plate and its X-ray radiograph are shown in the Figure 4.3. The 

radiograph shows no apparent damage to the W wires inside the composite plate. There are a 

few voids in the casting (visible as white spots), but they do not pose a problem for the 

microstructural studies. 

 

tungsten

wires 

stainless

steel mold

110 mm
1

1
0

 m
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Figure 4.3: (a) A typical as-cast tungsten reinforced stainless steel composite plate (b) X-ray 

radiograph of the same plate showing the condition of wires inside the composite. The white 

dots seen on the radiograph are voids present in the cast plates. 

 

4.3 Diffusion Annealing 

Samples from the fabricated composite plates (W/316L and W/HP) were used to study the 

reaction products, growth kinetics of reaction layers and their interdiffusion characteristics. In 

order to perform these investigations rectangular samples of size 20mm x 10mm x 10mm 

were sectioned from the cast plates. The samples were annealed in a resistance furnace at four 

different temperatures 900°C, 1000°C, 1100°C and 1200°C. Due to the poor oxidation 

resistance of 316L above 850°C, the samples were encapsulated in evacuated quartz tubes 

prior to annealing (Figure 4.4). For the diffusion study, each set of five samples was annealed 

as above and the samples were removed after 25, 50, 100, 200 and 500 hours and quenched in 

water. 
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Figure 4.4: W/316L samples encapsulated in quartz tubes for diffusion annealing at 900-

1200°C. 

4.4 Specimen Preparation  

Specimens of size 10mm x 10mm x10mm were sectioned from the cast composite plates 

using an abrasive wheel cutter (Buehler Abrasimet).While cutting the samples, it was ensured 

that the reinforced wire axis is perpendicular to the cut surface. Similarly, specimens 

approximately from the middle of the diffusion annealed composites were sectioned using the 

abrasive cutter. A diagram of the sampling scheme of the diffusion annealed specimens is 

shown in Figure 4.5. For the ease of handling and edge retention, all the sectioned samples 

were mounted in a conductive mounting compound (Buehler Probemet
®
) using a hot 

mounting press.  

The mounted cast and diffusion annealed specimens were firstly wet ground successively on 

silicon carbide emery papers (Buehler Carbimet
®
) of sizes 180, 200, 400, 600 grits using 

water as a lubricant. This operation removed bulk surface defects, scratches and made the 

sample’s surface flat enough for fine polishing. Secondly, the specimens were subjected to 
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fine polishing using 9, 3 and 1µm size diamond particles suspended in water (Buehler 

MetaDi
®
 Supreme). Thoroughly washed fine polished samples were further subjected to final 

polishing using 0.06 and 0.02 µm (Buehler MasterMet
®

) colloidal silica suspensions 

.  

 

Figure 4.5: Sampling scheme for the characterization of diffusion annealed composites. Small 

specimens were sectioned approximately from the middle of the diffusion annealed samples 

and the surface view perpendicular to the wire length was mounted for examination. 

 

4.5 Characterization 

Polished specimens from the as-cast and diffusion annealed plates were investigated for 

microstructure and chemistry. Additionally, thickness measurements on the reaction layers in 

diffusion annealed specimens were performed to establish the growth kinetics of the layers. 

The composition profiles acquired across the reaction layers were utilized to determine the 

average effective interdiffusion coefficients in the layers. The procedures are described 

below.  

4.5.1 Microscopy and Measurements 

The microstructure of the specimens was analysed with a JEOL 7000F scanning electron 

microscope equipped with a field emission gun (FEG-SEM). Wherever required, images 

were acquired in both secondary electron (SE) and backscattered electron (BSE) imaging 

tungsten wires 

stainless steel matrix

conductive mold

diffusion annealed sample
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modes. All the images were acquired at 20keV accelerating voltage and a working distance 

approximately 10 mm between microscope objective and the sample.  

The thickness of the reaction layers was measured on the acquired micrographs using a length 

measuring tool incorporated in the EDS software. The values reported in this thesis are 

average thickness of 20 measurements on multiple micrographs. 

For measuring the diameter of the tungsten wires inside the composite matrices, image 

analysis software “image J” [68] was utilised. By segmenting the SEM image, the area of the 

wire was measured and its diameter was calculated. A total 10 wires in different micrographs 

representing each composite were analysed to calculate average wire diameter.   

4.5.2 Chemical Analysis 

An EDS detector (JEOL EX-2300 BU) attached to the FEG-SEM was used to perform 

chemical analyses on the polished samples of the composites. The ZAF (atomic number (Z), 

X-ray absorption (A) and X-ray fluorescence (F)) standardless method was used for the 

quantification of various elements in this research. 

4.5.2.1 Composition Profiles Acquisition 

Composition profiles were used to calculate diffusion coefficients in the reaction layers. For 

their acquisition, line scan analyses were performed on the polished samples covering the 

entire width of the reaction layer and parts of W wire and the matrix of the composites. The 

electron beam was scanned across a line and a spectrum was acquired at equidistant points 

with separation 1 to 2 µm in each sample.  

For obtaining localized chemical information from a particular feature/region on the image, 

point and area analysis modes were used to collect the X-ray spectra. These spectra were then 

analysed quantitatively to obtain chemical composition of the elements present. 

4.5.2.2 X-ray Mapping 

X-ray mapping on the composite samples was done to learn about the distribution of various 

elements in the reaction zones of the composites. The X-ray map acquisition reported in this 

thesis was done at 20keV accelerating voltage, 0.59nA probe current, and 10mm focal length. 

The beam current was adjusted to obtain numbers of counts per second (cps) in the range 

5000-30,000 and the dead time was maintained between 25-35%. The X-ray maps were 
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acquired for 100 frames for each sample. The following steps were followed to collect X-ray 

maps with the help of EDS: 

 An image of the area of the interest on the specimen was acquired in the EDS 

software. X-ray spectrum from the entire area in the image was then collected to 

survey the presence of chemical elements in the area. 

 Once the probable elements present in the samples were identified, X-ray maps of the 

identified elements were collected from the entire image of the sample under 

investigation to visualize the elemental distribution. 

4.5.3 Phase Identification  

An EDS assisted EBSD methodology was used to identify the unknown phases in the 

reinforced alloy composites. A JEOL JSM-6100 SEM with an Oxford EDS detector (with 

Moran Scientific QXAS QUOLL software) and EBSD detector (HKL Technology Nordlys 

II) attachments were used for this purpose. All the images and the backscattered electron 

diffraction patterns (EBSP) were collected at 20keV accelerating voltage and 30 mm working 

distance.  

For the identification of crystal structures, crystallographic data [35] of all the likely phases 

was input in the EBSD software (HKL CHANNEL 5 Flamenco) to create the match units 

needed in the indexing procedure. A match unit is a list of diffracted planes in a particular 

crystal structure. The following steps were used in phase identification: 

 Using the imaging mode in the EBSD software, the unknown phase was located, 

imaged and the image was frozen. 

 Switching to chemical analysis, the composition of the elements in the unknown 

phase was established with EDS. Based on this compositional information, a phase 

database of the phases that contain the elements in approximate proportion identified 

by EDS analysis was selected in the EBSD software. 

 With the help of the frozen image, the electron beam was positioned on the unknown 

phase. The EBSP was acquired from the phase and the bands on the pattern were 

detected. 
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 The EBSP was indexed and compared with the stored selected phase data in order to 

obtain acceptable solutions. The identification was considered successful when the 

simulated pattern from the selected database matched the EBSP from the unknown 

phase with mean angle of deviation 0.5°. 

Since this study mainly makes use of EDS and EBSD techniques to characterize the 

composites. Important features of these techniques and major factors affecting the analysis 

using these techniques are discussed in Appendix A [69-74]. 

4.6 Summary 

Starting materials and the procedures followed to fabricate and characterize the composites 

were described in this chapter. Plates of W/316L and W/HP alloys composite were fabricated 

by a casting method. The samples from the composites were diffusion annealed in 

temperature 1000-1200°C for 25-500 hours. SEM, EDS and EBSD techniques were used to 

characterize the composites, the results of which are presented in chapters 5 and 6.  
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Chapter 5. Reaction Layer Formation and Growth in Tungsten Wire 

Reinforced 316L Stainless Steel  

This chapter presents the studies on reaction layer formation and growth in W/316L 

composites. Phase diagrams and past studies of some W wire reinforced Fe based alloy 

matrices suggest that different intermetallic phases can evolve in the fabricated composites 

due to the interaction between W wire and matrix constituents. Depending on their growth 

kinetics, the intermetallic phases can be harmful for the creep properties of the composite. In 

order to study growth behaviour of the reaction phases, the fabricated composites were 

annealed in the temperature range 1000-1200°C. The results of these studies are discussed in 

terms of microstructure evolution, phase identification on the reaction layers, growth 

constants of the layers and average effective interdiffusion coefficients of different elements 

in the layers. A key finding of these studies is that interaction of W with 316L stainless steel 

results in the formation of a brittle intermetallic layer that is consistent with µ-phase. 

5.1 Experimental Procedures 

The detailed procedures followed for the composite fabrication, diffusion annealing, sample 

preparation and characterization of the W/316L composites are described in the Sections 4.2 

to 4.5 of this thesis. A brief overview is given below. 

The W/316L composite plates were fabricated by introducing molten 316L alloy into a 

permanent mold with W wires pre-arranged in it. The specimens were sectioned from the 

plates and sealed in evacuated quartz tubes for diffusion annealing. As-cast and diffusion 

annealed composite specimens were investigated for microstructural evolution, chemistry and 

crystal structure of the evolved phases by SEM-EDS and EBSD techniques. Thickness 

measurements on the reaction layers were performed and used to determine the growth 

kinetics of the layers. Composition profiles acquired across the reaction layers in the annealed 

specimens were used to calculate the average effective interdiffusion coefficients of various 

elements in the layers. 
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5.2 Results 

5.2.1 Microstructure and Chemistry  

5.2.1.1 As-cast Composites 

Figure 5.1(a) shows microstructure of the as-cast W/316L composite representing transverse 

cross-sections of a W wire in 316L matrix. A magnified view (Figure 5.1(b)) shows the 

microstructural features of the composite, in particular a 2 µm thick reaction layer around the 

wire periphery. The layer has multiple cracks on it that indicate its brittle nature. 

Additionally, there is a region adjacent to layer/matrix interface which appears to have an 

altered matrix composition and is about 10 µm thick. The grains in the W wire have 

experienced the effect of temperature during the casting process i.e. recrystallization- that has 

transformed their morphology from fibrous (Figure 4.1) to equiaxed.  

Distribution of major alloying elements around the reaction zone was mapped using EDS and 

the collected X-ray maps of Cr, Fe, Ni, and W are shown in Figure 5.2. The BSE image 

(Figure 5.2(a)) show composition contrast based on the atomic number (Z) of different 

elements and this contrast can be related to the specific elements in the X-ray colour maps. 

As seen from W map (Figure 5.2(f)), the reaction layer around the wire contains significant 

amount of W. Some regions in the matrix are enriched with Cr (Figure 5.2(d)), but the same 

regions are depleted in Fe and Ni (Figure 5.2(c) and (e)). The X-ray maps of Ni in the Figure 

5.2(e) shows false contrast in the W wires as there appears to be substantial presence of Ni in 

the wire. The X-ray spectrum collected on the W wire close to the wire/reaction layer 

interface ruled out any presence of Ni in it. This false contrast likely to arises due to 

dependence of X-ray continuum on atomic number
13

. 

                                                
13 X-ray maps from a sample are collected by defining an energy window across a peak for a specific element. 

The measured X-ray count contains two contributions- characteristics X-rays of the peak and continuum X-

rays from the sample background. Since continuum X-rays vary linearly with average atomic number of the 

electron excited region, during multiphase sample beam scanning, measured  intensity of the window for an 

element may change as the beam scans different phases even if the element is entirely absent in that region. 

This results in false contrast which is entirely due to the response of X-ray continuum to the concentration 

changes during beam scanning [69]. 
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Figure 5.1: (a) General appearance of tungsten wire in 316L matrix in the as-cast composite. 

(b) Microstructure of the reaction zone showing presence of a reaction layer and matrix 

region around the wire with altered microstructure. 
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Figure 5.2: Scanning electron micrograph and the X-ray maps showing elemental distribution 

in the as-cast W/316L composite: (a) BSE image, (b) composite image formed by 

superimposing X-ray maps of Fe (red), Cr (green), and W (blue). (c), (d), (e), and (f) are the 

coloured X-ray maps of Fe, Cr, Ni, and W, respectively. 
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Chemical composition of regions A, B, C and D (shown in Figure 5.2(a)) was determined by 

EDS. Typical EDS spectra from these regions are shown in Figure 5.3. The spectrum from 

the W wire (location A) consists of all the peaks originated from L and M shells of W only 

and no peak corresponding to other elements is present in this spectrum. In the spectra from 

the locations B, C and D, the major X-ray peaks correspond to Kα and Kβ lines of Fe, Ni and 

Cr. Additionally, there are weak Mo Lα peaks present in the spectra collected from these 

locations. The results of quantitative analysis of these spectra from reaction layer (location 

B), W containing matrix (location C) and matrix region away from the reaction zone 

(location D) are shown in Table 5.1. 

 

 

Figure 5.3: X-ray spectra collected from the regions A (tungsten wire close to the reaction 

layer), B (reaction layer), C (altered matrix adjacent to reaction layer/matrix interface) and D 

(matrix away from reaction zone) in Figure 5.2(a). 
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Table 5.1: Chemical composition in various regions (Figure 5.2 (a)) of as-cast W/316L 

composite. Error is standard deviation of five measurements. The deviations below 0.05 are 

not reported. 

Region 
Composition (wt.%) 

Cr Mn Fe Ni Mo W 

B 6.7   ±0.4 0.3  ±0.0 28.4  ±1.5 2.5  ±0.3 1.5  ±0.3 60.8  ±2.2 

C 14.2  ±0.2 1.0  ±0.1 62.4  ±0.2 8.1  ±0 1.5  ±0.3 12.9  ±0.4 

D 16.8  ±0.7 1.4  ±0.2 70.3  ±1.0 9.9  ±1.3 1.4  ±0.4 0.6  ±0.4 

 

For the identification of crystal structure of the reaction layer, EBSP were collected from the 

layer and analysed as per the procedure described in section 4.5. A typical pattern and its 

indexing is shown in Figure 5.4. Out of the phases listed in Table 2.2, the acquired EBSP 

matched well with µ-phase with a mean angular deviation equal to 0.52
14

. This phase has a 

rhombohedral close-packed structure with 39 atoms/unit cell and space group 166. Its lattice 

parameters are in the range- a=4.76-4.79Å, c=25.57-25.59Å. 

 

 

Figure 5.4: (a) Typical EBSP collected from the reaction layer of the composite (b) Indexing 

shows that the pattern is consistent with µ-phase. The mean angular deviation between the 

experimental and simulated pattern is 0.52°.  

                                                
14 In EBSD phase identification, Mean Angular Deviation (MAD) is the goodness of fit of the solution that 

specifies average angular misfit between acquired and simulated pattern. It is represented in degree and 

smaller number signifies better matching. A number less than 1° is acceptable for most systems. 
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According to the Fe-W phase diagram [75], the stoichiometric formula for µ-phase is Fe7W6 

but it exists over a range of composition which, for W, ranges from 42.1-44.5 at. %.  

On the basis of reaction layer composition given in Table 5.1, the atomic ratio in the layer is 

12.3Cr:0.6Mn:49.2Fe:4.2Ni:1.5Mo:32.1W. Using this and considering crystal structure 

similarities between Cr, Mo, W (BCC) and Fe, Ni, Mn (FCC), the formula for µ-phase can be 

written as (Fe, Ni, Mn)54 (Cr, Mo, W)46 , which is very close to the stoichiometric formula 

Fe7W6. Therefore, it seems probable that the reaction layer in the composite  is isomorphous 

with µ-phase with generalized formula M7N6, where M stands for Fe, Ni, Mn and N for Cr, 

Mo and W. 

 

5.2.1.2 Diffusion Annealed Composites 

Samples from the fabricated W/316L composites were diffusion annealed at temperatures 

900-1200°C for time ranging from 25-500 hours. The microstructure of the composites after 

500 hours annealing at 900°C is shown in Figure 5.5. There is relatively slow growth of the 

intermetallic layer at this temperature as it has grown to approximately 4 µm thickness (initial 

thickness was ~2µm) after annealing for 500 hours. However, W-rich precipitates have 

formed near the intermetallic layer in the matrix region, which had supersaturated with W 

during the casting process. 
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Figure 5.5: Microstructure of the W/316L composites after 500 hours diffusion annealing at 

900°C.  

 

Diffusion annealing of the composites at higher temperatures (1000-1200°C) caused 

substantial changes in the microstructures of the reaction zones (Figure 5.6). The developed 

intermetallic layers consumed all the precipitates that were seen at shorter diffusion annealing 

times. The intermetallic layers contain substantial cracking. The voids that appear at the 

layer/matrix interface in the composites are likely to be due to Kirkendall effect. With the 

increase in annealing temperature, these voids coalesced and caused debonding between W 

wire and stainless steel matrix (Figure 5.6(c) and (f)).  

µ layer 
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Figure 5.6: Microstructure of diffusion annealed W/316L composite samples: (a, b, c) full 

wire view inside the matrix after 500 hours annealing at 1000, 1100 and 1200°C, 

respectively. (d, e, f) corresponding magnified images around the reaction layers.  
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The X-ray maps of Cr, Fe, Ni and W in the composites annealed for 500 hours at 1000, 1100 

and 1200°C are shown in Figures 5.7 to 5.9. The reaction layers consist of one phase only as 

there is no observable Z contrast on the layers at all the temperatures.  

Chemical composition of the reaction layers in annealed composites was determined by EDS 

and is plotted in Figure 5.10. All the layers have quite similar W contents of 64-66wt.%. 

Comparison of the layers’ composition show that in the diffusion annealed composites the 

layers have more W and less Fe than in the as-cast composites. The crystal structure 

identification by EBSD on these layers confirmed that they are isostructural with µ-phase. A 

typical EBSP from the reaction layer and the indexed pattern are shown in Figure 5.11. 

Few Cr-rich particles (shown by arrows in Figure 5.9 (a)) appear near the reaction 

layer/matrix interface in the composite at 1200°C. These particles were subjected to EDS 

analysis and a typical spectrum is shown in Figure 5.12. The spectrum shows Al, Cr, O and V 

peaks. The presence of O indicates that these particles are likely to be Cr based oxides. 

Crystal structure of these particles could not be identified using EBSD. This was because of a 

complex oxide phase whose crystal structure information was not present in the software 

database. 
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Figure 5.7: (a) BSE image, and (b) colour composite image of 1000°C/500hours annealed 

W/316L sample. (c), (d), (e) and (f) are the X-ray maps of Fe, Cr, Ni and W. 

W M 20 µm

Cr K 20 µmFe K 20 µm

IMG1 20 µm  20 µm

Ni K 20 µm

(a) (b)

(c) (d)

(e) (f )



64 

 

 

Figure 5.8: (a) BSE image, and (b) colour composite image of 1100°C/500hours annealed 

W/316L sample. (c), (d), (e) and (f) are the X-ray maps of Fe, Cr, Ni and W. 
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Figure 5.9: (a) BSE image and (b) colour composite image for 1200°C/500hours annealed 

W/316L sample. (c), (d), (e) and (f) are the X-ray maps of Fe, Cr, Ni and W. 
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Figure 5.10: Chemical composition of the reaction layers in the composites annealed for 500 

hours at different temperatures. Error bars represent composition range (maximum and 

minimum) for 10 measurements. 

 

 

Figure 5.11: (a) Acquired electron backscattered pattern from the reaction layer and (b) 

simulated pattern of µ-phase superimposed on the collected pattern. The mean angular 

deviation between the acquired and simulated patter is 0.46. 
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Figure 5.12: EDS spectrum obtained from Cr-rich phase in 1200°C/500hours diffusion 

annealed composite. Composition of various elements in the phase is given in the inset table. 

 

5.2.1.3 Microstructure of µ-phase Reaction Layer 

The microstructure of the reaction layer in 1200°C/500hours annealed composite is shown in 

Figure 5.13. The layer consists of fine grains with a complex morphology. There are twinned 

grains within the layer that formed during the diffusion annealing treatment. The BSE images 

show grains with orientation contrast (shown by black arrows in Figure 5.13(b)) in the 

intermetallic layer. Another noticeable characteristic in the microstructure of the intermetallic 

layer is the presence of small (< 1 µm) spherical voids (represented by white arrows in Figure 

5.13(b)). These voids are randomly distributed within the reaction layers. 

The exact cause of the twin formation in the intermetallic layer is not clear. These twins in 

the present case may be due to the large mismatch in coefficient of thermal expansion of W 

and 316L stainless steel. The mismatch might have induced strain and consequently, 

mechanical twins in the growing reaction layer. Some other studies have also reported this 

kind of twinned morphology in binary Fe7W6, Co7Mo6 and Co7W6 versions of the µ-phase 

[76-78] 
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Figure 5.13: BSE images of reaction layer microstructure developed in W/316L during 

1200°C/500hours annealing. (a) low magnification image and (b) high magnification image 

showing twins with orientation contrast (black arrows) and randomly distributed voids (white 

arrows) in the microstructure. 
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W wire
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5.2.2 Growth Kinetics of the Intermetallic Layer 

As discussed in Section 3.4, in solid state diffusional transformations the growth of the 

reaction layers is often parabolic and is described by the relation:  

       
5.1 

where x is the thickness of the reaction layer (µm) developed in annealing time t (hours) and 

k is the growth constant (µm√h). 

As per Equation 5.1, a plot of x and    is shown in Figure 5.14. The resulting linear fits with 

R
2
 values greater than 0.97 in all the cases, suggest that the growth of the intermetallic layer 

is indeed diffusion controlled in the composite. The growth constants k that characterize the 

kinetics of the reaction layers at different annealing temperatures were extracted as the slope 

of the lines from the plots (Figure 5.14). The values of k are given in Table 5.2.  

 

 

Figure 5.14: Reaction layer kinetics as a function of square root of time at different diffusion 

annealing temperatures in W/316L composite. The slope of each line is the growth constant 

at that temperature. Error bars are the standard deviation calculated on 10 measurements on 

the reaction layers.  
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Table 5.2: Growth constants of µ-phase intermetallic layers at different temperatures. 

Temperature (°C) k (µm√h) 

1000 0.69  ±0.07 

1100 1.96  ±0.05 

1200 4.68  ±0.07 

 

The activation energy for growth (QG) and pre-exponential factor (k0) in Equation 3.51 were 

calculated from the temperature dependence of the growth constants. A plot of lnk and 1/T is 

shown in Figure 5.15. From the plot, the calculated QG and k0 values for µ-phase reaction 

layer growth are 149 ±1kJmole
-1

and 9.31E+05 µm√h, respectively. 

 

 

Figure 5.15: Arrhenius plot for µ-phase reaction layer growth constants in W/316L 

composite. 
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5.2.3 Interdiffusion Behaviour 

5.2.3.1 Composition Profiles  

Typical composition profiles acquired across the intermetallic layers in the annealed 

composite are shown in Figures 5.16-5.18. Depending on the abrupt changes in composition 

three distinct regions can be identified in these profiles: matrix, reaction layer and W wire. 

Generally a positive composition gradient of W and a negative gradient of Fe (towards W 

wire) across µ-phase intermetallic layers are observed in all the composition profiles. Cr 

profile shows negative composition gradient on the layers at all the temperatures. Positive W 

gradient suggests its diffusion from the wire to the matrix. Similarly Cr and Fe diffuse from 

matrix to the wire. The Ni composition in the intermetallic layers seems to be constant at all 

the annealing temperatures. This indicates its limited solubility in µ-phase. In the 

composition profiles, localised variation in elemental composition of the reaction layers was 

observed. However, only single intermetallic phase µ was identified on the entire reaction 

layers in the diffusion annealed composites. 
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Figure 5.16: Composition profiles of (a) Fe, W and (b) Cr, Ni in W/316L composite diffusion 

annealed at 1000°C/500hours. Error bars represent ±2% relative error
15

. 

                                                
15 In all the composition profiles in this thesis, error bars represent ±2% relative error which is typical error in 

EDS measurements. 
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Figure 5.17: Composition profiles of (a) Fe, W and (b) Cr, Ni in W/316L composite diffusion 

annealed at 1100°C/500hours. 
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Figure 5.18: Composition profiles of (a) Fe, W and (b) Cr, Ni in in W/316L composite 

annealed at 1200°C/500hours. 
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5.2.3.2 Diffusion Coefficients 

For the determination of average effective interdiffusion coefficients in µ-phase reaction 

layers of the composite, the composition profiles were fitted to a line. An example of the 

fitting for 1200°C/500hours annealed W/316L is given in Figure 5.19 below. The goodness 

of fit (R
2
) values obtained for these plots are 0.16, 0.54, 0.15 and 0.64, respectively for Cr, 

Fe, Ni and W.  

 

Figure 5.19: Linear fitting of the composition profiles in the µ-phase intermetallic layer of 

1200°C/500hours diffusion annealed composite. 

R
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2
 to tell us what low value is significant in order to 

prove a linear relation between the dependent and independent variables. Therefore, another 
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composition profiles for diffusion calculation. The detailed description of the test is given in 

Appendix B. Based on the test, the profiles that did not show a linear trend between the data 

points were excluded from further analysis. 

The data points on the selected composition profiles were converted to concentration      

using molar volume (Vm) of the respective components of the composites by: 

    
  

  
 

5.2 

where Ni is the composition of the element i in mole fraction. 

The Vm of the reaction layer phase was calculated from the available crystal data [35] using 

the relation,    
     

 
   , where       is the volume of cell containing n number of atoms 

and    is Avogadro’s number. The calculated Vm for W,  , and γFe (for matrix region) are 

9.78, 7.84 and 8.00 cm
3
 mole

-1
, respectively. Due to the unavailability of data on composition 

dependence of Vm, it was assumed constant for each phase.  

Following this,           
  in the intermetallic layers of the composite were calculated for Cr, Fe, 

Ni and W using the method described in Section 3.3.2. Calculated values of           
  show 

little dependence on the composition within the reaction layers of the composites. Therefore, 

average values of           
 are shown in Table 5.3. In most of the cases, these values are 

average of           
 calculated on two composition profiles for each diffusion condition. The 

values for Ni at 1000 and 1100°C were not calculated because all the corresponding 

composition profiles were rejected in ANOVA F-Test.  
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Table 5.3:           
  of various elements in the reaction layers of W/316L composite. 

Temperature (°C) 

          
  (m

2
/s) 

Cr Fe Ni W 

1000 1.61E-17 2.05E-16 -- 1.29E-16 

1100 3.98E-16 1.33E-15 -- 1.01E-15 

1200 4.25E-15 1.84E-14 8.42E-15 1.19E-14 

 

We can see that in the intermetallic layer,           
   and           

  have same order of magnitude at 

all the diffusion annealing temperatures.           
   and           

   are one order of magnitude lower 

than Fe and W at 1200°C. Cr is the slowest diffusing element in W/316L reaction layers in 

1000-1200°C. 

The temperature dependence of           
  was investigated by plotting ln           

  versus 1/T. 

These plots for Cr, Fe and W are shown in Figure 5.20. Fitted straight lines in these plots are 

consistent with the Arrhenius relation (Equation 3.64) for diffusion.  
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Figure 5.20: ln           
  versus 1/T plots for Cr, Fe, and W in µ-phase reaction layers of 

W/316L composite annealed in the temperature range 1000-1200°C. Two datasets are plotted 

(blue and red markers) and fitted to a straight line. 

The activation energies (QD) of diffusion and pre-exponential factors (D0) for different 

elements in the intermetallic layers were calculated from the Arrhenius plots and are listed in 

Table 5.4. 

Table 5.4: Activation energies for diffusion (QD) and pre-exponential factor (D0) of various 

elements in the µ-phase reaction layers of W/316L composites. 

Element   
  (kJ mole

-1
) D0(m

2
/s) 

Cr 436 1.3E+01 

Fe 337 1.2E-02 

W 347 2.0E-02 

 

y = -41723x - 3.9205

R² = 0.98

-38

-36

-34

-32

-30

6.50E-04 7.00E-04 7.50E-04 8.00E-04

1/T (K-1)

W

y = -40564x - 4.4076

R² = 0.95

-37

-35

-33

-31

6.50E-04 7.00E-04 7.50E-04 8.00E-04

1/T (K-1)

Fe

y = -52385x + 2.5447

R² = 0.99

-40

-38

-36

-34

-32

-30

6.50E-04 7.00E-04 7.50E-04 8.00E-04

1/T (K-1)

Cr



79 

 

5.3 Discussion 

A key result of this study is that an intermetallic layer isostructural with µ-phase evolved in 

the fabricated composite. 316L stainless steel solidifies with fully austenitic structure which 

is stable down to room temperature. Interaction of W with the steel alters the phase equillibria 

and leads to formation of new phases. As listed in Table 2.2, there are several phases that 

could form due to the interaction of W with stainless steel matrices. In order to fully 

understand the phase formation and transformation in W/316L, isothermal sections of Fe-Ni-

Cr-W phase diagrams at different temperatures are needed which are not available in 

literature. Also, the phase relationships in the available Fe-Ni-W and Fe-W phase diagrams 

are not well established and contradictory information about the existence and stability of 

various phases is reported in literature.  

A binary Fe-W phase diagram [75] given in Figure 5.21 shows the existence of three phases 

between W and Fe: Fe2W (λ), Fe7W6 (µ) and FeW. According to the diagram, µ-phase forms 

via peritectic reaction, L+W→  at 1637°C. It also appears from the phase diagram that µ-

phase is not stable at room temperature and exists only above 1190°C. Thus, under 

equilibrium conditions, the only binary Fe-W phases that can exist at room temperature 

should be Fe2W and FeW. But, some recent phase diagrams have illustrated the stability of µ-

phase at room temperature [79, 80] 
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Figure 5.21: Fe-W phase diagram showing presence  of three phases in the system [75]. 

 

Cr and Ni are the other major alloying elements present in 316L steel that could effect the 

phase equillibria between Fe and W shown in Figure 5.21. An Fe-Ni-W isothermal section at 

1000°C shows [81] the equilibrium phases that co-exist with γ (austenite) are α, µ and W 

(Figure 5.22). A red line representing the approximate Fe:Ni ratio in the 316L alloy lies 

across the γ and γ+  phase fields. This means that formation of µ-phase is probable during 

diffusion annealing in the temperature around 1000°C.  
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Figure 5.22: Isothermal section of Fe-Ni-W ternary diagram at 1000°C [81]. The dotted red 

line represents the approximate Fe:Ni ratio in 316L stainless steel. 

 

Because of crystal structure similarities, Cr is expected to substitute for W in the µ-phase 

reaction layers of the W/316L composite. Although Cr is a ferrite stabilizer, addition of Ni in 

316L results in fully austenitic structure at room temperature. Therefore, the effect of Cr on 

Fe-Ni-W phase equillibria can be thought of pushing the boundary between γ and other 

phases toward Fe-Ni side of the isothermal sections of Fe-Ni-W phase diagram. 

Past studies on some W wire reinforced high temperature composites, such as W/304SS, 

W/KOVAR and W/INCOLOY 903, have reported the formation of only µ-phase in the 

wt.% Ni
7:1 Fe/Ni 
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reaction layers of these composites [26, 65], although there is remarkable contrast in the 

composition of these matrix alloys. This suggests that the µ-phase can be stable at room 

temperature and can have complex multi-elemental composition. 

The reaction layers formed in W/316L contain a large number of cracks and an increase in 

the number of cracks was observed at higher annealing temperature. Such type of cracked 

layers have also been reported in some past studies on W/superalloy matrices [27]. Authors 

usually related the cracks to large thermal expansion mismatch between reinforcement and 

matrix phase of the composites. Actually, a combination of three factors can contribute to the 

crack formation in W wire reinforced 316L composites. These are (i) volume change during 

phase transformations, (ii) differential thermal expansion of the phases of the composites 

during heating and cooling and (iii) the lack of ductility in the reaction layers due to presence 

of intermetallic phase. 

The stress state in the reaction layer can be assessed by determining the ratio of volume of the 

reaction layer formed to the volume of the matrix constituents consumed to form the layer. 

This ratio known as Pilling-Bedworth ratio is generally used to determine the nature of 

stresses in oxide layers formed due to oxidation of metals, but has also been used to 

determine the nature of stresses in the formation of intermetallic coatings [82]. The molar 

volumes (Vm) of W wire and the developed µ-phase reaction layer are 9.78 and 7.84 

cm
3.

mole
-1

, respectively. The calculated value of  
  
 

  
   is 0.8. Since the ratio is <1, tensile 

stresses will set up in the reaction layer. The thermal expansion coefficient of austenitic 

stainless steels is approximately four times greater than that of W (19.5x10
-6 

°C
-1

 from 20-

1000°C for 316 stainless steel and 4.5 - 5.7 x10
-6 

°C
-1 

from 20-1200˚C for W) [66, 83]. 

During cooling after fabrication and diffusion annealing, a large magnitude of thermal strain 

results due to the thermal expansion mismatch. Since αmatrix > αreinforcement, the matrix would 

tend to contract more than the reinforcement upon cooling. This will set up compressive 

stresses in reinforcement and tensile stresses in the matrix. These stresses acting on the brittle 

reaction layers can cause multiple cracking on them. At higher diffusion annealing 

temperature, a thicker layer will be experiencing the thermal stresses, giving rise to increased 

number of cracks on the layer. 

Formation of voids observed at the reaction layer/matrix interface at high temperatures may 

take place either by matrix contamination or differences in the diffusivities of the diffusing 
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species (Kirkendall effect). Similar kind of voids have also been reported in W/316 

composites fabricated by powder metallurgy method [65]. Authors attributed the void 

formation to insufficient binder burn off during sintering of the composite. Due to the 

different fabrication method employed, the composites in the present case were free from 

such type of contamination. Therefore, the voids most likely formed due to Kirkendall effect. 

The formation of voids in the matrix region implies that movement of Cr, Fe and Ni to the 

layer/matrix interface was faster than the movement of W to the matrix. In a previous study, 

the values of QD for the bulk diffusion of Cr
51

, Fe
59

, Ni
57

 tracers in Fe-15Cr-20Ni alloys have 

been reported [84] as 309, 308, 300 kJ mole
-1

, respectively (in temperature range 960-

1400°C). In the present study, calculated value of QD for W diffusion in the reaction layer is 

347 kJ mole
-1

, which is higher than QD of matrix elements in γ. This is consistent with the 

concept that the diffusion of matrix elements to the layer/matrix interface was faster 

compared to the W diffusion through the reaction layer to the layer/matrix interface, thus 

resulting in the formation of voids in the matrix adjacent to reaction layer/matrix interface. 

It has been discussed in section 3.4 that when using Equation 3.66, the calculated QG should 

be half of that 2QD. The value 2QG = 298 kJ mole
-1 

obtained in present study is lower than the 

QD vales for Cr, Fe and Ni (Table 5.4). The reason for this discrepancy is that the growth of 

reaction layer does not only depend on the diffusivity of elements in the layer. Two other 

factors that strongly affect the growth kinetics of reaction layers are composition gradient on 

either side of the interfaces of the growing layer and its solubility limit with the phases it is 

growing from. Therefore, the activation energy derived from growth constants will have a 

complex meaning and its value will not always be half of QD in the growing layer [85]. QG is 

useful empirically and can be used to compare growth kinetic of the phases [59].  

The ultimate aim of reinforcing stainless steels with W wires is to develop a composite with 

improved creep strength compared to its unreinforced counterparts. This study has 

demonstrated that a brittle reaction layer grows in W/316L composite during the course of 

diffusion annealing. Also, the growth of this intermetallic layer is accompanied by a decrease 

in the volume fraction of the W wire (and corresponding increase in volume fraction of brittle 

interphase in the composite) which would be the main creep strengthening phase in the 

composites. Both these interrelated factors - brittle intermetallic layer growth and 

corresponding decrease in the W wire volume fraction would make the W/316L composite 

unsuitable for creep resistant applications in the studied temperature range. The purpose of 
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choosing high diffusion annealing temperatures in this study was to have accelerated growth 

kinetics, but 316L stainless steel is never used in service at these high temperatures. The steel 

resists oxidation up to 800°C, but its service temperature is limited to 650°C only. Above 

650°C, its falling strength limits its use [86]. Annealing experiments have shown that µ-phase 

reaction layer growth at 900°C was very sluggish in W/316L composite. The growth could be 

negligible at lower temperatures (<900°C) suggesting that there is room for increasing 

current service temperature of 316 stainless steel by reinforcing it with W. But, the initial 

layer thickness formed during composite fabrication and precipitates formation at the 

intended service temperature can still degrade composite properties. Therefore, in order to 

envisage commercial applicability of W/316L, creep testing of the composites is required to 

study the effect of initial reaction layer thickness on the properties of W/316L composites. 

5.4 Summary 

The microstructure evolution in the diffusion zone of as-cast and diffusion annealed W/316L 

composites was investigated. The growth kinetics and average effective interdiffusion 

coefficients were determined in the temperature range 1000-1200°C. Following are the key 

results of this study.  

 A brittle intermetallic layer consistent with µ-phase (M7N6) evolved in the as-cast 

W/316L composites. 

 The reaction layer developed in thickness during the diffusion annealing. A parabolic 

relationship between layer growth and diffusion annealing time was observed which 

suggests that the reaction layer growth was diffusion controlled. The growth constants 

of the layers are 0.69, 1.96 and 4.68 µm/√h at 1000, 1100 and 1200°C temperatures. 

The activation energy associated with the layer growth is 149 ±1kJ mole
-1

 in the 

studied temperature range. 

 The calculated values of           
   and           

   in the intermetallic layer are 2.05E-16, 

1.33E-15, 1.84E-14 and 1.29E-16, 1.01E-15, 1.19E-14 m
2
/s at 1000, 1100 and 

1200°C. The values of           
   are 1.61E-17, 3.98E-16 and 4.25E-15 at respective 

temperatures. The activation energies for diffusion are 436, 337 and 347 kJ mole
-1

, 

respectively for Cr, Fe and W in the studied temperature range. 
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 µ-phase reaction layers developed in the annealed composites have multiple cracks 

which formed due to the stresses generated by molar volume change during layers 

formation and different thermal expansion coefficients of W and 316L. Also 

Kirkendall voids formation at the reaction layer/matrix interface resulted in de-

cohesion between reaction layer and matrix. These undesirable features make the 

composites unsuitable for use above 900°C. Since this temperature is well above the 

service temperature of 316L steel, a small improvement in the service temperature of 

the steel may be possible by W reinforcement but, further tests are required to validate 

this point. 
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Chapter 6. Reaction Phase Formation and Growth in Tungsten Wire 

Reinforced HP Alloy  

This chapter reports the studies on W wire reinforcement of HP alloy, which has a 

significantly different composition than 316L steel. It has 25% Cr content and a Fe:Ni ratio 

close to 1. Additionally, it has high carbon content (0.45wt.%C) that favours formation of Cr 

and Nb based carbides in the alloy. These carbides impart creep resistance to the alloy. Since 

W also has strong affinity for carbon, its interaction with HP alloy can lead to the formation 

of mixed carbides in the microstructure of the composite. The studies show that η carbide 

phase forms in the diffusion zone of as-cast composites. The phase develops into a well-

defined reaction layer around the W wire when the composite is diffusion annealed at 1000-

1200ºC for 500 hours. The results discussed in this chapter comprise microstructure 

characterization of the composite, growth kinetics of η-phase layer and average effective 

interdiffusion coefficients in the η-phase layers in the temperature range 1000-1200°C. 

6.1 Experimental Procedures 

The detailed procedures followed for the composite fabrication, diffusion annealing, sample 

preparation and characterization of the W/HP composites are described in the Sections 4.2 to 

4.5 of this thesis. 

6.2 Results  

6.2.1 Microstructure and Chemistry  

6.2.1.1 As-cast Composites 

The SEM micrographs in Figure 6.1 illustrate the as-cast microstructure of W/HP alloy 

composite. There is formation of a phase around the W wire periphery. A magnified view of 

the microstructure is presented in Figure 6.1(b).There are two phases (A and B in the image) 

in the reaction zone of the composite. Phase A that has evolved around the wire periphery is 

arranged in a Chinese script morphology that consists of needles and some blocky particles. 

Phase B appears to be present at the grain boundaries of the matrix. Figure 6.1(c) shows 

evidence of molten metal penetration inside W wire, which preferentially occurred along the 

grain boundaries of W. The penetration likely led to the detachment and dissolution of W 
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grains in the molten alloy. Following this, the solidification of W supersaturated liquid 

occurred which caused the precipitation of the phases in the reaction zone of the composite. 

In order to analyse elemental distribution in the reaction zone of the composite, an EDS 

spectrum around the reaction zone was acquired. Qualitative analysis of the spectrum 

confirmed the presence of four major elements-Fe, Cr, Ni and W in the composites. Based on 

this information, X-ray maps of Fe, Cr, Ni and W were collected from the area of interest. 

Figure 6.2 shows X-ray maps of the corresponding elements along with BSE and colour 

composite image produced by primary colour overlay of Cr, Fe and W maps. 

We can see in the composite image (Figure 6.2(b)) that there is mixing of colours in the 

interdiffusion zone and the matrix while the W wire is represented only by its primary colour 

(blue) in the composite, indicating that there is no penetration of matrix elements into the 

undissolved W wire. The phase evolved as Chinese script (location A in Figure 6.2(a)) 

around the wire is rich in W. X-ray maps from the grain boundary phase in the matrix 

(location B in Figure 6.2(a)) suggest that the phase is rich in Cr , but depleted in Fe, Ni and 

W. The chemical composition of these W-rich, Cr-rich phases (location A and B in Figure 

6.2(a)) and the composite matrix (location C in Figure 6.2(a)) was determined by EDS and is 

shown in Figure 6.3. 

There is another minor phase present at the matrix grain boundaries (shown by arrows in 

Figure 6.2(b). According to X-ray maps, this phase is depleted in Cr, Fe and Ni. Qualitative 

analysis of the EDS spectrum from this phase revealed that the phase is rich in Nb. Therefore, 

the phase is likely to be NbC, which is commonly observed in Nb modified HP alloys. 
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Figure 6.1: General appearance of W wire in as-cast W/HP composite. (a) Full wire view in 

the matrix, (b) magnified view around the wire/matrix interface showing various phases and 

(c) further magnified view around the reaction zone. 
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Figure 6.2: A scanning electron image and X-ray maps showing distribution of major 

elements in as-cast W/HP composite: (a) BSE image, (b) composite image formed by 

superimposing Fe (red), Cr (green) and W (blue) X-ray maps. (c), (d), (e), and (f) are the 

coloured X-ray maps of Fe, Cr, Ni and W.  
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The matrix composition (region C, Figure 6.2(a)) is close to the standard alloy (see Table 4.1) 

except it contains 5% W. The Cr-rich phase at matrix grain boundaries (region B) contains 

about 54% Cr. It is depleted in Fe and Ni compared to matrix, but has 17% W dissolved in it. 

The phase evolved around the W wire (region A) contains about 55%W and 17%Cr. Fe and 

Ni contents in this phase are 15 and 11%, respectively. 

 

 

Figure 6.3: Average chemical composition of various phases observed in as-cast W/HP 

composite. The ordinate in the plot represents the locations (shown in Figure 6.2) where the 

composition was determined. Error is the maximum and minimum composition. 

 

The crystal structure of the phases observed at locations A and B was identified by EBSD. 

The phase formed around the wire closely matched with the simulated pattern of η-phase 

(cubic with lattice parameter 10.6Å and space group 227) with a mean angular deviation 

equal to 0.53. The stoichiometry of this phase is represented by the formulas (Ni,Fe,W)12C 

[38] where M stands for Fe, Ni, and W. Since Cr can substitute for W in the lattice, the 

formula for this phase in the present case can be written as [Ni, Fe, (Cr, W)]12C. The 

experimental and indexed patterns of the η-phase in W/HP composite are given in Figure 6.4. 
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Figure 6.4: (a) Electron backscattered pattern collected from location A in Figure 6.2(a), (b) 

its matching with simulated pattern of η-phase. The mean angular deviation between the 

collected and simulated pattern is 0.53. 

 

The Cr-rich grain boundary phase (location B in Figure 6.2(a)) in the composite was 

identified as M23C6 by EBSD analysis, where M represents Cr, Fe, Ni and W. This phase has 

a cubic structure with lattice parameter 10.67Å and space group 225. The experimental and 

simulated patterns for this phase are shown in Figure 6.5. 

 

 

Figure 6.5: (a) Experimental and (b) indexed electron backscattered pattern from Cr-rich 

phase in the W/HP annealed composite. The mean angular deviation is 0.31. 
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6.2.1.2 Diffusion Annealed Composites 

Samples from the fabricated W/HP composite were subjected to diffusion annealing at 

temperatures 900-1200°C for times ranging from 25-500 hours. In 900°C/500hours annealed 

composite, a morphological transition in the η-phase takes place (Figure 6.6). The Chinese 

script morphology seen in as-cast composites is replaced by blocky particles. Consequently, a 

thin reaction layer starts to evolve around the W wire. Also, there is precipitation of fine 

particles in the diffusion zone in the matrix under these diffusion annealed conditions. 

 

 

Figure 6.6: Microstructure of W/HP composite after diffusion annealing for 500 hours at 

900°C. 

  

W wire
reaction zone

η-phase

voids



93 

 

The microstructural features of the composite diffusion annealed in the temperature range 

1000-1200°C for 500 hours are shown in Figure 6.7. A complete transition in the morphology 

of the reaction phase has occurred during annealing and it gradually transformed to a distinct 

layer surrounding the W wires. The layer thickness increased with the annealing temperature 

and after 1200°C/500hours, the layer thickness was about 85µm. The appearance of the 

cracks on the reaction layer suggests its brittle nature. The particles observed in the reaction 

zone of the composite coalesce into bigger particles as a function of annealing temperature 

and ultimately become part of the continuous η-phase reaction layer around the W wire at 

1200°C.  

The X-ray maps of Cr, Fe, Ni, and W collected from diffusion annealed composites are 

shown in Figures 6.8 to 6.10. The colour composite image illustrates the distribution of these 

elements in the reaction zones of the composites. In the 1000°C/500hours annealed sample 

two types of precipitates, light and dark coloured, can be seen in the BSE image (D and E in 

Figure 6.8(a)). The corresponding colour composite image indicates that the precipitates with 

light contrast mainly consist of W and the precipitates with dark contrast are rich in Cr. The 

W-rich precipitates are present inside the grains and at grain boundaries, but the Cr-rich 

precipitates appear only in the grain boundary area. Chemical analyses by EDS showed that 

light precipitates contain approximately 19Cr, 14Fe, 13Ni, 4Nb and 51W (wt.%). The 

composition of the dark precipitates is 55Cr, 11Fe, 1Mn, 5Ni and 22W (wt.%). As the 

annealing proceeds at high temperature (Figure 6.9 and 6.10), these precipitates grow and 

finally, W-rich precipitates disappear by merging into Cr-rich precipitates. The Cr-rich phase 

forms a continuous layer (G in Figure 6.10(b)) around the η-phase reaction layer (F in Figure 

6.10(b)) at 1200°C. 
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Figure 6.7: Microstructure of W/HP alloy composite diffusion annealed for 500 hours at (a) 

1000°C, (b) 1100°C and (c) 1200°C. (e), (f) and (g) are the magnified views of the 

microstructure at the corresponding temperatures. 
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Figure 6.8: (a) BSE image and (c, d, e, f) X-ray maps of Fe, Cr, Ni and W in W/HP 

composite after 1000°C/500hours annealing. (b) is the colour composite image formed by 

combining X-ray maps of Cr, Fe and W. 
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Figure 6.9: (a) BSE image and (b) colour composite image formed by combining X-ray maps 

of Cr, Fe and W. (c, d, e, f)  are the X-ray maps of Fe, Cr, Ni and W in W/HP composite after 

1100°C/500hours annealing. Black regions in the composite image (black arrows) are rich in 

Nb.  
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Figure 6.10: (a) BSE image and (b) colour composite image formed by overlaying Cr, Fe and 

W maps of W/HP composite annealed at 1200°C/500hours. (c), (d), (e) and (f) are the X-ray 

maps of Fe, Cr, Ni and W. 
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The chemical composition of the reaction layers formed around the W wire in the annealed 

composites is presented in Figure 6.11. There is no change in the crystal structures of the 

reaction layer phases upon diffusion annealing and EBSD analysis confirmed them to be 

isomorphous with η-phase at all the diffusion annealed temperatures. 

 

 

Figure 6.11: Chemistry of the reaction layers formed in W/HP composite after 500 hours 

annealing at different temperatures. Error bar is maximum and minimum composition. 

The chemical composition of the Cr-rich layer at the η/matrix interface (G in Figure 6.10) 

was determined to be 54Cr, 11Fe, 1Mn, 4Ni and 24W. The crystal structure of this layer is 

consistent with M23C6 carbide, where M represents Fe, Cr, Ni and W.  

6.2.1.3 Microstructure of η-phase Reaction Layer 

The microstructure of the η-phase reaction layer in 1200°C/500hours annealed composite is 

shown in Figure 6.12. Based on the grain morphology, the layer can be divided into two 

regions as shown in the Figure. Region 1 is represented by columnar grains which are 

orientated parallel to the diffusion direction. The region 2, which is closer to the matrix, has 

equiaxed grains. There are randomly distributed spherical voids (<1µm diameter) in the 

reaction layer. 
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Figure 6.12: BSE image of the reaction layer microstructure developed in W/HP composite 

during annealing at 1200°C for 500 hours. 

6.2.2 Growth Kinetics of the Reaction Layer 

Measured thickness of the η-phase reaction layer in the samples annealed for different time 

intervals was plotted against square root of time according to Equation 5.1. The plots are 

shown in Figure 6.13. The data points were fitted to a line with R
2
 close to 1, suggesting that 

the kinetics of the reaction layers is diffusion controlled in the temperature range 1000-

1200°C. Growth constants of the reaction layers at different temperature were extracted from 

the slopes of the plots and are given in Table 6.1. Activation energy (QG) and pre-exponential 

factor (k0) for the layer growth was calculated from the Arrhenius plot (Figure 6.14). The 

calculated value of QG and k0 for η-phase reaction layer growth are 225 ±3kJ mole
-1

and 

3.88E+08µm√h, respectively 

Columnar grains
equiaxed 

grains

voids



100 

 

 

Figure 6.13: Reaction layer kinetics of η-phase at different diffusion annealing temperatures 

in W/HP composite. The slope of each line is the growth constant of the layer at that 

temperature. Error bars are the standard deviation on 10 thickness measurements. 

 

Table 6.1: Growth constants of η-phase reaction layers in W/HP composite at 1000, 1100 and 

1200°C. 

Temperature (°C) k (µm√h) 

1000 0.21  ±0.02 

1100 1.09  ±0.06 

1200 3.80  ±0.12 
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Figure 6.14: Arrhenius plot for the reaction layer growth constants in W/HP composite. 

 

6.2.3 Interdiffusion Behaviour 

6.2.3.1 Composition Profiles 

Composition profiles of the reaction layers were acquired by EDS line scans on the polished 

samples of the composites annealed at 1000-1200°C for 500 hrs. The profiles are shown in 

Figures 6.15-6.17. Reinforcement, reaction layers and matrix phase are clearly 

distinguishable in the profiles based on sharp change in composition. 

At 1100 and 1200°C, there is a positive composition gradient of W (towards the W wire) in 

the reaction layers suggesting W diffusion from wire to matrix. Due to the scatter of data 

points in the composition profiles, a clear visualization of the interdiffusion behaviour cannot 

be made in the case of other elements. At 1200°C, there is about 10 µm wide region between 

reaction layer and matrix where the Cr composition shoots up to ~75 at. %, but a sharp drop 

in the composition of Fe, Ni and W is observed in this region. This region belongs to M23C6 

carbide layer which is present around the η-phase layer. 

y = -27116.92x + 19.78 

R² = 1.00 

-2 

-1 

0 

1 

2 

6.40E-04 6.80E-04 7.20E-04 7.60E-04 8.00E-04 

ln
 k

 

(1/T) K-1 



102 

 

 

 

Figure 6.15: Composition profiles of (a) Fe, W and (b) Cr, Ni in W/HP composite diffusion 

annealed at 1000°C/500hours. 
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Figure 6.16: Composition profiles of (a) Fe, W and (b) Cr, Ni in W/HP composite diffusion 

annealed at 1100°C/500hours. 
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Figure 6.17: Composition profiles of (a) Fe, W and (b) Cr, Ni in W/HP composite diffusion 

annealed at 1200°C/500hours.  
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6.2.3.2 Diffusion Coefficients 

For the calculation of average effective interdiffusion coefficients,        
  in the η-phase 

reaction layers, composition profiles acquired on the 1000-1200°C/500hours annealed 

samples were utilized. Multiple sets of composition profile were subject to linear fitting. The 

fitting resulted in poor R
2
 value in most of the cases. The profiles were then filtered using F-

statistics test as discussed in Appendix B. Those profiles which did not pass F-Test were 

excluded from further analysis. The data points of the selected composition profiles were 

converted to concentration according to Equation 5.2. Constant values of Vm - 9.78, 7.62 and 

8.00 cm
3
 mole

-1
, respectively for W, η and γFe were used for the conversion of atomic 

percent to concentration. 

Following this,           
  in the reaction layers were calculated for Cr, Fe, Ni and W using the 

method described in Section 3.3.2. Calculated values of           
  show little dependence on the 

composition within the reaction layers of the composites, which is apparent from the shallow 

composition gradients across the reaction layers in the profiles. Therefore, average values of 

          
  are shown in Table 6.2. In most of the cases, these values are the average of           

  

calculated on two composition profiles for each diffusion condition.  

Table 6.2: Average effective interdiffusion coefficients of various elements in the η-phase 

reaction layers of W/HP composite. 

Temperature 

(°C) 

          
  (m

2
/s) 

Cr Fe Ni W 

1000 7.56E-19 1.64E-17 9.93E-18 7.99E-18 

1100 1.77E-16 4.43E-16 2.67E-16 2.70E-16 

1200 -- 1.46E-14 4.80E-15 3.41E-15 
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  for W and Ni are of the same order of magnitude at all the temperatures.           

  of Fe 

is an order of magnitude higher than W and Ni at 1200 and 1000°C. Cr is the slowest 

diffusing element at 1000 and 1100°C. 

The temperature dependence of           
  was investigated by plotting ln           

  versus 1/T. 

These plots for Cr, Ni and W are shown in Figure 6.18. Fitted straight lines in these plots are 

consistent with the Arrhenius relation (Equation 3.64) for diffusion. The activation energies 

of diffusion (QD) and pre-exponential factors (D0) of different elements in the η-phase 

reaction layers were calculated from Arrhenius plots and are listed in Table 6.3. 

 

 

Figure 6.18: Arrhenius plots for Fe, Ni and W in the η-phase reaction layers of W/HP 

composite diffusion annealed for 500 hours at 1000-1200°C. Blue and red markers represent 

two data sets that are fitted to a line. 
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Table 6.3: Activation energies and pre-exponential factors for diffusion of various elements 

in the η-phase reaction layers of W/HP composites. 

Elements   
  (kJ mole

-1
) D0 (m

2
/s) 

Fe 528 6.9E+04 

Ni 487 8.6E+02 

W 462 8.8E+01 

 

6.3 Discussion 

Microstructure investigation has shown that η-carbide forms in the as-cast W/HP composite. 

Since HP alloy contains high carbon ~0.45wt.%, its microstructure is greatly influenced by 

the presence of carbon. The solubility of carbon in γ decreases with decreasing temperature 

and also with increasing Ni content in γ. Therefore, high carbon and high Ni content (35 wt. 

%) in HP alloy ensure sufficient excess carbon to form carbides. Common carbides that are 

observed in the solidified microstructure of HP alloy are M23C6 and NbC. Formation of these 

carbides in the alloy occurs via eutectic solidification [87] and they generally form at the 

grain boundaries of γ. Interaction of W with high carbon containing steels leads to formation 

of carbides containing tungsten. As shown in the isothermal section of C-Fe-W phase 

diagram (Figure 6.19) [88], there are two η-carbide phases (M12C and M6C) that appear when 

C is added to Fe-W. Formation of η-carbides have also been reported in C-Cr-Fe-W [89] and 

C-Fe-Ni-W [90] isothermal sections at 1250 and 1200°C, respectively. These carbides differ 

in the amount of carbon present in them. M12C is a carbon deficient version of M6C with C 

absent from half of the interstitial sites. Regardless of stoichiometry, both M12C and M6C are 

characterized by having    m space group with variable lattice parameters [38]. Contrary to 

chromium carbide (M23C6), η-carbides have higher stability temperature. The highest 

temperature at which η-carbide (M12C) can exist is 1400°C [91] 
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Figure 6.19: Isothermal section of C-Fe-W phase diagram at 1000°C [88]. 

 

In case of W/HP solidification, there is indication of W wire dissolution in molten alloy as 

seen in Figure 6.1. Therefore, the formation of η-phase in W/HP composite might also have 

occurred via eutectic solidification, L→η+γ in the reaction zone. This is also evident form the 

Chinese script morphology of η-carbides which is a characteristic feature of eutectic 

solidification. Past studies on W wire reinforced composites do not have much information 

on η-phase formation and there is only one study in which η-carbide was identified in the 

reaction zone of W/MAR-200 composite [26, 29]. 

Carbides based on Cr and Nb were identified in the matrix of W/HP composite which are 

common features of the HP alloy microstructure. These carbides transform to η-carbides and 

become part of reaction layer during diffusion annealing. There was an additional layer of 

M23C6 carbides observed adjacent to η-carbide layer in the W/HP samples annealed at 

1200°C for 500 hours. The formation of this layer at 1200°C only can be related to the 

stability of M23C6 carbide. It has been reported that M23C6 carbides are not stable at high 

temperature and during heating above 1100°C they dissolve in austenite [92]. Rapid 

quenching from high temperature may result in a precipitation free austenite matrix, but if the 

sample is air cooled from high temperature, precipitation of M23C6 carbides can take place. 

Therefore, re-precipitation of M23C6 carbides might have occurred during cooling of the 
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W/HP composite after annealing treatment at 1200°C. Kirkendall voids near the η/γ interface 

provided sites for the nucleation of these carbides that resulted in their precipitation adjacent 

to η-phase. 

A key application of  HP alloy steel is in the reformer furnace operation for the production of 

methanol Typical service temperature of the alloy in this operation is 900°C [93]. This study 

has shown that η-carbide reaction layer starts forming even at 900°C and grows to significant 

thickness at higher temperatures. Therefore, there may not be any advantage of reinforcing 

HP alloy with W wires. 

6.4 Comparison of W/316L and W/HP Composites 

Results of microstructure analysis revealed the evolution of different reaction phases in as -

cast W/316L and W/HP composites. High carbon content in HP alloy led to the formation of 

η reaction phase in W/HP composite, while µ reaction phase was formed in the W/316L 

composite. During diffusion annealing in the temperature range 1000-1200°C, these phases 

grew as continuous reaction layers around the W wires in the respective matrices. Cracks 

proliferation is ubiquitous on the reaction layers of W/316L and W/HP diffusion annealed 

composites. This type of brittle reaction layers can have negative implications on the 

composite strength as they cannot transfer stresses from matrix to the wire and thus lower the 

apparent strength of the composite.  

Table 6.4 lists growth and diffusion parameters of the reaction layers in W/316L and W/HP 

composites. QG for η-phase layer in W/HP is about 34% higher compare to µ-phase layer in 

W/316L composite. Similarly QD values for Cr and W are higher in W/HP composite. Due to 

higher activation energy barriers for growth and diffusion, the growth of η-layers was slower 

in the temperature range 1000-1200°C. 
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Table 6.4: Growth and diffusion parameters in W/316L and W/HP composites. 

Composite 
Growth parameters Diffusion parameters 

k0 ( m/√h) QG (kJ mole
-1

) Elements QD (kJ mole
-1

) D0(m
2
/s) 

W/316L 

(µ-phase) 
9.31E+05 149  ±1 

Cr 436 1.3E+01 

Fe 337 1.2E-02 

W 347 2.0E-02 

W/HP  

(η-phase) 
3.88E+08 225  ±3 

Cr 528 6.9E+04 

Ni 487 8.6E+02 

W 462 8.8E+01 

 

Under similar diffusion annealing conditions, the difference in the reaction layer growth can 

be attributed to the composition of the reinforcement and matrix phases of the composites 

from which the layer grows. Since the composition of W wire is fixed in both the composites, 

the matrix composition can be thought of affecting the layer growth. Comparison of three 

major elements – Cr, Fe and Ni in 316L and HP alloy reveals that there is significant 

difference in Fe and Ni contents in these alloys. The Fe:Ni ratios in 316L and HP alloy are 

approximately  7 and 1. Therefore, slow diffusion and growth in W/HP alloy may be related 

to low Fe:Ni ratio in the composite matrix.  

6.5 Summary 

Microstructure evolution, growth kinetics of η-phase reaction layers and diffusivity of 

various elements in the reaction layers in W/HP composite were investigated in this chapter. 

Following are the key results of the study: 

 Interaction of W wires with liquid HP alloy resulted in the formation of η-phase in the 

as-cast W/HP composite. During diffusion annealing, a transition in the η-phase 

morphology took place in the diffusion zone resulting in the formation of a brittle 

reaction layer around the W wire. Segregation of M23C6 was observed at the 

layer/matrix interface that constituted a thin layer of phase around the main reaction 

layer (η-phase) in 1200°C/500hrs diffusion annealed W/HP composite. 
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 Calculated growth constants of the η-phase reaction layers are 0.21, 1.09 and 3.80 

µm/√h at 1000, 1100 and 1200°C. The activation energy associated with the layer 

growth is 225 ±3kJ mole
-1

 in the studied temperature range. 

           
  values were calculated for Cr, Fe, Ni and W. The values of activation energy 

for diffusion of Fe, Ni and Cr are 528, 487 and 462 kJ mole
-1

 in the temperature range 

1000-1200°C. 

 A microstructure comparison of W/316L and W/HP composites show that brittle 

reaction layers evolved in both composites at diffusion annealing temperatures. A 

small increase in the service temperature of 316L due to W wire reinforcement can be 

achieved but it is not feasible in case of HP alloy. 

 Slow growth kinetics of η-phase reaction layer was observed in W/HP composite 

which can be due to the low Fe:Ni ratio in the composite matrix. 
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Chapter 7. Preparation of Fe-Ni-Cr based Alloys with Different Fe:Ni 

Ratios  

7.1 Introduction 

A key finding of the studies on W/316L and W/HP composites reported in the previous 

chapters is that the growth kinetics of the intermetallic/carbide layers was slower in HP alloy 

matrix compared to 316L. Both these alloys contain Cr, Fe and Ni as major alloying 

elements. Additionally these alloys also contain other minor and trace elements like C, Mo, 

Si, Mn and Nb. Because of their multicomponent nature, it is difficult to assess the role of 

individual alloying elements on the growth behaviour of the reaction layers in the composites. 

Considering Fe:Ni ratio in 316L and HP alloy steel matrices, it can be hypothesised that the 

growth kinetics of reaction layer is sluggish in the W wire reinforced alloy matrices with low 

Fe:Ni ratio. In order to validate this hypothesis, new experimental alloys based on Cr, Fe and 

Ni only were prepared. This chapter describes the composition design and experimental 

procedures for the casting of experimental alloys. Chemical composition of the cast alloys 

was analysed using EDS and the discrepancies observed in the cast alloy composition are 

discussed with reference to the designed composition. 

7.2 Composition Design 

Five alloy compositions based on Fe-Ni-Cr system were selected for preparation by casting 

method. The criterion for selection was to narrow down the composition variables to three 

only. Out of these three variables one can be fixed and other two can be varied in order to 

have the alloys with different compositions. Therefore, in the designed Fe-Ni-Cr alloys, Cr 

content was fixed and Fe:Ni ratio was varied. Based on this, the selected alloy compositions 

can be divided in two groups. First group of alloys contain Cr content equivalent to the 

average Cr (17 wt.%) in 316 grade stainless steel. In the second group of alloys, the Cr 

content was fixed to Cr (25 wt.%) in HP alloy stainless steel. In both the alloy groups, the 

amount of Fe and Ni was varied in order to have Fe:Ni ratios of 0.5 and 2. Table 7.1 shows 

the designed compositions of the two groups of the experimental alloys. The alloy E-IV listed 

in the table has Fe:Ni ratio similar to that of standard HP alloy but without any minor and 

trace elements. 
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Table 7.1: Designed compositions of the experimental Fe-Ni-Cr alloys. The alloys E-I and E-

II have equivalent Cr content as 316L grade stainless steel and alloys E-III, E-IV and E-V 

have equivalent Cr content as standard HP alloy steel. 

Alloys 
Composition (wt.%) 

Fe:Ni 
Cr Fe Ni 

E-I 17 28 55 0.5 

E-II 17 55 28 2 

E-III 25 25 50 0.5 

E-IV 25 37.5 37.5 1 

E-V 25 50 25 2 

 

Figure 7.1 shows experimental Fe-Ni-Cr and standard 316L and HP alloy compositions on an 

isothermal section of the Fe-Ni-Cr phase diagram. All these compositions lie in the γ phase 

field of the phase diagram. 

 

 

Figure 7.1: Experimental alloys E-I to E-V and standard 316L and HP alloy compositions 

shown on Fe-Ni-Cr isothermal section. The phase diagram represents phase equilibria at 

650°C.The diagram is adopted from [75] .  
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7.3 Experimental Procedures 

7.3.1 Materials and Alloy Preparation  

High purity Fe (99.99%, flakes), Ni (99.99%, sheets) and Cr (99.999, flakes) metals procured 

from ESPI metals-Oregon, USA were used to prepare the experimental Fe-Ni-Cr alloys. For 

each alloy, a total 1 kg of Cr, Fe and Ni in the required proportion was weighed and placed in 

a high purity alumina crucible (Size: ID80mm x H93mm, procured from  AdValue 

Technology Arizona, USA). A bench top resistance furnace (heating zone Size: 150mm x 

150mm x180mm,. make: Ceramic Engineering-Sydney, Australia) capable of attaining 

1700°C was employed for the melting. The crucible containing the metals was placed inside 

the furnace and heated to a temperature of 1600°C. The molten metal was held for 30 minutes 

at this temperature in order to ensure complete melting and mixing of constituents to form a 

uniform molten alloy. After the hold, the melt was cast in the form of rods of size ϕ20mm x 

L100mm in a steel split mold. Prior to casting, the inside cavity of the mold was coated with 

a refractory coating and the mold was preheated to 110°C to eliminate any moisture content. 

A sketch of a typical casting is shown in Figure 7.2. 

 

 

Figure 7.2: Sketch of an alloy casting in the form of three rods. A and B are the locations 

representing start and finish, respectively, of the liquid metal pouring and the locations of the 

samples sectioned for chemical analysis. 
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7.3.2 Sample Preparation and Characterization 

For chemical analysis, samples from two locations representatives of first and last solidified 

liquid were sectioned (A and B in Figure 7.2) and prepared for examination using the 

standard metallography procedure described in Section 4.4. The chemical analyses on the cast 

alloy samples were performed using EDS system (JEOL EX-2300 BU) attached to a FEG-

SEM (JEOL 7000F). EDS spectra were acquired from the five different locations on each 

sample to determine the average composition. 

7.4 Results and Discussion 

The results of EDS analyses on locations A and B are shown in Figure 7.3 for the five 

experimental alloys. The Figure shows average compositions of Cr, Fe and Ni in the cast 

alloys at these locations. There is composition inhomogeneity at A and B in all the cast 

alloys. For example in E-I, the location B has lower Cr and Fe compared to location A. In 

contrast, Ni content at location B is higher than location A.  

 

Figure 7.3: Chemical composition of the cast alloys determined by EDS. Error bars are 

standard deviation of five measurements. A and B are the first and last cast metal (in Figure 

7.2). 
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The average alloy compositions were calculated from an average of composition at locations 

A and B and are listed in Table 7.2. 

Table 7.2: Average chemical compositions and Fe:Ni ratios in the cast experimental alloys. 

Alloys 

Composition (wt.%) 

Fe:Ni 
Cr Fe Ni 

E-I 16.7  ±1.4 28.2  ±3.1 55.1  ±4.5 0.5  ±0.1 

E-II 15.0  ±0.2 54.2  ±2.2 30.8  ±2.1 1.8  ±0.1 

E-III 18.8  ±0.3 25.7  ±0.4 55.5  ±0.3 0.5  ±0.0 

E-IV 18.0  ±0.9 43.8  ±1.4 38.2  ±0.9 1.1  ±0.0 

E-V 21.4  ±0.3 50.2  ±0.3 28.3  ±0.4 1.8  ±0.0 

 

Cr composition in all the cast alloys is below the targeted composition. The difference is 

quite significant in the second set of alloys (E-III, E-IV and E-V) where a 16-28% negative 

deviation from the targeted Cr composition is observed. There are positive and negative 

deviations in Fe and Ni compositions in the cast alloys. For example in alloys E-I, E-III, E-IV 

and E-V, Fe and Ni contents exceed from the targets but in E-II Fe is less and Ni is more than 

the targeted composition. Irrespective of these deviations in Fe and Ni contents, Fe:Ni ratios 

close to the targets are achieved in all the alloys. 

The determined compositions of the experimental alloys are plotted on the Gibbs triangle of 

the Fe-Ni-Cr phase diagram (Figure 7.4). All the compositions fall in the γ field, indicating 

that these alloys have solidified with austenitic microstructure. 
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Figure 7.4: Actual composition of the experimental alloys shown on the isothermal section of 

the Fe-Ni-Cr ternary system at 650°C. 

The inhomogenieties and the deviations in the cast alloy compositions from the designed 

compositions were expected because of the limitations in the melting practice used to cast the 

alloys. These can be due to (i) no stirring of the liquid alloy, (ii) oxidation of Fe and Cr due to 

slow heating and melting in open air and (iii) higher melting point of Cr which was difficult 

to achieve with the existing furnace. 

In order to have a better mixing of alloying elements, fast heating of the charge and stirring of 

molten metal is required. Without any agitation, it is not possible to achieve complete mixing 

of the alloying constituents in the molten melt. Slow heating due to the use of alumina 

crucible and melting in open atmosphere resulted in significant loss of elemental Fe and Cr 

due to oxidation.  Bridging of the metal charge was also observed during the alloy melting 

which was due to the presence of iron and chromium oxides and solid Cr. Bridging restricted 

the mixing of solid charge and liquid metal during melting. This resulted in the incomplete 

melting of the alloy constituents which was evident from visual inspection of the residue in 

the crucible after melting. Since these alloys were to be melted for composites fabrication, it 

was anticipated that the re-melting would reduce the composition inhomogenieties in the 

composites matrices. 
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7.5 Summary 

Five Fe-Ni-Cr based alloy compositions with different Fe:Ni ratios were designed. The alloys 

were cast at 1600°C and their chemical compositions were determined using EDS. All the 

alloys showed chemical inhomogenieties in the first and last solidified liquid. There was also 

composition deviation in the cast alloys from the designed composition. In the cast alloys E-

II and E-IV, a maximum 28% deviation in Cr from the targeted composition was observed. 

Overall, Fe:Ni ratios closer to the targeted values were achieved in all the cast experimental 

alloys. 
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Chapter 8. Effect of Matrix Composition on Reaction Layer Formation 

and Growth in Tungsten Wire Reinforced Fe-Ni-Cr Alloys 

This chapter presents the studies on microstructure characterization, growth kinetics and 

diffusivity of the elements in the reaction layers of W wire reinforced Fe-Ni-Cr alloy 

composites. In the beginning, experimental procedures for the composite fabrication, 

diffusion annealing and specimens preparation are discussed. It is followed by results which 

are divided in three sections. In the first section microstructural evolution, chemistry and 

crystal structure identification of the phases in the reaction zones are presented. In the second 

section results on the growth kinetics of the reaction layers are described. The third section is 

on the composition profile analyses and the diffusivity measurements in the reaction layers of 

the composites. In the end a summary of the findings is presented. 

8.1 Experimental Procedures 

The cast experimental alloys discussed in Chapter 7 were reinforced with W wires for further 

investigations. The detailed procedures described in Sections 4.2 to 4.5 were followed for the 

fabrication, diffusion annealing and characterization of the W/experimental alloy composites. 

All experimental parameters were the same except the superheat temperature was 1550°C in 

the fabrication of composites with experimental alloy matrices. 

As-cast and diffusion annealed composite specimens were investigated for microstructure 

evolution, chemistry and crystal structure of the phases formed in the reaction zones of the 

composites. Thickness measurements on the reaction layers were made to determine the 

growth kinetics of the layers. Composition profiles acquired across the reaction layers were 

used to calculate the diffusivities of various elements in the layers. 
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8.2 Results 

8.2.1 Microstructure and Chemistry 

8.2.1.1 As-cast Composites 

Microstructures in the reaction zones of the composites were investigated at different 

locations on each cast composite plate. There were variations observed in the microstructures 

at different locations. The micrographs shown in the following sections are representative of 

the microstructure of W wires and the region covering reaction zones of the composites. 

Microstructures of the as-cast composites with 0.5 Fe:Ni matrix ratio (E-I and E-III) are 

shown in Figure 8.1. In both cases, there are matrix regions around the wires with different Z 

contrast in the BSE images (Figure 8.1(a) and (d)). EDS on these matrix regions confirms 

that they are solid solutions of W in austenite containing 18-20 wt.%W (Table 8.1). This 

indicates that the W wires in the alloy matrices have experienced dissolution during the 

process of casting. High magnification images (Figure 8.1(b) and (e)) show no second phase 

formation around the wire/matrix interfaces in these composites. At some of the locations, 

penetration of liquid metal inside W wires has occurred (Figure 8.1(c) and (f)). This is visible 

as the dark regions present at W grain boundaries in the wire. Qualitative EDS analyses from 

these areas showed that they are composed of Cr, Fe and Ni confirming that liquid metal has 

penetrated inside some of the W wires during composite fabrication. 

Microstructures of as-cast composites with 1 and 2 Fe:Ni matrix ratios (E-IV, E-II and E-V) 

are shown in Figures 8.2 and 8.3. These composites share some common microstructural 

features. Reaction zones form around the W wires containing W solid solution in austenite 

(Figure 8.2 (a) and 8.3 (a), (d)). The average W compositions in the austenite are 21, 22 and 

19 wt.% , respectively in E-IV, E-II and E-V composites (Table 8.1). Additionally, a second 

phase has formed in the reaction zones of these composites that is visible as grey particles in 

the magnified images (Figure 8.2 (b) and 8.3 (b and e)). EDS analyses on these particles 

showed that they are rich in W with average W compositions 64, 60, and 60 wt.% in W/E-IV, 

W/E-II and W/E-V composites, respectively (Table 8.2). Microstructure investigations on 

different wires in W/E-V composite also revealed the formation of a compound layer around 

some wires (Figure 8.3 (e)). This type of layer is absent in some other wires, an example of 

which is shown in the inset image. 
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Figure 8.1: BSE images of transverse cross-sections of the W wires in the experimental alloy 

matrices. (a), (b) and (c) are full wire, reaction zone and liquid metal penetration, respectively 

for W/E-I composites. (d), (e) and (f) are the corresponding images for W/E-III composite. 
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The liquid metal penetration inside W grains is observed again in some of the W wires in 

these composites as shown in Figure 8.2(c) and 8.3(c) and (f).  

The microstructures of all the composites discussed in the preceding paragraphs show 

irregular reaction zones around the wires. Also, there are inconsistencies in the liquid metal 

penetration inside the W wires. In some wires the penetration has occurred while in others it 

was not observed at all.  

The inconsistencies seen in the microstructures can occur in the composites fabricated by 

casting method [94]. The presence of reinforcing wires can obstruct the diffusion of solute 

atoms in the liquid metal and it also affects heat transfer characteristics of the castings during 

solidification. Also, the W wires in the mold were not equally spaced. This could have caused 

different solidification conditions around different wires resulting in the observed 

microstructural inconsistencies in the composites. 
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Figure 8.2: BSE images of transverse cross-sections of the W wire in E-IV matrix. Full wire 

view (a) and (b) the magnified image around the wire/matrix interface including the 

precipitation of µ-phase are shown. Image (c) shows a W wire inside which penetration of 

liquid alloy has taken place during the fabrication process. 
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Figure 8.3: BSE images of transverse cross-sections of the W wires in the experimental alloy 

matrices. (a), (b) and (c) are full wire, reaction zone and liquid metal penetration for W/E-II 

composites. (d), (e) and (f) are the corresponding images for W/E-V composite. Inset image 

in (e) shows a wire with no reaction layer around it. Precipitation of µ-phase in the reaction 

zones is visible in both the composites.  
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The chemical compositions of the reaction zones and the second phase particles are compiled 

in Tables 8.1 and 8.2. The reaction zone chemistry in all the cases is quite similar in terms of 

W content, which ranges from 18-22 wt.%. Similarly, the second phase particles (including 

compound layer in W/E-V composite) has W composition ranging from 60-64 wt.%. 

Irrespective of the vast difference in the Ni composition in the composite matrices, the 

second phase particles have Ni composition ranging from 7-10 wt.% in all the cases. The 

crystal structures of the second phase particles observed in the matrices with 1 and 2 Fe:Ni 

ratios were identified by EBSD. The analyses showed that these phases have rhombohedral 

crystal structure which is consistent with µ-phase commonly found in Fe-W alloys. 

 

Table 8.1: Chemical composition of reaction zones around the wires in the composites. 

Composite matrix 
Composition (wt.%) 

Cr Fe Ni W 

E-I 10.8   ±1.0 22.4   ±0.8 47.1   ±1.3 19.8   ±3.0 

E-III 14.3   ±0.5 20.6   ±1.1 46.9   ±1.1 18.3   ±2.6 

E-IV 13.4   ±0.5 34.6   ±0.7 31.0   ±0.4 21.0   ±0.6 

E-II 10.7   ±1.3 44.2   ±1.4 23.7   ±0.2 21.5   ±0.1 

E-V 18.4   ±0.7 41.3   ±1.8 21.1   ±0.2 19.3   ±1.1 

 

Table 8.2: Chemical composition of the µ-phase particles formed in the reaction zones of the 

composites with Fe:Ni ratios 1 and 2 in the matrices. 

 

  

Composite matrix 
Composition (wt.%) 

Cr Fe Ni W 

E-IV 9.6    ±0.3 16.7   ±0.6 9.9   ±0.6 63.8  ±0.4 

E-II 8.1    ±0.3 23.5   ±1.4 8.3   ±.1.1 60.1  ±2.5 

E-V 11.9  ±2.1 21.0   ±2 7.4   ±1.5 59.7  ±5.6 
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8.2.1.2 Diffusion Annealed Composites 

Diffusion annealing of the composites was done at 1000-1200°C for time intervals ranging 

from 25-500 hours. The microstructures of the composites after 500 hours diffusion 

annealing at different temperatures are presented and discussed below. 

Particles with white contrast are formed in the composites with matrix 0.5 Fe:Ni ratio as a 

result of diffusion annealing (Figure 8.4). 

These particles have two types of morphologies- blocky and plate like and they can be seen 

around the W wires at all the annealing temperatures. EDS analyses performed on these 

particles (Figure 8.5) showed that these are essentially rich in W, which is in the range 80-93 

wt% in both the composites. They contain less than 5 wt.% Cr and Fe, while Ni ranges from 

5-10 wt.%. It seems that there is an interrelation between W, Fe and Ni contents in these 

particles. These particles become richer in W at the expense of mainly Fe and Ni as the 

annealing proceeds. EBSD analyses on these phases showed that they have bcc crystal 

structure consistent with W metal.  
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Figure 8.4: Microstructures of the composites after 500 hours diffusion annealing. (a), (b) and 

(c) are the micrographs for W/E-I composite after 1000, 1100 and 1200°C annealing, 

respectively. (d), (e), and (f) are the corresponding micrographs for W/E-III composite. 
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Figure 8.5: Chemical composition of the tungsten rich particles in (a) W/E-I and (b) W/E-III 

composites.  

In the composites with 1 and 2 Fe:Ni matrix ratios, precipitation of second phase particles 

occurs in the reaction zones around the W wires (Figure 8.6, 8.7). There is also formation of 

continuous reaction layers around the wires in these composites. These layers grow with the 

increasing diffusion annealing temperature. The second phase particles in the reaction zones 

coalesce with increasing annealing temperature, and ultimately become part of the growing 

layer. It appears in the images that the layers also develop inside the W wires by the growth 

of the scattered regions in which liquid metal penetration was occurred during the composite 

fabrication. All the layers contain multiple cracks on them. A noteworthy feature in E-II and 

E-V is the presence of Kirkendall voids in the reaction zone. These voids are present at the 

layer/matrix interface at 1000°C and 1100°C (Figure 8.7 (a, b, d, e)), but become a part of the 

layers at 1200°C (Figure 8.7(c, f)).  

Images show that the reaction layers and the particles formed in all these composites have 

similar Z contrast signifying their composition similarities. EDS results from the layers and 

particles are shown in Figure 8.8. Both are W-based compounds and the average composition 

in the particles is 63-65 wt.%, 65wt.% and 62-65 wt.% , respectively in E-IV, E-II and E-V 

matrices. In the reaction layers, W content is 66-69 wt.%, 67-69 wt.% and 62-65 wt.% in E-

IV, E-II and E-V matrices. 
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Figure 8.6: Microstructures of the W/E-IV composite after 500 hours diffusion annealing at 

(a) 1000, (b) 1100 and (c) 1200°C. 
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Figure 8.7: Microstructures of the composites diffusion annealed for 500 hours at 1000, 1100 

and 1200°C (a, b, c) W/E-II and (d, e, f) W/E-V composite. 
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Figure 8.8: Composition of reaction layers and particles observed in the reaction zones of 

composites diffusion annealed at different temperatures for 500 hours. (a, b) W/IV (1Fe:Ni) 

(c, d) W/E-II (2Fe:Ni) and (e, f) W/E-V (2Fe:Ni) composite. Error bars are standard deviation 

of 10 measurements.  
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In order to determine the crystal structure, EBSP were acquired from the reaction layers and 

the particles. Matching of the acquired patterns with the probable phases confirmed that both 

the layers and the particles are isostructural with µ-phase. 

 

The microstructure of the reaction layers in 1200°C/500hours in annealed E-IV, E-II and E-V 

composites is shown in Figure 8.9. The microstructure of all the layers consists of twins, 

which is consistent with observations of the µ-phase reaction layer formed in W/316L 

composite (Section 5.2). 
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Figure 8.9: Microstructure of the intermetallic layers developed during 1200°C/500hours 

annealing in (a) W/E-IV (b) W/E-II and (c) W/E-V composites showing twinned grains and 

trans-granular cracking. 
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8.2.2 Growth Kinetics of the Intermetallic Layers 

As discussed in the previous section, reaction layers consistent with µ intermetallic phase 

developed in the W reinforced alloys with Fe:Ni ratios 1 (E-IV) and 2 (E-II and E-V). 

Growth kinetics of these intermetallic layers were determined from the thickness 

measurements as a function of temperature and time. Figure 8.10 shows plots of intermetallic 

layer thickness and square root of time for various aging temperatures. The thickness of the 

intermetallic layers increases linearly with the square root of annealing time and the growth is 

faster at higher annealing temperatures. For the composite with 1 Fe:Ni matrix ratio (E-IV), 

the intermetallic layer growth is very sluggish and after 1200°C/500hours its average 

thickness is just 10 µm. There is significant error in thickness measurements in this case 

because of the irregular thickness of the layer. The growth of intermetallic layers in the 

composites with 2 Fe:Ni matrix ratios (E-II and E-V) is quite similar and both attain an 

average thickness 55 and 66 µm after 500 hours annealing at 1200°C (Figure 8.10 (b) and (c). 
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Figure 8.10: Thickness of intermetallic layer versus square root of time plots at different 

diffusion annealing temperatures in (a) W/E-IV, (b) W/E-II and (c) W/E-V composites. Error 

bars are standard deviation of 20 measurements. In some cases error bars are smaller than the 

data points.  
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Growth constants for intermetallic layers are the slopes of the thickness versus square root 

plots (Figure 8.10) and are shown in Table 8.3. The growth constants of the intermetallic 

layers in the composites with 2 Fe:Ni ratios in the matrix (W/E-II and W/E-V) are close to 

each other at all the temperatures. Comparison at 1200°C shows that growth constant of the 

reaction layer in the matrix with 1 Fe:Ni ratio (W/E-IV) is approximately 6-7 times slower 

than in the matrices with 2 Fe:Ni ratios (W/E-II and W/E-V). 

 

Table 8.3: Growth constants for the µ-phase intermetallic layers in the composites with 

different Fe:Ni ratios in the matrices. Error bars are the standard errors in the slopes from 

Figure 8.10. 

Temperature (°C) 

k (µm√h) 

W/E-IV W/E-II W/E-V 

1000 0.07  ±0.02 0.22  ±0.02 0.24  ±0.06 

1100 0.37  ±0.03 1.35  ±0.09 1.44  ±0.15 

1200 0.41  ±0.05 2.41  ±0.07 2.75  ±0.19 

 

We have discussed previously (Section 3.4) that the activation energy for the growth of 

reaction layers can be derived from the Arrhenius equation. Arrhenius plots for the 

composites W/E-IV, W/E-II and W/E-V are shown in Figure 8.11. The activation energies for 

layer growth (QG) and pre-exponential factors (k0) calculated from the plots are listed in 

Table 8.4. The activation energy for intermetallic layer growth in matrix with 1 Fe:Ni ratio is 

the least, but there is large standard error (~ 47%) associated with it due to the inherent 

irregularities in the layer thickness. The activation energies for growth in the two matrices 

with 2 Fe:Ni ratio is almost similar and the standard error lies well within 25%. 
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Figure 8.11: Arrhenius plots of the intermetallic growth constants in the composites with 1 

(W/E-IV) and 2 Fe:Ni (W/E-II and W/E-V) matrix ratios. 

 

Table 8.4: Activation energies and pre-exponential factors for µ-phase layer growth in W/E-

IV, W/E-II and W/E-V composites in temperature range 1000-1200°C. 
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-1

) k0 (µm/√h) 

W/E-IV 141   ±47 5.42E+04 

W/E-II 189   ±26 1.98E+07 

W/E-V 192   ±23 1.51E+07 
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8.2.3 Interdiffusion Behaviour 

In order to study the interdiffusion behaviour of Cr, Fe, Ni and W in the intermetallic layers, 

composition profiles across the layers were acquired by EDS according to the procedure 

detailed in Section 4.5.2. The acquisition was done on the samples annealed for 500 hours at 

temperatures 1000-1200°C. Typical composition profiles for 1200°C/500 hours diffusion 

annealed composites are discussed below. 

8.2.3.1 Composites with 0.5 Fe:Ni Matrix Ratios 

The composition profiles acquired from W/E-I and W/E-III are shown in Figures 8.12 and 

8.13. There are sharp transitions in the composition of Cr, Fe, Ni and W at the wire/matrix 

interfaces. There is no observable intermediate phase between the wires and matrices in these 

composites. It appears that Ni composition in both matrices does not vary with distance 

indicating that no diffusion of Ni takes place in the matrices of these composites. W has a 

positive composition gradient in the matrix (towards the wire) showing that W diffusion 

down the concentration gradient takes place in the matrices of these composites. The Cr and 

Fe composition profiles have negative (towards the W wire), but very small gradients in the 

matrices of these composites. 

There are no reaction layers formed in W/E-I and W/E-III composites. Therefore, no 

interdiffusion coefficients were determined. 
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Figure 8.12: Composition profiles of (a) Ni, W and (b) Cr, Fe covering wire and matrix 

regions adjacent to W/matrix interface in 1200°C/500hours diffusion annealed composite 

with 0.5 Fe:Ni matrix ratio (W/E-I). 
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Figure 8.13: Composition profiles of (a) Ni, W and (b) Cr, Fe covering wire and matrix 

regions adjacent to W/matrix interface in 1200°C/500hours diffusion annealed composite 

with 0.5 Fe:Ni matrix ratio (W/E-III).  
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8.2.3.2 Composites with 1 and 2 Fe:Ni Matrix Ratios 

Typical composition profiles across the intermetallic layers for composite matrices with 1 

Fe:Ni ratio (W/E-IV) are shown in Figure 8.14. The profiles in these composites are divided 

into three distinct regions comprising matrix, intermetallic layer and W wires. In the 

intermetallic layer, Cr and Ni profiles do not show any composition gradient. There is a 

shallow positive gradient in W and negative gradient in Fe composition across the 

intermetallic layer. 

The composition profiles of the composites with 2 Fe:Ni matrix ratios (W/E-II and W/E-V)) 

are shown in Figures 8.15 and 8.16. Cr, Fe, Ni and W profiles in both the cases seem to have 

no observable composition gradient in the intermetallic layers. 
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Figure 8.14: Composition profiles of (a) Fe, W and (b) Cr, Ni covering wire and matrix 

regions and the whole intermetallic layer in W/E-IV composite after 500 hours annealing at 

1200°C. 
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Figure 8.15: Composition profiles of (a) Fe, W and (b) Cr, Ni covering wire and matrix 

regions and the whole intermetallic layer in W /E-II composite after 500 hours annealing at 

1200°C. 
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Figure 8.16: Composition profiles of (a) Fe, W and (b) Cr, Ni across the intermetallic layer in 

W /E-V composite after 500 hours annealing at 1200°C. 
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8.2.3.3 Diffusion Coefficients 

The           
  in the intermetallic layers were determined in the composites with matrix ratios 1 

and 2. For the calculation of           
 , all the composition profiles were subjected to linear 

fitting. The fitting resulted in poor R
2
 values and as described in Appendix.B, the 

composition profiles were filtered out using the F-test.           
  for the composition profiles 

that passed the F-test were calculated using the procedure given in Section 3.3. The results 

are presented in Table 8.5. 

 

Table 8.5: Calculated average effective interdiffusion coefficients of Cr, Fe, Ni and W in the 

intermetallic layers of W/Fe-Ni-Cr composites at different temperatures. 

Composite 
Temperature 

(°C) 

          
   m2

/s) 

Cr Fe Ni W 

W/E-IV 

 

1000  3.0E-18 2.6E-18 4.6E-18 

1100   5.1E-17 5.9E-17 

1200  8.0E-17  2.1E-16 

 

W/E-II 

 

1000   3.7E-17  

1100 2.5E-16 1.5E-15 1.3E-15 1.2E-15 

1200  5.9E-15  9.3E-15 

W/E-V 

1000 1.2E-17 2.3E-17  3.6E-17 

1100 4.7E-16 8.2E-16  1.2E-15 

1200 2.8E-15 2.4E-15  3.3E-15 

 

Comparison of           
  in W/E-IV and W/E-V at 1200°C shows that with an increase in the 

Fe:Ni ratio,           
   increased by two orders of magnitude while for W, the interdiffusion 

coefficient increased by one order in magnitude. 

The temperature dependence of           
  was investigated for W/E-V composite by plotting ln 

          
  versus 1/T. These plots for Cr, Fe and W are shown in Figure 8.17. Fitted straight 
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lines in these plots are consistent with the Arrhenius relation (Equation 3.64) for diffusion. 

The activation energies (QD) of diffusion and pre-exponential factors (D0) for different 

elements in the intermetallic layers were calculated from the Arrhenius plots and are listed in 

Table 8.6. 

 

 

Figure 8.17: Arrhenius plots for Cr, Fe, and W in µ-phase layers of W/E-V composite 

annealed for 500 hours in the temperature range 1000-1200°C. 
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Table 8.6: Activation energies for diffusion and pre-exponential factors for various elements 

in the µ-phase reaction layers of W/E-V composite. 

Element   
  (kJ mole

-1
) D0 (m

2
/s) 

Cr 408 1.3E+01 

Fe 415 1.2E-02 

W 356 2.0E-02 

 

8.3 Discussion 

Results of W/Fe-Ni-Cr studies clearly show the effect of matrix composition on intermetallic 

phase formation and growth in the composites. Low Fe:Ni matrix ratio (0.5:1) inhibits 

formation of intermetallic phases in the composites. However, when the ratio in the 

composite matrix was increased to 1 and 2, the µ-phase appeared in the reaction zone of the 

composites. 

Furthermore, composites with 0.5Fe:Ni ratio in the matrix remained intermetallic free after 

diffusion annealing for as long as 500 hours at 1000-1200°C. Annealing of the composites 

with 1 and 2 Fe:Ni matrix ratio under similar conditions caused growth of µ-phase reaction 

layers between W wires and the matrices. The growth kinetics of these interphase layers 

during annealing is also found to be dependent on Fe:Ni ratio. Layers in composite matrix 

with 1 Fe:Ni ratio developed more slowly than the layer in the matrix with 2Fe:Ni ratio. 

The absence or presence of µ-phase in the composites can be understood from the phase 

diagrams. Isothermal sections of Fe-Ni-W phase diagram given in Figure 8.18 show 

equillibria between γ and other phases at different temperatures. It appears from the diagrams 

that solubility of W in γ decreases with decreasing temperature and also γ+ +(W)/γ+(W) 

phase boundary moves towards higher Ni contents in the diagrams. We have seen that the 

solidification of the composites resulted in the dissolution of about 20% W in γ matrix in the 

reaction zones of all the composites with different Fe:Ni matrix ratios (Table 8.1).  
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Figure 8.18: Isothermal sections of Fe-Ni-W phase diagram at (a) 1300 and (b) 800°C [81]. 

Red dotted lines represent three Fe:Ni ratios: 2, 1 and 0.5.  
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Since 0.5Fe:Ni ratio lies in the γ+(W) phase field on the isothermal sections (Figure 8.18), it 

appears that during diffusion annealing the composites with 0.5Fe:Ni matrix ratio will result 

in the precipitation of W in γ matrix containing dissolved W. Alloys with a 2:1 Fe:Ni ratio lie 

in the region where equilibrium between γ/γ+  exists. Therefore, it can be anticipated that in 

the composites with this matrix ratio, precipitation of µ phase will occur during diffusion 

annealing. The Fe:Ni ratio 1 also lies in the γ+W phase field, but formation of  -phase 

reaction layer was observed in these composites. It is important to mention that the 

justification made here does not take into account the effect of non-equilibrium solidification 

of the composites and also the presence of Cr in the composite matrix. Both these factor can 

alter the phase equillibria between various phases shown in the phase diagram. 

Slow growth of µ-phase reaction layer was observed in the matrices with low Fe:Ni ratio (1 

and 2). The observed parabolic growth of reaction layers suggested that the growth was 

controlled by diffusion of elements in the layer. All the µ-phase reaction layers developed in 

the composites under investigation have similar composition, irrespective of the matrix 

composition in which they grow. If the growth was purely due to the diffusion through the 

layer, it would not be significantly influenced by the matrix composition because excess 

matrix elements were rejected back into the matrix during diffusion annealing and they did 

not participate in the reaction. Therefore, the growth kinetics of the µ-phase reaction layers 

would be approximately equal for different matrices. However, in the present study, the layer 

growth was found to be a strong function of matrix composition. The observed differences of 

the growth in various matrices can be attributed to change in reactivity of the diffusing 

elements at the reaction layer/matrix interface due to matrix chemistry, which led to different 

growth rate of the reaction layers. 

From the application point of view, the composites with 1 and 2 Fe:Ni ratios may not be 

suitable for use as creep resistant materials because the brittle intermetallic phase µ forms and 

grows during exposure to higher temperature. The weak interface between the wire and the 

matrix developed in these composites may not effectively transfer load from the matrix to 

stiffer W wire, which is a prerequisite for realizing better creep strength in the composites. 

On the other hand, there was no formation of intermetallic phases in the composites with 0.5 

Fe:Ni matrix ratio after diffusion annealing. Commercial Fe-Ni-Cr alloys with more that 50% 

Ni are reported to have service temperatures >1000°C [95] indicating that alloys with 0.5 

Fe:Ni can be used in service at least up to 1000°C. Also no cracking or voids were observed 
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at the wire/matrix interface of the composites with this matrix ratio that ensures strong 

bonding between W wire and alloy matrix. Note that the matrix of these composites does not 

contain any carbide forming element like Cr, Nb and Ti that provide creep strength in 

commercial stainless steels. However, the reinforced W wires in these alloys will bear the 

load at high temperature and prevent matrix deformation due to creep. For effective load 

transfer, the absence of brittle reaction layers is desirable. Therefore, the alloy with 0.5Fe:Ni 

ratio can be an ideal matrix alloy and should be further studied for any improvement in creep 

properties as a result of its reinforcement with W wires. 

8.4 Summary 

The effect of composition on the microstructure evolution and growth of intermetallic phases 

in W/Fe-Ni-Cr composites was studied in this chapter. The results are summarized below. 

 The intermetallic phase formation and growth in the composites was found to 

dependent on Fe to Ni ratio in the matrix of the composites. In the composites with 

0.5 Fe:Ni matrix ratio, intermetallic phase formation in the reaction zone was 

suppressed. An increase in Ni content in the matrix (Fe:Ni ratios 1 and 2) resulted in 

the formation of µ intermetallic phase in the reaction zones of the composites. 

 The growth kinetics of the reaction layers in the composites was also a strong function 

of matrix composition. Increased Ni content at the expense of Fe in the composite 

matrices resulted in a decrease in the growth rate of the intermetallic layers. The 

calculated growth constants of the intermetallic layers are 0.41 and 2.41 to 2.75 

 /√hours in in 1200°C/500hours annealed composites with 1 and 2 Fe:Ni matrix 

ratios. The activation energies of the intermetallic layer growth are 141 ±47kJ/mole, 

and 192 ±23kJ mole
-1

 for W/E-IV and W/E-V composites in the temperature range 

1000-1200°C. 

 Calculated average interdiffusion coefficients have also shown dependence on the 

matrix compositions.           
  of Fe, Ni and W are higher in the composites with high 

Fe/Ni ratio. At 1200°C,           
   is two order of magnitude higher and           

  is one 

order of magnitude higher in the composite with 2Fe:Ni ratio compare to the lower 

ratio. 
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  The calculated values of activation energy of diffusion are 408, 415 and 356 kJ/mole, 

respectively for Cr, Fe and W in composite with 2Fe:Ni matrix ratio (W/E-V). 

 There is feasibility of improving creep properties of the Fe-Ni-Cr alloy with 0.5Fe:Ni 

ratio by its reinforcement with W wires. 
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Chapter 9. Conclusions and Future Outlook 

9.1 Conclusions 

W wire interaction with two commercial (316L and HP alloy) stainless steels and some 

experimental Fe-Ni-Cr alloys with different Fe:Ni ratios was investigated in this thesis. The 

aim was to study the phase evolution, growth kinetics and dependence of these on the matrix 

composition of the composites. Important outcomes of this work are summarized in Table 

9.1.  

Table 9.1: Summery of the reaction layer phases and growth parameters in the studied 

composites. 

Composite Fe/Ni ratio 
Reaction layer 

phase 

k ( m/√h) 

1000°C 1100°C 1200°C 

W/316L 7 µ 0.69 1.96 4.68 

W/Fe-Ni-Cr 2 µ 0.23 1.39 2.58 

W/Fe-Ni-Cr 1 µ 0.07 0.37 0.41 

W/Fe-Ni-Cr 0.5 none - - - 

W/HP 1 η 0.21 1.09 3.80 

 

There are two significant contributions of this research that have industrial importance. 

Firstly, it has been shown that undesirable brittle intermetallic/carbide phases evolve in 

W/316L and W/HP composites due to W wire interaction with the alloy matrices. Secondly, 

the research has identified an alloy composition that does not form any intermetallic phase 

when reinforced with W. The alloy composition looks promising for developing creep 

resistant composites as no intermetallic phase was formed even after diffusion annealing in 

the temperature range 1000-1200°C. 

Through systematic microstructural study, this research has characterized various phases that 

evolved in the W reinforced stainless steels. Results showed that presence of carbon in the 

composite matrix influence the phase formation in the reaction zones of the composites. In 
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316L matix with <0.03 wt.%C and some carbon free experimental alloy matrices, 

intermetallic phase µ formed when these matrices were reinforced with W wires. In the HP 

alloy matrix with 0.45wt.%C, formation of η and M23C6 carbides occured in the as-cast 

composites. 

Diffusion annealing of the composites caused growth of the phases in the reaction zones of 

the composites. The phases developed as continuous layers surrounding W wires in the 

composites. The reaction phase that constitute major reaction layers in W/HP composite was 

η-carbide. In W/316L and W/Fe-Ni-Cr (1 and 2 Fe:Ni matrix ratios) composites, reaction 

layers consistent with µ-phase were developed during diffusion annealing. A noteworthy but 

undesirable feature of η and   reaction layers developed in the annealed composites was their 

brittleness, which was evident from the multiple cracks observed within. 

These reaction layers in the studied composites developed according to parabolic growth law 

during diffusion annealing at 1000-1200°. On comparing the growth of µ-phase reaction 

layers in the composites, highest growth rate was observed in W/316L composites. From the 

growth kinetics studies, the decreasing order of the growth constants for µ-phase layers at all 

temperatures is k316L>k2Fe:Ni>k1Fe:Ni. This order foreshadowed the dependence of µ layer 

growth on Fe:Ni ratios in the matrix. Growth rate of the reaction layer increases with 

increasing Fe:Ni ratio in the composite matrix.  

Results of microstructure study on W reinforced experimental alloy composites further 

elucidated the effect of matrix composition on the phase formation in the reaction zones of 

the composites. No intermetallic phase was observed in as-cast and diffusion annealed W 

wire reinforced composite matrices containing 0.5:1 Fe to Ni ratio. Intermetallic phase µ was 

formed in as-cast composites with 1:1 and 2:1 Fe: Ni matrix ratios. These observations 

clearly show a link between intermetallic phase formation and matrix composition in W/Fe-

Ni-Cr composites. 

The overall conclusion drawn from this study is that the W wires interaction with 316L, HP 

and Fe-Ni-Cr alloy with 1 and 2 Fe:Ni ratios leads to the formation of brittle reaction phases 

which are likely to be undesirable in creep resistant composites due to their low toughness 

and ensuant crack like defects formed upon annealing. The studies on the W/Fe-Ni-Cr 

matrices have shown that intermetallic phase formation does not take place in the matrix with 

0.5 Fe:Ni ratio. The W wire reinforced composites fabricated using this alloy should be 

studied for their creep properties. 
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9.2 Future Outlook 

This research has addressed the objectives highlighted in the introductory chapter of the 

thesis. Following are the major directions in which further studies in this area may be useful: 

 Phase diagram calculation: Phase diagrams are essential tool for studying phase 

evolution and transformation during solidification and annealing. For binary and 

ternary systems, these diagrams are usually available in literature. The composite 

systems studied in this research comprise at least four major elements - Cr, Fe, Ni and 

W. The phase diagram data on this quaternary system is not available in literature. 

Due to the lack of this information, it was not possible to fully understand the phase 

formation and their transformation during solidification and diffusion annealing of the 

composites. Phase diagrams required to understand this can be computed utilizing 

thermo dynamical database (e.g. thermo-Calc) which would provide a better 

theoretical base for understanding solidification and phase evolution in the 

composites. 

 Creep testing: The impetus behind studying W wire stability in the stainless steels 

was the fact that wire and matrix interaction leads to the evolution of phases that 

directly influence the creep strength of the composites fabricated using these alloys. 

The formation of brittle phases was observed in W/316L, W/HP and some W/Fe-Ni-

Cr composites with high Fe:Ni ratios. These phases are considered harmful and 

therefore, are not desirable in the composites designed for high temperature 

applications. A Fe-Ni-Cr based composition with 0.5Fe:Ni ratio was identified in this 

research that does not form  brittle intermetallic phase when reinforced with W wires. 

The composite remains intermetallic free even after diffusion annealing in 1000-

1200°C. This finding looks very promising and the high temperature properties of the 

composite should be studied further by carrying out creep tests. The challenge in this 

regard is to fabricate composites with a controlled wire architecture (volume fraction 

and inter-wire spacing in the composite), which seems to be difficult using the casting 

method employed in this study. A melt infiltration method where the liquid metal is 

forced into the mold will be suitable for fabrication the composites for creep testing. 
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 Coating application on tungsten wires: The present work has shown that 

commercial 316L and HP alloy steels are prone to intermetallic/carbides formation 

with tungsten. However, the application of a suitable coating on W wires may help 

eliminate the brittle phase formation in these alloy matrices. In present study, it was 

found that W wire interaction with the alloy containing about 20%Cr and 0.5Fe:Ni 

ratio does not result in intermetallic phase formation. A coating of this alloy can be 

applied on W wires before reinforcing them in 316L and HP alloy matrices. But, this 

makes casting method unsuitable for composite fabrication because there are chances 

that the coating applied on the wires may dissolve due to high fabrication temperature 

used in the method. However, a powder metallurgy method that utilizes relatively low 

temperature for composite consolidation can be successfully used for reinforcing 

coated W wires in the desired commercial stainless steel matrices. 
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Appendix A.  Chemical Analysis and Crystal Structure Identification by 

Energy Dispersive Spectroscopy and Electron Backscattered Diffraction 

Techniques 

The studies presented in this thesis utilised energy dispersive spectroscopy (EDS) and 

electron backscattered diffraction (EBSD) techniques for the chemical analysis and crystal 

structure identification of various phases in the W wire reinforced alloys. This appendix 

highlights the working principles of these techniques and major factors affecting the analyses. 

A.1. Beam Specimen Interaction in SEM  

When an electron beam strikes a specimen in a scanning electron microscope, various signals 

are generated as shown in Figure A.1. 

 

Figure A.1: Signals generated during electron beam-specimen interaction in SEM. 

Secondary electrons (SE) are generated from close to the specimen’s surface (~5-50 nm), 

electrons are backscattered (BSE) from a somewhat greater depth (~300nm) and 

characteristic X-rays are generated throughout the interaction volume of the specimen. 
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The interaction volume through which electron beam penetrates strongly depends on the 

atomic number of the material being examined, accelerating voltage of the microscope and 

the angle of specimen tilt. A higher voltage penetrates deeper into the sample and generates a 

larger interaction volume. Heavy elements can absorb more electrons and produce a smaller 

interaction volume. The interaction volume is generally described by a single parameter 

called electron range. The electron range represents the penetration depth of incident 

electrons. For a perfectly flat and electron opaque sample, the penetration depth can be 

calculated from the Kanaya-Okayama Formula [96] as: 

 

     
      

      
  
     

A.1 

Where R is the penetration depth (µm), A is the atomic weight (g/mole), Z is the atomic 

number, ρ is the density (g/cc), and E0 is the electron beam energy (keV). For example, in 

case of Fe, when an incident electron beam at an accelerating voltage of 20 keV strikes the 

specimen, the electron penetration depth will be approximately 1.6µm. 

A large tilt angle θ (tilted off normal) produces a smaller interaction volume. The reduction in 

the electron range as a function of θ is described as: 

                
A.2 

where R(0) is the penetration depth at normal beam incidence. 

With an increasing tilt angle, the interaction volume becomes longer in the direction downhill 

from where the beam strikes. With a tilt angle >60°, a large proportion of beam electrons 

escape and the electron volume dimension parallel to the tilt axis decreases.  

Since X-rays are generated from very deep in the interaction volume, it dictates the spatial 

resolution in the EDS analysis. Larger interaction volume can results in excitation of X-rays 

from the bulk of the sample and may lead to inaccurate results while analysing small/thin 

features. Also, while doing spot analysis on the sample, if the distance between two spots is 

less than the width of the interaction volume, X-ray intensities from the adjacent spots may 

overlap.  
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There are two ways to reduce interaction volume, (i) analysing very thin specimens, which is 

possible only in transmission electron microscope (TEM) and (ii) reducing the accelerating 

voltage of the electron beam. Roughly, there is a threshold value for accelerating voltage in 

EDS analysis. It should be at least twice the energy of the highest energy lines that can be 

generated from elements in the specimen. Therefore, in the current study an accelerating 

voltage between 15-20keV was needed to accurately record all the X-ray peaks from the 

specimen. Lower accelerating voltages can result in reduced interaction volumes but because 

of the limited energy resolution of current EDS detectors, it is difficult to resolve the low 

energy X-ray lines of different elements. 

 

A.2. Energy Dispersive Spectroscopy 

EDS is a powerful technique to extract qualitative as well as quantitative information about 

the chemistry of materials. The technique makes use of the detection and discrimination of X-

rays produced from the sample when it is bombarded with a high energy electron beam in 

SEM. 

A.2.1. Generation of X-Rays 

Two types of X-rays are produced as a result of inelastic interaction between the electron 

beam and the specimen. These are: 

Characteristic X-rays: The individual shells in an atom are represented by letters K, L, M, 

N and so on. Characteristic X-rays are produced when the electron beam knocks off electrons 

from the inner shell of the atom in the specimen. When the hole created by the electron beam 

in the innermost K shell is filled by dropping of electron from the higher order shells, a K X-

ray peak is emitted. Similarly, emission of L X-ray peak takes place when L-shell electrons 

are knocked off by the beam electron and are replaced by electron from the higher order 

shells (Figure A.2). Characteristic X-rays appear as sharp peaks in the spectrum and are 

called so because their specific energies are characteristic of the particular element from 

which they are excited. 
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Figure A.2:  Schematic diagram showing emission of characteristic X-rays from an atom 

 

Continuum X-rays: These X-rays are produced as a result of the interaction between 

electron beam and electrical field of the nucleus of the specimen atoms. These X-rays do not 

constitute sharp peaks and appear as a continuous background in X-ray spectrum on which 

characteristics X-rays are superimposed. These X-rays are considered as nuisance and need to 

be differentiated from the characteristic X-rays for accurate elemental identification. Figure 

A.3 shows an X-ray spectrum containing both continuum and characteristic X-rays. 
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Figure A.3: A typical EDS spectrum showing characteristic and continuum X-rays  

 

A.2.2. Detection and Processing of X-rays 

Typically, a lithium drifted silicon detector is employed for the detection of X-rays in modern 

EDS systems. The X-rays hitting the detector produce electron-hole pairs in silicon. The 

electron-hole pairs created by the incoming X-rays are swept away by bias voltage of several 

hundred volts and converted to a charge pulse. The charge pulse is converted into a voltage 

pulse by means of a pre-amplifier. The processed signal is then displayed as a histogram of 

X-ray intensity versus voltage.  

A.2.3. Critical Parameters in EDS analysis  

Accelerating voltage:  In order to ensure that all the energy lines from the samples are 

excited, an accelerating voltage greater than the energy of the most probable highest energy 

line is chosen in EDS analysis. Typical accelerating voltages are 2 times the highest energy 

line and 10 to 20 times the lowest energy line of interest. 

Dead time and count rate: The voltage pulse entering the detector is shaped and filtered to 

remove the noise associated with it before displaying it as an energy peak on the spectrum. 

The time taken for this is known as process time. Longer process times ensure better peak 
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resolution, but fewer X-rays will be measured by the detector which results in a low output 

count rate. This causes pulse pileup at the detector and its counting efficiency decreases. To 

minimize pulse pileup, a certain time is allowed during which the incoming pulses are not 

measured by the detector. This time is called as dead time and is represented by: 

                  
    

   
      A.3 

where Rin and Rout are input and output count rates, respectively. A dead time of 20-40% 

gives maximized Rout. This range of dead time can be achieved by controlling probe current 

that ultimately controls Rin. 

Take-off angle: The angle between X-ray trajectory and sample surface under observation is 

called take-off angle. This is a combination of detector angle, working distance and sample 

tilt. Typical angle in EDS ranges from 25-40°. 

A.2.4. Qualitative Analysis 

The energy of characteristic radiations is specific to the atomic number and the energy 

difference between shells, that changes in a regular step when the atomic number changes by 

one unit. This is the well-known Moseley’s law which is the basis of qualitative elemental 

analysis with EDS and can be written as: 

             A.4 

where E is the energy of X-ray line and Z is the atomic number of emitter element. A and C 

are constants which differ for each X-ray series. Equation A.4 can be used to measure the 

energy of X-ray lines and from it, the atomic number producing that line can be identified. 

The detailed description for manual qualitative identification of peaks is given in [69]. 

Almost all the modern SEM-EDS systems are equipped with software to perform automatic 

identification of peaks within constraints set by the user. 

A.2.5. Quantitative Analysis 

Standard Quantitative Analysis: Identification of X-ray peaks in the acquired spectrum is 

the prerequisite for standard-based quantification of the elements in sample under 

observation. For standard-based quantitative analysis, X-ray spectra of the specimen and 
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standard are acquired under identical instrumental conditions. For accurate results, it is 

necessary that the composition of the standard must be similar to that of the specimen. The 

X-ray spectra from the specimen and the standard are compared. If the contribution from 

artefacts to the X-ray generation is negligible, the measured X-ray intensity ratios between 

specimen and standard will be roughly equal to the ratios of the weight fraction of standard 

and the emitting element. This relation was first observed by Castaing [97] and is known as 

Castaing’s first approximation to quantitative analysis: 

  
  
    

 
  
    

    
A.5 

where Ci and C(i) are the weight percent of the element i in the unknown and in the standard 

and Ii and I(i) are the X-ray intensities in the unknown and standard, respectively. 

In practice, standards with composition close to that of specimen are seldom available. When 

the standard differs in composition from the specimen, there can be significant deviations 

between the ratio of X-ray intensities and ratio of concentration. This happens because of 

matrix effects that occur due to the elastic and inelastic scattering processes and propagation 

of X-rays from the specimen to the detector. In such cases, certain mathematical corrections 

are applied to the measured intensities from the standard and sample to determine the 

accurate specimen composition. One such correction procedure is called ZAF correction. For 

conceptual understanding and ease of calculations, matrix effects can be broken into three 

factors:  

 Atomic number factor (Zi): The atomic number factor corrects for the difference 

between the X-rays that are generated in the specimen compared with those 

generated in the standard. It arises because of differences in the backscatter 

coefficient and the electron stopping power between sample and standard. 

 X-ray absorption (Ai): This factor is related to the decrease in intensity of X-rays 

because of absorption and is usually the most important one. It corrects for those X-

rays that are generated in the specimen but absorbed before they are able to escape 

and be detected. 

 X-ray fluorescence (Fi): The characteristic fluorescence factor is usually the least 

significant. It corrects for those X-rays that are caused by fluorescence mechanism. 
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These X-rays are the result of secondary fluorescence caused by X-rays that were 

generated but absorbed by the other atom that later on emitted as its own 

characteristic X-rays.  

Using these matrix effect factors, the general formula for standard based quantitative analysis 

can be written as: 

  
  
    

       
  
    

          
A.6 

The equation is applied separately for each element present in the specimen to correct the 

matrix effects and is the basis for X-ray microanalysis in SEM. 

A.2.6. Standardless Quantitative Analysis  

For standardless analysis, only the X-ray spectrum from the unknown specimen is used. The 

standard X-ray intensities in the denominator of the Equation A.6 are calculated rather than 

measured. This type of analysis falls into two categories depending on how the required 

standard intensities are calculated. 

 True-Standardless analysis in which the required standard intensities are calculated 

from first principles, considering all aspects of X-ray generation, propagation and 

detection. 

 Fitted-Standard standardless analysis in which the standard intensities are derived 

from a suite of experimental standards measurements performed on the instrument at 

the software manufacturer laboratory. These remotely measured standard intensities 

are then adjusted for the characteristics of the local instrument actually being used to 

measure the unknowns. 

With either method used to calculate standard intensities, the resulting Standardless k ratios 

(unknown/calculated standard) are subjected to matrix correction with one of the usual 

approach like ZAF correction described in previous section. 

In general, fitted-standards standardless analysis works well for specimens consisting of 

transition elements of which the K lines span the range 5-10 keV, such as stainless steels. 

Though standard-based quantitative analysis always gives more accurate results (with 
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homogeneous standard having similar composition to sample), it has been observed that 

standardless analysis also works well and gives similar results as that of standards based 

analysis in case of analysis of major elements (>10wt.%)[98].  

A.2.7. Light Element Analysis by EDS 

Elements with atomic number <11 are considered light for the purposes of X-ray 

microanalysis in conventional EDS detectors with a beryllium (Be) window. Quantitative 

analysis of light elements is difficult and often inaccurate, because these elements produce 

soft X-rays which are hard to detect, easily absorbed and subjected to chemical shifts. Low 

count rates generated from the light elements and uncertainties in the matrix correction 

reduce the accuracy of the analysis. Carbon contamination deposited on the specimen also 

leads to inaccuracies for the light elements. The contamination comes from interaction of the 

electron beam with residual pump oil in the chamber of the microscope. Lower peak to 

background ratios for soft X-rays also degrade the minimum delectability limit for light 

metals. It is recommended [98] that if the stoichiometry of the compound containing light 

elements is known, then calculation by stoichiometry is the most accurate method to quantify 

those light elements. 

A.3. Alternative Technique 

There is another technique called wavelength dispersive spectroscopy (WDS) that can be 

used instead of EDS for elemental analyses. A common instrument that uses this technique is 

electron microprobe analysis (EPMA). WDS gives better resolution as compared to EDS (5 

eV vs. 130eV), which means it can resolve X-ray peaks that are difficult to resolve by EDS. It 

can detect trace elements down to 100 ppm and also light elements with atomic numbers >4. 

Although WDS is a better technique in terms of accuracy, there are disadvantages associated 

with it that makes it less attractive than EDS in practical situations. In EDS, X-rays of all 

energies are detected simultaneously by the detector and entire spectrum of interest can be 

acquired in a short time (10-100s). This allows rapid analysis of major and minor constituents 

present in a specimen. WDS makes use of multiple crystal detectors to separate X-ray 

wavelengths and only one wavelength is detected at any time. Therefore, a longer time and 

better skills are needed to collect a full WDS spectrum. 
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A.4. Electron Backscattered Diffraction (EBSD) 

EBSD integrated with SEM is a relatively new technique that is finding widespread 

application in orientation measurement and discrimination/identification of phases in 

crystalline materials. Comprehensive phase identification in materials requires simultaneous 

composition and diffraction data collection from the phase of interest and it can easily be 

accomplished by technique such as EDS with which majority of modern SEMs are equipped 

with. Some of the main advantages of using SEM-EBSD for phase identification are easy 

sample preparation requirements and reasonably good spatial resolution. In a tungsten 

filament SEM, the spatial resolution is ~50 nm and angular resolution is in the range 0.5° to 

1°. Diffraction techniques based on X-rays and transmission electron microscopy are 

alternatives to SEM-EBSD and Table A.1 compares these techniques. 

Table A.1: Comparison of various diffraction techniques used to study crystal structure of 

materials 

Attribute 
X-ray 

Diffraction 
SEM-EBSD TEM 

Sample preparation Easy Easy/moderate Difficult 

Ease of use Moderate Easy Difficult 

Speed Minutes Minutes Hours 

Spatial resolution 0.1mm 0.1µm ~1 nm 

 

A.4.1. Principle of Operation  

Phase identification by EBSD is based on the acquisition and indexing of electron back-

scattered patterns (EBSP), also known as Kikuchi patterns generated from the phase under 

investigation in a specimen. The backscattered diffracted electrons which interfere 

constructively according to Bragg’s law produce Kikuchi patterns. To increase the collection 

efficiency of these patterns, the specimen stage of the microscope is tilted, usually at 70° 

from horizontal so that the specimen surface makes an angle, typically 20° with the incoming 

electron beam. A special detector unit attached to the SEM is used to detect the Kikuchi 
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patterns. The unit consists of a phosphor screen and a low light camera (10
-4

 lux). The camera 

is connected to a computer with a frame grabber that captures and display EBSP image on 

screen. Since diffraction occurs at very small angle (1-2°), the bands appear as straight lines 

on the screen. 

A.4.2. EBSP Indexing 

The acquired diffraction pattern contains vast amount of crystallographic information that can 

be used to identify probable phases in the specimen. A typical electron backscattered pattern 

is shown in Figure A.4. The pattern consists of number of lines in the form of bands that 

intersect with each other. Each band represents a lattice plane and width of the band is 

inversely proportional to the inter planer spacing in the lattice. Intersections of the Kikuchi 

bands are the projections of zone axis of the crystal.  

 

Figure A.4: Example of an EBSD pattern showing crystallographic informations.  

Indexing an EBSP involves assigning indices to the visible Kikuchi bands or the intersections 

of Kikuchi bands. The following procedure is generally followed for phase identifications: 

 Collect several high quality EBSP and also chemical information by EDS from the 

phase of interest. 

 Based on the chemistry of the phase, search the crystallographic database to compile a 

list of probable candidate phases. 

interplaner angle

band width

zone axis
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 Index the acquired diffraction patterns using all the candidate matches until a 

consistent set of indices for the Kikuchi bands are found. 

 Simulate the diffraction pattern using the chosen parameters from the crystallographic 

database and check the fit with experimental pattern. Matching is considered 

successful if mean angular deviation which is the average misfit between detected and 

simulated Kikuchi bands is <1°. 

A.4.3. Pattern Quality and Indexing Problems 

A well calibrated EBSD system is capable of indexing the majority of the good quality 

Kikuchi patterns. However, the following are the issues that may affect pattern solving: 

 Indistinct patterns: Since EBSP are generated from the top few nm of the specimen 

surface, the pattern quality is very sensitive to the imperfections present in this surface 

layer. Sometimes inadequately prepared specimens contain damage and deformation 

from the polishing abrasive (diamond particles in most cases) that degrade the 

patterns quality. The damage can be minimized by using either electropolishing or 

etching and polishing with colloidal silica as a final polishing step. Commercially 

available colloidal silica solution consists of negatively charged particles of silicon 

dioxide (SiO2) with a pH value between 8 and 11. The solution polishes and slightly 

etches the specimen, removing most of the surface deformation layer 

 Simultaneous multi pattern sampling: This situation arises when analysing a 

specimen with fine microstructure when the EBSP is formed from two or more 

phases. Ideally fine microstructures require a fine probe size which usually means 

using a FEG-SEM. 

 Complex crystal structures and multiphases:  These can cause problems in pattern 

indexing. Usually pattern indexing is more difficult for low symmetry systems than 

for phases with high symmetry. 

 Null indexing: Null indexing occurs when the acquired pattern cannot be indexed or 

no pattern with threshold quality is sampled. This can happen if the surface under 

observation contains cracks, inclusions or interfaces. Sampling points which are 

located on the interface generally return null solution because of grooving effects 
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and/or sampling of two patterns on either side of the interface. If the number of null 

solutions is high, one should look for the overlooked phases or inappropriate solve 

parameters. 
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Appendix B.  F-Test for the Selection of Composition Profiles for Diffusion 

Analyses 

An example of the regression analysis and filtering of reliable data for diffusion analyses is 

presented here. 

Table B.1 shows experimental composition versus distance data determined by EDS on η-

phase reaction layer in W/HP composite annealed at 1200°C for 500 hours. 

EXCEL inbuilt function LINEST was used to calculate the parameters of straight line that fit 

best to the data. The equation for the line is: 

        B.1 

where m is the slope of the line and C is the intercept that the line makes at y. In addition to 

the slope and intercept, the LINEST function also returns additional regression statistics 

which are useful to further analyse the fits. The statistical parameters generated in the present 

case are presented in Table B.2. Table also shows R
2 

value, which is considered as a measure 

of goodness of fit of the data and is calculated as: 

    
     
     

 
          

 

          
 

B.2 

where SS stands for sum of squares.     and    represent the fitted and the experimental y 

values and     is the average value. 

The value of R
2
 close to one is good but it does not always mean that there is a linear 

relationship among the data points. The quality of a fit can better be judged by uncertainty in 

the slope of the fitted line and its intercept at y axis. Even for R
2
 close to one, there can be 

large uncertainties in the slope and the intercept. A better statistical test to judge the goodness 

of fit is the F-statistics that determines whether the observed relationship between the 

dependent and independent variables occurs by chance only or indeed there is a linear 

relationship between them. The F-statistics is the ratio of the explained and unexplained 

variances and is expressed as: 
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B.3 

where V2 is the degree of freedom and V1 is a parameter which is calculated from number of 

data points (N) and V2 as: 

             B.4 

The value of Fstat returned by LINEST function is used in F-test. Using V1 and V2, the critical 

(Fcrit) values for various levels of significance can be found from the standard Table. In the 

present case V1 and V2 are 1 and 38, respectively. For these values, the corresponding Fcrit 

value for 95% confidence interval is 4.1. Confidence level tells us how sure we can be about 

the linear relationship between the data points. 95% confidence level means we are 95% 

certain that there is a linear relationship between the data points. Fstat > Fcrit means that there 

exists a linear relationship between the data points, otherwise data is just a random scatter of 

points. For example, comparing Fstat given in Table B.2 with the Fcrit value noted from the 

statistical Table, we find that for Fe Fstat < Fcrit. Therefore, the composition profile of Fe is 

just a random scatter of data points without any linear relationship. Similar comparison was 

performed on multiple sets of composition profiles and the profiles that did not satisfy the 

criteria were excluded from the diffusion analyses. 

 

Table B.1: Experimentally determined composition profiles in η-phase reaction layer of 

W/HP composite diffusion annealed at 1200°C for 500 hours. 

Distance 

(µm) 

Composition (at.%) 

Cr Fe Ni W 

16 30 20.74 13.72 32.03 

18 27.64 22.63 14.05 35.69 

20 23.42 22.81 17.36 36.4 

22 25.31 21.68 13.72 39.29 

24 20.61 22.66 18.23 38.5 

26 24.74 19.32 17.95 37.99 



180 

 

28 24.85 22.23 14.94 37.98 

30 24.16 20.65 16.22 38.97 

32 24.3 21.28 16.39 38.03 

34 23.67 22.04 15.47 38.83 

36 25.35 22.73 12.11 39.81 

38 25.45 21.23 13.04 40.28 

40 24.4 23.83 15.86 35.9 

42 27.25 23.49 13.94 35.33 

44 29.2 18.69 9.14 42.96 

46 23.84 22.2 13.78 40.18 

48 23.37 21.84 15.31 39.48 

50 23.67 21.81 13.45 41.07 

52 23.29 21.09 14.14 41.48 

54 24.71 21.11 13.09 41.08 

56 23.41 20.54 14.87 41.18 

58 23.34 22.78 13.23 40.64 

60 23.89 21.15 14.59 40.38 

62 22.71 22.62 13.88 40.79 

64 24.21 20.91 13.68 41.2 

66 22.44 22.22 13.57 41.77 

68 23.28 21.65 13.25 41.83 

70 21.31 22.55 14.82 41.33 

72 22.9 22.01 15.1 39.99 

74 21.96 22.42 13.69 41.93 

76 21.75 22.59 12.82 42.84 

78 22.18 22.02 13.09 42.71 

80 21.55 21.06 13.7 43.69 

82 21.03 20.83 14.59 43.56 

84 21.27 22.51 12.52 43.71 
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86 21.03 21.67 12.2 45.09 

88 20.66 20.95 13.09 45.29 

90 20.76 22.99 11.32 44.93 

92 19.5 22.51 12.94 45.06 

94 20.78 22.17 10.08 46.97 

 

Table B.2: Statistical parameters generated by linear fitting of the data given in Table B.1 

 

Elements 
y=mx+C 

R
2
 Fstat 

m C 

Cr -0.07 27.44 0.53 43.61 

Fe 0.00 21.56 0.01 0.39 

Ni -0.04 16.25 0.28 14.73 

W 0.12 34.32 0.76 122.25 

  

 


